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I INTRODUCTION

The World of Oxide Nanomaterials

JOSE A. RODRIGUEZ

Brookhaven National Laboratory, Upton, New York

MARCOS FERNANDEZ-GARCIA
Instituto de Catalisis y Petroleoquimica CSIC, Madrid, Spain

Metal oxides play a very important role in many areas of chemistry, physics, and
materials science (1-6). The metal elements can form a large diversity of oxide
compounds (7). These elements can adopt many structural geometries with an
electronic structure that can exhibit metallic, semiconductor, or insulator character. In
technological applications, oxides are used in the fabrication of microelectronic cir-
cuits, sensors, piezoelectric devices, fuel cells, coatings for the passivation of surfaces
against corrosion, and as catalysts. For example, almost all catalysts used in industrial
applications involve an oxide as active phase, promoter, or “support.” In the chemical
and petrochemical industries, products worth billions of dollars are generated every
year through processes that use oxide and metal/oxide catalysts (8). For the control
of environmental pollution, catalysts or sorbents that contain oxides are employed to
remove the CO, NOy, and SO, species formed during the combustion of fossil-derived
fuels (9,10). Furthermore, the most active areas of the semiconductor industry involve
the use of oxides (11). Thus, most of the chips used in computers contain an oxide
component.

In the emerging field of nanotechnology, a goal is to make nanostructures or nano-
arrays with special properties with respect to those of bulk or single-particle species
(12-16). Oxide nanoparticles can exhibit unique physical and chemical properties due
to their limited size and a high density of corner or edge surface sites. Particle size is
expected to influence three important groups of properties in any material. The first
one comprises the structural characteristics, namely, the lattice symmetry and cell
parameters (17). Bulk oxides are usually robust and stable systems with well-defined
crystallographic structures. However, the growing importance of surface-free energy

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
Copyright © 2007 John Wiley & Sons, Inc.



2 THE WORLD OF OXIDE NANOMATERIALS

and stress with decreasing particle size must be considered: Changes in thermo-
dynamic stability associated with size can induce modification of cell parameters
and/or structural transformations (18-21), and in extreme cases, the nanoparticle
can disappear because of interactions with its surrounding environment and a high
surface-free energy (22). To display mechanical or structural stability, a nanoparticle
must have a low surface-free energy. As a consequence of this requirement, phases that
have a low stability in bulk materials can become very stable in nanostructures. This
structural phenomenon has been detected in TiO,, VOy, Al,O3, or MoO, oxides
(21-24).

Size-induced structural distortions associated with changes in cell parameters have
been observed in nanoparticles of Al,O3 (22), NiO (24), Fe» O3 (25), ZrO; (26), MoO3
(24), CeO (27), and Y203 (28). As the particle size decreases, the increasing number
of surface and interface atoms generates stress/strain and concomitant structural per-
turbations (29). Beyond this “instrinsic” strain, there may be also “extrinsic” strain
associated with a particular synthesis method that may be partially relieved by anneal-
ing or calcination (30). On the other hand, interactions with the substrate on which
the nanoparticles are supported can complicate the situation and induce structural
perturbations or phases not observed for the bulk state of the oxide (23,31).

The second important effect of size is related to the electronic properties of the
oxide. In any material, the nanostruture produces the so-called quantum size or con-
finement effects, which essentially arise from the presence of discrete, atom-like
electronic states. From a solid-state point of view, these states can be considered as
being a superposition of bulk-like states with a concomitant increase in oscillator
strength (32). Additional general electronic effects of quantum confinement experi-
mentally probed on oxides are related to the energy shift of exciton levels and optical
bandgap (33,34). An important factor to consider when dealing with the electronic
properties of a bulk oxide surface are the long-range effects of the Madelung field,
which are not present or limited in a nanostructured oxide (35-37). Theoretical studies
for oxides show a redistribution of charge when going from large periodic structures
to small clusters or aggregates, which must be roughly considered to be relatively
small for ionic solids while significantly larger for covalent ones (38—43). The degree
of ionicity or covalency in a metal-oxygen bond can, however, strongly depend on size
in systems with partial ionic or covalent character; an increase in the ionic component
to the metal-oxygen bond in parallel to the size decreasing has been proposed (20).

Structural and electronic properties obviously drive the physical and chemical
properties of the solid, and the third group of properties is influenced by size in a
simple classification. In their bulk state, many oxides have wide band gaps and a
low reactivity (44). A decrease in the average size of an oxide particle does in fact
change the magnitude of the band gap (37,45), with strong influence on the conduc-
tivity and chemical reactivity (46,47). Surface properties are a somewhat particular
group included in this subject because of their importance in chemistry. Solid—gas or
solid-liquid chemical reactions can be mostly confined to the surface and/or subsur-
face regions of the solid. As mentioned, the two-dimensional (2D) nature of surfaces
has (/) notable structural consequences, typically a rearrangement or reconstruction
of bulk geometries (3,15,48), and (2) electronic consequences, such as the presence
of mid-gap states (47,49). In the case of nanostructured oxides, surface properties
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are strongly modified with respect to 2D-infinite surfaces, producing solids with
unprecedent sorption or acid/base characteristics (50). Furthermore, the presence of
under-coordinated atoms (like corners or edges) or O vacancies in an oxide nanoparti-
cle should produce specific geometrical arrangements as well as occupied electronic
states located above the valence band of the corresponding bulk material (51-53),
enhancing in this way the chemical activity of the system (48,50,54,55).

This book is organized into five parts that cover different aspects associated with the
world of oxide nanomaterials. The first part of the book deals with fundamental aspects
quantum—mechanical (56) and thermodynamic (57) that determine the behavior and
growth mode of nanostructured oxides. To prepare these materials, novel synthethic
procedures have been developed that can be described as physical and chemical
methods (58,59). In general, they use top-down and bottom-up fabrication techno-
logies, which involve liquid—solid or gas—solid transformations that are reviewed in
the second part of the book. To characterize the structural and electronic properties of
nanostructured oxides, one needs an array of sophisticated experimental techniques
(6) and state-of-the-art theory (37,41,44,60,61). This theory is the subject of the third
part of the book. In the fourth part, the emphasis is on systematic studies examining
the physicochemical properties of oxide nanoparticles (6,62,63). The fifth and final
part of the book is focused on technological applications of nanostructured oxides as
sorbents, sensors, ceramic materials, photo-devices, and catalysts for reducing envi-
ronmental pollution, transforming hydrocarbons, and producing H, (64-68). We feel
that it is important to stress the need for a fundamental understanding of the properties
of nanostructured oxides, particularly for sizes in which the atoms directly affected
in their properties are a significant percentage of the total number of atoms present in
the solid particle; this usually implies a dimension limited to about or below 10 nm.
When this fact occurs exclusively in one dimension, we are dealing with a surface or
film, whereas in two dimensions, nanotubes, nanowires, and other interesting morpho-
logies can be formed. Finally, when the three dimensions are limited to the nanoscale,
nanoparticles are formed.
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1.1. INTRODUCTION

Both the processes of oxidation and the size reduction form the essential entities that
dictate the behavior of a nanostructured oxide. The electronic processes of oxidation
destroy the initially metallic bonds to create new kinds of bonds with specific proper-
ties, such as polarization, localization, and transportation of charge, which determine
the behavior of the oxides to vary from their parent metals (1). Oxygen interaction with
atoms of metals relates to the technical processes of corrosion, bulk oxidation, hetero-
geneous catalysis, and so on (2). Studies of these processes laid the foundations for
applications in microelectronics (gate devices and deep submicron integrated circuit
technologies), photo-electronics (photoluminescence, photo-conductance, and field
emission), magneto-electronics (superconductivity and colossal magneto-resistance)
and dielectrics (ferro-, piezo-, and pyro-electrics) (3).

Nanoparticles are entities that appear in between extended solids and molecules
or even in an isolated atom. Properties of nanosolids determined by their shapes and
sizes are indeed fascinating, which form the basis of the emerging field of nanoscience
and nanotechnology that has been recognized as the key significance in science,
technology, and economics in the 2 1st century. When examining nanostructures, many
concepts developed in both molecular chemistry and solid-state physics have to be
considered. One may develop a “top-down” theory on the behavior of nanosystems
starting from a solid and confining it to a limited size. Another chemical-like “bottom-
up” approach is to start with a molecular system and expand its size. Each approach

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
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has different advantages and disadvantages. There is a challenge to bridge these two
approaches and develop new concepts for nanostructures.

The size-induced property change of nanostructures has inspired tremendous
theoretical efforts. For instance, several models have been developed to explain
how the size reduction could induce the blue shift in the photoluminescence (PL)
of nanosemiconductors. An impurity luminescent center model (4) assumed that the
PL blue shift arises from different types of impurity centers in the solid and suggested
that the density and types of the impurity centers vary with particle size. Surface states
and the surface alloying mechanism (5,6) proposed that the PL blue shift originates
from the extent of surface passivation that is subject to the processing parameters,
aging conditions, and operation temperatures (7). The model of inter-cluster inter-
action and oxidation (8) also claimed responsibility for the PL blue shift. The most
elegant model for the PL blue shift could be the “quantum confinement (QC)” the-
ory (9—13). According to the QC theory, the PL energy corresponds to the band gap
expansion dictated by electron-hole (e-h) pair (or exciton) production:

EG(R) — Eg(00) = 2R /(2uR?) — 1.786¢%/(¢,R) + 0.284ER (1.1)

where . = mym; /(m; + my), being the reduced mass of the e-h pair, is an adjustable
parameter. The Eg expansion originates from the addition of the kinetic energy Ex
and the Coulomb interaction E), of the e-h pairs that are separated by a distance of
the particle radius R and contribution of the Rydberg or spatial correlation (electron—
electron interaction) energy Eg for the bulk semiconductor. The effective dielectric
constant &, and the effective mass p describe the effect of the homogeneous medium
in the quantum box, which is simplified as a mono-trapping central potential by
extending the dimension of a single atom dj to that of the solid D. According to the
QC theory, electrons in the conduction band and holes in the valence band are confined
spatially by the potential barrier of the surface or are trapped by the potential well of
the quantum box. Because of the confinement of both the electrons and the holes, the
lowest energy optical transition from the valence to the conduction band increases
in energy, effectively increasing the Eg. The sum of the kinetic and potential energy
of the freely moving carriers is responsible for the Eg expansion, and therefore, the
width of the confined Eg grows as the characteristic dimensions of the crystallites
decrease.

In contrast, a free-exciton collision model (14) suggested that the Eg expansion
arises from the contribution of thermally activated phonons in the grain boundaries
rather than from the QC effect. During a PL measurement, the excitation laser heats
the free excitons that then collide with the boundaries of the nanometer-sized frag-
ments. The laser heating the free-excitons up to the temperature in excess of the
activation energy required for the self-trapping gives rise to the extremely hot self-
trapping excitons (STEs). Because the resulting temperature of the STEs is much
higher than the lattice temperature, the cooling of the STEs is dominated by the
emission of phonons. However, if the STE temperature comes into equilibrium with
the lattice temperature, the absorption of lattice phonons becomes possible. As a
result, the blue shift of the STE-PL band is suggested to originate from the activation
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of hot-phonon-assisted electronic transitions. The blue shift of the STE-PL band
depends on the temperature of laser-heated free-excitons that in turn is determined
by the size of nanofragments. This event happens because the temperature (kinetic
energy) of the laser-heated free-exciton increases with the number of boundary colli-
sions, which tends to be higher with decreasing size of the nanofragments. The energy
gained from laser heating of the exciton increases with decreasing nanosolid size in an
exp(1/R) way.

Another typical issue of nanostructures is their thermal stability. The melting point
(T,) of an isolated nanosolid, or a system with weakly linked nanoparticles, drops with
solid size (called supercooling), whereas the 7;, may rise (called superheating) for
an embedded nanosystem because of the interfacial effect. The T}, is characterized
by the Lindermann’s criterion (15) of atomic vibration abruption or Born’s crite-
rion (16) of shear modulus disappearance at the T,,,. The T}, elevation or suppression
and the mode of melting in the nanometer regime have been described with the fol-
lowing models: (/) homogeneous melting and growth (17,18); (2) random fluctuation
melting (19); (3) liquid shell nucleation and growth (20-23); (4) liquid-drop (24) for-
mation; (5) lattice-vibrational instability (25,26); and (6) surface-phonon instability
(27,28).

Often, numerous modeling arguments exist for a specific phenomenon. The chal-
lenge is how to correlate all outstanding arguments for all observations to the effect of
bond order loss of the under-coordinated surface atoms or the effect of confinement.
The origin for one phenomenon must intrinsically sustain to others. Understanding
the mechanisms for both size reduction and oxidation and their joint contribution
of the two entities is critical to understanding the behavior of nanostructured oxide
materials and related devices.

This chapter describes a bond order—length—strength (BOLS) correlation mecha-
nism (29) for the effect of physical size (bond breaking) and a chemical-bond—valence-
band—potential-barrier (BBB) correlation mechanism (1) for the effect of oxidation
(bond making) on the performance of a nanostructured oxide. The BBB correlation
indicates the essentiality of sp-orbital hybridization of an oxygen atom upon reacting
with atoms in the solid phase. In the process of oxidation, electronic holes, non-
bonding lone pairs, lone-pair-induced antibonding dipoles, and hydrogen bonds are
involved through charge transportation, localization, and polarization, which dictate
the performance of an oxide. Charge transport from metal to oxygen creates the band
gap, which turns the metal to be a semiconductor or an insulator; lone-pair-induced
charge polarization lowers the work function of the surface, whereas hydrogen bond-
like formation caused by overdosing with the oxygen additives restores the work
function. The often-overlooked events of nonbonding and antibonding are expected
to play significant roles in the functioning of an oxide.

The BOLS correlation mechanism indicates the significance of bond order loss
of an atom at a site surrounding a defect or near the edge of a surface or in an
amorphous phase in which the coordination (CN) reduction (deviation of bond order,
length, and angle) distributes randomly. Bond order loss causes the remaining bonds of
the under-coordinated atom to contract spontaneously associated with bond-strength
gain or atomic potential well depression, which localizes electrons and enhances the
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density of charge, mass, and energy in the relaxed region. The energy density rise
in the relaxed region perturbs the Hamiltonian and the associated properties such as
the band gap width, core-level energy, Stokes shift (electron—phonon interaction),
and dielectric susceptibility. On the other hand, bond order loss lowers the cohesive
energy of the under-coordinated atom, which dictates the thermodynamic process such
as self-assembly growth, atomic vibration, thermal stability, and activation energies
for atomic dislocation, diffusion, and chemical reaction.

1.2. EFFECTS OF SIZE AND CONFINEMENT

1.2.1. Basic Concepts

Involvement of interatomic interaction causes the performance of a solid, or a cluster
of atoms, to vary from that of an isolated atom; adjustment of the relative number of
the under-coordinated surface atoms provides an additional freedom that allows one
to tune the properties of a nanosolid with respect to that of its bulk counterpart. Hence,
contribution from the under-coordinated atoms and the involvement of interatomic
interaction could be the starting points of consideration to bridge the gap between an
isolated atom and a bulk solid in chemical and physical performance.

1.2.1.1. Intra-atomic Trapping Electrons of a single atom confined by the intra-
atomic trapping potential Vyom(r) move around the central ion core in a standing-
wave form inside the potential well. The Vyom(r) describes the electron—nucleus
interaction, and it takes a value that varies from several electronvolts to infinity,
depending on the orbitals in which electrons are revolving. The Hamiltonian and
the corresponding eigenwave functions and the eigenenergies for an electron in the
isolated atom are given as

. h*v?
Hy = —

B + Vatom (r)
m

By (r) o sin? (knr)

and

E(n) = Wk} /2me;  ky = 2nm/ds, n=1,2,3,... (1.2)

the atomic diameter d( corresponds to the dimension of the potential well of the atom.
The branch numbers () correspond to different energy levels. The energy separation
between the nearest two levels depends on (n + 1)2 —n?=2n+1.

1.2.1.2. Interatomic Bonding and Intercluster Coupling When two atoms
or more joined as a whole, interatomic interaction comes into play, which causes
the performance of a cluster of atoms to be different from that of an isolated atom.
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The interatomic bonding is essential to make a solid or even a liquid. Considering an
assembly composed of n particles of mean size K; and with each particle, there are
Nj atoms, the total binding energy Very (1,71, N;) is (30):

Very (r,mNj) = Y3 " w(r)

nol#i

n
=5 |N > v(r) + Y V(Ky)
i=1 ki

~ g [NPutdo) + V(K | (1.3)

The Viy(r,n,N;) sums over all N; atoms and the n particles. The high order
is a certain fold of the nearest atomic spacing dp. Interaction between the nearest
clusters, k and j, V(K};), is negligible if the Kj; is considerably large. Normally, the
intercluster interaction, V' (Ky;), is much weaker than the interatomic interaction, if
the cluster is treated as an electric or a magnetic dipole of which the Van der Waals
or the super-paramagnetic potentials dominate.

1.2.1.3. Hamiltonian and Energy Band According to the band theory, the
Hamiltonian for an electron inside a solid is in the form:

A s, RV
H=Hy+H = _W + Vatom (r) + Vcry(r+RC) (1.4)

where the Hy is the Hamiltonian for an isolated atom as given in Eq. 1.2.
H = Very(r) = Very(r + Rc) is the periodic potential of the crystal, describing the
interaction between the specific electron with the ion cores of all other atoms. The term
of electron—electron interaction is treated in a mean field as a constant background
from the first-order approximation. R is the lattice constant. According to the nearly
free-electron approximation, the Eg between the valence and the conduction bands
originates from the crystal potential. The width of the gap depends on the integral of
the crystal potential in combination with the Bloch wave of the nearly free electron

¢ (k. r):
Eg =2|Vi(kp| and Vi(k) = (¢ (ki, )V (r+ Ro)l@ (ki 1)) (1.5)

where k; is the wave-vector and k; = 2/ /Rc. Actually, the Eg is simply twice the
first Fourier coefficient of the crystal potential.

As illustrated in Figure 1.1, the energy levels of an isolated atom will evolve into
energy bands when interatomic bonding is involved. When two atoms are bonded
together, such as H»> dimer-like molecules, the single energy level of the initially
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One-atom Two-atom N-atom

Ey

RGO =

AE¢

E(k) = E,- 20+ 40xQ(k,a)

Figure 1.1. The involvement of interatomic interaction evolves a single energy level to the
energy band when a particle grows from a single atom to a bulk solid that contains N;
atoms. Indicated is the work function ¢, band gap Eg, core level shift AEc, and bandwidth
Ep. The number of allowed sublevels in a certain band equals the number of atoms of the
solid (33).

isolated atom splits into two sublevels. The presence of interatomic interaction lowers
the center of the two sublevels, which is called the core level shift. Increasing the
number of atoms up to N}, the single energy level will expand into a band within
which there are N; sublevels.

What distinguishes a nanosolid from a bulk chunk is that for the former the N;
is accountable, whereas for the latter, the N; is too large to be accounted despite the
portion of the under-coordinated atoms in the surface skin. Therefore, the classic band
theories are valid for a solid over the whole range of sizes or for containing any number
of atoms. As detected with X-ray photoelectron spectroscopy (XPS), the density-
of-states (DOS) of the valence region for a nanosolid exhibits band-like features
rather than the discrete spectral lines of a single atom. If the A is sufficiently small, the
separation between the sublevels is resolvable. The energy level spacing between the
successive sublevels in the valence band, known as the Kubo gap (6x = 4EF/3N;),
decreases with the increase of the number of valence electrons of the system N;
(31). Where EF is the Fermi energy of the bulk. Because of the presence of the 5
in an individual nanosolid, properties such as electron conductivity and magnetic
susceptibility exhibit quantized features (32).

According to the tight-binding approximation, the energy dispersion of an electron
in the vth core band follows the relation:

Ey(k) = Ey(1) + AE,(00) + AEg(k;,Rc, 2)
=E,(1) — (B+2a) +4aQ(k;,Rc, 2) (1.6)

where

E,(1) = (¢U(r)|1:10|¢v (r)) is the vth energy level of an isolated atom.

B = —{dy(r)|Very (r)|y (1)) is the crystal potential effect on the specific core electron
at site r.
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a = —(¢y(r — Rc)|Very(r — Re)lgy(r — Re)) is the crystal potential effect on the
coordinate neighboring electrons. For an fcc structure example, the structure factor
Qk;,Rc) = ZZ sin’(k;Rc/2). The sum is over all contributing coordinates (z)
surrounding the specific atom in the solid.

Equations 1.5 and 1.6 indicate that the E, the energy shift AE, (c0) = —(8 + 2«)
of the E,(1) and the bandwidth AEp (last term in Eq. 5.16) are all functions of
interatomic interaction or crystal potential. Any perturbation to the crystal potential
will vary these quantities accordingly as the change of the Block wavefunction is
negligible in the first-order approximation. The band structure has nothing to do with
the actual occupancy of the particular orbitals or events such as electron-hole pair
creation or recombination, or the processes of PL and PA that involve the electron—
phonon coupling effect. Without interatomic interaction, neither the Eg expansion
nor the core-level shift would be possible; without the interatomic binding, neither a
solid nor even a liquid would form.

If one intends to modify the properties of a solid, one has to find ways of
modulating the crystal potential physically or chemically. Bond nature alteration
by chemical reaction or bond length relaxation by size reduction, as discussed in
the following sections, will be the effective ways of modulating the interatomic
potential.

1.2.1.4. Atomic Cohesive Energy and Thermal Stability Another key
concept is the cohesive energy per discrete atom. The binding energy density per
unit volume contributes to the Hamiltonian that determines the entire band structure
and related properties, whereas the atomic cohesive energy determines the activation
energy for thermally and mechanically activated processes, including self-assembly
growth, phase transition, solid-liquid transition, evaporation, atomic dislocation,
diffusion, and chemical reaction.

The cohesive energy (Econ) of a solid containing N; atoms equals to the energy
dividing the crystal into individually isolated atoms by breaking all bonds of the solid.
If no atomic CN reduction is considered, the E}, is the sum of bond energy over all
7p coordinates of all N; atoms:

Eeoh(N)) = ) ) Ei = NjzEp = NiEs (1.7)
N

The cohesive energy for a single atom Ep is the sum of the single bond energy E}
over the atomic CN, Ep = z,Ep. One may consider a thermally activated process
such as phase transition in which all bonds are loosened to a certain extent due to
thermal activation. The energy required for such a process is a certain portion of
the atomic Ep although the exact portion may change from process to process. If one
considers the relative change to the bulk value, the portion will not be accounted. This
approximation is convenient in practice, as one should be concerned with the origins
and the trends of changes. Therefore, bulk properties such as the thermal stability of
a solid could be related directly to the atomic cohesive energy—the product of the
bond number and bond energy of the specific atom.
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1.2.2. Boundary Conditions

1.2.2.1. Barrier Confinement vs. Quantum Uncertainty The termination of
lattice periodicity in the surface normal direction has two effects. One is the creation
of the surface potential barrier (SPB), work function, or contact potential, and the
other is the reduction of the atomic CN. The SPB is the intrinsic feature of a surface,
which confines only electrons that are freely moving inside the solid. However, the
SPB has nothing to do with the strongly localized electrons in deeper core bands
or with those form sharing electron pairs in a bond. The localized electrons do not
suffer such barrier confinement at all as the localization length is far shorter than the
particle size.

According to the principle of quantum uncertainty, reducing the dimension (D)
of the space inside which energetic particles are moving increases the fluctuation,
rather than the average value, of the momentum p or kinetic energy Ej of the moving
particles:

ApD > h/2
p=p+tAp
Ex = p*/u) (1.8)

where 7 being the Plank constant corresponds to the minimal quanta in energy
and momentum spaces and u is the effective mass of the moving particles. The
kinetic energy of a freely moving carrier is increased by a negligible amount due
to the confinement effect on the fluctuation that follows the principle of quantum
uncertainty.

1.2.2.2. Atomic CN Reduction The atomic CN reduction is referred to the stan-
dard value of 12 in the bulk of an fcc structure irrespective of the bond nature or the
crystal structure. Atomic CN reduction is referred to an atom with a coordinate less
than the standard value of 12. The CN is 2 for an atom in the interior of a monatomic
chain or an atom at the open end of a single-walled carbon nanotube (CNT); while
in the CNT wall, the CN is 3. For an atom in the fcc unit cell, the CN varies from
site to site. The CN of an atom at the edge or corner differences from the CN of an
atom in the plane or the central of the unit cell. Atoms with deformed bond lengths
or deviated angles in the CNT are the same as those in amorphous states that are
characterized with the band tail states (34). For example, the effective CN of an atom
in diamond tetrahedron is the same as that in an fcc structure as a tetrahedron unit cell
is an interlock of two fcc unit cells. The CN of an atom in a highly curved surface is
even lower compared with the CN of an atom at a flat surface. For a negatively curved
surface (such as the inner side of a pore or a bubble), the CN may be slightly higher
than that of an atom at the flat surface. Therefore, from the atomic CN reduction point
of view, there is no substantial difference in nature among a nanosolid, a nanopore,
and a flat surface. This premise can be extended to the structural defects or defaults,
such as voids; atoms surrounding these defects also suffer from CN reduction. Unlike
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a nansolid with ordered CN reduction at the surface, an amorphous solid possesses
defects that are distributed randomly.

1.2.3. Surface-to-Volume Ratio

It is easy to derive the volume or number ratio of a certain atomic layer, denoted i, to
that of the entire solid by differentiating the natural logarithm of the volume:

N, Vi R, T
= U gy =S 2 (1.9)
N Y R K

Yij

where K; = R;/d) is the dimensionless form of size, which is the number of atoms
lined along the radius of a spherical dot (t = 3), arod (r = 2), or cross the thickness
of a thin plate (r = 1). The volume of a solid is proportional to R}. For a hollow
system, the y;; should count both external and internal sides of the hollow structure.

With reducing particle size, the performance of surface atoms becomes dominant
because at the lower end of the size limit, (K; — t¢;)y1 approaches unity. At K; = 1,
the solid will degenerate into an isolated atom. Therefore, the y;; covers the whole
range of sizes and various shapes. The definition of dimensionality (7) herein differs
from the convention in transport or quantum confinement considerations in which a
nanosphere is zero-dimension (quantum dot), a rod as one dimension (quantum wire),
and a plate two dimension (quantum well). If we count atom by atom, the number
ratio and the property change will show quantized oscillation features at smaller sizes,
which varies from structure to structure (35).

1.2.4. BOLS Correlation

1.2.4.1. Bond Order-Length Correlation As the consequence of bond order
loss, the remaining bonds of the under-coordinated atoms contract spontaneously.
As asserted by Goldschmidt (36) and Pauling (37), the ionic and the metallic radius
of the atom would shrink spontaneously if the CN of an atom is reduced. The CN
reduction-induced bond contraction is independent of the nature of the specific bond
or structural phases (38). For instances, a 10% contraction of spacing between the
first and second atomic surface layers has been detected in the liquid phase of Sn, Hg,
Ga, and In (39). A substitutional dopant of As impurity has induced 8% bond con-
traction around the impurity at the Te sublattice in CdTe has also been observed using
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge
spectroscopy (XANES) (40). Therefore, bond order loss-induced bond contraction is
universal.

Figure 1.2a illustrates the CN dependence of bond length. The solid curve c;(z;)
formulates the Goldschmidt premise, which states that an ionic radius contracts by
12%, 4%, and 3%, if the CN of the atom reduces from 12 to 4, 6 and 8, respectively.
Feibelman (41) has noted a 30% contraction of the dimer bond of Ti and Zr, and
a 40% contraction of the dimer-bond of Vanadium, which is also in line with the
formulation.
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Figure 1.2. Tllustration of the BOLS correlation. Solid curve in (@) is the contraction coefficient
¢; derived from the notations of Goldschmidt (36) (open circles) and Feibelman (41) (open
square). As a spontaneous process of bond contraction, the bond energy at equilibrium atomic
separation will rise in absolute energy E; = ¢; "MEp,. The m is a parameter that represents
the nature of the bond. However, the atomic cohesive energy z;E; changes with both the m
and the z; values. (b) Atomic CN reduction modified pairing potential energy. CN reduction
causes the bond to contract from one unit (in dg) to ¢;, and the cohesive energy per coordinate
increases from one unit to ci_m unit. Separation between E;(T') and E;(0) is the thermal vibration
energy. Separation between E; (T}, ;) and E;(T) corresponds to melting energy per bond at 7,
which dominates the mechanical strength. T}, ; is the melting point. p; is 1/z; fold energy
atomizing an atom in molten state.

1.2.4.2. Bond Length-Strength Correlation As the atomic CN reduction-
induced bond contraction is a spontaneous process, the system energy will be lowered
with an association of bond strength gain. The contraction coefficient and the asso-
ciated bond energy gain form the subject of the BOLS correlation mechanism that is
formulated as

ci(zi) =di/dy = 2/{1 + exp[(12 — z;)/(8z;)]} (BOLS-coefficient)
Ei=c;"Ep (Single-bond-energy)
Epi = ziE; (Atomic-cohesive-energy)

(1.10)

Subscript i denotes an atom in the ith atomic layer, which is counted up to three from
the outermost atomic layer to the center of the solid as no CN-reduction is expected
for i > 3. The index m is a key indicator for the nature of the bond. Experience (42)
revealed that for Au, Ag, and Ni metals, m = 1; for alloys and compounds, m is
around four; for C and Si, the m has been optimized to be 2.56 (43) and 4.88 (44),
respectively. The m value may vary if the bond nature evolves with atomic CN (45).
If the surface bond expands in cases, we simply expand the ¢; from a value that is
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smaller than unity to greater, and the m value from positive to negative to represent the
spontaneous process of which the system energy is minimized. The c;(z;) depends
on the effective CN rather than a certain order of CN. The z; also varies with the
particle size due to the change of the surface curvature. The z; takes the following
values (44):

4(1 —0.75/K;) curved-surface
1= ;

(1.11)
4 flat-surface

Generally, z; = 6 and zz3 = 8 or 12.

Figure 1.2b illustrates schematically the BOLS correlation using a simple inter-
atomic pairing potential, u(r). When the CN of an atom is reduced, the equilibrium
atomic distance will contract from one unit (in dy) to ¢; and the cohesive energy of
the shortened bond will increase in magnitude from one unit (in Ep) to ¢; ™. The solid
and the broken u(r) curves correspond to the pairing potential with and without CN
reduction. The BOLS correlation has nothing to do with the particular form of the
pairing potential as the approach involves only atomic distance at equilibrium. The
bond length-strength correlation herein is consistent with the trend reported by Bahn
and Jacobsen (46) although the extent of bond contraction and energy enhancement
therein vary from situation to situation.

Several characteristic energies in Figure 1.2b correspond to the following facts:

(1) T,,; being the local melting point is proportional to the cohesive energy
ziE;(0) (47) per atom with z; coordinate (48).

(2) Separation between E = 0 and E;(T), or n1;(Ty,; — T) + n2;, corresponds to
the cohesive energy per coordinate E; at T, being energy required for bond
fracture under mechanical or thermal stimulus. 7y; is the specific heat per
coordinate.

(3) The separation between E = 0 and E;(T,), or 12;, is the 1/z; fold energy that
is required for atomization of an atom in molten state.

(4) The spacing between E;(T) and E;(0) is the vibration energy purely due to
thermal excitation.

(5) The energy contributing to mechanical strength is the separation between
the E;(T,;,) and the E;(T), as a molten phase is extremely soft and highly
compressible (49).

Values of 11; and n; can be obtained with the known ci_m and the bulk 11, and 1y,
values that vary only with crystal structures as given in Table 1.1.

1.2.4.3. Densification of Mass, Charge, and Energy Figure 1.3 compares
the potential well in the QC convention with that of the BOLS for a nanosolid.
The QC convention extends the monotrapping potential of an isolated atom by
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TABLE 1.1. Relation Between the Bond Energy Ej and the T, of Various Structures
(24). np < 0 for an fcc Structure Means that the Energy Required for Breaking All
Bonds of an Atom in Molten State is Included in the Term of 11527, and Therefore,
the 5,, Exaggerates the Specific Heat per CN.

Ep =n1pTm + n2p fee bce Diamond Structure
nlb(10_4 eV/K) 5.542 5.919 5.736
n25(€V) —0.24 0.0364 1.29

expanding the size from dp to D. BOLS scheme covers contribution from indi-
vidual atoms that are described with multi-trapping-center potential wells and the
effect of atomic CN reduction on the surface skin. Atomic CN reduction-induced
bond-strength gain depresses the potential well of trapping in the surface skin.
Therefore, the density of charge, energy, and mass in the relaxed surface region
are higher than other sites inside the solid. Consequently, surface stress that is in

(@)
Quantum well
V =V, (or )
(@)
BOLS Correlation
V = Vatom* Verystar [1+8surt] Verystal
Vatom

Figure 1.3. Schematic illustration of conventional quantum well (a) with a monotrapping
center extended from that of a single atom, and the BOLS-derived nanosolid potential
(b) with multi-trap centers and CN reduction-induced features. In the relaxed surface region,
the density of charge, energy, and mass will be higher than other sites due to atomic CN
reduction.
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the dimension of energy density will increase in the relaxed region. Electrons in the
relaxed region are more localized because of the depression of the potential well of
trapping, which lowers the work function and conductivity in the surface region due
to boundary scattering (50,51), but it enhances the angular momentum of the surface
atoms (35).

1.2.4.4. Oxide Long-Range Interaction For an oxide nanosoild, the long-
order dipole—dipole interaction is involved, which may change the Madelung potential
in the ionic oxide nanosolid (52). The value of Madelung potential shifts their
effective electronic levels, thus renormalizing their electronegativity. The concept
of electronegativity in the oxide nanosolid is very useful for discussing the ability
of under-coordinated atoms to bind to adatoms or molecules. The Madelung poten-
tial value also enters the energetic balance that fixes the local atomic arrangement,
and its long-range character may induce peculiar effects, for example, the stabi-
lization of noncompact structures especially in small clusters. These aspects are
akin to insulating compounds with a non-negligible ionic character of the oxygen-
cation bonding and are not met in metals or compound semiconductors in low
dimensionality.

The immediate effect of long-range interaction is its contribution to the atomic
cohesive energy that dominates the ferroelectric properties of oxides (53). For a
spherical dot with radius R = Kd, we need to consider the interaction between
the specific central atom and its surrounding neighbors within the critical volume
Ve = 471[((3j /3, in addition to the BOLS correlation in the surface region, as illus-
trated in Figure 1.4. The ferroelectric property drops down from the bulk value to a
value smaller than 5/16 (estimated from Figure 1.4) when one goes from the central
atom to the edge along the radius to the correlation radius K¢. If the surrounding
volume of the central atom is smaller than the critical V¢, the ferroelectric feature
of this central atom attenuates; otherwise, the bulk value remains. For an atom in
the ith surface layer, the number of the lost exchange bonds is proportional to the
volume Vi, that is the volume difference between the two caps of the V¢-sized
spheres as illustrated in Figure 1.4a. Therefore, the relative change of the ferroelec-
tric exchange energy of an atom in the ith atomic layer compared with that of a bulk
atom becomes

AEexc,i _ VC - Vvac 1= _Vvac

= (1.12)
Eexc(00) Ve Ve

1.2.5. Shape-and-Size Dependency

1.2.5.1. Scaling Relation Generally, the mean relative change of a measurable
quantity of a nanosolid containing N; atoms, with dimension Kj, can be expressed as
O(K;) and as Q(oo) for the same solid without contribution from bond order loss.
The correlation between the Q(K;) and Q(c0) = N;qo and the relative change of O
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(@ ,
ith surface layer
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Figure 1.4. (a) Schematic illustration of the long-range exchange bonds lost in an atom in a
spherical oxide nanosolid with radius K (K = R/d is the number of atoms of size d lined along
the radius R of a sphere or cross a thin plate of R thick). K¢ is the critical correlation radius.
The volume loss Vyac (the shaded portion) is calculated by differencing the volumes of the two
spherical caps:

Kc—f—K,-—KcosO)
3

Vyac = w(Kc + K; — K cos §)2 (Kc
K — Kcosf
3

where the angle 6 is determined by the triangle O; O2A. (b) Correlation radius K¢ dependence
of the atomic cohesive energy. For the K¢ = 5 example, the BOLS lowers the Eg by —41.1%
(follows the curve in Figure 1.4a), and the long-range bond loss contribution that is a constant
lowers the Eg by —53% (53).

—n(K — K cos 0)2 (K -
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caused by bond order loss is given as

O(K;) = Njqo + Ny(gs — q0)
AQ(K) _ Q) —Q(00) _ Ny (@ 3 1)
0(c0) 0(o0) N; \qo0

= 7ii(Agi/q0) = Ay (1.13)

i<3

The weighting factor y;; represents the geometrical contributions from dimension
(K;) and dimensionality (7) of the solid, which determines the magnitude of change.
The quantity Ag;/qo is the origin of change. The } |3 y;; dropsina Kj—l fashion from
unity to infinitely small when the solid grows from atomic level to infinitely large.
For a spherical dot at the lower end of the size limit, K; = 1.5(Kjdyp = 0.43 nm for
an Au spherical dot example), z1 = 2, y1; = 1, and y»; = y3; = 0, which is identical
in situation to an atom in a monatomic chain (MC) despite the orientation of the
two interatomic bonds. Actually, the bond orientation is not involved in the modeling
iteration. Therefore, the performance of an atom in the smallest nanosolid is a mimic
of an atom in an MC of the same element without the presence of an external stimulus
such as stretching or heating. At the lower end of the size limit, the property change
of a nanosolid relates directly to the behavior of a single bond.

Generally, experimentally observed size-and-shape dependence of a detectable
quantity follows a scaling relation. Equilibrating the scaling relation to Eq. 1.10,
one has

. (measurement)

0(K) — 0(c0) = {75 (1.14)
’ 2oy x Ay (theory) '

where the slope b = Q(00) x Ay x K;j = constant is the focus of various model-
ing pursues. The A; oc K~ ! varies simply with the y;;(t,Kj,¢;) if the functional
dependence of ¢(z;, c;, m) on the atomic CN, bond length, and bond energy is given.

1.2.5.2. Cohesive Energy Modification The heat energy required for loosen-
ing an atom is a certain portion of the atomic Ep that varies with not only the atomic
CN but also the bond strength. The variation of the mean Ep with size is responsible
for the fall (supercooling) or rise (superheating) of the T¢ (critical temperature for
melting, phase transition, or evaporation) of a surface and a nanosolid. The Ep is also
responsible for other thermally activated behaviors such as phase transition, catalytic
reactivity, crystal structural stability, alloy formation (segregation and diffusion), and
stability of electrically charged particles (Coulomb explosion). The cohesive energy
also determines crystal growth and atomic diffusion and atomic gliding displacement
that determines the ductility of nanosolids.

Considering both the BOLS correlation in the surface region and the long-range
bond loss, we have a universal form for the cohesive energy suppression for an oxide
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nanosolid:
> e, = 1) = Ap (BOLS)
AER(K)) i<3
i Lo _v
Epg(00) Z Vi ( Vvac> + A = Acon (BOLS + long — range)
. o
i<Kc

(1.15)
For the short spin—spin interaction, it is sufficient to sum over the outermost three
atomic layers; for a ferroelectric and a superconductive solid, the sum should be
within the sphere of radius K¢. The BOLS correlation considers only contribution
from atoms in the shells of the surface skin, whereas the long-range contribution
involves the concept of correlation radius that is used in ferroelectric systems. The
BOLS contribution is obtained by considering the shell structures:

(Econ(N))) = NjzpEp + ZNi (ziEi — zpEp)

i<3

= NjEp(00) + Y _ NizpEp(zivEip — 1)

i<3

= Econ(00) | 14 Y y4izinc;™ = 1) | = Econ(00)(1 + Ap)

i<3

or

AER(Kj)/Eg(00) = Y yij(aine;™ — 1) = Ap (1.16)

i<3

where Econ(00) = N;zpE) represents the ideal situation without CN reduction. The
Zib = Zi/7p 1s the normalized CN, and the Ej, = E;/Ep = ci_m is the normalized bind-
ing energy per coordinate of a surface atom. For an isolated surface, Ap < 0; for
an intermixed interface, Ap may be positive depending on the strength of interfacial
interaction. Therefore, the relative change of T¢ (K;) and activation energy E4 (K;) for
thermally and mechanically activated process can be expressed as

ATc(K) _ AEa(K) _ AEp(K)
Tc(c0) E4(00) Eg(c0)

= Ap(K)) (1.17)

Interestingly, the critical temperature for sensoring operation could be lowered from
970 to 310K of SrTiO3 by ball milling to obtain 27 nm-sized powders (54). The
resistivity of the SrTiO3 increases when the SrTiOs particle size is decreased (55).
Decreasing the particle sizes of ferroelectric BaTiO3 could lower the T¢ to 400 K
and the refractive index (dielectric constant) and, hence, the transmittance of BaTiO3
infilled SiO; photonic crystals, as a consequence (56,57). The suppression of the
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critical temperatures for sensoring and phase transition results and the modulation
of resistivity and refractive index could be consequences of energy densification and
cohesive energy suppression in the surface skin.

1.2.5.3. Hamiltonian Perturbation The perturbation to the energy density
in the relaxed region that contributes to the Hamiltonian upon assembly of the
nanosolids is

Vcry(’", n, N/) _
Vcry(dO, n, Nj)

B Av(dy)
=Ly

= ZV{/(Ci_m — 1)+ &

i<3

Ap(Kj) =

where
nV (K))

Spj = ———— (1.18)
" N7v(do)

With the perturbation, the A’ in Eq. 1.4 becomes H'(Ag) = Very(N)[1 + Au(K))],
which dictates the change of not only the Eg width, but also the core-level energy:

AEG(K)) _ AEy(K)
Eg(00) Ey(00)

= An(K)) (1.19)

where AE, (Kj) = E,(Kj) — Ey(1). This relation also applies to other quantities such
as the bandwidth and band tails (33).

Most strikingly, without triggering electron—phonon interaction or electron—hole
generation, the scanning tunneling microscopy/spectroscopy (STM/S) measurement
at low temperature revealed that the Eg of Si nanorod varies from 1.1 to 3.5 eV with
decreasing the rod diameter from 7.0 to 1.3 nm associated with ~12% Si-Si bond
contraction from the bulk value (0.263 nm) to ~0.23 nm. The STS findings concur
excitingly with the BOLS premise: CN reduction shortens the remaining bonds of the
under-coordinated atoms spontaneously with an association of Eg expansion.

1.2.5.4. Electron—-Phonon Coupling The electron—phonon (e—p) interaction
contributes to the processes of photoemission, photoabsorption, photoconduction, and
electron polarization that dominates the static dielectric constant. Figure 1.5 illustrates
the effect of e—p coupling and crystal binding on the energy of photoluminescence
and absorbance Epy, and Ep4. The energies of the ground state (E7) and the excited



26 THEORY OF SIZE, CONFINEMENT, AND OXIDATION EFFECTS

E, (9)=A(q-qg)*+Eg

Stokesshift  |&.. ./
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Figure 1.5. Mechanisms for Ep4 and Epy, of a nano-semiconductor, involving crystal binding
(Eg) and electron—phonon coupling (W). Insertion illustrates the Stokes shift from Ep4 to Epy .
Electron is excited by absorbing a photon with energy Eg + W from the ground minimum to
the excited state, then undergoes a thermalization to the excited minimum, and then transmits
to the ground emitting a photon with energy Eg — W (58).

state (E») are expressed in parabola forms (34):

Ei(q) = Ag?

(1.20)
E»(q) = A(q — q0)* + Eg

Constant A is the slope of the parabolas. The g is in the dimension of wave-vector.
The vertical distance between the two minima is the true Eg that depends uniquely on
the crystal potential. The lateral displacement (gg) originates from the e—p coupling
that can be strengthened by lattice contraction. Therefore, the blue shift in the Ep,
and in the Epy is the joint contribution from crystal binding and e—p coupling.

In the process of carrier formation, or electron polarization (34), an electron is
excited by absorbing a photon with Eg 4+ W energy from the ground minimum to the
excited state with creation of an electron-hole pair. The excited electron then under-
goes a thermalization and moves to the minimum of the excited state, and eventually
it transmits to the ground and combines with the hole. The carrier recombination
is associated with emission of a photon with energy Ep; = Eg — W. The transition
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processes (e-h pair production and recombination) follow the rule of momentum and
energy conservation, although the conservation law may be subject to relaxation for
the short-ordered nanosolid. Relaxation of the conservation law is responsible for the
broad peaks in the PA and PL.

The insertion illustrates the Stokes shift, 2W = 2Aq(2), or the separation from Ep, to
Eps. The qg is inversely proportional to atomic distance d;, and hence, W; = A/ (cid,-)z,
in the surface region. Based on this premise, the blue shift of the Epy, the Ep4, and
the Stokes shift can be correlated to the CN reduction-induced bond contraction (58).

AEp(K;)
Epp(00) AEG(Kj) F AW(K)) i B

- = ilc;™ =1 FB(c; " —1
AEps(K;) Eg(00) F W(00) ; vil(c; ) F B(c; )]
Epa(00)

= A :FBAe—p

<B= A ; W(c0)  0.007 M)) wa)

Eg(c0)d?”  Eg(c0) 112

Compared with the bulk Eg(c0) = 1.12 eV for silicon, the W (co) ~ 0.007 eV obtained
using tight-binding calculations (59) is negligible. One can easily calculate the size-
dependent Ep;, Eps, and Eg = (Epr + Eps)/2 using Eq. 21. Fitting the measured
data gives the values of m and A for a specific semiconductor.

1.2.5.5. Mechanical Strength The mechanical yield strength is the strain-
induced internal energy deviation that is proportional to energy density or the sum
of bond energy per unit volume (17). Considering the contribution from heating, the
strength (stress, flow strength), the Young’s modulus, and the compressibility (under
compressive stress) or extensibility (under tensile stress) at a given temperature can
be expressed by

Pi(Zi,T) [ u(r ) ~ 17711( r;z,z )
aV 4T d
2—1 —1
b = -V~ = [y D
1 1y VaP T 1 1y aV2 .
i [Pi(zi, )™ (1.22)
= = (zi, .
Nimi(Ty; — T) e

B is an inverse of dimension of the Young’s modulus or the hardness. N; is the total
number of bonds in d* volume. If calibrated with the bulk value at 7 and using the
size-dependent specific heat, melting point, and lattice parameter, the temperature,
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bond nature, and size-dependent strength and compressibility of a nanosolid will be

PKLT) _ YKL T) _ poo,T) _ m(K) <d<°°))3 SR )

P(co,T)  Y(0o,T)  B(K;,T)  ni(oo) \d(K)) Tn(o0) — T

The bond number density between the circumferential neighboring atomic layers does
not change upon relaxation (N; = Np). Equation 1.23 indicates that the mechanical
strength is dictated by the value of T, (K;)— T and the specific heat per bond. At T far
below the T,,, a surface or a nanostructure is harder than the bulk interior. However,
the T, drops with size K;, and therefore, the surface or nanosolid become softer
when the 7, (K;)—T value becomes smaller. This relation has led to quantification
of the surface mechanical strength, the breaking limit of a single bond in monatomic
chain, and the anomalous Hall-Petch relationship in which the mechanical strength
decreases with size in a fashion of D% and then deviates at the order of 10 nm from
the Hall-Petch relationship (49).

1.2.6. Summary

If one could establish the functional dependence of a detectable quantity Q on atomic
separation or its derivatives, the size dependence of the quantity Q is then certain. One
can hence design a nanomaterial with desired functions based on such prediction. The
physical quantities of a solid can be normally categorized as follows:

(1) Quantities that are directly related to bond length, such as the mean lattice
constant, atomic density, and binding energy.

(2) Quantities that depend on the cohesive energy per discrete atom, Ep; =
ziE;, such as self-organization growth; thermal stability; Coulomb blockade;
critical temperature for liquidation, evaporation, and phase transition of a
nanosolid; and the activation energy for atomic dislocation, diffusion, and
bond unfolding (60).

(3) Properties that vary with the binding energy density in the relaxed continuum
region such as the Hamiltonian that determine the entire band structure and
related properties such as band gap, core-level energy, photo-absorption, and
photo-emission.

(4) Properties that are contributed from the joint effect of the binding energy
density and atomic cohesive energy such as mechanical strength, Young’s
modulus, surface energy, surface stress, extensibility and compressibility of a
nanosolid, as well as the magnetic performance of a ferromagnetic nanosolid.

Using the scaling relation and the BOLS correlation, we may derive solutions to
predict the size and shape dependence of various properties. Typical samples are
given in Table 1.2 and Figure 1.6.
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TABLE 1.2. Summary of Functional Dependence of Various Quantities on Particle Size and Derived Information.

Quantity Q AQ(K;j)/Q(00) = Ay(K;) Refs. Comments
Lattice constant (d) Z vijci — 1) 42 Only outermost three atomic
i<3 layers contribute
Bond energy (E;) Z vijle;, ™ —1) = Ay 29,33 Ap—Hamiltonian perturbation
Band gap (Eg) =
Core-level shift (AEy) -
Electron—phonon coupling B Z )’ij(Ci_z —1)=BA.—p 58 B-constant
energy (Stokes shift, W) i<3
Photoemission and Ag FBAc—p 58 Eg = (Epa +Epp)/2
photoabsorption energy
(EpL, EPA)
Critical temperature for phase 47,53 A p—atomic cohesive

transition (7¢); activation
energy for thermally and
mechanically activated
processes

Z y,j(z,'bci_l — 1) = Ap (Ferromagnetic)

i<3

i<Kc

-V
> Vi (%) +Ap=AcoH (else)

perturbation
Vyac—Volume loss
Vc—correlation volume

(Continued)
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TABLE 1.2. Continued.

Quantity Q

AQ(Kj)/Q(00) = Ag(Kj)

Refs. Comments

Mechanical strength and Yung’s
modulus of monatomic bond
(P, Y)

Inverse Hall-Petch relation;
solid—semisolid—liquid
transition

Optical phonon frequency (w)

Fermi level

Dielectric permittivity
x=¢e—1)

nid> i —=T)
Mpd3 (Tn(00) — T)

1 (K> (Tn(K)) = T)
11pd3 (Kj) (T (00) = T)

—(m/2+1
ZV;j(ZibC,- /24D _ )

i<3

> w7 -

i<3

Ag— (Ag — BAe—p)

61 n1—specific heat per bond
T;n—melting point

49

62

63,64

65

Typical samples of consistency are shown in Figure 1.6.
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Figure 1.6. Comparison of BOLS predictions with measured size dependence of (a) Lattice
contraction of Prp O3 films on Si substrate (66). (b) Atomic cohesive energy of Mo and W (67).
(¢) Mechanical strength (Inverse Hall-Petch relationship, IHPR) of TiO, (68) nanosolids;
straight line is the traditional Hall-Petch relationship (HPR). (d) T, suppression of Bi (69-73)
and CdS (74); (e) T¢ suppression of ferromagnetic Fe3O4 nanosolids (75). (f) T¢ suppression
of ferroelectric PbTiO3 (76), StBixTapOg (77), BaTiO3 (78), and anti-ferroelectric PbZrO3
(79) nanosolids. High-order CN reduction is considered for dipole—dipole interaction.
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Figure 1.7. Comparison of BOLS predictions with measured size dependence of (a)
Eg-expansion measured using STS (80) and optical method, Data-1 (Eg = Epy — W) (81),
Data-2 (Eg = (Epp + Epa)/2) (82). (b) Core-level shift of Au capped with Thiol (83) and
deposited on Octan (84) shows three-dimensional features, whereas core-level shift of Au
deposited on TiO; (85) and Pt (86) show one-dimensional pattern. (¢) Raman acoustic fre-
quency shift of TiOp-a and TiO3-b (87) SnO»-a (88) nanostructures caused by interparticle
interaction. (d) Raman optical frequency shift of CeO; (89), SnO3-1 (90), SnO5-2 (88), InP
(91). (e) Dielectric suppression of nanosolid silicon with Data 1, 2, and 3 (92); Data 4 and 5
(93); and Data-6 (94). (f) Temperature and size dependence of magnetization.
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1.3. EFFECT OF OXIDATION

1.3.1. Bond-Band-Barrier (BBB) Correlation

The BBB correlation mechanism indicates that it is necessary for an atom of oxygen,
nitrogen, and carbon to hybridize its sp orbitals upon interacting with atoms in the
solid phase. Because of tetrahedron formation, nonbonding lone pairs, anti-bonding
dipoles, and hydrogen-like bonds are produced, which add corresponding features
to the DOS of the valence band of the host, as illustrated in Figure 1.8 (95). Bond
forming alters the sizes and valences of the involved atoms and causes a collective
dislocation of these atoms. Alteration of atomic valences roughens the surface, giving
rise to corrugations of surface morphology. Charge transportation not only alters the
nature of the chemical bond but also produces holes below the Er and thus creates
or enlarges the Eg (96). In reality, the lone-pair-induced metal dipoles often direct
into the open end of a surface because of the strong repulsive forces among the lone
pairs and among the dipoles. This dipole orientation leads to the surface dipole layer
with lowered ®. For a nitride tetrahedron, the single lone pair may direct into the
bulk center, which produces an ionic layer at the surface. The ionic surface network
deepens the well depth, or increases the @, as the host surface atoms donate their
electrons to the electron acceptors. For carbide, no lone pair is produced, but the
weak antibonding feature exists because of the ion-induced polarization. However,
hydrogen adsorption neither adds DOS features to the valence band nor expands the
E ashydrogen adsorption terminates the dangling bond at a surface, which minimizes
the midgap impurity DOS of silicon, for instance (34).

Bonding Nonbonding Electron-holes Antibonding
(lone pair) (Dipole)
\ 4 v
Metal

Work-function
4+—

Y

Figure 1.8. Oxygen-induced DOS differences between a compound and the parent metal
(upper) or the parent semiconductor (lower). The lone-pair polarized anti-bonding state lowers
the @, and the formation of bonding and anti-bonding generates holes close to Ef of a metal
or near the valence band edge of a semiconductor. For carbide, no lone-pair features appear,
but the ion-induced anti-bonding states will remain.

Fermi-Level
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1.3.2. Experimental Evidence

1.3.2.1. Surface Potential Barrier and Bond Geometry The work function
is expressed as ® = Ey — Er(p (E)23) (97), which is the energy separation between
the vacuum level E and the Fermi energy Er. The ® can be modulated by enlarging
the charge density (p (E)) through lattice contraction or by raising the energy where the
DOS is centered via dipole formation (63). Dipole formation could lower the ® of a
metal surface by ~1.2eV. (1) The work function varies from site to site with strong
localized features. However, if additional oxygen atoms are adsorbed to the surface,
the ® will restore to the original value or even higher because the metal dipoles
donate the polarized electrons to the additional electronegative additives to form a
“+/dipole” at the surface (1).

Figure 1.9 shows a typical STM image and the corresponding model for the
Cu(001)~(2 x 1)-O*" phase. The round bright spots of 0.8 - 0.2 A in height cor-
respond to the lone-pair-induced Cu dipoles. In contrast, the protrusion for the clean
Cu(110) surface is about 0.15 A (98). Single O—Cu-O strings are formed along the
[010] direction associated with every other row missing because of the tetrahedron
bond saturation.

Dynamic XRD and very-low-energy electron diffraction (VLEED) optimization
have led to quantification of atomic positions that are determined by the bond
geometry, such as the bond length and bond angles. A simple conversion between

Mdipole

side view

Figure 1.9. STM image (98) and the corresponding models (1) for the surface atomic valencies
of Cu(110)—(2 x 1)—02_. The STM gray scale is 0.85 A, much higher than that of metallic
Cu on a clean (1 10) surface (0.15A). The single “O%: CudiPole: 02— chain zigzagged by
the nonbonding lone pairs and composed of the tetrahedron. See color insert.
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TABLE 1.3. Geometrical Parameters for the Cu; O Tetrahedron Deduced from the
XRD Data of O-Cu(110) Phase (99) and the Cuz O, Paired Tetrahedra Derived from
VLEED Calculation of O—Cu(0 0 1) Surface (100). Bond Contraction with Respect to
the Ideal Length of 1.85 A Results from the Effect of Bond Order Loss. The “:”
Represents the Lone-Pair Interaction.

Parameters O-Cu(110) O—Cu(001) Conclusion
Tonic bond length (A) 1.675 (Cut-027) 1.628 (Cu?t-027) <1.80
Tonic bond length (A) 1.675 (Cut—0%7) 1.776 (Cut-027) <1.80
Lone-pair length (A) 1.921 (CuP:027) 1.926 (CuP:027) ~1.92
Tonic bond angle (°) 102.5 102.0 <104.5
Lone-pair angle (°) 140.3 139.4 ~140.0

atomic position and bond parameters could give the bond geometry for O-Cu
examples as shown in Table 1.3.

1.3.2.2. Valence Density of States Oxygen-derived DOS features can be
detected using STS and ultraviolet photoelectron spectroscopy (UPS). The STS
spectra in Figure 1.10 for an O-Cu(110) surface (98) revealed the lone-pair and
dipole features. Spectrum A was taken from the clean Cu(110) surface, whereas B
and C were taken from, respectively, the site above the bright spot (dipole) and the
site between two bright spots along a “0?~ : CudiPo'® : 02~ chain at the Cu(110)—
(2 x 1)-0*~ surface. On the clean surface, empty DOS at 0.8 ~ 1.8eV above Er
are resolved and no extra DOS structures are found below Er. The STS spectra
recorded from the Cu(110)—(2 x 1)-0%~ islands reveal that the original empty-DOS
above Ef are partially occupied by electrons upon chemisorption, which result in
a slight shift of the empty DOS to higher energy. Additional DOS features are
generated around —2.1eV below the Er. The sharp features around —1.4eV have
been detected with angular-resolved photoelectron spectroscopy (ARPES) (101) and
with the de-excitation spectroscopy of metastable atoms (102). The DOS for Cu-
3d electrons are between —2 and —5eV (103), and the O—Cu bonding derivatives
are around the 2p-level of oxygen, —5.6 ~ —7.8eV below Er (104). The DOS
features for Cu-3d and O—Cu bonding are outside the energy range of the STS
(EF £ 2.5eV). The band-gap-expansion mechanism implies that it is possible to dis-
cover or invent new sources for light emission with a desired wavelength by controlling
the extent of the catalytic reaction. Intense blue-light emission from P(ZrTij—,)O3
ceramics under Ar™ ultraviolet (UV) irradiation could be direct evidence for this
mechanism (105).

It has been found that the crystal geometry and the surface morphology may vary
from surface to surface and from material to material; the oxygen-derived DOS fea-
tures are substantially the same in nature, as summarized in Table 1.4. The O-derived
DOS features include oxygen-metal bonding (—5 ~ —8eV), nonbond lone-pair of
oxygen (—1 ~ 2¢eV), holes of metal ions (~EF) and antibonding metal-dipole states
(>EF).
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Figure 1.10. (a) STS profiles of a Cu(110) surface (98) with and without chemisorbed oxygen.
Spectra in panel (a) were obtained (A) at a metallic region, (B) on top of, and (C) between
protrusions of the “O%~: CudiPole: 02— chain (95) on the Cu(110)~(2 x 1)-O%~ surface.
(b) Oxygen-derived DOS features (shaded areas) in the valence band of O-Pd(110) (106)
and O—Cu(110) (107) surfaces. Although the microscopy and crystallography of these two
systems are different, the PES features are substantially the same. A slight difference in the
feature positions results from the difference in electronegativity. Features around —1 ~ —2eV
and —5 ~ —8eV correspond to the nonbonding lone pairs and the O sp-hybrid bond states,
respectively.
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TABLE 1.4. Oxygen-Derived DOS Features Adding to the Valence Band of Metals (unit
in eV). Holes are Produced Below Er. All the Data were Probed with Angular-Resolved
Photoelectron Spectroscopy Unless Otherwise Indicated.

Anti-Bond Lone O-M
Oxide Surfaces Refs. Methods Dipole > Ef  Pair < Ef Bond < EF
0O-Cu(001) 108,109 VLEED (1) —-15£05 —-65+£15
1.2 2.1
0O-Cu(110) 101,107,  STS (98) ~20 —15+05 —-65+£15
110,111
1.3+£0.5 —2.14+05

O—Cu(poly) 103 —-1.5 —65+£1.5
O-Cu/Ag(110) 112 —1.5 -3.0; —6.0
O-Rh(001) 113 DFT 1.0 -3.1 —5.8
O-Pd(110) 114 —-20£05 —-45+£15
0-Gd(0001) 115 -3.0 —6.0
O-Ru(0001) 116 —-1.0+1.0 —-55+£15
O-Ru(0001) 117 -0.8 —4.4
O-Ru(0001) 118 AD initio 1.5 —4 —-5.5,-78
O-Ru(0001) 119 1.7 -3.0 —5.8
O-Ru(1010) 120 DFT 2.5 —2~-30 =50
O-Co(Poly) 121 -2.0 -5.0
O-diamond (001) 122 -3.0

(O, S)—Cu(001) 123 —-1.3 —6.0

N, O, S)-Ag 124 —-3.4 —8.0

1.3.2.3. Lone-Pair Interaction A direct determination of the lone-pair interac-
tion is to measure the frequency of vibration in metal oxide surfaces using Raman and
high-resolution electron energy loss spectroscopy (EELS) (125-127) in the frequency
range below 1000cm™! or the shift energy of ~50meV. Typical Raman spectra in
Figure 1.11 show the lone pair vibration features in Al,O3 and TiO, powders (128).
The energy of the stretching vibration of O—M in EELS around 50 meV coincides
with the energy of hydrogen bond detected using infrared and Raman spectroscopy
from H,O, protein and DNA (129). The energy for an ionic bond is normally around
3.0eV, and the energy for a Van der Waals bond is about 0.1 eV. The ~0.05-eV vibra-
tion energies correspond to the weak nonbonding interaction between the host dipole
and the oxygen adsorbate.

A nuclear inelastic scattering of synchrotron radiation measurement (130) revealed
that additional vibrational DOS present at energies around 18 meV and 40-50 meV
for the oxide-caped nanocrystalline o-Fe (6—13-nm sizes) compared with that of the
coarse-grained «-Fe. The 50-meV DOS corresponds apparently to the lone-pair states,
whereas the 18-meV modes could be attributed to intercluster interaction that should
increase with the inverse of particle size (Figure 1.7c¢).
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Figure 1.11. Low-frequency Raman shifts indicate that weak bond interaction exists in Ti

and Al oxides, which correspond to the nonbonding electron lone pairs generated during the
sp-orbital hybridization of oxygen.

1.3.2.4. Bond-Forming Kinetics The spectral signatures of LEED, STM,
PES/STS, TDS, and EELS can be correlated to the chemical bond, surface
morphology, valence DOS, and the bond strength, which enables the kinetics of oxide
tetrahedron formation to be readily understood. It has been found generally that an
oxide tetrahedron forms in four discrete stages: (/) O'~ dominates initially at very
low oxygen dosage; (2) O%>~ hybridization begins with lone-pair and dipole formation
upon second bond formation; (3) interaction develops between lone pairs and dipoles;
and finally, (4) H-bond-like forms at higher dosages. These processes give rise to the
corresponding DOS features in the valence band and modify the surface morphol-
ogy and crystallography, accordingly. Therefore, the events of sp-hybrid bonding,
nonbonding lone pair, anti-bonding dipole, and the H-like bonding are essential in
the electronic process of oxidation, which should dominate the performance of an
oxide.

1.3.3. Summary

It is essential that an oxygen atom hybridizes its sp-orbitals upon reacting with atoms
in the solid phase. In the process of oxidation, electronic holes, nonbonding lone
pairs, anti-bonding dipoles, and hydrogen-like bonds are involved, which add corre-
sponding density-of-states features to the valence band of the host. Formation of
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TABLE 1.5. Summary of Special Bonding Events and Potential Applications of
Oxide Nanomaterials.

Events Functions Potential Applications
Anti-bonding(dipole) > Ef Work function-reduction Cold-cathode
(Ag)
Field emission
Holes < Efp Band gap expansion PL blue-shift
UV detection
Nonbonding Polarization of metal High-elasticity
electrons
(Lone pair) < Er Raman and Far-infrared
low-frequency activity
H- or CH-like bond Ag-recovery Bond network
stabilization
Bond order loss BOLS correlation charge, Origin for the tunability
mass, and energy of nanosolids
densification
Cohesive energy
Hamiltonian

the basic oxide tetrahedron and, consequently, the four discrete stages of bond-
forming kinetics and the oxygen-derived DOS features are intrinsically common
for all analyzed systems, although the patterns of observations may vary from sit-
uation to situation. What differs one oxide surface from another in observations
are as follows: (/) the site selectivity of the oxygen adsorbate, (2) the order of the
ionic bond formation, and (3) the orientation of the tetrahedron at the host surfaces.
The valencies of oxygen, the scale and geometrical orientation of the host lattice,
and the electronegativity of the host elements determine these specific differences
extrinsically.

Knowing the bonding events and their consequences would help us to scientifically
design the synthesis of oxide nanostructures with desired functions. The predictions
of the functions and the potential applications of the bonding events at a surface with
chemisorbed oxygen are summarized in Table 1.5. Oxidation modifies directly the
occupied valence DOS by charge transportation or polarization, in particular the band
gap and work function. The involvement of the often-overlooked events of lone pair
and dipoles may play significant roles in many aspects of the performance of an oxide.
The bond contraction is not limited to an oxide surface, but it happens at any site,
where the atomic CN reduces.

1.4. CONCLUSION

The impact of the often-overlooked event of atomic CN reduction is indeed tremen-
dous, which unifies the performance of a surface, a nanosolid, and a solid in amorphous
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state consistently in terms of bond relaxation and its consequences on bond energy. The
unusual behavior of a surface and a nanosolid has been consistently understood and
systematically formulated as functions of atomic CN reduction and its derivatives on
the atomic trapping potential, crystal binding intensity, and electron—phonon coupling.
The properties include the lattice contraction (nanosolid densification and surface
relaxation), mechanical strength (resistance to both elastic and plastic deformation),
thermal stability (phase transition, liquid—solid transition, and evaporation), and lat-
tice vibration (acoustic and optical phonons). They also cover photon emission and
absorption (blue shift), electronic structures (core-level disposition and work function
modulation), magnetic modulation, dielectric suppression, and activation energies for
atomic dislocation, diffusion, and chemical reaction. Structural miniaturization has
indeed given a new freedom that allows us to tune the physical properties that are
initially nonvariable for the bulk chunks by simply changing the shape and size to
make use of the effect of atomic CN reduction.

The effect of size reduction and the effect of oxidation enhance each other in
an oxide in many aspects such as the charge localization, band gap expansion, and
work function reduction. For instance, the enhancement of the energy density in
surface skin enlarges the band gap intrinsically through the Hamiltonian modification,
whereas charge transport from metal to oxygen enlarges the Eg extrinsically by hole
production at the upper edge of the valence band (131). A theoretical calculation
(132) suggested that the band gap of nanosolid Si decreases with increasing dot size.
Furthermore, the band gap increases as much as 0.13 eV and 0.35 eV on passivating
the surface of the dot with hydrogen and oxygen, respectively. So both size and surface
passivation contribute to the optical and electronic properties of Si nanosolids. The
lone-pair-induced dipoles in oxidation will add a new DOS above the Er, whereas
charge densification due to bond contraction will intensify the DOS. Therefore, both
oxidation and size reduction could lower the work function.

We need to note that the bond contraction for under-coordinated metal atoms and
oxygen-metal bonds is general. In particular, in cases such as V, Mo, W, and other
oxides, atoms at surfaces will have double bonds and the average M—O distance will
decrease. However, at surfaces terminated by hydroxyl groups, the bond contraction is
not so clear. For example, earlier EXAFS measurements suggested an average distance
decreases in TiO, but new results using cumulant expansion (a more sophisticated
analysis) give the opposite result (3). The bond expansion in the latter case and the
hydroxyl-terminated surface may be connected with the fact that the TiO,, CeO», and
other “reducible” oxides have a certain quantity of oxygen vacancies and reduced
(Ti**, Ce>™) cation states; the corresponding radii are larger than the ones of fully
oxidized states and, typically, display larger average M—O bond distances. This latter
is also observed in a- and y-Fe,O3, but several “synthesis” details concerning the
coexistence of Fe’t/Fe3* are still unclear. Alternative explanations indicate that
M-OH bond distances would be larger than M—O and dominate the first coordinating
distance behavior. Therefore, we could not exclude the situation of bond expansion
as observed in compound nanostructures. Both situations, e.g., distance increase and
decrease, are covered by the BOLS correlation as consequences on the bond energy
disregarding the possible origins for the bond expansion.



REFERENCES 41

It is the practitioner’s view that we are actually making use of the effect of bond
order loss in size reduction and the effect of bond nature alteration in oxidation in
dealing with oxide nanomaterials. Grasping with the factors controlling the process
of bond making, breaking and relaxing would be more interesting and rewarding.
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2.1. INTRODUCTION

Among the various classes of materials, metal oxides are the most common,
most diverse, and most probably the richest class of materials in terms physical,
chemical, and structural properties. Such properties include, for instance, opti-
cal, optoelectronic, magnetic, electrical, thermal, photoelectrochemical, mechanical,
and catalytic ones. As a result, numerous applications of metal oxides, such as
ceramics, (chemical-, gas-, and bio-)sensors, actuators, lasers, waveguides, infrared
(IR) and solar absorbers, pigments, photodetectors, optical switches, photochromics,
refractors, electrochromics, (electro-, photo-)catalysts and support for catalysts, insu-
lators, semiconductors, superconductors, supercapacitors, transistors, varistors, res-
onators, dielectrics, piezoelectrics, pyroelectrics, ferroelectrics, magnets, transducers,
thermistors, thermoelectrics, protective and anticorrosion coatings, fuel cells, alkaline
and lithium batteries, and solar cells, have been developed.

The diversity of such properties and applications originates from the more complex
crystal and electronic structures of metal oxides compared with other classes of mate-
rials. The main reasons are related to their variety of oxidation states, coordination
number, symmetry, ligand-field stabilization, density, stoichiometry, and acid—base
properties, which yield fascinating compounds exhibiting, for instance, insulating,
semiconducting, (supra)conducting, or magnetic behaviors with transitions among
those states.

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
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Within the last decade, not only the scientific community but also the whole world
has witnessed the advent of nanoscience (1-7) and its establishment as a leading
science with fundamental and applied work covering all basic physical, life, and
earth sciences as well as engineering and materials science (8—17). A major feature
of nanoscience is its inherent ability to bridge the dimensional gap between the
atomic and molecular scale of fundamental sciences and the microstructural scale
of engineering and manufacturing (18). Consequently, a remarkable amount of true
multidisciplinary fundamental and applied knowledge is to be explored and used
(19,20). Without a doubt, such a knowledge will lead to a substantial amount of in-
depth understanding of nanoscale phenomena and, thus, to the fabrication of novel
high technological devices in many fields of applications (21-24). As a result, the
level of technological advances should improve tremendously and at a much greater
rate than human history has ever experienced. However, to unfold the full potential
of nanotechnology, several crucial challenges remain. For instance, the ability and
competence to hierarchically order, connect, and integrate low-dimensional building
blocks (25) such as quantum dots (0D), quantum wires (1D), and nanosheets (2D)
in functional network, ultrathin film coatings, and three-dimensional (3D) arrays for
the fabrication and manufacturing of practical nanodevices is yet to be established
and demonstrated. Future devices based on such novel and advanced building blocks
should revolutionize materials science and engineering given that they possess the
unique properties of nanoscale as well as the ability to connect the nanoworld to the
microworld.

It goes without saying that the combinations of the variety of distinctive properties
and applications of metal oxides with the unique effects of low dimensionality at
nanoscale make the development of metal oxide nanostructures (26) an important
challenge from both fundamental and industrial standpoints.

This chapter will address the fundamental aspect of the aqueous thermodynamic
stability of transition metal oxide nanoparticles and the ability to rationally design
ordered oxide nanostructures at low cost and large scale.

2.2. CHARACTERISTICS OF THE AQUEOUS METAL-OXIDE
INTERFACE

2.2.1. Surface Charge and Points-of-Zero Charge

The surface charge developed at the water-oxide interface originates from the
ionization of hydroxyl groups (i.e., adsorption/desorption of protons), which depends
directly on the pH of the solution (27,28). Several approaches have been developed
to model the proton affinity for the water-oxide interface. Such models include, for
instance, the one site/1 pK, one site/2 pK, and the multisite complexation (MUSIC)
models (29-35) as well as electrostatic models (33,34). Most oxides are amphoteric;
that is, they can develop either positive or negative surface depending on the acidity
of the solution. The surface charge depends in sign on the pH of the solution and in
amplitude on the pH and the ionic strength of the solution (35).
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An important characteristic of the surface of a metal oxide is its point-of-zero
charge. As a general trend, the higher the formal oxidation state of the transition
or post-transition metal cations, the lower the point-of-zero charge (Table 2.1 (36)).
The concept of the point-of-zero charge was born in the 1950s during the studies
of flocculation of hydrophobic colloids (37-39). Points-of-zero charge have been
defined traditionally as a reference state from which to express the acid—base reactions
of hydroxyl groups on the surfaces of oxide minerals (40,41). Using straightforward
mass action descriptions of these surface reactions, it was demonstrated that the
proton concentration in aqueous solution at the “zero point of charge” was equal to the
geometric mean of two acid—base equilibrium constants (42). The zero point of charge
was then compared with the pH value at which a colloidal particle is “electrokinetically
uncharged,” i.e., the isoelectric point (IEP) (43). Nowadays, points-of-zero charge are
defined as pH values for which one of the categories of surface charge is equal to zero,
at given ambient temperature, pressure, and aqueous solution composition (44,45).
It is worth noting that variables other than pH, such as the negative logarithm of
the aqueous activity of any ions that adsorb primarily through inner sphere surface
complexation, can be used to define a point-of-zero charge.

TABLE 2.1. Point-of-Zero Charge of Most Common Metal
Oxides. A More Complete List Can be Found in Ref. 36.

Oxidation State Materials PZC
+VI W03 <3
+1V SiOy 2-4
+IV+V NbyO5 4.3
+1II a-Crp O3 4-6.7
+1V SnO, 4.2-6.6
+1II y-MnO, 5.3-5.6
+1V TiO, 5.2-7
+1V CeOy 6-11.2
+11I a-Fey O3 6.3-8.5
+1v V40%) 6.4-8.2
+1I CuO 6.9-8.5
+IT+111 Co304 7.2
+1V B-MnO» 7.3-1.7
+114-11T Fe304 7.5-8
+1V ThO, 7.5-8.8
+1I ZnO 7.5-9.8
+11 NiO 7.8-9.5
+1II a-AlpO3 8-9
+1II y-Al, O3 8.2-9.6
+11I Iny O3 9

+11I Y;03 7.9-11
+1I MgO 10-12.4

+II PbO 11
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Three types of points-of-zero charge are conventionally accepted (46):

* The point-of-zero net proton (PZNPC), which is the pH value at which the net
proton surface charge is equal to zero (44,45).

* The point-of-zero net charge (PZNC), which is the pH value at which the intrinsic
surface charge is equal to zero (44).

» The point-of-zero charge (PZC), which is the pH value at which the net total
particle charge is equal to zero (44,45). At the PZC, there is no surface charge to
be neutralized by ions, and any adsorbed ions that exist must be bound in surface
complexes.

Official IUPAC nomenclature (47) requires the use of lower capitals separated by dots
(e.g., p-z.c. for PZC).

Several experimental techniques exist for the determination of the points-of-zero
charge of metal oxides. Such techniques involve the classic potentiometric titration
technique (PT) (48), the mass titration technique (MT) (49,50), the electroacoustic
(51) technique, and microelectrophoresis (ME) (52), which is used more frequently for
determining the IEP, which is equal to the PZC in cases in which no specific adsorption
takes place. Recent methodologies involve the potentiometric mass titration technique
(PMT) (53,54) and the differential potentiometric titration (DPT) (55). In the former,
the potentiometric curves are determined either for three different values of the mass
of the oxide or by recording two potentiometric titration curves: one for the blank
solution and one for a suspension of a given amount of the immersed oxide. The
latter allows the determination of the PZC of metal (hydr)oxides using only one
potentiometric curve. Other experimental and theoretical methods involve scanning
force microscopy and crystal chemistry (56,57).

2.2.2. Interfacial Thermodynamics

When two different phases (gas/liquid, liquid/liquid, gas/solid, or liquid/solid) are
in contact with each other, the atoms or molecules at the interface experience an
imbalance of forces. This imbalance will lead to an accumulation of free energy at
the interface. The excess energy is called surface free energy and can be quantified
as the energy required to increase the surface area of the interface by a unit amount
(expressed in mJ/m? or erg/cm?). It is also possible to describe this situation as
having a line tension or interfacial tension, which is quantified as a force/length
measurement. This force tends to minimize the area of the surface, which explains
the spherical shape of liquid droplets and air bubbles. The common units for inter-
facial tension are dynes/cm or mN/m. This excess energy exists at any interface.
If one of the phases is the gas phase of a liquid being tested, the measurement is
normally referred to as surface tension. If the surface investigated is the interface
of two immiscible liquids, the measurement is normally referred to as interfacial
tension. Solid surfaces also may be described to have an interfacial tension normally
referred to as surface free energy, but direct measurement of its value is not possible
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through techniques used for liquids. Experimental methods to measure, yet indirectly,
the interfacial tension of solids do exist; they involve mainly contact angle measure-
ments and vapor adsorption by inverse gas chromatography as well as by atomic force
microscopy (58-63).

A difference between surface free energy and surface tension (typical for solids)
is shown to be the consequence of nonuniformity of chemical potential in a solid
interface. The problem of using the chemical potential of a solid in interfacial thermo-
dynamics and the anisotropy of chemical potential has been discussed by Rusanov
(64), and a generalized adsorption equation is formulated for deformable solids. Gibbs
(65) was first to formulate the principles of the thermodynamics of solids, including
interfacial thermodynamics. However, when comparing Gibbs’ thermodynamics for
fluids and for solids, one may notice that a major component of interfacial thermo-
dynamics, the Gibbs adsorption equation, is absent in Gibbs’ description of solids
because he did not apply the concept of chemical potential to solids. Chemical poten-
tials were not introduced for immobile components of a solid, i.e., for the components
forming the crystalline lattice of the solid, whereas chemical potentials were defined
as usual for mobile components able to move freely inside the solid. Gibbs stated a
difference between surface tension and surface free energy for solids, characterizing
y as the work of creation of a new surface (per unit area) by cutting off a body. The
applicability of thermodynamic relations when passing from a fluid to a solid has been
discussed originally by Shuttleworth (66) and Eriksson (67). The surface tension or
surface free energy of solids, unlike liquids, cannot be equated with the total energy in
the surface layer—the “native” specific surface free energy plus “stress” energy (64).
By definition, the former is the work performed in forming a unit area of new sur-
face, whereas the latter pertains to the work spent in stretching the surface. To see the
difference between the two concepts, it is useful to visualize new surface formation as
a two-step process. First, the condensed phase is divided to produce the new surface,
but the molecules in the new surface are held in the exact locations (relative to the
remaining bulk phases) they occupied in the bulk. In the second step, the atoms in
the newly formed surface are allowed to relocate into their most stable configuration.
What this means, in effect, is that some units in the original (new) surface are “pulled”
into the bulk by the unbalanced forces acting on them. In a liquid system, these two
steps will occur essentially simultaneously because of the mobility of the units. In
solids, on the other hand, greatly reduced atomic or molecular mobility means that
the rearrangement will occur much more slowly, or perhaps not at all, on a reasonable
timescale. The density of units in the new solid surface will therefore be something
other than the “equilibrium” value. The surface may be compressed or stretched with
no coincident change in the surface unit density. What changes will be the distance
between units, which means a change in their interaction forces and therefore their
free energy. A mechanical model is useful for understanding exactly what is meant by
surface stress in a solid, as opposed to its surface tension. Suppose that a solid surface
is cleaved in a direction perpendicular to the surface. As pointed out, the solid units
in the new surface will not be able to relocate to attain their equilibrium positions
relative to the bulk. To “make” their positions into “equilibrium” positions, one can
think of applying some external force or lateral pressure on the surface units to hold
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them in place. The force per unit length of a new surface needed for this equilibrium
situation is the surface stress. If one takes the average surface stress for two mutually
perpendicular cuts, one will obtain the surface tension of the solid. For the cases
of liquids or isotropic solids, the two stresses are equal and the surface stress and
surface tension are equivalent. For an anisotropic solid, however, the two will not be
equal (64).

Crystallization/precipitation, that is, the formation of an “ordered” solid phase,
is obtained from a liquid phase if the chemical potential of the solid phase is lower
than that of the material in the solution. A solution in which the chemical poten-
tial of the dissolved component is the same as that of the solid phase is said to be
in equilibrium under the given set of conditions and is called saturated solutions.
For a crystallization/precipitation to occur, the equilibrium concentration must be
exceeded (supersaturation). Most important is the chemical reaction, which allows
the rational control of the size, shape, crystal phase and solubility, nucleation, growth,
and secondary ageing, processes that all depend on the interfacial tension of the
system. Control over such a pertinent parameter is the key to rational growth of
nanoparticles. Indeed, nucleation and growth processes rule the generation of solid
phases from solutions (68,69). A maximum is found for the first derivative of the free
enthalpy of nucleation with respect to the number of precursors N (which essen-
tially represents the overall size). This maximum corresponds to the nucleation
energy barrier for the system to overcome to form a solid particle. It depends on
the interfacial tension at the cubic power, therefore, reducing the interfacial tension
induces a considerable reduction of the nucleation energy barrier, which leads to the
decrease of the nanoparticle size and its distribution. Given that the interfacial ten-
sion depends on the composition of the interface and thus on the physical chemistry
of the dispersion medium, rational control over the size of nanoparticles can be
achieved by lowering the interfacial tension of a system as demonstrated in the
next section.

2.3. AQUEOUS THERMODYNAMIC STABILITY OF
METAL-OXIDE NANOPARTICLES

Divided and ultra-divided systems such as nanoparticle dispersions are generally
unstable with regard to the size and number of their constituents because the solid-
solution interfacial tension, acting as a driving force, leads to a reduction of the
surface area to minimize the dispersion free enthalpy. Such phenomenon known as
surface energy minimization induces an increase in average particle size as a result
of the decrease of the surface area at constant volume. For such a reason, these
dispersions are usually considered thermodynamically unstable. However, they can
be thermodynamically stabilized if, by adsorption, the interfacial tension of the system
becomes very low. This phenomenon, well known for microemulsions, is quantita-
tively modeled and demonstrated for transition metal-oxide nanoparticles. When the
pH of precipitation is sufficiently far from the point-of-zero charge and the ionic
strength sufficiently high, the ripening of nanoparticles is avoided and their size can
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be monitored over one order of magnitude by tailoring solution pH and ionic strength.
A model based on the Gibbs adsorption equation leads to an analytical expression
of the water-oxide interfacial tension as a function of the pH and the ionic strength
of the dispersion/precipitation medium. The stability condition, defined by a “zero”
interfacial tension, corresponds to the chemical and electrostatic saturation of the
water-oxide interface. In such a condition, the density of charged surface groups
reaches its maximum, the interfacial tension its minimum, and further adsorption
forces the surface area to expand and, consequently, the size of nanoparticles to
decrease. A general control of the metal oxide nanoparticle size when precipitated far
from their PZC is thus expected.

2.3.1. Definition and Concepts

The stability of solid nanoparticles in aqueous suspensions involves two different
aspects: the permanence of their dispersion state (i.e., aggregation), that is, the
kinetic stability; and the permanence of their division state (i.e., particle size), that
is, the thermodynamic stability. The dispersion state of nanoparticles results from
an energetic barrier, which is opposed to the approach of particles due to Brownian
motion. Such stability is called kinetic stability due to the energy barrier resulting from
the balance of attractive (van der Waals) and repulsive forces (electrostatic) between
the surfaces (70). The classic Dejarguin—-Landau—Verwey—Overbeek (DLVO) theory
(71-73) as well as more recent ones (74—81) account very well for such a stability, and
thus, the domains of dispersion, aggregation, and flocculation of most nanoparticle,
colloidal, and even microbial systems are correctly predicted. On the other hand, the
thermodynamic stability originates from surface energy minimization phenomena.
Indeed, nanoparticles in suspension can undergo “spontaneous” changes in size,
shape, and/or crystal structure. Such transformations occur because nanoparticles
are formed under kinetic control during the initial steps of the nucleation and growth
processes involved in the precipitation reactions. Further changes may occur during
the ripening processes to reach a thermodynamic equilibrium of minimized surface
energy (82,83). The evolution in size, known as Ostwald ripening (84—-87), involves
dissolution—crystallization processes that lead to secondary growth processes and,
thus, the overall increase of the average particle size with time. The most important
contribution of such a process originates from the difference in solubility between
nanoparticles of different sizes—the smaller they are, the more soluble they are.
Thus, the smallest dissolve and recrystallize on the larger ones. As a result, the
decrease of the total surface area of the system allows reducing the free enthalpy of
formation of the system. However, it is possible to obtain dispersions consisting of
very fine particles due to very slow ripening processes, €.g., by growth limitation due
to surfactants. Yet, the system is not in a stable state from a thermodynamical point of
view (e.g., the exposed crystal faces may not be the thermodynamically stable ones),
and consequently, the final particle size cannot generally be rationally controlled or
predicted.

This raises empirical questions concerning the thermodynamic stability of divided
and ultradivided systems (88). Is it possible to avoid the ripening of nanoparticles in
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suspension and to control their dimension by monitoring the precipitation conditions?
In other words, are highly extended water-oxide interfaces thermodynamically stable?
Indeed, thermodynamically stable dispersed systems do exist and microemulsions are
good examples. They owe their stability to a very low surface tension at equilibrium
due to adsorption phenomena (89-95). Two nonmiscible liquids, for instance, water
and oil, do not mix and minimize their surface in contact by forming two separate
phases. In the presence of an amphiphilic molecule, a tensio-active agent preferring
to be in contact with the two phases simultaneously, the emulsification, i.e., the dis-
persion of one of the phases into the other by forming nanoparticles, is spontaneous.
This implies that the free energy of the dispersion formation, AGf = y AA — TAS,
where AA(>0) stands for the interfacial area expansion, is negative. Such a condition
can be fulfilled because of the interfacial tension lowering due to the localization of
the tensio-active at the water—oil interface. In such conditions, the enthalpic term yAA
does not exceed the positive entropic term and a state of thermodynamic stability can
be reached. Such conditions are fulfilled for reversible systems with steric control of
the size, but such an effect is unlikely to apply for the precipitation of metal oxides
because of strong metal-oxygen chemical bonds, a rigid crystal structure, a large
enthalpic contribution, and relatively slow kinetics due to the low solubility of oxides
in aqueous solutions.

However, metal-oxide materials usually do not spontaneously disperse in water.
The aqueous precipitation of metal cations forms clusters and ultrafine particles,
which often quickly grow to minimize the extent of their interfacial area. However,
such a phenomenon can be avoided, for instance, at high pH and ionic strength, when
the electrostatic surface charge is at maximum during the formation/precipitation of
the nanoparticles (96). This suggests that the stability results from surface thermo-
dynamics, as for microemulsions, by a lowering of the interfacial free energy. Such an
idea was theoretically proposed several decades ago by several authors, for instance,
Tolman (88), Hermans (97), Overbeek (90), and de Bruyn (98). The latter did intro-
duce the concept of a point-of-zero surface tension for slightly soluble salt, i.e., ionic
solids AB resulting from the chemical reaction of A4+ and B— ions such as silver
halides (e.g., AgCl). Unfortunately, no experimental evidence supported their con-
clusions. Our results on the precipitation of magnetite (99) gave the first experimental
evidence of the existence of thermodynamic stability for metal-oxide nanoparticles
in aqueous solutions. Their growth mechanism involves “real” chemical reactions
such as olation (the formation of hydroxo bridges by elimination of water) and
oxolation (the two-step formation of oxo bridges by elimination of water) rather
than “simple” electrostatic interactions and solvation/desolvation of ions in solu-
tions involved in pure ionic crystals, such as halides, for instance. A model and its
experimental corroboration developed by the author (100) are presented to support
and demonstrate that thermodynamic stability is indeed a reality for metal-oxide
nanoparticles. A quantitative expression of the stability conditions is given, which
allows the prediction of the stability domains of metal-oxide nanoparticles in aqueous
solutions.
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2.3.2. Lowering of the Water-Oxide Interfacial Tension

Generally, the surface free enthalpy of a solid is given by

J

In differential forms, one obtains

dGS"™ = Ady +ydA+ Y n"djy + ) jijdn"™
j j

which is also given by

dGSLll’f — _SSurde+ ]/dA + Z [Ljdnjsul‘f
J

Therefore, at constant temperature, one obtains the Gibbs—Duhem equation:

Ady + Y n?"dji; =0
j

which, by surface area, gives the Gibbs adsorption equation:
dy == Ty 2.1)
J

Surf
n:
with I = /T and where I'; represents the surface density of component j. Such a
quantity can be positive or negative. If I is positive, it is called adsorption, and if I"
is negative, desorption. Equation 2.2 shows that adsorption at any surface/interface
(' > 0) induces the lowering of the surface/interfacial tension (dy < 0).

2.3.3. Modeling of the Water-Oxide Interfacial Tension

By considering metal-oxide nanoparticles in an aqueous solution containing a base
BOH and an electrolyte AB, A~ and B* are single charged and noncomplexing ions,
so that they do not participate in any chemical bonding (i.e., chemisorption) with the
oxide surface. They are acting exclusively as counter ions involved in the electrostatic
screening process. Thus, at a given ionic strength, the chemical composition of the
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interface solely depends on the pH through the adsorption/desorption of protons and
hydroxyls. The surface composition can be expressed by the electrostatic surface
charge density og defined by

oo = F(T'y+ — Fon-) (2.2)

where F is the Faraday constant; ['; = n; /A is the adsorption density (surface excess),
n; is the number of mole of adsorbed species i, and A is the surface area of the
adsorbent. o depends on sign and magnitude on the pH and ionic strength of the dis-
persion medium, respectively. At the point-of-zero charge (101-105), o9 = 0 because
I'n+ = 'op- and/or I'yy = 0 and 'og— = 0.

Given that the surface of metal oxides holds an electrostatic charge in water due to
the presence of hydroxyl surface groups, applying Eq. 2.2 requires the introduction of
the electrochemical potential of adsorbed species: u = w; + z;F'W, where z; is the
formal charge of species j and W is the electrostatic surface potential. In addition, by
considering only protons and hydroxyl ions (no adsorption of other ions) as potential
determining ions, i.e., participating in the charging of the surface, Eq. 2.1 becomes

dy = —(Tuydpfys — Ton—dugy,-) (2.3)

In addition, by considering that the most commonly reported conditions of pre-
cipitation of metal oxides, hydroxides, and oxyhydroxides occurs in basic medium
(i.e., alkalinization of metal cations), 'y can be neglected.

Introducing Eq. 2.1 into 2.3 gives

dy = —%dum — 60d ¥y Q2.4)

Equation 2.4 shows that y is maximum at pH = PZC, where o and W are both equal
to zero, and that the lowering of y by adsorption at pH greater than PZC results from
two contributions, i.e., chemical and electrostatic, respectively.

2.3.3.1. Chemical Contribution Following the argument of Stol and de Bruyn
(98), the Langmuir model of adsorption can be used because, at maximum, a mono-
layer is involved by the proton adsorption/desorption phenomena. Such a model
assumes equivalent surface sites and that the adsorption energy is independent of the
density of adsorption. Consequently, it follows that

0
duoy- =RT d [Ln (1 — 9)} 2.5)

0 is the fraction of groups from which the proton was desorbed (pH > PZC). 0 has
to be evaluated as a function of oy.
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If n~ and n* are the density of negatively and positively charged groups,
respectively, the net surface charge is given by

oo =Fmt —n") (2.6)

The relation between the surface charge density o obtained at any pH and the
maximum surface charge density omax at pH values far from the PZC can thus be easily
obtained. If ny,x is the total density of charged groups, nypax = n* + n™, the fraction

- +
n
, and therefore, 1 — 6 =

Nmax Mmax
represents the fraction of positively charged groups. Consequently, the surface charge

density oy is given by the following equation:

of negatively charged groups is given by 6 =

F F
00 = Z(n+ —n7) = (1= 20)max = (1 = 20)0may Q2.7

oo equals to zero when nt = n~ = nmax/2. Such an assumption only holds if the

positive and negative charges of the same surface group are equal in absolute value. It

is obviously not always verified, but such an approximation facilitates the calculation

and is not a real limitation, especially far from the PZC when oy is very close to omax.-
Equation 2.7 gives

Omax — 00

20max

0 =

and

dpioy- = RTd |:Ln (G‘“a"—m)}

Omax — 00

and Eq. 2.5 gives, finally, for the chemical contribution:

max

ditoy- = 2RT [%} dop (2.8)
0

2.3.3.2. Electrostatic Contribution Assuming a double-layer model for the
electrostatic charge and considering that in the absence of specific adsorption
(chemisorption) of ions from the solution, the surface charge density og is com-
pensated by the charge density of the diffuse layer o4. With an ionic strength 7 set by
monovalent ions, oy is given by the Grahame equation:

4F1 . [F¥,
o) = —0g = — sinh ﬁ (29)
K
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where W is the surface potential and k! is the Debye length. In water at 25°C,
k= 0.3294/1 (A‘l) with [ = % Zi c,'zl-2 - ¢; and z; are the concentration and the charge
of the ions of the electrolyte, respectively.

The relation between the water-oxide interfacial tension and the solution pH is
obtained by introducing Eqgs. 2.8 and 2.9 into Eq. 2.4, which gives

2RT  Omax00 4FI _ (Fiy
dy = — | o Tmx90 g0 | T sinh (=2 ) | aw 2.10
v [ F o2 _gg} %0 |:K o (2RT>} 0 2.10)

max

The integration of Eq. 2.10 from the PZC, where o9 = 0, V9 = 0, and y = yp:

14 RTomax [0 2 4F1 Yo FY,
J dy = ——-Jmax J ll Sdog — —J sinh <—0> dW,
K

Y0 F 0 Ur%ax — 0y 0 2RT
gives
RT o2 8RTI FW¥
Ay =y —yp=—pn|1— 0| [cosh (—0) - 1} @2.11)
F 2. K 2RT

Moreover, assuming that the water-oxide interface follows the Nernst’s law, which is
well established in the literature for transition metal oxides over a wide range of pH
(106), the surface potential vy is given as follows:

Fyy
2.3RT

= PZC — pH = ApH (2.12)

One obtains, finally (100),

0.117 sinh(1.15ApH) \ >
Ay =y — yp = 25.70maxLn [1 _ 1( sinh( p )> }
Omax

— 6+/T[cosh(1.15ApH) — 1] (2.13)

where y is expressed in mJ/m?2, I in mol/1, and oynay in C/m>.

Figure 2.1 shows the variation of the interfacial tension Ay as a function of pH,
as calculated from Eq. 2.13 for different values of the ionic strength. A negative
divergence of Ay is observed when the pH increases. The decrease in interfacial
tension takes place for a pH variation ApH = pH — PZC, which decreases as the
ionic strength increases. A large decrease in interfacial tension in the order of hundreds
of mJ/m? (mN/m) is predicted due to the negative divergence of Ay as a function
of ApH. Such behavior is supported by experimental variations obtained for Al,O3
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Figure 2.1. Variation of Ay as a function of pH at ionic strengths of (@) 3M, (b) 1M, and
(c) 0.1M as calculated from Eq. 2.13 (PZC = 8 and omax = 1Cm72) from Ref. 100 with
permission.

(106) and ThO; (107) from the integration of experimental o -pH titration curves at
different ionic strengths, where a similar tendency was observed (Figure 2.2). The
relative magnitude of the chemical and electrostatic contributions to the interfacial
tension decrease is illustrated in Figure 2.3. The electrostatic contribution initially
prevails at low pH (near the PZC), but the chemical contribution quickly dominates
leading to a negative divergence of the equation at higher pH values.

-80 | |
s+t 6 8 10
PzC
Figure 2.2. Variation of Ay as a function of pH at given ionic strengths for various metal
oxides as calculated from experimental o -pH plots from Refs. 106 and 107 permission.
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Figure 2.3. (a) Chemical and () electrostatic contributions to the variation of Ay as calculated
from Eq. 2.13 (I = 3M, PZC = 8, and omax = 1 Cm_z) from Ref. 100 with permission.

Assuming an interfacial tension at pH = PZC, y equals to 100 mJ/m? (although
the actual value does not bare much importance given the negative divergence of
the equation), Eq. 2.13 shows that the interfacial tension reaches zero at reasonable
solution pH values ranging from pH ~ 9.5 at an ionic strength of 10 M to pH ~ 11.5
at 0.1 M (Figure 2.4). Such results suggest a logarithmic variation of the stability
conditions with the ionic strength, given that a change of two orders of magnitude in

¥ (mJ m™?)
A
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Figure 2.4. Variation of the interfacial tension y as a function of pH at ionic strengths of
(a) 10M, (b) 1M, and (c) 0.1M as calculated from Eq. 2.13 (yg = 100 mJ/mz, PZC =8, and
Omax = 1 Cm_z) from Ref. 100 with permission.
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ionic strength (ca 10 to 0.1) yields a two pH units change in the intercept pH value
(ca9.5t0 11.5).

Nanoparticles in dispersions are considered thermodynamically stable (at a
thermodynamic equilibrium state) if the particle size (extension of the area) does
not change with time. As for microemulsions, a true thermodynamic equilibrium is
also characterized by the modification of the particle size in response to a change of
one parameter of the precipitation, but kinetics may be a limiting factor.

In principle, the conditions for the thermodynamic stability have to be derived
from the expression of the free energy of formation (AG) of the system. However, an
exact formulation of AG is unlikely to be established because numerous effects must
be taken into consideration, such as the interactions between particles, the nonideal
behavior of colloidal dispersions, the entropic effects, as well as the surface charge
and interfacial tension dependence on the surface curvature radius (89-95, 108,109).
From a qualitative point of view, a large positive value of the interfacial tension
leads to the minimization of the surface area (growth) for any dispersed system,
whereas a negative value of y induces a spontaneous dispersion (dissolution). Thus,
assuming a zero value of y as the criterion of thermodynamic stability for inor-
ganic nanoparticles appears reasonable. In fact, a low, yet positive, value of y must
correspond to the equilibrium condition because of the positive entropic contribu-
tion to AG due to the formation of a suspension. For instance, for microemulsions
formed in NaCl aqueous solution/heptane/AQOT or in other conditions, ultra-low, yet
positive, interfacial/surface tensions at equilibrium (21072 to 1073 mJm~2) have
experimentally been measured (89-95).

In fact, the exact value of the interfacial tension corresponding to the equilibrium
is of very little importance because of the negative divergence of y correlated with
the pH increase (Eq. 2.13, Figure 2.1). Thus, it seems sufficient to consider the pH
value, for which y equals zero, namely, the point-of-zero interfacial tension, PZIT.
From Eq. 2.11, the PZIT is indeed the pH value for which o = oy, that is, when
the surface is chemically and electrostatically saturated.

Equation 2.13 does not have a real zero value; therefore, an analytical expression of
the PZIT cannot directly be deduced. However, Eq. 2.13 can be simplified by neglect-
ing the electrostatic contribution because, as pointed out, the chemical contribution
induces a negative divergence of the equation. Therefore by solving the Grahame
equation (Eq. 2.9), the PZIT can be established analytically:

Omax = 0.117+/Tsinh(1.15ApH*) (2.14)

with ApH* = PZC — PZIT.
Given that x = sinhy = y = Ln(x + +/x> + 1), Eq. 2.14 gives

2.3 Omax o2,
ApH* = =1 max 2.15
PR =115 % oq7vr TVona T 2.15)
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As the argument of the square root is always positive and much larger than 1, one
obtains

2
Omax Omax

1 ~
o7t 0.117+/1

and thus, Eq. 2.15 gives

20,
ApH* = 210 (L)
P g 0.117/1

and finally
PZIT = PZC 4 2.46 + 2 log opmax — log1 (2.16)

Equation 2.16 shows that the PZIT depends on the PZC and on the maximum
surface charge omax, which are two characteristics that are easily experimentally
measurable (cf. Section 2.2.1), and on the ionic strength, which is set experimentally
by the precipitation conditions. Accordingly, the higher the ionic strength, the lower
is the PZIT and, consequently, the greater the stability domain will be. The PZIT
values calculated from Eq. 2.16 satisfy Eq. 2.13, and are in very good agreement with
those deduced from the Ay-pH curves (Figure 2.4) for the same set of parameters.
Such an agreement justifies the approximations used in the calculations. Moreover,
the variation is indeed a logarithmic function of the ionic strength as suggested from
the calculated results reported in Figure 2.4.

Equation 2.16 shows that it is possible, with realistic and practical experimental
conditions, to reach y — 0 for metal oxides in aqueous solutions by significantly
raising the pH and the ionic strength of the precipitation medium from the PZC.
Physically, the interfacial tension cannot become negative given that the precipitation
does occur. In fact, for pH > PZIT at a given ionic strength, the surface is already
saturated and the interfacial tension cannot decrease anymore. y must be constant with
a very low, yet positive, value. An analogous behavior arises for microemulsions. The
interfacial tension falls during the adsorption of surfactant at the interface. When the
interface is saturated, the surfactant starts to aggregate, and, because the aggregates
are not surface-active, y remains constant. A further lowering is, however, possible
if a co-surface-active component is added (89-95).

Thus, when the precipitation of an oxide is performed at pH > PZIT, one can
expect nanoparticles to form at the thermodynamic equilibrium condition, y =
(0G/0A) = 0, which leads to stable nanoparticle sizes with time and where a direct
correlation of the size with the synthesis conditions. On the other hand, if pH < PZIT,
the interface is not saturated; therefore, y will remain at a significant positive value.
Thus, ripening and secondary growth processes would lead to the reduction of the
surface area (due to the surface energy minimization) and, therefore, to an increase
of the average particle size with time. Table 2.2 summarizes the expectations of the
model.
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TABLE 2.2. Scheme of the Model Expectation for the Stability of
Metal Oxide Nanoparticles as a Function of the pH of Precipitation
at a Given Ionic Strength.

Domain of Precipitation

Unstable Stable
Experimental condition PZC < pH < PZIT pH > PZIT
Surface charge 0 < Omax 0 = Omax
Interfacial tension y >0 y ~0
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Figure 2.5. Influence of the precipitation medium on the average particle size of magnetite
nanoparticles observed by TEM immediately after the synthesis (o) and after 8 days of ageing
in suspension (e) for precipitations performed at pH 12.0 and (@) I =0.5M, (b) [ = 1.0M,
(c) I=1.5M, and (d) I = 3.0M. The PZIT is displayed as dotted lines and indicates the
limit between the stable and unstable domains as calculated from Eq. 2.16 with PZC = 8.1
and omax = 0.84 C/m2 (such values were obtained by titration methods) from Ref. 100 with
permission.
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2.3.4. Experimental Evidence

To probe and clearly establish the thermodynamic stabilization and investigate its
action on ageing phenomena, a series of experiments was conducted. A set of
experiments where the average particle size of magnetite was measured by TEM
immediately after the synthesis and after one week of ageing in suspension at room
temperature were conducted. Figure 2.5 clearly shows that two distinct domains of
pH over a large range of ionic strength can clearly be identified. A pH range where
the particle size strongly increases with time (unstable domain) and another range
where no evolution occurs (stable domain) are observed experimentally. The stable
domain clearly extends as the ionic strength increases as suggested from Eq. 2.16.
The PZIT value calculated from Eq. 2.16 corresponds to the limit between these two
domains. The model seems to account well for a stabilization effect of the nanoparticle
size, which is not from a kinetic origin. Such conclusions imply that the particle size
within the stable domain of precipitation is directly related to the synthesis conditions
as suggested by the model and confirmed in Figure 2.5 from the study of controlled
precipitation of magnetite (99,100).

2.4. AQUEOUS DESIGN OF METAL-OXIDE NANOSTRUCTURES

2.4.1. Experimental Method

A novel experimental technique has emerged recently as a simple and powerful tool
to fabricate, at low cost and mild temperatures, large areas of metal-oxide nano- to
microparticulate thin films (110). Three-dimensional arrays consisting of oriented
anisotropic nanoparticles are easily generated with enhanced control over orienta-
tions and dimensions. The synthesis involves the controlled heteronucleation of metal
oxides onto substrates from the hydrolysis-condensation of metal salts in aqueous
solutions. The most pertinent parameter to control the nucleation and growth and,
therefore, the overall design and architecture of a thin film is the interfacial free
energy of the system (111).

By applying the above-mentioned thermodynamic concepts to the thin film
processing technology, an inexpensive and effective aqueous growth technique at
mild temperatures has been developed to produce functionalized coating of metal-
oxide materials onto various substrates. Such a technique allows the generation of
advanced nano/micro particulate thin films without any template, membrane, surfac-
tant, applied external fields, or specific requirements in substrate activation, thermal
stability, or crystallinity. Given that the crystallites grow from the substrate, a large
choice of thin film/substrate combinations is offered, which provides consequently a
better flexibility and a higher degree of materials engineering and design.

This method consists of heating an aqueous solution of metal salts (or complexes)
in the presence of a substrate at moderated temperatures (below 100 °C) in a closed
vessel. Therefore, such technique does not require high-pressure containers and is
entirely recyclable, safe, and environmental-friendly because only water is used
as solvent. Such a process avoids the safety hazards of organic solvents and their
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eventual evaporation and potential toxicity. In addition, because no organic solvents
or surfactants are present, the purity of the materials is substantially improved. The
residual salts are easily washed out by water due to their high solubility. In most
cases, no additional heat or chemical treatments are necessary, which represent a
significant improvement compared with surfactant-, template-, or membrane-based
synthesis methods.

A full coverage of the substrate is obtained within a few hours provided that the
heat capacity of water and surface coverage control are achieved by monitoring the
synthesis time in the early stages of the thin film growth. Partial coverage is obtained
within the first hours, which may be necessary for certain applications to adjust and
tune the overall physical properties of devices (e.g., optical properties of multi-band-
gap thin films). Such a technique is a multideposition technique, and the growth
of layer-by-layer of thin films is readily obtainable. The development of multilayer
thin films of various morphologies and/or of various chemical compositions—i.e.,
composite, multi-band gap, and doped thin films—is reached. The complete thin film
architecture may thus be modeled, designed, and monitored to match the application
requirements. In most cases, it should improve the physical and chemical properties
of the devices. It also gives the capacity to create novel and/or improved thin film
integrated devices. Growing thin layers directly from the substrate does substantially
improve the adherence and the mechanical stability of the thin film compared with the
standard solution and colloidal deposition techniques such as spin-and-dip coating,
chemical bathing, screen printing, or doctor blading. Moreover, given that such mate-
rials do precipitate in homogeneous solution from molecular scale compounds (i.e.,
condensed metal complex), they will virtually grow on any substrate. It goes without
saying that the overall mechanical stability of the thin films does vary from substrate
to substrate, but in most cases, strong adhesion is observed. Scale-up is potentially
easily feasible, and this concept and the synthesis method is theoretically applicable
to all water-soluble metal ions likely to precipitate in solution. Large-scale manufac-
turing at low cost is therefore achievable with such a technique. In addition to all
these industrial-related advantages, such a technique is also potentially very interest-
ing due to the compatibility of water and aqueous solution to biological compounds.
For instance, 3D arrays of composite bio-nanomaterials have been obtained using
the aqueous chemical growth. Such concepts and thin film processing technique have
been applied successfully to oxides and oxyhydroxides of transition metals.

2.4.1.1. Structural Control 1In addition to the control of particle size, precipita-
tion of nanoparticles at low interfacial tension allows the stabilization of metal-oxide
and oxyhydroxide metastable crystal structures. An insight into structural control can
thus be provided. Crystal phase transitions in solution generally operate through a
dissolution-recrystallization process to comply with the surface energy minimization
requirement of the system. Indeed, when a solid offers several allotropic phases and
polymorphs, it is typically the one with the highest solubility and consequently the
lowest stability (i.e., the crystallographic metastable phase), that precipitates first. This
is understood by considering the nucleation kinetics of the solids. At a given supersat-
uration ratio, the germ size is as small (and the nucleation rate as high) as the interfacial
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tension of the system is low. Thus, given that the solubility is inversely proportional
to the interfacial tension, the precipitation of the most soluble phase, and conse-
quently the less stable thermodynamically, is therefore kinetically promoted. Due to
its solubility and metastability, this particular phase is more sensitive to secondary
growth and ageing, which leads to crystallographically more stable phases, essentially
by heteronucleation. Secondary growth and ageing processes are delicate to control,
and the phase transformations appear within a few hours to a few days in solu-
tion, whence the resulting undesired mixing of allotropic phases and polymorphs.
However, by careful consideration of the precipitation conditions (i.e., at thermo-
dynamically stable conditions), such phenomena may be avoided when nanosystems
are precipitated at low interfacial tension.

2.4.1.2. Morphological Control Moreover, when the thermodynamic stabi-
lization is achieved, not only the size and the crystal structure can be tailored but also
the shape may be tailored to a certain extent. For instance, at low interfacial tension,
the shape of nanoparticles does not necessarily require being spherical; indeed, very
often nanoparticles develop a spherical morphology to minimize their surface energy
because the sphere represents the smallest surface for a given volume. However, if
the synthesis and dispersion conditions are suitable (i.e., yielding to the thermo-
dynamic stabilization of the system), the shape of the crystallites will be driven
by the symmetry of the crystal structure as well as by the chemical environment,
and various morphologies may therefore be developed. Manipulating and controlling
the interfacial tension enables nanoparticles to grow with sizes and shapes tailored
for their applications. Applying the appropriate solution chemistry (precursors and
precipitation/dispersion conditions) to the investigated transition metal ion along with
the natural crystal symmetry and anisotropy or by forcing the material to grow along
a certain crystallographic direction by controlling chemically the specific interfacial
adsorptions of ions and/or ligand and crystal-field stabilization, one can reach the
ability to develop purpose-built crystal morphology without the use of surfactants
and other growth-limiting agents.

2.4.1.3. Orientation Control To develop the capability of growing nano- to
micro-particulate thin films from aqueous solution and controlling the orientation
of large arrays of anisotropic nanoparticles onto a substrate, one has to consider
the differences between homogeneous and heterogeneous nucleation phenomena. In
most cases, homogenous nucleation of solid phases from solutions requires a higher
activation energy barrier, and therefore, heteronucleation is promoted and energeti-
cally more favorable. Indeed, the interfacial energy between two solids is generally
smaller than the interfacial energy between a solid and a solution, and therefore,
nucleation may take place at a lower saturation ratio onto a substrate than in solution.
Nuclei will grow by heteronucleation onto the substrate, and various morphologies
and orientation monitoring can be obtained by experimental control of the chem-
ical composition of the precipitation medium. To illustrate and demonstrate such
capabilities, the example of an anisotropic building block is taken and the possibili-
ties of experimentally monitoring its orientations onto a substrate using the aqueous
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Figure 2.6. Schematic representation and scanning electron microscope (SEM) images of the
effect of heteronucleation rate on the orientation of anisotropic crystalline building blocks of
ZnO (wurtzite structure) grown onto substrates by the aqueous chemical growth technique at
90°C.

chemical growth thin film processing technique are exposed hereafter and illustrated
in Figure 2.6.

* Anisotropic building blocks with multi-angular orientation onto substrates
may be generated when the number of nuclei is exceedingly limited by the
precipitation conditions (through the chemical and electrostatic monitoring of the
interfacial tension). The system will be forced to promote twinning and the pref-
erential epitaxial three-dimensional growth of the rods along their easy axis from
a very limited number of nuclei, which will induce, a type of star/flower-shape
morphology (Figure 2.6a)

* Anisotropic building blocks with a perpendicular orientation onto substrates
may be obtained when the number of nuclei is slightly limited by the pre-
cipitation conditions. The slow appearance of a limited number of nuclei will
allow the slow growth (according to the crystal symmetry and relative face
velocities) along the easy direction of crystallization. As a result, a condensed
phase of anisotropic nanorods parallel to the substrate normal will be generated
(Figure 2.6b)
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* Anisotropic building blocks with a parallel orientation onto substrates can be
obtained when the nucleation rate is enhanced by the precipitation conditions.
Indeed, the fast appearance of a large number of nuclei will result in a rapid
two-dimensional growth. The stacking of anisotropic nanoparticles with random
orientation between each other but with an overall parallel orientation with
respect to the substrate normal is therefore promoted (Figure 2.6¢)

The ability to design materials consisting of anisotropic nanoparticles of different
orientations enables the experimental studies of the angular dependence influ-
ences on the physical/chemical properties and electronic structure of materials and
gives further opportunities for materials design and engineering (e.g., increased
dimensionality). The outcome allows the fabrication of innovative and functional
nano- to micro-particulate thin films of metal oxides directly onto substrates with-
out membrane, template, surfactant, undercoating, or applied external fields. Such
purpose-built nanomaterials are prepared in such a way that particle nucleation is
separated from growth, giving exquisite control of particle size. In many cases, the
differences between interfacial energies among crystal facets can be exploited to
produce controlled anisotropic shapes. In addition, because the purpose-built nanoma-
terials are fabricated at low temperature and can be deposited on almost any substrate,
it is possible to deposit one phase on another. This opens up the possibility of using
the anisotropy of one material to generate a high surface area substrate upon which
a second, active, material is deposited. In effect, this produces nanocomposites—
materials combining properties and architectures from multiple phases to achieve
results not available from any single phase.

In summary, by adjusting the experimental conditions to reach the thermodynamic
stability of a system, the nanoparticle size, shape, and crystal structure may be tuned
and optimized. It allows the functionalized design of nanomaterials and the ability to
quantitatively probe the influence of such parameters on the physical and chemical
properties of metal-oxide nanoparticles and nanoparticulate materials.

2.4.2. Major Achievements

The theoretical concepts and experimental method described in this chapter have been
successfully applied to develop a new generation of functional materials, the so-called
purpose-built materials (112-114). Indeed, when thermodynamic stabilization is
applied to heterogeneous nucleation rather than homogeneous nucleation, not only the
size of spherical nanoparticles can be controlled but also the shape and the orientation
of anisotropic building blocks onto various substrates can be tailored to build smart
nanostructures (115). Indeed, the fabrication of highly oriented crystalline arrays
of large physical area consisting of nanorods of iron oxides (116), iron-chromium
sesqui-oxide nanocomposites (117), iron oxyhydroxides, and iron metal (118) have
been successfully designed by following such ideas. In addition, ZnO nanorods and
nanowires (119), microrods (120), microtubes (121), along with other morphologies
(122), nanowires and nanoparticles of manganese oxides (123), and arrays consist-
ing of sub-monolayers of nonaggregated mesoparticles of a-Cr,O3 (124) have also
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been obtained by such method. More recently, ordered arrays of c-axis elongated
nanorods of rutile SnO; (125) with a squared cross section have also been success-
fully fabricated following the same concept and aqueous thin film processing method.
Such purpose-built nanomaterials have been designed, for instance, to improve the
photovoltaic (126-128), photoelectrochemical (129,130), gas-sensing (131) proper-
ties of large band gap semiconductors (132). Better fundamental understanding of the
electronic structure (133) and orbital symmetry contribution (134,135) of [I-VI semi-
conductor nanomaterials as well as quantum confinement effects in TiO, quantum
dots (136) and «-Fe, O3 ultra-fine nanorods (137) have also been obtained with such
materials. Finally, the direct application of such a model allowed the demonstration
of the thermodynamic stabilization of metastable crystal phases such as hydroxides
and oxyhydroxides of transition metals in aqueous solutions (138) as well as the
fabrication of novel bio-nanocomposites by tailoring the conformation of bioactive
molecules adsorbed onto designed metal-oxide nano-arrays (139).

2.5. CONCLUSIONS AND PERSPECTIVES

In conclusion, an insight on aqueous interfacial thermodynamics of metal oxides
has been presented. Thermodynamic stabilization of metal-oxide nanoparticles was
demonstrated. A thermodynamic model illustrates the effect of acidity and ionic
strength on protonation—deprotonation equilibria of surface hydroxylated groups, on
the electrostatic charge, and consequently, on the water-oxide interfacial tension. The
resulting change in interfacial chemical composition induces a decrease of the inter-
facial tension as stated by the Gibbs adsorption equation. The surface contribution to
the free enthalpy of formation of metal-oxide nanoparticles from aqueous solutions is
substantially lowered, allowing the surface area of the system to increase and therefore
the creation of thermodynamically stable dispersion of metal oxide nanoparticles. The
stability condition is satisfied when the interfacial tension gamma is close to zero.
Such equilibrium is reversible, and thus, the average particle size is indeed directly
related to the precipitation conditions. The nanoparticle size can be stabilized and con-
trolled over an order of magnitude by precipitating the oxide nanoparticles far from
their PZC, that is, at a condition where the interface is electrostatically saturated, for
instance, at high pH and high ionic strength for spinel iron oxides.

Combining such thermodynamical phenomena occurring at the water-oxide
interface with the direct heteronucleation growth of metal oxide, the rational fab-
rication of advanced nanostructures is achievable by experimental monitoring of the
interfacial thermodynamics and kinetics of nucleation, growth, and ageing processes.
Such ability is reached by the chemical and electrostatic control of the interfacial free
energy as predicted by a model based on the Gibbs adsorption equation. Aqueous
chemical growth exploits such concepts and enables the design and the fabrication
of functional purpose-built metal-oxide thin films with well-defined textures onto
various substrates at low temperature and at low cost. Therefore, the economical
large-scale manufacturing of a new generation of smart metal-oxide materials with
extended functionality and surface nanoengineered morphology is readily available.
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Such purpose-built materials should contribute to develop novel and optimized devices
for high technological applications as well as for biological- and medical-related ones.
They also constitute chemically and structurally well-defined samples that enable
reaching better fundamental knowledge and understanding of nanostructured metal
oxides and their fascinating physical, chemical, and structural properties as well as
their unique electronic structure.
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I PART II

SYNTHESIS AND PREPARATION OF
NANOSTRUCTURED OXIDES

The first requirement in any study dealing with oxide nanostructures is the synthesis
and some characterization of the material of interest. The metal elements can form a
large diversity of oxide compounds that can adopt many bulk crystal structures. Can
we obtain similar compounds and structures at the nano range? The development of
systematic methods for the synthesis of metal-oxide nanostructures is a challenge from
both fundamental and industrial standpoints. Chapter 2 described criteria, based on
thermodynamic principles, that can be useful for the preparation of oxide nanoparti-
cles from aqueous solution. In this part of the book, Chapters 3 and 4 focus on synthetic
methods based on liquid—solid and gas—solid transformations. The ultimate goal is to
produce in a controlled manner single-phase compounds with a narrow distribution
of particle sizes. Methods frequently used for the synthesis of bulk oxides may not
work when aiming at the preparation of oxide nanostructures or nanoparticles. For
example, a reduction in particle size by mechanically grinding a reaction mixture can
only achieve a limiting level of grain diameter, at best about 0.1 pm. However, chem-
ical methods can be used to effectively reduce particle size into the nanometer range.
One of the most widely used methods for the synthesis of bulk materials involves
heating the components together at a high temperature over an extended period of
time. This process is the route for the synthesis of many bulk phases of mixed-metal
oxides like SrTiO3 or MgAl,O4. Elevated temperatures (>800 °C) can be a problem
when using this approach for the generation of oxide nanostructures. A much better
control of the synthesis can be achieved by direct coprecipitation of the oxide com-
ponents from a liquid solution with subsequent calcination, or by using sol-gels or
microemulsions in the synthesis process. Following these approaches, one can control
the stoichiometry of the oxide nanostructures in a precise way. Such techniques are
widely used for the synthesis of catalysts and ceramics. Chemical vapor deposition is a
technique employed in various industrial applications and technologies (for example,
the fabrication of sensors and electronic devices) that can be extremely helpful in the
synthesis of oxide nanostructures. During the last decade, pulsed laser deposition has
been established as a versatile technique for the generation of nanoparticles and thin

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
Copyright © 2007 John Wiley & Sons, Inc.

79



80 PART Il SYNTHESIS AND PREPARATION OF NANOSTRUCTURED OXIDES

films of oxides. It is generally easier to obtain the desired stoichiometry for multi-
element materials using pulsed laser deposition than with other deposition techniques.
The advantages and disadvantages of these synthetic methods will be discussed in
detail in the next two chapters.
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Synthesis of Metal-Oxide
Nanoparticles: Liquid-Solid
Transformations
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3.1. INTRODUCTION

This chapter presents an overview of synthetic methods for metal oxides with special
attention given to recent developments in high-surface-area (HSA) (nanoscale) metal
oxides. New classes of surface-decorated or surface-modified metal oxides have also
been included.

Metal oxides can be found in the form of a single crystal (pure or defective),
powder (with many crystals), polycrystalline (crystals with various orientations), or
thin film. Various methods are available in the literature for the synthesis of metal
oxides, the selection of which is often dependent on the desired properties and final
application.

Among different categories of solid-state materials like halides, hydrides, and
chalcogenides (oxides, sulphides, etc.), oxides and sulphides have found wide
application particularly because of their nonstoichiometry, thermal and mechanical
properties, as well as catalytic activity. Early methods to synthesize solid-state mate-
rials, especially mixed-metal oxides, demanded high temperatures (1000-3000 °C),
and long reaction times (1 hour to 1 month). Moreover, the material formed gener-
ally possessed a very low surface area and was not suitable for many applications,
particularly for catalysis, sorption, and sensing.
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The field of nanotechnology' has stimulated extensive research focused toward
gaining control of particle size, shape, and composition under mild conditions. The
syntheses of nanoscale materials are generally grouped into two broad categories:
“bottom-up” and “top-down.” Those preparations based on building up from atomic
or molecular precursors, which come together to form clusters, and subsequently
nanoparticles are referred to as “bottom up.” Conversely, when the nanoscale is
reached by physically tearing down larger building blocks, the process is referred
to as “top-down.” The “bottom-up” route is particularly interesting because of the
possibilities to manipulate the properties (such as size, shape, stoichiometry, surface
area, pore size, and surface decoration) of the end product and will be the focus of
this chapter.

The “bottom-up” method is broadly applicable for synthesizing new materials and
is the basis for numerous fundamental studies. In the last few decades, literature on the
synthesis of solid-state materials by “bottom-up” routes has increased dramatically.
Most recently, the trend is toward preparation of an ordered, crystalline mesoporous
nanoscale metal oxides (mono- and mixed-metal oxides) as well as surface decoration
or modification of one metal oxide on other at the atomic scale.

The insulating oxides are made up of the metals from the far left and right sides of
the Periodic Table. Typical examples of insulating oxides include MgO, CaO, Al; O3,
and SiO;. The oxides of the metals in the middle of the Periodic Table (Sc to Zn)
make up the semiconducting or metallic oxides. Typical examples include ZnO, TiO»,
NiO, Fe;03, and Cr,03. Additionally, the transition metal oxides, which include the
oxides of Ru, Mo, W, Pt, V, and so forth, are of particular interest for applications in
catalysis, sensor materials, and other potential applications.

Because metal oxides are generally ionic, their physical and chemical properties
are dictated by defects. Among the defects possible, the high proportion of surface-
to-bulk atoms in nanoscale materials most dramatically influences their properties. In
spherical nanoparticles, for example, at a size of 3 nm, 50% of the atoms or ions are
on the surface allowing the possibility of manipulation of bulk properties by surface
effects and allowing near-stoichiometric chemical reaction (1). When strong chemical
bonding is present, delocalization can vary with size; this in turn can lead to different
chemical and physical properties (2).

The formation of the ultra-small particles is facilitated due to the refractory nature
of most metal oxides (2). The ionic nature of some materials, especially MgO, Al O3,
ZrO,, and TiO,, allows the formation of many stable defect sites, including edges,
corners, and anion/cation vacancies. The materials prepared via aerogel methods
usually possess very low densities, can be translucent or transparent, have low thermal
conductivities, and unusual acoustic properties. They have found various applications,
including as detectors for radiation, superinsulators, solar concentrators, coatings,
glass precursors, catalysts, insecticides, and destructive adsorbents. The very high

I'When the size of these materials is brought down to the nanometer regime, several size-dependent prop-
erties arise primarily due to surface chemistry. This field of nanoscience is facilitated by the fact that many
systems of interest have been extensively studied in the bulk form and therefore provide ready comparisons
with the nanoparticulate systems.
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surface areas of nanoscale particles gives rise to several defect sites. Several techniques
have been used to in an attempt to clarify the types of defect sites that can exist in the
case of MgO (3-7). The most common defect is coordinatively unsaturated ions due
to planes, edges, corners, anion/cation vacancies, and electron excess centers.

3.2. STRUCTURE AND BONDING

Determining the exact nature of structure and bonding in nanomaterials is particularly
difficult because generally these materials are made of very small crystallites or are
amorphous. Recent advances in crystallography for powders and crystals employing
X-ray, electron, and neutron diffraction have provided insight into the structures of
metal oxides (see Chapter 5). Metal oxides crystallize in a variety of structures, and
bonding in these materials can range from ionic (MgO, Fe;_,0) to metallic (TiO3,
Re0O3) (8).

An understanding of not only the crystal structure and bonding but also the local
microstructures that are due to defects is necessary to understand the structure of
complex transition metal oxides. Of course, on the nanometer scale, the number of
defects due to edges, corners, “f” centers, and other surface imperfections is greatly
enhanced by the large surface area (see Figure 3.1).

The pursuit of an understanding of the structure/property relationship is integral
to the understanding of the unique properties observed on the nanoscale.

In bulk structures, five types of crystals can be defined based on bonding consid-
erations: covalent, ionic, metallic, molecular (Van der Waals), and hydrogen bonded.
These structures are also present on the nanoscale; however, one must also consider
the number of atoms at the surface when examining the structure of nanoscale materi-
als. Ionic crystals are formed when highly electronegative and highly electropositive

2— n+
o ScM 3c

lattice defect

27
0% 4,

MM, 30% 5,

Figure 3.1. A representation of the various defects present on metal oxides (adapted from
Ref. 9).
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elements are combined in a lattice. It has been found that the ionic model is a poor
approximation for crystals containing large anions and small cations (e.g., oxides and
sulfides), where the covalent contribution to bonding becomes significant (8). Van
der Walls interactions play a crucial role in many transition metal oxides, especially
those with layered structures. In many oxide hydrates or hydroxy oxides, hydrogen
bonding also contributes to the cohesive energy. In most transition metal oxides, the
bonding is only partly ionic; however, several examples are primarily ionic such as
MgO and CaO. In other words, there is a considerable overlap between the orbitals of
the cations and the anions. Many transition metal oxides also exhibit metallic prop-
erties. Inorganic compounds of the formula AB can have the rock salt (B1), CsCl
(B2), ZnS (B3), Wurtzite (B4), or NiAs (B8) structure (10). Alkaline earth metal
oxides, such as MgO and monoxides of 3d transition metals, as well as lanthanides
and actinides, such as TiO, NiO, EuO, and NpO, exhibit the rock salt structure with
the 6: 6 octahedral coordination.

3.3. SYNTHESIS

One of the areas of fundamental importance to the understanding and development of
nanoscale materials is the development of synthetic methods, which allow scientists
control over such parameters as particle size, shape, size distributions, and compo-
sition. Although considerable progress has taken place in recent years, one major
challenge to scientists is the development of a “synthetic toolbox” that would afford
access to size and shape control of structures on the nanoscale and conversely allow
scientists to study the effects these parameters impart to the chemical and physical
properties of the nanoparticles.

“Bottom-up” preparation methods are of primary interest to chemists and materials
scientists because the fundamental building blocks are atoms or molecules. Gaining
control over the way these fundamental building blocks come together and form par-
ticles is one of the most sought after goals of synthetic chemists. Therefore, these
methods will be the focus of this section. Interest in “bottom-up” approaches to
nanoscale oxides and other materials is clearly indicated by the number of reports
and reviews on this subject (11-26). There are, of course, numerous “bottom-up”
approaches to the preparation of nanoscale materials, and metal oxides are no excep-
tion. Gas—solid (wet chemical) and liquid—solid (physical) transformations are two
different ways for synthesizing nanomaterials by “bottom-up” preparation methods.
Several physical aerosol methods have been reported for the synthesis of nano-size
particles of oxide materials. These methods include gas condensation techniques (27—
32), spray pyrolysis (30,33-36), thermochemical decomposition of metal-organic
precursors in flame reactors (32,37-39), and other aerosol processes named after the
energy sources applied to provide the high temperatures during gas—particle conver-
sion. The most common and widely used “bottom up” wet chemical method for the
preparation of nanoscale oxides has been the sol-gel process. Other wet chemistry
methods, including novel microemulsion techniques, oxidation of metal colloids, and
precipitation from solutions, have also been used.
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The methods of sample preparation are of course the determining factors in produc-
ing different morphologies (40). For example, burning Mg in O, (MgO smoke) yields
40-80-nm cubes and hexagonal plates, whereas thermal decomposition of Mg(OH),,
MgCOs3, and especially Mg(NOs3), yields irregular shapes often exhibiting hexa-
gonal platelets. Surface areas can range from 10 m? /g (MgO smoke) to 250 m? /g for
Mg(OH); thermal decomposition, but surface areas of about 150 m? /g are typical. In
the case of calcium oxide, surface areas can range from 1 to 100 m? /g when prepared
by analogous methods, but about 50 m?/g is typical. In the following discussion,
different methods for the synthesis of metal oxides by liquid—solid transformation
will be the focus.

3.4. COPRECIPITATION METHODS

One conventional method to prepare nanoparticles of metal oxide ceramics is the
precipitation method (23,41-46). This process involves dissolving a salt precursor,
usually a chloride, oxychloride, or nitrate, such as AlCI3 to make Al,O3, Y(NO3)3
to make Y>03, and ZrOCl, to make ZrO;. The corresponding metal hydroxides
usually form and precipitate in water by adding a basic solution such as sodium
hydroxide or ammonium hydroxide to the solution. The resulting chloride salts, i.e.,
NaCl or NH4Cl, are then washed away and the hydroxide is calcined after filtration
and washing to obtain the final oxide powder. This method is useful in preparing
composites of different oxides by coprecipitation of the corresponding hydroxides in
the same solution. One disadvantage of this method is the difficulty to control the
particle size and size distribution. Very often, fast (uncontrolled) precipitation takes
place resulting in large particles.

As an example, we highlight the zirconia system for further discussion on this
topic because of its interesting properties and applications.

Zirconia has very interesting properties as an acid-base catalyst, as a promoter
for other catalysts, (47) as an inert support material, and so on. It has been widely
employed in various heterogeneous catalytic reactions and in ceramic production.
Sulfated ZrO; is of great interest on account of its high activity in alkylation as a
solid acid catalyst, whereas ZrO; has also been found to act as a photocatalyst, due
to its n-type semiconductor nature.

Traditionally, zirconia has been limited as a support for heterogeneous catalysis
due to its thermal stability. Amorphous zirconia undergoes crystallization at around
450°C, and hence, its surface area decreases dramatically at that temperature. At
room temperature, the stable crystalline phase of zirconia is monoclinic, whereas the
tetragonal phase forms upon heating to 1100-1200 °C. For several applications, it is
desirable to have the tetragonal phase with a high surface area. However, prepara-
tion protocols are needed to obtain the tetragonal phase at lower temperatures. Many
researchers have tried to maintain the HSA of zirconia by several means. Usually
the ZrO» is mixed with CaO, MgO, Y,03, Cr03, or Lay O3 for stabilization of the
tetragonal phase at low temperature. Zirconia and mixed-oxide zirconia have been
widely studied by many methods, including sol-gel process (48-55), reverse micelle
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TABLE 3.1. Literature Review: Surface Area Obtained at Different Calcination
Temperatures and Techniques by Other Groups for Neat ZrO; Samples (Adapted
from Ref. 66).

BET Surface Area, m? /g at Different
Calcination Temperatures

Preparation Method 400°C 500°C 650°C 700°C
Alcothermal, SCFD (67) 270 206 - -
Alcothermal, SCFD (68) - - 26-85 18-62
Pre. and dig. (53) - 54 - -
Pre. and dig. (69, 70) - 100-277 - -
Pre. and dig. (55) - 30 8 -
Pre. and dig. (71) 91-125 70-94 - -
EISA and NH3 treatment (72) 406 297 - 154

Abbreviations: Pre.= precipitation, dig.=digestion, calc.= calcinations, SCFD = supercritical fluid
drying, EISA = evaporation-induced self-assembly.

method (56), coprecipitation (57,58) and hydrothermal synthesis (59), functionaliza-
tion of oxide nanoparticles and their self assembly (60), and templating (61). Bedilo
and Klabunde (62,63) have prepared HSA sulfated zirconia by a supercritical drying
technique and found that the resulting material was active toward alkane isomeriza-
tion reactions (64,65). Recently, Chane-Ching et al. (60) reported a general method
to prepare high-surface-area materials through the self-assembly of functionalized
nanoparticles. This process involves functionalizing the oxide nanoparticles with
bifunctional organic anchors like aminocaproic acid and taurine. After the addition of
a copolymer surfactant, the functionalized nanoparticles will slowly self-assemble
on the copolymer chain through a second anchor site. Using this approach, the
authors could prepare several metal oxides such as CeO,, ZrO», and CeO,—AI(OH)3
composites. The method yielded ZrO, of surface area 180m?/g after calcining at
500°C, 125 m?/g for CeO,, and 180 m?/g for CeO>—Al(OH)3 composites.

Table 3.1 shows the literature data for zirconia obtained by different processes and
the resulting surface area obtained at different calcination temperatures (53,55,66—
72). The product obtained is referred to as a xerogel when drying is achieved by
evaporation under normal conditions. Aerogel powders usually demonstrate higher
porosities and larger surface areas as compared with analogous xerogel powders
because the solvent is removed rapidly in a supercritical drying process that protects
the porous structure. Aerogel processing has been very useful in producing highly
divided powders of different metal oxides (73-79).

Table 3.2 gives the results obtained by the Richards group by the TMACI stabiliza-
tion route (66). The data indicate that digesting the material in the presence of TMACI
and ammonia provided higher surface areas. Moreover, surface area and thermal sta-
bility were found to depend on digestion time. In their study, digestion at 110 °C for
100 h provided high thermal stability and the highest surface area of 370 m?/g; the
same sample when calcined at 700 °C possessed a surface area of 160 m?/g, which
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TABLE 3.2. Physical Characteristics of ZrO(OH),-TMACI/NH3 Samples at
Different Temperatures (Adapted from Ref. 66).

T(hr) Tea CC)  Sper (m?g™))  Dave(d)  Vp(ccg™ %W  Tc(°0)

0 1100 167 10.93 0.083 27.85 465ex
24 1100 331 12.18 0.085 27 607ex
200 258 12.38 0.08 - -
400 147 12.84 0.047 - -
500 100 12.94 0.033 - -
600 84 13 0.026 - -
48 1100 359 13.05 0.099 22.01 635ex
200 327 13.1 0.089 - -
400 271 13.17 0.088 - -
500 200 13.2 0.061 - -
600 132 13.35 0.041 - -
100 110° 370 12.32 0.11 16.95 648ex
200 353 12.51 0.107 - -
300 330 12.23 0.083 - -
400 308 - 12.55 0.094 - -
500 226 12.72 0.059 - -
600 217 11.22 0.05 - -
700 160 11.39 0.055 - -

aTotal pore volume (Vp) is for pores smaller than 13.6 A in diameter.

Dried at that temperature.

Abbreviations: T, = temperature of crystallization, %W = total mass loss, T4 = calcination tempera-
ture, Ex = exothermic peaks, Daye = pore average diameter, and 7 = duration of digestion.

was the best value obtained thus far. Zirconia samples that were digested more than
100h had high thermal stability, but no increases in surface area were observed.
The same samples that were dried by applying supercritical techniques did not yield
better results, which indicates that the material achieved crystallinity during the diges-
tion period, which was supported by X-ray diffraction studies. The crystallinity in
the sample after 160 h of digestion was much higher than that of samples digested
for 24, 48, and 100h (diffraction patterns not shown). Obviously, the crystalline
nature overcomes the stickiness of the particles irrespective of the drying method for
the hydroxide samples. One possible reason this approach yields high-surface-area
materials is the fact that digestion minimizes defect sites (Oswald ripening), which
hinder grain growth during sintering. Hence, the crystallite remains smaller even after
conversion to oxide, resulting in the high surface area. As the monoclinic phase is
thermodynamically stable for zirconia, if this phase forms or predominates, surface
area is usually lower because monoclinic crystallites are bigger than tetragonal (70).

It has also been demonstrated (80) that thermally stable mesoporous tetragonal
zirconia with high surface area can be prepared using readily available and inexpensive
materials such as zirconyl chloride and ethylene diamine (ED). ED plays multiple
roles: as a precipitating agent for zirconia, a colloidal-zirconia protecting agent, as
well as a binder between zirconia and Pt nanoclusters (see Figure 3.2b). Digesting
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Figure 3.2. (a) TEM picture of sample TEM of undigested ZrO(OH),-ED matrix (half of the
image was color inverted using Scion Image software for better contrast) and (b) schematic
representation of ethylene diamine encircled zirconia matrix (adapted from Ref. 80).
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the zirconia material minimizes the defect site in the crystal lattice and hence gives
thermal stability. Because chlorine vapor is known to retard ZrO; densification, (81)
it is suspected that there is some dependence of oxygen vacancy density with chloride
ion concentration while digesting the sample. Elemental analysis results show the
presence of nearly 0.7-0.9% of chlorine in the ZrO, sample. Karapetrova et al. have
also observed the presence of chlorine in the ZrO, sample prepared from ZrOCl,
precursor (82). Matsui and Ohgai observed that change in crystalline structure of
ZrO, with the increasing chlorine content at the preparation stage (83). It is not
certain whether chlorine replaces lattice oxygen or just adsorbs on the surface. If it
replaces oxygen, then there should be a zirconia vacancy [Schottky defect (58)] in the
resulting sample, similar to the oxygen vacancy created during alkaline-earth metals
(Ca0, MgO, etc.) doping to replace zirconia. Doping ZrO, with low valent oxides like
Y03, CaO, or MgO results in stabilization of the tetragonal phase at low temperature
(82). However, an oxygen deficiency has been observed in the sample sintered in air
at 1000 °C for 3 h, which is in accordance with literature (82).

The data indicate that digesting the material in aqueous media results in a thermally
stable material with HSA. Moreover, these factors were found to depend on digestion
time (80). The crystallinity in the sample after 150 h of digestion was much higher
than that of samples digested for 48 h. One possible reason why this approach yields
HSA materials is the fact that digestion minimizes defect sites, which hinders grain
growth during sintering. The ethylene diamine-protecting agent acts as a steric barrier
for the growth of the particles during the digestion process. Hence, the crystallites
maintain the original shape and size during digestion, which results in HSA after
drying.

The N» adsorption—desorption isotherm for the zirconia obtained from the ethylene
diamine-directed method as well as the calcined samples indicate a type IV isotherm
with an H2 hysteresis loop based on [UPAC classifications (84). This type of hysteresis
is associated with capillary condensation in mesopores; and a limiting uptake over a
range of high P/Py. The H2 loop indicates that the pores are of an inkbottle shape.
Digestion of the sample for longer times did not alter the hysteresis shape, indicating
that pore shape has been maintained after the digestion process.

The sample exhibits a broad pore size distribution in the mesoporous range. Fig-
ure 3.31II shows the pore size distribution for the 150h digested, 110 °C dried, and
500 °C calcined ZrO(OH),-ED samples. The calcination in air or vacuum at a tem-
perature of 500 °C results in substantial loss of the textural porosity of the zirconia
aerogel. Further examination of the texturology by nitrogen adsorption/desorption
isotherm data indicates that the average pore diameter lies between 20 and 50 A with a
mean at 35 A in the mesoporous range (Figure 3.31I) and 10 A in microporous region
(Figure 3.3I). The results also show that pore size increases and pore distribution
broadens with calcination.

A diffraction pattern for 48 h digested and 1000 °C calcined neat ZrO(OH),-ED
samples exhibited only the tetragonal phase (JCPDS no. 42-1164, major peaks appear
at260 ~ 30,33.9,34.8,49.4,50,58.27, and 59.37) at all stages of calcination and there
was no indication of monoclinic phase (JCPDS no. 37-1484, major peaks appears at
260 = 28.17, 31.46, 34.15, 34.38, 35.3, and 40.72).
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Figure 3.3. Pore size distribution of 150-hour digested ZrO(OH),-ED sample, (I) microporous
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(B) calcined at 500 °C (adapted from Ref. 80).
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3.4.1. Crystal Structure Refinement of ZrO,

The refinement of the crystal structure ZrO, was performed using powder diffraction.
A set of experimental data of diffraction reflections was recorded with a Siemens,
Germany D5000 diffractometer with Cu Ko radiation operated at 40 kV and 40 mA.
The zirconia structure of ZrO; (space group P4, /nmc (137) (85)) was used as amodel
for the refinement. The simultaneous refinement of profile and structural parameters
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Figure 3.4. Experimental and calculated XRD patterns and corresponding difference pattern
for the ZrO, compound (adapted from Ref. 80).

of the chosen model led to a satisfactory value of Ry factor. The X-ray diffraction
diagram calculated from the obtained data agrees well with the experimental diagram
(Figure 3.4).

Nanophase powders of Y, Zr; Oz /2 have also been prepared from a mixture of
commercially available ZrO; and Y,0O3 powders (86). It was found that depending
on the starting powder mixture composition, the yttrium content in the nanophases
can be controlled and the tetragonal or cubic phases can be obtained. Tetragonal
or a mixture of tetragonal and cubic were observed for low yttria content (3.5%
mol yttria) and cubic for higher yttria contents (19, 54, and 76 mol% yttria). These
powders were found to have a most probable grain radius of about 10 to 12 nm, and
the grains appeared as isolated unstrained single crystals with polyhedral shapes. The
grain shapes appeared to be polyhedral and not very anisotropic. Lattice fringes were
parallel to the surfaces, demonstrating that (1 00) and (1 1 1) faces dominate.

3.4.2. Sonochemical Coprecipitation

The principle of sonochemistry is breaking the chemical bond with the application
of high-power ultrasound waves usually between 20kHz and 10 MHz. The phys-
ical phenomenon responsible for the sonochemical process is acoustic cavitation.
According to published theories for the formation of nanoparticles by sonochem-
istry, the main events that occur during the preparation are creation, growth, and
collapse of the solvent bubbles that are formed in the liquid. These bubbles are in the
nanometer size range. The solute vapors diffuse into the solvent bubble, and when
the bubble reaches a certain size, its collapse takes place. During the collapse, very
high temperatures of 5000-25,000 K (87) are obtained, which is enough to break
the chemical bonds in solute. The collapse of the bubble takes place in less than
a nanosecond (88,89); hence, a high cooling rate (1011 K/s) is also obtained. This
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high cooling rate hinders the organization and crystallization of the products. As the
breaking of bonds in the precursor occurs in the gas phase, amorphous nanoparti-
cles are obtained. Although the reason for formation of amorphous products is well
understood, the formation of nanostructures is not. The possible explanations are as
follows: The fast kinetics does not stop the growth of the nuclei, and in each col-
lapsing bubble, a few nucleation centers are formed whose growth is limited by the
collapse; and the precursor is a nonvolatile compound and the reaction occurs in a
200-nm ring surrounding the collapsing bubble (90). In the latter case, the sonochem-
ical reaction occurs in a liquid phase and the products could be either amorphous
or crystalline depending on the temperature in the ring region of the bubble. Sus-
lick has estimated the temperature of the ring region as 1900 °C. The sonochemical
method has been found useful in many areas of material science starting from the
preparation of amorphous products (91,92), insertion of nanomaterials into meso-
porous materials (93,94), to deposition of nanoparticles on ceramic and polymeric
surfaces (95,96).

Sonochemical methods for the preparation of nanoparticles were pioneered by
Suslick in 1991 (87). He prepared Fe nanoparticles by sonication of Fe(CO)s in
a decaline solution, which gave him 10-20-nm-size amorphous iron nanoparticles.
Sonochemical decomposition methods have been further developed by Suslick et al.
(97) and Gedanken et al. (98—100) and have produced Fe, Mo,C, Ni, Pd, and Ag
nanoparticles in various stabilizing environments.

If the same reaction is carried out in the presence of oxygen, the formation of the
product will be an oxide. NiFe,O4 has been synthesized by sonicating the mixture
of Fe(CO)s and Ni(CO)4 in decaline under a 1-1.5 atm pressure of oxygen (101).
ZrO, was synthesized using Zr(NO)3; and NH4OH in aqueous phase under ultrasonic
irradiation, followed by calcinations at 800 °C to induce the tetragonal to monoclinic
phase transformation (102). Nanocrystalline La;_,Sr,MnO3 was prepared in a sim-
ilar manner (103). Recently, the method has been successfully applied to synthesize
Ni(OH); and Co(OH); nanoparticles (104) and iron (III) oxide (105).

Chalcogenides are commonly synthesized by this method. The metal sulphides
syntheses have been carried out in ethanol (106), water (107), and ethylenediamine
(108) whereas the sources of metal ions have been acetates (106,108) or the chlorides
(107). The precursor for sulphur is usually thioacetamide or thiourea.

3.4.3. High-Gravity Reactive Precipitation (HGRP)

This is a new method for synthesizing nanoparticles introduced by Chen et al. (109)
that was originally applied for the preparation of metal carbonates and hydroxides.
Using this method, they could control and adjust the particle size of CaCOj3 particles
in the region of 17-36 nm by adjusting the reaction parameters such as high-gravity
levels, fluid flow rate, and reactant concentrations. The synthesis of nanofibrils of
AI(OH)3 of 1-10nm in diameter and 50-300 nm in length as well as SrCO3 with a
mean size of 40 nm in diameter was also demonstrated by the same group using this
technique.
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HGRP is based on Higee technology (110); it consists of rotating a packed bed
under a high-gravity environment. This technology is a novel technique to inten-
sify mass transfer and heat transfer in multiphase systems. The rate of mass transfer
between a gas and a liquid in a rotating packed bed is one to three orders of magnitude
larger than that in a conventional packed bed. This is very helpful in the generation
of higher supersaturated concentrations of the product in the gas—liquid-phase reac-
tion and precipitation process. Due to the high shear field experienced by the passing
fluid, formation of fine droplets, threads, and thin films takes place in the rotat-
ing packed bed. This effect facilitates the intense micromixing between the fluid
components (109).

The experimental apparatus for synthesis by high-gravity reactive precipitation is
shown schematically in Figure 3.5. The key part of the RPB (Higee machine) is a
packed rotator (6). The inner diameter of the rotator is dj, = 50 mm, and the outer
diameteris doy; = 150 mm. The axial width of the rotator is 50 mm. The distributor (5)
consists of two pipes (10 and 1.5 mm), each having a slot of 1 mm in width and 48 mm
in length, which just covers the axial length of the packing section in the rotator. The
rotator is installed inside the fixed casing and rotates at the speed of several hundred

Figure 3.5. Schematic of experimental setup. 1. Stirred tank, 2. Pump, 3. Valve, 4. Rotor
flow meter, 5. Distributor, 6. Packed rotator, 7. Outlet, 8. Valve, 9. Rotor flow meter, 10. Inlet
(adapted from Ref. 109).
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to thousands of rpm. Liquid (including slurry) is introduced into the eye space of the
rotator from the liquid inlet pipe and then sprayed by the slotted pipe distributor (5)
onto the inside edge of the rotator. The liquid on the bed flows in the radial direction
under centrifugal force, passing through the packing, and emerges outside the space
between the rotator and the shell, finally leaving the equipment through the liquid
exit (7) and collects in 1. The gas is introduced from an outside source (gas cylinder)
through the gas inlet (10), flows inward counter currently to the liquid in the packing
of the rotator, and finally goes out through the gas exit under the force of pressure
gradient.

This technique has thus far been relatively limited in application and has not been
extended to any other metal-oxide systems.

3.5. SOL-GEL PROCESSING

Sol-gel techniques have long been known for the preparations of metal oxides and
have been described in several books and reviews (15-19, 21, 25, 76, 111-121). The
process is typically used to prepare metal oxides via the hydrolysis of metal reactive
precursors, usually alkoxides in an alcoholic solution, resulting in the corresponding
hydroxide. Condensation of the hydroxide molecules by giving off water leads to
the formation of a network of metal hydroxide. When hydroxide species undergo
polymerization by condensation of the hydroxy network, gelation is achieved and a
dense porous gel is obtained. The gel is a polymer of a three-dimensional skeleton
surrounding interconnected pores. Removal of the solvents and appropriate drying of
the gel is an important step that results in an ultra-fine powder of the metal hydroxide.
Heat treatment of the hydroxide is a final step that leads to the corresponding ultra-
fine powder of the metal oxide. Depending on the heat treatment procedure, the final
product may end up in the form of a nanometer scale powder, bulk material, or
oxygen-deficient metal oxides.

The chemical and physical properties of the final product are primarily determined
by the hydrolysis and drying steps. Hydrolysis of metal alkoxides (M(OR),) involves
nucleophilic reactions with water as follows:

M(OR), + xH,0 <«— M(OR),_,(OH) + xROH 3.1)

The mechanism of this reaction involves the addition of a negatively charged HO™
group to the positively charged metal center (M™). The positively charged proton is
then transferred to an alkoxy group followed by the removal of ROH. Condensation
occurs when the hydroxide molecules bind together as they release water molecules
and a gel/network of the hydroxide is obtained as shown in Scheme 3.1.

The rates at which hydrolysis and condensation take place are important parameters
that affect the properties of the final product. Slower and more controlled hydrolysis
typically leads to smaller particle sizes and more unique properties. Hydrolysis and
condensation rates depend on the electronegativity of the metal atom, the alkoxy
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group, solvent system, and the molecular structure of the metal alkoxide. Those
metals with higher electronegativities undergo hydrolysis more slowly than those
with lower electronegativities. For example, the hydrolysis rate of Ti(OEt)4 is about
five orders of magnitude greater than that of Si(OEt)s. Hence, the gelation times
of silicon alkoxides are much longer (on the order of days) than those of titanium
alkoxides (seconds or minutes) (34). The sensitivity of metal alkoxides toward hydro-
lysis decreases as the OR group size increases. Smaller OR groups lead to higher
reactivity of the corresponding alkoxide toward water and, in some cases, result in
uncontrolled precipitation of the hydroxide.

Because alcohol interchange reactions are possible, the choice of solvents in sol-gel
processes is very important. As an example, when silica gel was prepared from
Si(OMe)4 and heated to 600 °C, when ethanol was used as a solvent, the surface
area was 300 m? /g with a mean pore diameter of 29 A. However, when methanol was
used, the surface area dropped to 170 m?/g and the mean pore diameter increased to
36 A (17).

The rate of hydrolysis also becomes slower as the coordination number around
the metal center in the alkoxide increases. Therefore, alkoxides that tend to form
oligomers usually show slower rates of hydrolysis and, hence, are easier to control
and handle. n-Butoxide (O—n—Bu) is often preferred as a precursor to different oxides,
including TiO, and Al, O3, because it is the largest alkoxy group that does not prevent
oligomerization (122).

Careful handling in dry atmospheres is required to avoid rapid hydrolysis and
uncontrolled precipitation because most metal alkoxides are highly reactive toward
water. For alkoxides that have low rates of hydrolysis, acid or base catalysts can
be used to enhance the process. The relatively negative alkoxides are protonated by
acids creating a better leaving group and eliminating the need for proton transfer in the
transition state. Alternatively, bases provide better nucleophiles (OH™) for hydrolysis,
however; deprotonation of metal hydroxide groups enhances their condensation rates.

Developments in the areas of solvent removal and drying have facilitated the
production of nanoscale metal oxides with novel properties. When drying is achieved
by evaporation under normal conditions, the gel network shrinks as a result of capil-
lary pressure that occurs and the hydroxide product obtained is referred to as xerogel.
However, if supercritical drying is applied using a high-pressure autoclave reactor at
temperatures higher than the critical temperatures of solvents, less shrinkage of the gel
network occurs, as there is no capillary pressure and no liquid—vapor interface, which
allows the pore structure to remain largely intact. The hydroxide product obtained
in this manner is referred to as an aerogel. Aerogel powders usually demonstrate
higher porosities and larger surface areas as compared with analogous xerogel pow-
ders. Aerogel processing has been very useful in producing highly divided powders
of different metal oxides (15,123-125).

Sol-gel processes have several advantages over other techniques for the synthesis
of nanoscale metal oxides. Because the process begins with a relatively homogeneous
mixture, the resulting product is a uniform ultra-fine porous powder. Sol-gel process-
ing also has the advantage that it can also be scaled up to accommodate industrial-scale
production.
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Figure 3.6. TEM micrograph of the nanostructure of AP-MgO (supercritical solvent removal).
Here the porosity is formed by the interconnected cubic nanocrystals of MgO (adapted from
Ref. 125).

Numerous metal-oxide nanoparticles have been produced by making some modi-
fications to the traditional aerogel method. One modification involved the addition of
large amounts of aromatic hydrocarbons to the alcohol-methoxide solutions before
hydrolysis and alcogel formation (Figure 3.6). This change was done to further reduce
the surface tension of the solvent mixture and to facilitate solvent removal during the
alcogel-aerogel transformation (1,125,126). The resulting nanoparticles exhibited
higher surface areas, smaller crystallite sizes, and more porosity for samples of MgO,
CaO, TiO», and ZrO, (127,128).

The mesoporous TiO, sphere is a better candidate for applications in catalysis,
biomaterials, microelectronics, optoelectronics, and photonics. Recently, Zhang et al.
(129) put forward a new method to synthesize mesoporous TiO, as well as hollow
spheres using titanium butoxide, ethanol, citric acid, water, and ammonia. The meso-
porous solid and hollow spheres are formed with the same reactants but adding them in
a different order. The TiO, possessed a mesoporous structure with the particle diame-
ters of 200-300 nm for solid spheres and 200-500 nm for hollow spheres. The average
pore sizes and BET surface areas of the mesoporous TiO; solid and hollow spheres are
6.8, 7.0nm, and 162, 90 m? /g, respectively. Optical adsorption studies showed that
the TiO; solid and hollow spheres possess a direct band gap structure with the optical
band gap of 3.68 and 3.75 eV, respectively. The advantage of this route is that it does
not use surfactants or templates as is usual for synthesizing mesoporous materials.
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Figure 3.7. Schematic illustration of the formation mechanisms for the mesoporous TiO»
hollow and solid spheres (adapted from Ref. 129).

The proposed mechanism is (see Figure 3.7), that along the preparation path, the
ammonium citrate will form and plays a key role in the formation of the meso-
porous solid (129). The formation of mesoporous TiO, solid or hollow spheres
was highly dependent on the extent of TiO> condensation present at the onset of
ammonium citrate crystal growth. That is, mesoporous solid spheres form when
the TiO, condensation process takes place with the formation of ammonium citrate
crystals simultaneously; mesoporous hollow spheres are produced when the nucle-
ation and growth of ammonium citrate crystals occurs before the TiO; condensation
process.

Only a few transition metals exhibit metal-alkoxide chemistry amenable to sol-gel
synthesis. Cerda et al. prepared BaSnO3 (130) by calcining a gel formed between
Ba(OH); and K>SnO3 at pH = 11. The material possessed a particle size of 200-
500 nm and contained BaCOj3 impurity, which can be eliminated by high-temperature
calcination. O’Brien et al. (131) synthesized samples of monodisperse nanoparticles
of barium titanate with diameters ranging from 6 to 12 nm by the sol-gel method. The
technique was extended by Meron et al. (132) to synthesize colloidal cobalt ferrite
nanocrystals. This synthesis involves the single-stage high-temperature hydrolysis
of the metal alkoxide precursors to obtain crystalline, uniform, organically coated
nanoparticles that are well dispersed in an organic solvent. They were also able to
form Langmuir—Blodgett films consisting of a close-packed nanocrystal monolayer.
The structural and magnetic properties of these nanocrystals possessed the same
behavior of similarity to bulk Fe3O4 with a very high coercivity at low temperatures.

Other oxides such as V,05 (133,134), MoO3 (133), and MnO, (135,136) aerogels
have also been prepared. Nanocomposites of RuO,—TiO» (137) are of particular inter-
est because of their supercapacitor properties. Nitrides and sulphides of Ti, and the
sulphide of Nb have also been prepared by sol-gel methods. TiN (138) was prepared
by thermal decomposition of a titanium alkoxy hydrazide precursor. TiS; (139) and
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NbS; (140) were prepared by reaction of Ti(O'Pr)4 or Nb(OEt)s5 with H,S in benzene
and acetonitrile solution, respectively. The reaction of metal propoxide with H»S
results in the formation of metal alkoxy sulfides, which was calcined at 600-800 °C
subsequently to obtain the metal sulfides.

Sol-gel processes have also been used to synthesize nanocomposites like one com-
posed of nanoparticles of transition metal(s) and nanoparticles of magnetic ferric oxide
(141), Au-SiO», luminescent SnO;-based supercapacitors (142), Y203 /Fe; 03 /TiO;
(143), SiO,-TiO, (144), Si-SiO; (145), Au-SiO, (146), FeCo-SiO; (147),
Fe-Si0, (148), Ag-Si0; (149), Ni-Si0O,, NiO-SiO; (150), Ti—Si mixed oxide (151),
PbE-ceramic composite materials (152), and so on.

3.6. MICROEMULSION TECHNIQUE

Microemulsions or micelles (including reverse micelles) represent an approach based
on the formation of micro/nano-reaction vessels for the preparation of nanoparticles,
and they have received considerable interest in recent years (153-159). A literature
survey depicts that the ultra-fine nanoparticles in the size range between 2 and 50 nm
can be easily prepared by this method. This technique uses an inorganic phase in water-
in-oil microemulsions, which are isotropic liquid media with nanosized water droplets
that are dispersed in a continuous oil phase. In general, microemulsions consists of,
at least, a ternary mixture of water, a surfactant, or a mixture of surface-active agents
and oil. The classic examples for emulsifiers are sodium dodecyl sulfate (SDC) and
aerosol bis(2-ethylhexyl)sulfosuccinate (AOT). The surfactant (emulsifier) molecule
stabilizes the water droplets, which have polar heads and nonpolar organic tails. The
organic (hydrophobic) portion faces toward the oil phase, and the polar (hydrophilic)
group towards water. In diluted water (or oil) solutions, the emulsifier dissolves and
exists as a monomer, but when its concentration exceeds a certain limit called the crit-
ical micell concentration (CMC), the molecules of emulsifier associate spontaneously
to form aggregates called micelles. These micro-water droplets then form nanoreactors
for the formation of nanoparticles. The nanoparticles formed usually have mono-
disperse properties. One method of formation consists of mixing of two microemul-
sions or macroemulsions and aqueous solutions carrying the appropriate reactants to
obtain the desired particles. The interchange of the reactants takes place during the
collision of the water droplets in the microemulsions. The interchange of the reactant
is very fast so that for the most commonly used microemulsions, it occurs just during
the mixing process. The reduction, nucleation, and growth occur inside the droplets,
which controls the final particle size. The chemical reaction within the droplet is
very fast, so the rate-determining step will be the initial communication step of the
microdroplets with different droplets. The rate of communication has been defined
by a second-order communication-controlled rate constant and represents the fastest
possible rate constant for the system. The reactant concentration has a major influence
on the reduction rate. The rate of both nucleation and growth are determined by the
probabilities of the collisions between several atoms, between one atom and a nucleus,
and between two or more nuclei. Once a nucleus forms with the minimum number
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of atoms, the growth process starts. For the formation of monodisperse particles, all
nuclei must form at the same time and grow simultaneously and with the same rate.

A typical method for the preparation of metal-oxide nanoparticles within micelles
consists of forming two microemulsions, one with the metal salt of interest and
the other with the reducing or oxide containing agent and mixing them together.
A schematic diagram is shown in Figure 3.8 (160).

When two different reactants mix, the interchange of the reactants takes place
due to the collision of water microdroplets. The reaction (reduction, nucleation, and
growth) takes place inside the droplet, which controls the final size of the particles.
The interchange of nuclei between two microdroplets does not take place due to the
special restrictions from the emulsifier. Once the particle inside the droplets attains
its full size, the surfactant molecules attach to the metal surface, thus stabilizing and
preventing further growth.

Reverse micelles are used to prepare nanoparticles by using an aqueous solution
of reactive precursors that can be converted to insoluble nanoparticles. Nanoparticle
synthesis inside the micelles can be achieved by different methods, including hydro-
lysis of reactive precursors, such as alkoxides, and precipitation reactions of metal
salts (161,162). Solvent removal and subsequent calcination leads to the final product.
A variety of surfactants can be used in these processes, such as pentadecaoxyethy-
lene nonylphenylether (TNP-35) (162), decaoxyethylene nonylphenyl ether (TNT-10)

Microemulsion | Microemulsion I

@ Aqueous Phase
@ Reducing Agent

Aqueous Phase

Metal Salt
(FeCls, FeCl,, (NH4OH, NoHy,
CuCly, etc. @’ [:if ) NaBH,, etc.)
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Coalescence of Percolation

Droplets

é‘ Precipitate
Chemical Reaction Occurs %ﬁ s

(Metal or Metal Oxide)

Figure 3.8. Proposed mechanism for the formation of metal particles by the microemulsions
approach (adapted from Ref. 160).
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(162), poly(oxyethylene)snonylphenolether (NP5) (163), and many others that are
commercially available. Several parameters, such as the concentration of the reac-
tive precursor in the micelle and the weight percentage of the aqueous phase in the
microemulsion, affect the properties, including particle size, particle size distribution,
agglomerate size, and phases of the final oxide powders. There are several advantages
to using this method, including the preparation of very small particles and the abil-
ity to control the particle size. Disadvantages include low production yields and the
need to use large amount of solvents and surfactants.

This method has been successfully applied for the synthesis of metals, metal oxides,
alloys, and core-shell nanoparticles. The synthesis of metal oxides from reverse
micelles is similar in most aspects to the synthesis of metal oxides in aqueous phase
by the precipitation process. For example, precipitation of hydroxides is done by addi-
tion of bases like NH4OH or NaOH to a reverse micelle solution containing aqueous
metal ions at the micelle cores. This method has been also used to synthesize mixed
metal iron oxides (164):

2+ 2+ - 402
M~ + 2Fe“™ 4+ OH™ (excess) ——> MFe;04 + xH>0 1

where M = Fe, Mn, or Co. The resultant particles obtained are of the order of 10-20 nm
in diameter. The cation distribution in the case of spinels depends on the temperature
used in the reaction (165). If the transition metal cation is unstable or insoluble in
aqueous media, nanoparticles of those metals can be prepared by hydrolysis of suitable
precursors; for example, TiO, has been prepared from tetraisopropyl titanate (166) in
the absence of water. The hydrolysis occurs when a second water-containing solution
of reverse micelles is added to the solution of the first micelle containing the metal
precursor. Adjusting the concentration of reactants can change the final crystal form,
i.e., amorphous or crystalline. The reaction can be gives as follows:

Ti(OiPr)4 + 2H,0 — TiO, + 4(iPr—OH)

Microemulsions have also been employed to prepare precursors that decompose
during calcinations, resulting in desired mixed metal oxides. A series of mixed-metal
ferrites have been prepared by precipitating the metal precursor in the HoO-AOT-
isooctane system and calcining the products at 300—-600 °C (167). A superconductor
material YBa;Cu307_s with 10-nm particles has been prepared by combining the
micellar solution of Y34, Bas, and Cuy4 prepared in an Igepal CO-430—cyclohexene
system with a second micellar solution containing oxalic acid in the aqueous cores.
(Note: Igepal CO-430 is a surfactant with chemical name “Nonyl phenol 4 mole
ethoxylate”). The precipitate was subsequently calcined to 800 °C to remove oxalic
precursors (168). Other metal oxides, which are prepared in a similar method are
tungsten and tungsten oxide nanoparticles (169), ASA Ce,Ba;_MnAl;;Oy (170),
Ni-Fe spinel (171), Al,03 (172), LaMnO3 (173), BaFe 2019 (174), CuzL20O5 (L =
Ho, Er) (175), and LiNip §Cop 202 (176), and BaFe 2019 (177).
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3.7. SOLVOTHERMAL TECHNIQUE

Solvothermal techniques have also been used to synthesize metal oxide (67,178—190)
and chalcogenide? (191-203) as well as semiconductor chalcogenides nanoparticles
(197,204-209).

The metal complexes are decomposed thermally either by boiling the contents in
an inert atmosphere or by using an autoclave. A suitable capping agent or stabilizer
such as a long-chain amine, thiol, and trioctylphospine oxide [TOPO] is added to
the reaction contents at a suitable point to hinder the growth of the particles and,
hence, provide their stabilization against agglomeration. The stabilizers also help in
dissolution of the particles in different solvents.

The decomposition of metal alkoxides for the synthesis of TiO, (210) nanopar-
ticles, TOPO capped autoclave synthesis of TiO, by metathetic reaction (211),
decomposition of metal N-nitroso N-phenyl hydroxylamine complex to get metal
oxide (212,213), synthesis of CdE (E = S, Se, Te) nanoparticles using an organometal-
lic precursor in TOPO (214) as solvent, and toluene (193) as solvent in nujol (215)
are some important innovations in recent years.

Nanoscale TiO, was prepared using an aqueous TiCly solution by hydrothermal
synthesis; it was found that acidic conditions favored the rutile, whereas basic con-
ditions favored anatase (216). It was also found that higher temperature favors the
highly dispersed product and that grain size can be controlled by the addition of min-
erals such as SnCly or NaCl, but the presence of NH4Cl leads to agglomeration of
particles. The approach was extended and revealed that phase purity of the products
depends primarily on concentration, with higher concentrations of TiCly favoring the
rutile phase, whereas particle size depends primarily on reaction time (217). Yin et al.
produced 2—10-nm crystallites of monodispersed, phase-pure anatase by using citric
acid to stabilize the TiO, nanoparticles and treating the precursors hydrothermally in
the presence of KCI or NaCl mineralizers (218).

Masui et al. reported the hydrothermal synthesis of nanocrystalline, monodispersed
CeO, with a very narrow size distribution (219). They combined CeCl36H>0O and
aqueous ammonia with a citric acid stabilizer and autoclaved the solution in a sealed
teflon container at 80 °C. The CeO, nanoparticles exhibited a 3.1 nm average diameter.
Inoue et al. (220) were able to reduce the particle size of CeO, produced by a similar
approach to 2 nm by autoclaving a mixture of cerium metal and 2-methoxyethanol
at 250°C and coagulating the particles with methanol and ammonia. The higher
reaction temperature resulted in increased particles size.

Metal oxides can also be synthesized by the decomposition of metal-Cupferron
complexes, M*Cup* (Cup = C¢HsN(NO)O™) (212). Seshadri and co-workers were
able to replace the amine-based solvents with toluene and prepared ~10-nm-diameter
y-Fe;O3 and ~7-nm CoFe;04 by hydrothermal processes (213). They synthe-
sized maghemite y-Fe;O3 nanoparticles from a Fell-cupferron complex and spinel

2Compounds containing a chalcogen element, that in-group 16 of the Periodic Table, and excluding oxides
are commonly termed chalcogenides. These elements are sulfur (S), selenium (Se), tellurium (Te), and
polonium (Po). Common chalcogenides contain one or more of S, Se, and Te, in addition to other elements.
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CoFe,04 nanoparticles starting from a Co''-cupferron complex and Fe!'-cupferron

complex. The authors, however, found that, the presence of at least trace quantities
of a strongly coordinating amine was necessary to act as a capping agent and pre-
vent aggregation. They could also synthesis of nanoparticulate ZnFe,O4 by a similar
approach (221).

3.8. TEMPLATED/SURFACE DERIVATIZED NANOPARTICLES

In recent years, varieties of porous materials have been obtained by templated tech-
niques. Generally two types of templates have been used in the literature, soft template
(surfactants) (222) and hard template (porous solids such as carbon or silica). In the
case of hard templates, the formation of porous material takes place in a confined space
formed by the porosity of the template. Two types of hard templates have been made
use of in the template synthesis: active carbon (223) and mesoporous silica materials
(224-227). Commercial active carbons were used as a template to prepare different
types of HSMO (228), monodisperse and porous spheres of oxides, and phosphates
(229). However, the use of active carbons as templates has certain limitations because,
at the high treatment temperature employed during the synthesis, infiltrated salts and
the carbon may react with each other destroying the intended material. Moreover, if
the heat treatment is performed in air, the carbon may be rapidly oxidized (ignition)
even at a relatively low temperature due to the catalytic effect of infiltrated salts. On
the other hand, some metallic salts may end up as metal instead of metal oxide as
carbon is a good reducing agent at high temperature under inert temperature.

Mesostructured silica materials (MSMs) have been employed for the fabrication
of ordered porous inorganic materials (i.e., metal oxides, sulphides) (224,225). In this
method, retention of surface silanol groups is very important for effective impregna-
tion of metal salts inside the porosity. Surface silanol groups within the silica pores are
usually affected during the removal of surfactant templates used for the synthesis of
MSMs. A recent and special technique called microwave digestion (Figure 3.9) helps
to overcome this problem. Using this technique, Tian et al. (224) have prepared various
metal oxides such as NiO, Co,03, Mn, Oy, In;O3, Fe;03, and Cr,03 (Figure 3.10).
Table 3.3 give the textural properties of various nanostructured metal-oxide wires and
spheres obtained by this method (224).

Although, the procedure proposed by Tian et al. (224) yields HSA metal oxides, it
requires the use of expensive surfactants as templating agents for the synthesis of MSM
and a sophisticated method to remove the surfactant. An inexpensive approach to syn-
thesize high-surface-area metal oxides (HSMOs) was introduced by Fuertes (226). In
this method, porous silica templates (silica xerogel) were synthesized without employ-
ing the surfactants (i.e., silica gels). The xerogel is obtained from a synthesis mixture
formed exclusively by a silica source (sodium silicate), HCI, and water. Furthermore,
because the templated material is obtained without the aid of structure-directing agents
(i.e., surfactants) and the synthesis takes place at a moderate temperature (100 °C), the
surface silanol groups can easily be preserved. This method had been demonstrated
for Fe, 03, Cr; 03, NiO, CeO,, Mn, 03, Co,03, and Al, O3 (see Figure 3.11). Table 3.4
gives the physical characteristic of these samples (226).
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Figure 3.9. Schematic diagram of the synthesis procedure for the ordered crystallized
metal-oxide nano-arrays with mesostructured frameworks. (A) microwave digestion, (B) infil-
tration with inorganic precursors, (C) calcination, and (D) etching by HF or NaOH. The
magnified image indicates the abundance of the silanol groups on the cavity surface (adapated
from Ref. 224).

Although Feurtes’ method is simple and inexpensive, the product obtained is not
an ordered nanorod as it is when using the SBA template (224), but it is in the form
of aggregates of nanoparticles and/or three-dimensional solid-containing confined
pores. The Feurtes’ method can also be used to synthesize metal sulphides as well as
mixed metal oxides.

A recent method proposed by Chane-Ching et al. (60) to synthesize various nano-
structured metal oxides from surface-modified nanoparticle building blocks by using
a liquid-crystal template is very simple and versatile. This process involves function-
alizing the oxide nanoparticles with bifunctional organic anchors like aminocaproic
acid and taurine. After the addition of a copolymer surfactant, the functionalized
nanoparticles will slowly self-assemble on the copolymer chain through a second
anchor site. By using this approach, authors could prepare several metal oxides like
CeO, (Figure 3.12), ZrO,, and CeO,—Al(OH)3 composites. The method yields ZrO;
of surface area 180 m? /g after calcining at 500 °C, 125 m? /g for CeO,, and 180 m? /g
for CeO,—Al(OH)3; composites. The ZrO; obtained by this method possessed solely
the monoclinic crystal phase. For example, SAXS patterns of the as-synthesized
nanostructured CeO, materials, after calcination at 500 °C for 6h, showed a peak
centered at 10 nm (Figure 3.13) (60). TEM images show that the material is meso-
porous and possess large, well-ordered channels organized in hexagonal arrays. The
dsaxs peaks can be indexed to a hexagonal cell with a unit-cell dimension of 11.5 nm.
The N; desorption curves suggested that the material possess pores with a size of
5.5nm.



104 SYNTHESIS OF METAL-OXIDE NANOPARTICLES: LIQUID-SOLID TRANSFORMATIONS

Figure 3.10. TEM images of ordered metal-oxide nanowires (obtained from MWD-SBA-15)
arrays with crystallized mesoporous frameworks. (a) Crp O3 nanowires depicted on the (100)
plane and the (011) plane (inset Al); inset A2 is the SAED of A. (b) Mn, Oy, nanowires depicted
on the (100) plane; inset B1 showing the (100) plane with larger magnification; inset B2 is the
SAED of B1. (c) Fe, O3 nanowires depicted on the (100) plane and the (011) plane (inset C1);
SAED of Cis shown in inset C2. (d) Co304 nanowires, (100) plane and the (011) planes (inset
D1); SAED of D is shown in D2. (adapated from Ref. 224).

TABLE 3.3. Textural Properties of Various Nanostructured Metal Oxide Wires
and Spheres (Adapted from Ref. 224).

Pore Size  Pore Volume

Composition Template Morphology  BET, m? /g [nm] [cm? g h
CrpO3 MWD-SBA-15  nanowires 64.9 3.6 0.34
Mn, Oy MWD-SBA-15  nanowires 103.2 34 0.39
Fe,03 MWD-SBA-15  nanowires 137.1 4 0.43
Co304 MWD-SBA-15  nanowires 82.4 34 0.37
MWD-SBA-16  nanowires 92.1 6.5 0.33
NiO MWD-SBA-15  nanowires 56.4 35 0.38
Inp O3 MWD-SBA-15  nanowires 70.3 3.5 0.36

MWD-SBA-16  nanowires 122.6 6.1 0.34
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Figure 3.11. (Top) Nitrogen sorption isotherm, pore size distribution (upper left), and TEM
image (lower right) for the silica xerogel used as template. (bottom) TEM images of the various
synthesized metallic oxides: (a) Fe,O3 (ferrihydrite), (b) Coy0O3, (¢) AlpO3, and (d) NiO
(adapted from Ref. 226).
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TABLE 3.4. Structural Properties of High-Surface Area Metal Oxides (Adapted from
Ref. 226).

Structural Porosity

Product SBET Vi Crystallite
(XRD) (m? gfl) (cm3 gfl)a Vs (cm3 gfl)C Pore Size (nm)d  Size (nm)P
Fe, O3 - -

Ferrihydrite 270 0.45 0.32 6.5 -

Maghemite 176 0.44 0.32 11 -
Crp03 118 0.57 - - 17
NiO 96 0.39 0.12 6.9 11
CeOy 141 0.35 0.04 4.6 7
Mn; 03 117 0.26 0.08 4.6 18
Co,y03 98 0.21 0.14 8.6 10
Al,O3 53 0.78 - - -

4Total pore volume from N, adsorption at p/po = 0.99.

bEstimated from XRD peak broadening by using the Scherrer formula.
“Volume of structural pores.

dMaximum PSD for the structural pores.

In a recent method (230) to synthesize one-dimentional transition metal oxide-
nanocrystals, metal chlorides such as WCls/MnCl, /TiCly were dissolved in oleic
acid and oleylamine and heated to 350/270/290 °C. After 60/20/2 min, the reac-
tion was quenched using toluene and treated with acetone to precipitate dark brown
flocculates of W1gO453/MnO, /TiO,, respectively, which can be separated by cen-
trifugation. The resulting powder was dispersed in a hydrophobic solvent like toluene
and dichloromethane. By this route, the authors obtained well-defined rod-shaped
W130O4g nanocrystals of 4.5 & 0.6 nm in width and 28.3 £ 5.1 nm in length. X-ray
studies revealed that these nanorods were anisotropically grown along the b-axis of

Figure 3.12. TEM image of the CeO, nanostructured material after calcination at 500 °C
(adapted from Ref. 60).
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Figure 3.13. (a) XRD pattern of the CeO» nanostructured material after calcination at 500 °C
for 6 h. (b) The SAXS pattern of the CeO, nanostructured material after calcination at 500 °C
for 6 h (adapted from Ref. 60).

the monoclinic structure of W13O4g. The HTTEM study (Figure 3.14) indicates that
the WgOj4g single crystallinity in the monoclinic structure and the lattice fringes that
orient in the (010) direction with an interplanar distance of 3.78 A reveal the nanorod
is elongated along the (010) lattice plane (230). TEM and HRTEM images of MnO;
nanocrystals revealed that they are one-dimensional with a width of 3.1 = 0.3 nm and
a length of 8.4 + 1.2 nm, with the aspect ratio of ~3. It was also found that control
of the aspect ratio is possible by changing the growth temperature.

Similar studies for TiO, nanocrystal revealed that they are highly anisotropic with
the aspect ratio of ~7. XRD analysis showed that they have a tetragonal anatase
structure. The HRTEM image of the TiO, nanorods showed that these nanocrystals
have single crystallinity and are preferentially grown along the (001) direction with
an interplanar distance of 2.4 A.In summary, this method is versatile, reproducible,
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e — =
Figure 3.14. (a) TEM and (b) HRTEM of tungsten oxide nanorods. Inset: magnified HRTEM
image showing lattice fringes of W1gO49 nanorods (adapted from Ref. 230).

and simple, and therefore, it can be used as a new protocol for a one-dimensional
metal-oxide nanocrystal. But applicability for other metal oxides has yet to be tested.

3.9. SPECIFIC PROPERTIES

As mentioned, the properties of nanoparticles are usually size dependent and in the
case of metal oxides are primarily dictated by defects and the coordinatively unsat-
urated surface. When prepared in nanometer size particles, these materials exhibit
unique chemical and physical properties that are remarkably different than those of
the corresponding bulk materials. The study of physical and chemical properties of
nanoparticles is of great interest as a way to explore the gradual transition from atomic
or molecular to condensed matter systems.

As the size of a particle decreases, the percentage of atoms residing on the surface
increases. As an example, a study of different samples of MgO nanoparticles has
revealed that for particles ~4 nm in diameter, ~30% of the atoms are surface atoms
(15). Of course, surface atoms/ions are expected to be more reactive than their bulk
counterparts as a result of coordinative unsaturation. Because of this and the fact
that the surface-to-volume ratio is large, it is not unusual to see unique behavior
and characteristics for nanoparticles. This particle size effect is a characteristic of
different nanomaterials, including metal oxides. Chapters 11-13 in this book discuss
in detail some selected properties of nanophase metal oxides, which have significant
size dependence.

3.10. CONCLUSION

Nanoscale metal oxides have turned out to play an important role in different fields of
nanoscience from biology, chemistry, physics, and material science to electronics.
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Depending on the application of metal oxides as well as the quantity of mate-
rial required, one could choose different methods of synthesis as mentioned here.
Although in-depth exploration of this field often requires sophisticated and expensive
instrumentation, many innovative breakthroughs have been realized and the future
seems to hold a great deal of potential.

Nanoscale metal oxides are of considerable importance to both the fundamental
understanding of size-dependent properties and the numerous applications. Although
in many cases a basic understanding of the bonding and structure present in these
systems has been determined, there is still a great deal of work to be done. Additionally,
the methods for the preparation of oxide systems are a continually evolving area of
science. Finally, developments in the areas of synthesis, instrumentation, and mod-
eling will aid scientists to understand the relationships between physical, electronic,
and chemical properties.
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I CHAPTER 4

Synthesis of Metal-Oxide
Nanoparticles: Gas-Solid
Transformations

S. BUZBY, S. FRANKLIN, and S. ISMAT SHAH

This chapter describes the formation of nanoparticle and thin-film oxides by gas—
solid transformations. The first part of the chapter will review the chemical vapor
deposition (CVD) technique where solid particles are created from the reaction of
volatile chemical precursors with reactive gases. Part two of the chapter will focus on
the technique called pulsed laser deposition (PLD) in which a solid precursor target
is ablated to form vapors by a high-energy laser pulse.

4.1. PART ONE—CHEMICAL VAPOR DEPOSITION

4.1.1. Introduction

CVD is a general term applied to the deposition of solid materials from chemical
precursors in the vapor phase. The CVD process for compound formation involves
reaction between a volatile precursor of the material to be deposited with other reac-
tive gases. The process may employ various gaseous, liquid, or solid chemicals as
sources of the elements of which the film is to be made. The reaction results in the
production of a nonvolatile solid that deposits on an appropriately placed substrate to
form either particles or a thin film. CVD processes have been used in various indus-
trial applications and technologies such as the fabrication of electronic devices, the
manufacture of cutting tools, and the formation of nanoparticles.

In this section, several topics related to the CVD process will be explained, includ-
ing reaction types, system design, growth mechanisms, and examples of reactions.

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
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This section is divided into the following subsections:

1. Types of CVD processes
2. CVD systems and requirements
3. Particle growth mechanism

4.1.2. Types of CVD Processes

Due to the great variety of materials that can be created by CVD, a large number of
processes and systems have been designed and constructed. The various processes can
be characterized and described by such terms as low or high temperature, atmospheric
or low pressure, gaseous or liquid precursors, and hot-wall or cold-wall reactors and
by incorporation of physical techniques such as plasma or light sources to assist in
ion formation. The following CVD processes are commonly used for the formation
of nanoparticles (1,2):

CVD——chemical vapor deposition (thermally activated or pyrolytic)
MOCVD—Metalorganic CVD

PACVD—Plasma-assisted CVD

PCVD—Photo CVD

4.1.3. Thermally Activated CVD

Thermal CVD processes are initiated only with thermal energy (resistance heating,
RF heating, or infrared radiation). They are usually performed at normal or low pres-
sure down to ultra-low pressure. High-temperature CVD is the best way to achieve
the growth of high-quality epitaxial thin films. It is used extensively for metallurgical
coatings and for in situ calcinations to obtain the desired crystalline phase. The reac-
tors used can be divided into two main types: hot-wall and cold-wall reactors. Hot-wall
reactors are usually tubular in shape and are heated externally by use of resistance-
heating elements. Multiple temperature zones are essential for the efficient transport
of matrix as well as dopant atoms. By carefully controlling gas flow rates and temper-
atures, the composition, doping levels, and particle size of the nanoparticles can be
manipulated. In a cold-wall reactor, the substrate is inductively heated while the non-
conductive reaction chamber walls are either air or water cooled. Cold-wall reactors
are used almost exclusively for the deposition of epitaxial Si films (1-3).

4.1.4. MOCVD

MOCVD is also a thermal CVD processes, but the sources differ in that they are
metalorganic gases or liquids. Metalorganic compounds are organic compounds that
contain a metal atom, particularly compounds in which the metal atom has a direct
bond with a carbon atom (e.g., Titanium tetraisopropoxide, TifOCH(CHj3),]4). With
the availability of pure metalorganic precursors, their use offers significant advantages
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in the practical aspects of delivering the reactants to the substrate surface. The greatest
advantage of using metalorganics is that they are volatile at a relatively low temper-
ature, which makes it easier to transfer the precursor to the substrate. As all of the
reactants are in the gas phase, it is possible to achieve precise control of the flow
rates and partial pressures of the gases allowing for efficient reproducible deposi-
tions. However, due to the organic nature of the precursors, carbon contamination
becomes a problem, making it difficult to produce high-purity samples (4-8).

4.1.5. PACVD and PCVD

PACVD uses plasma to ionize and dissociate the gases used for the deposition. The
most common method for creating the plasma discharge is the use of a radio-frequency
(RF) field. The reactor can be coupled either inductively with a coil or capacitively
with electrode plates to form plasma. The plasma formed has sufficient energy to
decompose gas molecules into electrons, ions, radicals, and so on. PCVD uses light
(lasers) to enhance the reaction rate. The effect of the radiation is either a local heating
of the substrate to decompose the gases above it or a photochemical reaction where
the energetic photons directly decompose the gases. The generated species are highly
reactive and their use enhances the particle growth rate, allowing for deposition at
much lower temperatures than in thermal CVD. Therefore, previously impossible
reactions, such as high-temperature reactions on temperature-sensitive substrates,
may now be carried out (9,10). The CVD processes are summarized below in Table 4.1.

4.1.6. Comparison of CVD with Other Deposition Techniques

The advantages of the CVD technique consist of producing uniform, pure,
reproducible particles, and films at low or high flow rates. However, when compared
with other deposition techniques, the CVD processes are perhaps the most complex
to use. Unlike growth by physical deposition techniques, such as evaporation, this
method requires multiple test runs to establish the growth parameters to be used, espe-
cially for single-crystal growth. The complexity of this method results from several
factors. First, CVD generally uses multiple reactant species in the chemical reactions

TABLE 4.1. Summary of CVD Processes.

Energy Pressure Used

Process Used (torr) Source Advantages

CVD Thermal 1073-760 Inorganic High-quality epitaxial
growth

MOCVD Thermal 10-760 Metalorganic Precise control;
Reproducible

PACVD Plasma 0.01-10 Both Lower temperature

PCVD Light/Laser 10-760 Both Lower temperature;

Selected control
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compared with single sources for PVD or PLD. Second, CVD reactions generally
produce intermediate products, with the growth occurring in more consecutive steps
rather than directly forming the product as in physical methods (i.e., evaporation).
Finally, the growth has numerous independent variables (flow rate, partial pressures,
system pressure, etc.), and all must be monitored and controlled. Other disadvantages
to the CVD process are the chemical hazards associated with the toxic, explosive,
inflammable, or corrosive gases used and that not all materials have a precursor that
can be economically and commercially viable (1,2).

4.1.7. CVD System Requirements

Each process described above uses a different system. However, regardless of the
process type, most CVD systems have many components in common. A CVD system
must have the ability to deliver and control the reactant gases into the reactor, usu-
ally accomplished by using mass flow controllers. A reaction chamber is equipped
with a substrate holder where the reactant gases combine to form particles that are
collected on the substrate. The reaction chamber is typically tubular in shape and
constructed of stainless steel, glass, pyrex, and quartz, depending on the reaction
conditions (temperature, pressure, reactivity, etc.). The system must also contain a
heating arrangement with temperature control to supply heat to the reactor and sub-
strate. The heat is necessary to ensure that the reaction can proceed efficiently and
provides the energy to dissociate the gases in CVD and MOCVD processes. For
PACVD or PCVD, there is in addition to the heat source a plasma generator or light
source (laser) present to assist in the dissociation. Finally, vacuum pumps are used
for maintaining the system pressure and for the removal of reaction byproducts and
depleted gases (1,2,7). A schematic drawing of a MOCVD system for the synthesis
of TiO; nanoparticles is shown in Figure 4.1.

4.1.8. Particle Growth Mechanism

The formation of oxide nanoparticles can be divided into three basic stages. The first
step in the process is the introduction of the metal precursor gas or vapor and oxygen

Pressure Gauge == Reactive Gas
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Mass Flow Controllers
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Figure 4.1. Schematic of an MOCVD system.
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into the reaction chamber. The two most important steps in the formation of oxide
nanoparticles by CVD are the reaction and condensation steps as they determine the
composition and size of the nanoparticles formed (3,4). It is known that particle size
and distribution are determined by growth temperature and deposition rate that, in
turn, relies on the flow rate of the metal precursor (4,6). The selection of the precursor
used determines the method and ease of introducing the precursor into the reaction
chamber. Gaseous precursors may be regulated and added directly to the chamber by
use of mass flow controllers. However, many of the precursors used for the formation
of oxide nanoparticles are liquids, and so additional steps are required to convert them
to gases before they can be used. The equilibrium concentration of a vapor over a
liquid is known as the vapor pressure of the substance. The free energy change in going
from the liquid to the gaseous state determines the concentration of the gas (11,12).

Alig —> Agas

[Agas]
[Aiig]

= exp(—AG/RT)

As can be seen from the equation above, by heating the liquid precursor, it is possible
to increase the concentration of precursor vapor introduced into the system resulting
in higher reaction rates. The precursor transport rate may also be increased by the use
of a carrier gas. An inert gas (i.e., N or Ar) is bubbled through the liquid precursor
carrying the precursor molecules into the reaction chamber. For oxidation reactions
below 500 °C, oxygen is used as oxidant, whereas above 500 °C, carbon dioxide or
nitrogen oxides are added to oxygen to reduce the flammability risk.

Second is the reaction of the precursor with oxygen to form metal-oxide monomers
(4,6). The equilibrium state of any chemical system—the concentrations of reactants
and products that will be present if you wait long enough—occurs when the free
enthalpy G (Gibbs free energy) has reached its minimum value. This is equivalent to
saying that the change in free energy due to any reaction (involving a small number
of moles) at the equilibrium concentration is zero. For any single reaction,

aA + bB — ¢C + dD

We can then find the equilibrium state of the reaction from the equilibrium constant
(11,12):
[CI’[D}

The overall CVD reactions can be classified by examining the standard enthalpy of
reaction. Reactions for which the change in free energy (A G) is modest are potentially
reversible, with the actual reaction being a balance between deposition and etching
of the products, depending on the experimental conditions used:

SiHy «— Si+2H; AG = —57kJ/mole
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Reactions involving very large changes in free energy have essentially no reactants
left when equilibrium is reached. They are completely irreversible and lead only to
deposition. This is the case with oxide formation when the concentration of reactants
is essentially zero at equilibrium:

SiHg + 20, <«— SiO; + H;O  AG = —1307kJ/mole
Finally, consider the reaction for the reduction if titanium(IV) chloride:

TiCly + 2Hy; — Ti 4+ 4HCl AG = +287kJ/mole

This reaction is not thermodynamically possible at room temperature because the
free energy change (AG) is positive (1,2). The only way this reaction can be made to
proceed is by heating it to 1000 °C. This is why Ti CVD is very difficult.

Finally the monomers condense to form larger clusters by homogenous nucle-
ation in the gas phase and the subsequent collection of the oxide nanoparticles on the
substrate (4,6). As mentioned, the size and distribution of the particle formed are deter-
mined by the reaction temperature and the oxide deposition rate. The total precursor
concentration can be controlled by varying the flow rate of the carrier gas, the liquid
precursor temperature, or the system pressure. The reaction temperature effects the
precursor concentration due to thermal expansion of the gas (6). The total concentra-
tion of the gas decreases as the temperature increases, and because the flow rate of the
gas is kept constant, this reduces the time the precursor spends in the condensation
region of the reactor. The lower concentration coupled with the lower residence time
will cause the mean free path of the oxide monomers to increase, thereby reducing
the size of the particles formed. Figure 4.2 shows the steps formation of particles in
the CVD process.

Introduction of Metal Precursor Condensation
Metal Precursor Reaction and Collection
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Figure 4.2. Steps of particle formation in the CVD process.
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4.1.9. Conclusions

CVD techniques are vapor deposition techniques based on homogeneous and/or
heterogeneous chemical reactions. These processes employ various gaseous, liquid,
and solid chemicals as sources of the elements of which the film is to be made.
Compared with other deposition techniques, the CVD method is perhaps the most
complex. Unlike growth by physical deposition such as evaporation, this method
requires numerous test runs to reach suitable growth parameters. The complexity of
this method results from the facts that (1,2):

1. It generally includes multicomponent species in the chemical reactions.
2. The chemical reactions generally produce intermediate products.

3. The growth has numerous independent variables.

4. The growth includes more consecutive steps than in physical methods.

The CVD production has several advantages (7):

1. High purity particles.

2. Size control to produce uniform, reproducible particles.
3. Control over the crystal structure of the particles.

4. Particles may be produced rapidly and continuously.

4.2. PART TWO—PULSED LASER DEPOSITION

4.2.1. Introduction

During the last decade, PLD has been established as a simple, versatile, and
contamination-free deposition technique. Nanoparticles and thin films of a wide
variety of materials (metals, dielectrics, semiconductors, oxides, nitrides, etc.) have
been deposited using the PLD technique (12). Conceptually, PLD is a very simple
technique. A laser beam enters a vacuum chamber through a window and impinges
on the target material that is to be deposited. The basic setup is shown in Figure 4.3.

Vacuum chamber
Substrate

Ablated plume Target

Laser Beam

Figure 4.3. A typical setup for pulsed laser deposition of thin films.
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The laser pulse with pulse durations ranging from 30ns to a few femtoseconds is
focused to an energy density of 1-10J/cm? vaporizing a few hundred angstroms of
surface material. The evaporated flux contains neutral atoms, positive and negative
ions, electrons, molecules, molecular ions, and free radicals of the target material in
both their ground and excited states. These vapors absorb incoming radiation as a
result of which the particles acquire kinetic energy of 1-5eV and move in the direc-
tion perpendicular to the target. The particles then deposit on a substrate generally
heated to allow for crystalline film growth (13).

Laser beam—solid interaction is acomplex phenomenon. Energy of the laser-photon
beam is absorbed by the solid surface leading to electronic excitation. As thermal
conductivity of the target solid is far too low to dissipate energy in the short period
of the laser pulse, photon energy is converted into thermal and chemical energy. As a
result, temperature of the order of 3500 °C is reached in a small volume of the target,
leading to instantaneous evaporation, ionization, and decomposition of the material.
The moving front of such a collection of particles constituting plasma is called a
plume. The plume expands rapidly having high pressure and deposits on the substrate
forming a film.

4.2.2. PLD

The laser evaporation method was first used to deposit thin films in 1965 (14), but
only after successful fabrication of as-deposited 90K YBa,Cu3O7 (YBCO) epitaxial
films giving 10-A/cm? critical current during late 1987 and early 1988, the rapid
development of this method (15,16) was possible.

PLD or laser ablation deposition (LAD) is now used on a worldwide basis to
produce films of various kinds of materials [semiconductors, high T, superconductors,
ceramics, ferroelectrics, metal and metal compounds, polymer, biological material,
and refractive material (17-20)]. In particular, PLD is used to deposit materials and
combinations of materials that either cannot be deposited by other methods or their
deposition is greatly problematic by other methods (17-27). Recently, PLD has been
used to synthesize nanotubes (28), nanopowders (29), and quantum dots (30). The
versatility of PLD is that there are almost no restrictions on the target material to be
used. PLD with liquid target materials has been illustrated (31), and even PLD of solid
nitrogen and methane has been probed experimentally (32). Several modifications of
conventional PLD has led to the processing of thin films of not only inorganic solids
but also organic polymers and biomaterials that were earlier damaged irreversibly due
to interaction with lasers (33).

4.2.3. PLD Advantages

The main advantage and the reason for the enthusiastic research in LAD is the preser-
vation of the stoichiometry during the film production process. LAD can be used to
deposit films of any material irrespective of their optical properties and stoichiometry.
PLD relies on a photon interaction to create an ejected plume of material from any
target. The actual physical processes of material removal are quite complex; how-
ever, one can consider the ejection of material to occur due to rapid explosion of
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the target surface due to superheating. Unlike thermal evaporation, which produces a
vapor composition dependent on the vapor pressures of elements in the target mate-
rial, the laser-induced expulsion produces a plume of material with stoichiometry
similar to the target. It is generally easier to obtain the desired film stoichiometry for
multi-element materials using PLD than with other deposition technologies.

Another important aspect of PLD is that the introduction of background gas is
easily possible, and it allows the opportunity to control the stoichiometry further.
PLD has high versatility with regard over this criterion (P < 300 mTorr), whereas
other techniques generally only incorporate lower pressures of background gas. The
kinetic energy of highly energetic and directed fluxes can be usefully controlled by
introduction of (reactive or nonreactive) background gas (by reactions or thermaliz-
ing collisions). On the other hand, if the deposition flux does not have high kinetic
energy and directionality, it will be scattered by background gas collisions. In such
cases, the deposited film thickness drops precipitously as either the source-substrate
distance or the pressure. When depositing from multicomponent targets, the inten-
tional introduction of background gas can enhance the film quality or can even enable
the production of the multicomponent film (oxides or nitrides) from a monocompo-
nent target and the appropriate reactive background gas (e.g., oxygen or nitrogen).
Numerous examples can be given from the field of laser ablation, for example, abla-
tion of graphite in a nitrogen atmosphere under standard conditions gives rise to CN
species (34), which are easily observed from their violet emission in the ablation
plasma, and lead to production of CN films with a nitrogen content that is related to
the background pressure of nitrogen. A second example is the deposition via ablation
of PbZrTiOs (35).

4.2.4. Comparison of PLD with Other Deposition Techniques

Compared with conventional film deposition techniques [thermal evaporation (TE),
molecular beam epitaxy (MBE), sputtering (S), chemical vapor deposition (CVD),
etc.], PLD has many advantages. This technique is very reliable and permits great
experimental versatility, simple, contamination-free, inexpensive, and fast. It also
allows for the production of multicomponent films and low processing temperatures.
Among the drawbacks are the appearances of particulates within films (22) and their
nonuniformity in thickness (22), which are now being overcome by modifying the
deposition techniques like movement of target and or laser beam (36,37) and off-axis
deposition (38,39). Appearance of particulates can be used beneficially in the pro-
duction of nano- and micrometer-sized particles, ultra-fine powders, nanocomposites,
and thick coatings and films with a distribution of nanometer-sized clusters (40-42).
Several optoelectronic applications require such films (43,44).

4.2.5. PLD Process/Mechanism

The fundamental processes, occurring within the laser-produced plasmas, are not fully
understood; thus, deposition of novel materials usually involves a period of empiri-
cal optimization of the deposition parameters. However, this optimization requires
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a considerable amount of time and effort. Much of the early research into PLD
concentrated on the empirical optimization of deposition conditions for individual
materials and applications, without attempting to understand the processes occur-
ring as the material is transported from target to substrate. Significant work has been
done on modeling the phenomenon of laser ablation and deposition (45-50). For
explaining the plume expansion dynamics in an ambient gas, a shock wave model
is sometimes used. In the shock wave model, a rapidly expanding plume behaves
as a piston that generates a shock wave in the ambient gas (51). The ambient gas is
compressed into a thin shell between the shock and the plume front. The conditions in
the compressed region (high temperature, high pressure) can be suitable for reaction
between ambient gas and ablated species, and formation of oxides, nitride, and their
clusters could take place in that region (52). A schematic of a PLD system is shown
in Figure 4.3.

4.2.6. Reactive PLD

When PLD is conducted in the ambience of a chemically reactive gas, the ablated
substance enters into a chemical reaction ending with the formation of a compound
that is eventually deposited onto the surface of the collector (53). This process is
usually known as reactive PLD (RPLD). RPLD has been established as a flexible,
simple, and controllable method for producing stoichiometric deposition of mul-
ticomponent high-quality thin films of metallic oxide (54). RPLD is shown to be
a promising technique for compound thin-film synthesis (55-58). In comparison
with PLD, which consists of the stoichiometric mass transfer from the target to the
substrate, the compound synthesis by reactive PLD is obtained by ablation of a tar-
get in a chemically reactive gas. This method has been used to deposit nitrides or
oxides of metals, semiconductors, and other materials by ablating pure elemental tar-
gets in an appropriate atmosphere (59—61) or ablating oxides of elements in oxygen
ambient to get the required stoichiometry (62). Oxide films were first deposited by
Fogarassy et al. in 1990 (53). The growth of oxide thin films (PbO, Ce;O on Si,
MgO) is discussed by Beeach et al. (63). Thin films of SiO; (56), GeO; (64), and
other oxides have been successfully grown. Some of the highest quality oxide lay-
ers for optical coatings have been grown by PLD (65). The optical materials ZnO
and CeO; on glass and silicon substrates have been grown by excimer laser abla-
tion in oxygen ambient (66). Metal films and their multilayers can be grown by the
ablation of an oxide in hydrogen atmosphere. Tungsten metal film can be made by
ablating WO3 in hydrogen. Growth of metal carbides is performed by the ablation of
metal carbides or metal oxides or pure metals in methane or ethane (67). Growth of
binary and ternary nitride films is a distinct possibility. Besides making PLD films
from stoichiometric nitrides, ablation of oxides in ammonia atmosphere can lead to
metal nitride and metal oxynitride films. This process follows from the ammono-
lysis of oxides into nitrides. Deposition of nitrides is less efficient by PLD as only
a few elements such as Ti or B allow the growth of nitride films by reactive PLD
(59,68). The main problems are the nitrogen deficiency in the deposit and the oxygen
contamination.
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4.2.7. RPLD Mechanisms

To optimize the deposition of thin films’ understanding of the fundamental
mechanisms of mixing of ambient gas and ablated species is required. Depending
on the conditions existing in the gas phase, formation of compounds can take place
in the gas phase and the deposited thin film will be consisting of the compound. The
formation of compound also depends on the ambient gas mass, the ablated particle
energy, and the binding energy of the compound. For ablation of pure elemental targets
in low-pressure ambient gas, it is observed that oxide formation takes place depend-
ing on the mass of the target atom. For example, SiO, SiO™, AlO, and MgO were
detected by emission spectroscopy during the ablation of pure targets in O, or H,O
low-pressure atmospheres (69—71). Contrary to these studies, Vega et al. (72) and
Gonzalo et al. (73) did not observe any GeO or BaO and TiO emission bands during
the ablation of Ge or BaTiOs3, respectively, in low-pressure oxygen. For reactive PLD
of nitride thin films, the observation of nitride diatomics in the gas phase was mostly
limited to CN during ablation of graphite in N> or other nitrogen-containing atmo-
spheres (74). Most reports in the literature mention much higher densities of oxides
than nitrides when ablating the same targets in O; and then in N, under otherwise
identical conditions (75).

Hermann and Dutouquet (75) performed time- and space-resolved emission spec-
troscopic measurements during the ablation of Al, C, and Ti targets in either O; or N»
low-pressure atmospheres. The spectra show that the interaction between the ablated
material vapor and O, ambient gas leads to strong oxidation in the gas phase for all
target materials, whereas nitration in an N, atmosphere was found to occur only for
the case of carbon. These results support the hypothesis that the formation process
of molecular species strongly depends on the binding energy of the reaction product
with respect to the dissociation energy of the ambient gas molecule. Thus, oxidation
is an exothermic reaction for the three target materials, whereas nitration is generally
strongly endothermic, except for carbon. The binding energy also affects the distance
from the target at which the reaction takes place. Products having higher dissocia-
tion energies are formed in plasma regions of relatively high temperature. Lighter
atoms undergo reactions near the target surface, whereas heavier atoms, which have
to undergo collisions to reduce their energy, react at greater distances.

As the pressure of the ambient gas increases, conditions for the formation of a
shock wave are satisfied and a compressed region between the expanding plume and
the ambient is created. Some plasma material is also transported inside the compressed
region, and because the temperature of the shocked region is high, the particles inside
the shock can undergo physical and chemical changes. Strong chemical reactions can
occur at the oxygen rich boundary of the plume when the ambient gas is oxygen (52),
allowing one to obtain metal oxides from ablated metal targets.

It is established that the shocked region at the edge of the plume reaches high
enough temperatures to initiate chemical reactions (52). This indicates that for films to
be oxygenrich, the position of the substrate relative to the target surface is an important
parameter. Misra et al. (61) have discussed the PLD of Al,O3 thin films that are
important for magnetic and optical packaging applications. They have shown that
optimum deposition occurs when the substrate is placed near the shock region and that
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Shocked Ambient Gas Target

Substrate Plasma Plume

Figure4.4. Schematic diagram showing positions of various substrates for thin-film deposition
via laser ablation.

substrates not placed in the shock region show minimum deposition. Figure 4.4 shows
a schematic diagram for substrate placement for optimum deposition of compounds
via RPLD.

During growth of oxides, the use of oxygen is often inevitable for achieving a suf-
ficient amount of oxygen in the growing oxide film. The amount of reactive oxygen
created should be sufficient to help reduce the number of oxygen vacancies. Further-
more, the density of laser-created plasma decreases with the axial distance from the
target and the energy of the particles emerging from the target becomes very low at
the high pressures of ambient oxygen required to create enough reactive oxygen. For
instance, for the formation of perovskite structures at high substrate temperatures in
a one-step process, an oxygen pressure of about 0.3 mbar is necessary (15).

Mitra et al. (76) discussed the PLD of ZnO films by laser ablation of ZnO target
in oxygen atmosphere. ZnO is a direct band gap II-VI semiconductor and a novel
photonic material with a crystal structure similar to that of GaN. The size of the
ZnO nanocrystallite decreases at lower ambient pressures, implying that the ambient
pressure can control the size of the deposited nanocrystallite. They predicted that at
higher pressure, the compressed plasma plume will lead to the nucleation of larger
ZnO clusters.

4.2.8. RPLD Advantages

RPLD has a great advantage in the possibility of stabilizing transition metals in higher
oxidation states. Stabilization of Cu in +2 and +3 oxidation states is the main reason
for the success of PLD in obtaining as deposited 90K YBCO films. Oxides like PrNiOs,
NdNiOs3, and so on can be synthesized only at high oxygen pressure. But films of these
oxides can be grown at PLD conditions (77). Furthermore, these films are grown from
mixed-oxide pellets instead of stoichiometric-oxide pellets. Thin films of transition
metal oxides having monodispersed nanopartices can be deposited by laser ablation
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of oxide targets in an inert ambient atmosphere (78). Zbroniec et al. (78) have shown
that the size of the nanoparticles can be controlled by the ambient pressure.

Most oxides grown into films by PLD are perovskite-related oxides. Therefore,
to grow these oxide films, lattice-matched single-crystal substrates are necessary.
Commonly used substrates are SrTiO3, LaAlO3, MgO, ZrO,, and sapphire, which
can be cut in the [100], [110], or [111] direction. If the thermal expansion coefficients
of the oxides are close to those of the substrates, the deposited oxide films on the
substrates do not crack. With silicon being a covalent material, the sticking probability
of ions is low due to the lack of ionic bonding between the Si and the oxides and the
large thermal mismatch. Therefore, growing epitaxial films on single-crystal silicon
substrates has not been successful.

The properties of thin films deviate from those of their bulk samples due to changes
in the structure of the films. One important cause of such a change originates from
the lattice mismatch of the growing material with the substrate. When oxide films
are deposited on a substrate with a lattice parameter smaller or larger than the film
materials, they grow under strain. A detailed investigation of PrNiO3 films by varying
the thickness has confirmed the critical thickness that undergoes strain on the substrate
(78). This is analogous to the external pressure and increases the bond angle of
Ni—O-Ni in turn increasing the bandwidth.

4.2.9. Conclusions

PLD is thus a versatile technique to obtain thin films of multicomponent oxide mate-
rials and, therefore, has become a standard experimental method to prepare films
in general and high-quality epitaxial films in particular for research purposes. It is
important to note that YBCO is grown in situ under oxygen partial pressure. Reaction
between oxygen and metal ions takes place in the plume. Similar reaction between
molecules such as dinitrogen, hydrogen, ammonia, methane, acetylene, and diborane
can induce reactions leading to formation of compounds other than oxides. This aspect
of PLD is open to research.
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I PART I

STUDY AND CHARACTERIZATION OF
NANOSTRUCTURED OXIDES

As described in Chapters 3 and 4, nanostructured solids are nowadays generated
by a series of different physical and chemical preparation methods. Although such
synthetic methods have reached significant advances in terms of homogeneity in
the structural/electronic properties of the particles forming the solid, as well as in
the size distribution, much work is still needed to obtain full control of the synthe-
sis variables and their influence in the final metal-oxide solid prepared. Problems
related to oxide stoichiometry and metal oxidation state (commonly at surface layers)
or the presence of impurities and amorphous phases coexisting with the crystalline
one are often encountered. A glimpse into these problems would indicate that the
structural and electronic properties as well as the primary particle size distribu-
tion are strongly dependent on the preparation method, and at the state-of-the-art,
a first goal is to perform a detailed and full characterization of the particular solid
yielded by the specific preparation method used. To do such a study in a systematic
way, one needs a diverse array of experimental techniques (X-ray diffraction and
scattering, microscopies, vibrational and electron spectroscopies, etc.) and theoreti-
cal methods (ab initio and semi-empirical quantum-mechanical calculations, Monte
Carlo simulations, molecular dynamics, etc.). An important issue is the correct inter-
pretation of the experimental and theoretical results. To help in reaching this goal,
in this part of the book, a series of experimental techniques is presented that allows
the investigation of the structural (Chapter 5) and electronic (Chapter 6) proper-
ties of oxide nanomaterials. This is followed by chapters that describe theoretical
approaches that are useful for studying oxide nanoparticles and are based on post-
Hartree—Fock formalisms or density-functional theory (Chapter 7), semi-empirical
or parametric quantum-chemical methods (Chapter 8), and atomistic models with
molecular dynamics (Chapter 9).
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5.1. TECHNIQUES FOR THE STUDY OF
STRUCTURAL PROPERTIES

The evolution of our understanding of the behavior of oxide nanostructures depends
heavily on the structural information obtained from a wide range of physical methods
traditionally used in solid-state physics, surface science, and inorganic chemistry
(1,2). In this chapter, we describe several techniques that are useful for the character-
ization of the structural properties of oxide nanostructures: X-ray diffraction (XRD)
and scattering, X-ray absorption fine structure (XAFS), Raman spectroscopy, trans-
mission electron microscopy (TEM), scanning tunneling microscopy (STM), and
atomic force microscopy (AFM). The ultimate goal is to obtain information about the
spatial arrangement of atoms in the nanostructures with precise interatomic distances
and bond angles. This may not be possible for complex systems, and one may get
only partial information about the local geometry or morphology.
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5.2. XRD AND PDF

Since the 1910s, X-ray crystallography has been a valuable tool for obtaining
structural parameters of metal oxides (1). X-ray diffraction powder patterns come
from the interference pattern of elastically dispersed X-ray beams by atom cores and,
in the case of materials with moderate-to-long-range order, contain information that
arises from the atomic structure and the particle characteristics (for example, size
and strain) (1,2). The effect of atomic structure on peak positions and intensities is
described in textbooks (1), and the effect of particle characteristics on peak shape
has been recently reviewed (3). This technique is frequently used for studying the
structural properties of non-amorphous oxide nanoparticles (2).

Alternatively, the radial distribution of the materials can be determined by the
appropriate Fourier transform of the diffraction pattern independent of any require-
ment of long-range coherence. This is an advantage in the study of nanoparticles or
nanostructures where there is reduced long-range order. Egami et al. have applied this
technique to metal oxide particles and obtained information about the structure and
its defects (4). Finally, low-angle X-ray diffraction (5-7) can be used to determine
the structure of nanoparticles.

5.2.1. Particle Characteristics from Whole Powder Profile Fitting

Recent analyses of particle characteristics rely on least-squares refinement of the
whole powder diffraction profile, although several useful approximations give some
of these characteristics from individual peaks. The pattern is represented as a super-
position of peaks where the peak position depends on the cell parameters, and the
peak width is a sum of instrument parameters, particle size parameters (t), and strain
related parameters (¢). The particle size peak width is given by

B: = KA/t cosO (GR))

whereas the strain peak width varies as

B = 4etan 6 5.2)

with A representing the wavelength and 0 the diffraction angle. The fact that the
strain broadening follows a tan 6 function, whereas the crystallite size broadening
has a 1/cosf dependence, allows the separation of these effects in whole-profile
fitting through a range of 6 (8). Here, the strain (¢) can be the result of a nonuni-
form application of stress in the lattice of the nanoparticles and reflects variations
in cell dimension within the sample. Obvious variations are present at the surface of
the material with respect to bulk because local symmetry and distances are differ-
ent. Additionally, oxygen vacancies and the different types of defects (9) shown in
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TABLE 5.1. Possible Imperfections in Crystals.?

Type of Imperfection Description of Imperfection
Point defects Interstitials Extra atom in an interstitial site
Schottky defect Atom missing from correct site
Frenkel defect Atom displaced to interstitial site creating
nearby vacancy
Line defects Edge dislocation Row of atoms marking edge of a

crystallographic plane extending only part
way in crystal

Screw dislocation Row of atoms about which a normal
crystallographic plane appears to spiral
Plane defects Lineage boundary Boundary between two adjacent perfect

regions in the same crystal that are slightly
tilted with respect to each other

Grain boundary Boundary between two crystals in a
polycrystalline solid
Stacking fault Boundary between two parts of closest

packing having alternate stacking sequences

4From Ref. 9.

Table 5.1 can lead to strain in the lattice of a nanoparticle. The relative importance of
each type of defect depends on the size of the nanoparticle and the chemical nature
of the oxide.

Additional structural features can be obtained from diffraction. In some cases,
the refinement of the powder pattern can include structural parameters for the ther-
mal motion of the atoms, the fractional occupancy, and the positions. The quality
of these refinements can be greatly improved with high-energy X-rays where the
absorption correction is negligible, and a larger range of Q (4 sin(6)/A) can be
measured (10).

5.2.2. Local Structure from Fourier Analysis of Whole Pattern

The local structure from amorphous nanoparticles can be determined from the diffrac-
tion pattern in a manner similar to techniques that have been used to determine the
structures of liquids and glasses (11). As an example, we describe the determination
of the atomic pair distribution function (PDF) of amorphous quartz. Figure 5.1 shows
the diffraction pattern from a quartz capillary. The local structure g(r) is defined as
the probability of finding an atom at a distance  from a reference atom and is derived
from G(r):

G(r) =4nr[p(r) —ool  p(r) = pog(r) (5.3)

where p(r) is the pair density function and py is the average pair density.
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Figure 5.1. (a) The diffraction pattern for a quartz capillary. (») The G(r) obtained from the
data in (a).

G(r) is also the Fourier transform of the total structure factor S(Q):

G(r) = (2/ﬂ)JQ[S(Q) — 1]sin(Qr)dQ (5.4

Q =4msin(0) /1 (5.5)

The structure factor S(Q) is related to the elastic part of the diffraction intensity
(1¢") as follows:

5@ =1+[r"©@ - Y apor] /[Cenof (5.6)

where c; is the fraction of species i and f;(Q) is the atomic scattering factor of species
i. The ¢ is obtained from the total scattering after subtraction of background and
corrections for Compton scattering, absorption, and multiple scattering. The calcu-
lated G(r) is shown in Figure 5.1b. In this figure, we clearly see the Si—O, O-O, and
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Si-Si distances and some longer distances. The number of interatomic distances has
decreased to nearly zero by the distance of 10 A.

The real space resolution obtained in the PDF is directly dependent on the O range
measured, and it is therefore a necessity to measure data to high Q, with adequate
counting statistics, to obtain well-resolved peaks in the PDF (12). Generally, the data
are collected at synchrotrons where high energy (short wavelength) and high intensity
facilitate the above requirement. When the PDF technique is applied to crystalline
materials, it has the advantage that the diffuse scattering data in the “background”
(not under Bragg diffraction peaks) region contributes to the PDF. The obvious dis-
advantage of having a one-dimensional result is partly compensated for by refining
three-dimensional models of the one-dimensional data (13).

The PDF analysis of nanoparticles of ceria is another good example of the applica-
tion of this tool to nanostructures of oxides (14). In this case, data of neutron diffraction
was used in the analysis. The neutron scattering cross sections from cerium and oxy-
gen are nearly equal, whereas X-ray diffraction scattering by oxygen is much less
than cerium, and consequently, neutron diffraction provides a more reliable determi-
nation of the oxygen structural features. However, a recent experiment on nano-ceria
using high-energy X rays (A = 0.15) obtained similar results (15). Frenkel defects of
the oxygen atoms in ceria were observed using this technique. Recent PDF studies
(16) of Zr-doped ceria have show that the oxygen storage capacity can be related to
interfacial domains between the zirconium and the cerium-rich domains.

In addition to nano-CeO; and Ce|_,Zr,O,, several structures of nano-crystalline
metal oxides have been elucidated using the PDF technique (17-19). In these systems,
the Bragg peaks were very broad and there was very limited long-range order. The
short-range structures were solved by matching the observed G(R) to related bulk
structures. Nano-tubes of V,0Os have a very well-defined structure based on double
layers of pyramidal/octahedral vanadium-oxygen units derived from the structure of
BaV;016.01H>0 (17). In a similar way, the structure of a V,0O5—nH>O Xerogel was
shown to consist of square pyramidal V,0s at the nanometer length scale (18). In
addition, the structure of hydrated lithium manganese oxide was found to contain
layers made up of edge shared MnOg octahedra encapsulating K and Li atoms with
the hydrous sample and Li and Mn atoms within the anhydrous sample (19). This
result indicates that the improved electrochemical performance of the water-based
nano-crystalline lithium manganese oxide could be attributed to its unique structure
with well-separated MnO layers leaving Li atoms ample room to move in and out
during the charge—discharge process (19).

5.2.3. In Situ Time-Resolved Powder Diffraction

Investigations at Brookhaven National Laboratory and other institutions have estab-
lished the feasibility of conducting subminute, time-resolved XRD experiments under
a wide variety of temperature and pressure conditions (—190°C < T < 900 °C;
P < 45 atm) (20-22). This is made possible by the combination of synchrotron radi-
ation with new parallel data-collection devices. Using time-resolved XRD, one can
follow structural changes during the preparation of nanoparticles and under reaction
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Figure 5.2. Time-resolved XRD data for the heating of CeggZrg 1O> nanoparticles in air.
Heating rate = 4.8 °C/min, A = 0.8941 A (taken from Ref. 23).

conditions. Figure 5.2 shows time-resolved powder diffraction results for Zr-doped
nano ceria (Ceg 9Zrp 1 O2) during heating from 25 °C to 925 °C in air (23). The sinter-
ing of the nanoparticles produces a sharpening of the diffraction peaks at temperatures
above 600 °C. This type of approach can also provide information of changes in cell
dimension or lattice strain with temperature.

Recently, the PDF technique has been extended/modified to allow the rapid acqui-
sition of the necessary data. Time-resolved PDF measurements of nano-catalysts
under reaction conditions are now in progress (24).

5.3. XAFS

The XAFS acronym refers to the oscillatory structure observed in the absorption
coefficient [ (E)] just above or close to the absorption edge of an element constitut-
ing the sample. X-ray absorption spectroscopies are, essentially, synchrotron-based
techniques that measure the absorption coefficient as a function of the X-ray energy
E = hw. A typical absorption spectra [ (E) vs. E] show three general features. The
first one is an overall decrease in u(E) with increasing energy that, sometimes, also
contains well-defined peaks at specific energies called pre-edge transitions. The sec-
ond is the presence of the edge, which roughly resembles a step function with a sharp
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rise at the corresponding edge energy and reflects the ionization of an inner shell (or
core) electron of the element under study. The third component appears above the
edge and corresponds to the oscillatory structure that can be roughly described as
a periodical function, progressively damped as evolves from the edge energy. Being
absorption techniques, XAFS spectroscopies are element-specific. On the other hand,
the deep penetration of X rays in the matter makes them to probe the whole system,
being only surface sensitive by performing specific detection schemes, will be briefly
discussed below.

The XAFS spectrum x (E) is defined phenomenologically as the normalized oscil-
latory structure of the X-ray absorption, e.g., x (E) = (u(E) — no(E)/mo(E)), where
no(E) is the smooth-varying atomic-like background absorption. Essentially, the
XAFS spectrum involves the quantum-mechanical transition from an inner, atomic-
like core orbital electron to unoccupied bound (pre-edge transition) or unbound,
free-like continuum levels. The oscillatory structure therefore reflects the unoccu-
pied part of the electronic bands/structure of the system in the presence of a core-hole
(25-29). Note that this differs from the initial, ground state by physical effects induced
by the fact that the core hole is not infinitely long lived but must decay as a function
of time and distance from the photoabsorber atom (22-26). The latter is a point to
stress here as their short-range order character makes these techniques particularly
suitable to analyze nanostructured materials that, frequently, do not posses or have a
strongly disturbed long-range order.

Historically, it was controversial to recognize the local nature of the XAFS tech-
niques [see Lytle for a recent discussion (30)] but now the theoretical description of
the techniques is reasonably well settled (24,25). The absorption of X rays by matter
is described in many textbooks (31). The treatment of the radiation as an electric
field without practical spatial variation on a molecular/local scale and eliminating
magnetic parts leads to the Fermi Golden Rule for the X-ray cross section:

W(E) = K[{gy/e - F/di)V*Ser—Eithy (5.7

The intensity of the absorption process is then proportional to the square of the
transition matrix element connecting the initial (¢;) and final (¢y) states times a
delta function that ensures the fulfillment of the conservation energy theorem. The
elimination of the spatial dependence of the electric field corresponds to a series
expansion of its e>"¥/* dependence up to the first term (linear dependence in 7,
Eq. 5.7); this yields the dipole approximation of the interaction energy between the
atom electronic cloud and the X-ray radiation field. Better approximations will include
quadrupole, octupole, and so forth terms. However, except in a few cases, some of
them here detailed, the dipole approximation gives quantitative analysis of the X-ray
absorption near-edge spectroscopy (XANES) shape.

An important approximation is to assume that the matrix element can be rewrit-
ten into a single-electron matrix element. This is based in the sudden approximation
that the transition element in Eq. 5.7 is reordered in terms of a overlap term of the
N — 1 “inactive” electrons, which is roughly independent of energy, and the men-
tioned single-electron matrix element connecting wave functions of the unbound and
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inner core electrons (32). The validity of the sudden approximation depends primarily
on the photo-excited electron kinetic energy and has been the subject of many studies
(23,27,29). All electron rearrangements (interatomic and mainly extra-atomic relax-
ation of valence electrons) in response to the core-hole creation are thus neglected;
the series of delta functions corresponding to different final states identifies with the
local density of states (o) (33), and the corresponding X-ray absorption cross section
becomes

W(E) = K[{gr/e - /o)1 p (5.8)

where ¢; ¢ correspond to the mentioned initial and final mono-electronic wave func-
tions. The dipole matrix element dictates that the local density of states has an orbital
moment that differs by 1 from the core state (AL = =£1), whereas the spin is con-
served (AS = 0). If the electric quadrupole radiation is considered, the selection rules
change and are (AL = 0, £2; AS = 0; £1, £2).

There are two XAFS techniques: XANES and extended X-ray absorption fine
structure (EXAFS). They differ in the energy of the final electronic state sampled,
which is limited to a maximum of about 40-50 eV for XANES and above that point
for EXAFS (Figure 5.3). Intuitively, it is obvious that pure electronic information
(e.g., chemical bonding information) is only enclosed in the low-lying extended states
and is thus confined to the XANES region. This will be discussed in Chapter 6. On
the other hand, at high energy in the continuum of electrons participating in EXAFS,
the effect of neighboring atoms becomes small and electron states approximate to
spherical waves that are simply scattered by such atoms. The information extracted
is thus of geometrical local character.

XANES

Absorbance (a.u.)

0 1 2 3 4 5 6
R(A)

T T T T T T T T T T T T T
5700 5725 5750 5775 5800 5900 6000 6100
Energy (eV)
Figure 5.3. Ce Ly absorption spectrum of fluorite CeO;. Inset: Fourier transform of the
EXAFS spectrum.
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As a general rule, Egs. 5.7 and 5.8 can be solved by using modern quantum-
mechanical methods. Two general approaches are discerned. The first one employs
ab initio or DFT methods to calculate the initial and final wave functions of the
electronic transition. The second reformulates the Schorodinger equation in terms of
the scaterring theory and the absorption equation is expressed as a correlation function.
This latter is particularly useful for EXAFS analysis of nanostructured materials as
they can be treated as clusters for calculations that, in turn, can be performed in steps
of growing size, showing the effect of introducing different coordination spheres.
Detailed accounts for the multiple scattering EXAFS theory can be found in Refs. 34
and 35. Using this theoretical framework, the EXAFS formulas can be written as

X(E)=S3Y_ —N;;(Zk) ¢ 2R/ g=2DW i kR + ¢ (K)) (5.9)

1

This was originally proposed by Sayers et al. (36), based on a single-scattering
formulism, but can be generalized to represent the contribution of N equivalent
multiple-scattering contributions of path length 2R (33). It can be thus considered
the standard EXAFS formulas, providing a convenient parameterization for fitting
the local structure around the absorbing atoms. The dependence of the oscillatory
structure on interatomic distance and energy is reflected in the sin(2kR) term. The
decay of the wave due to mean free path or lifetime (including intrinsic core-hole and
extrinsic inelastic losses) is enclosed in the exponential 2R /1, which is largely respon-
sible for the relatively short range probed by EXAFS in a material. As recognized in
Ref. 34, the sinusoidal nature of the EXAFS phenomenon allows a Fourier analysis
of the signal, yielding key information to give initial guesses for the fitting param-
eters. In fact, for each shell contributing to the EXAFS signal, we may have a peak
in the Fourier transform spectrum. The strength of the interfering waves depends on
the type and number () of neighboring atoms through the backscattering amplitude
[F (k)], which largely dictates the magnitude of the signal. The phase function [¢ (k)]
reflects the quantum-mechanical wave-like nature of backscattering, which depends
on both the absorber and the scatterer atom properties and accounts for the difference
between the measured and the geometrical interatomic distances (which is typically
of 0.3-0.4 A for low atomic number (Z) backscatterers and lower for the rest of the
atoms) displayed in the Fourier transform (26,28).

Another important factor is the exponential Debye—Waller (DW) term. This
accounts for thermal and static disorder effects concerning the movement/position
of atoms around their equilibrium/averaged position. A point to stress is that the
nature of this term is different than the counterpart term in XRD (37). As vibrations
increase with temperature, EXAFS spectra are usually acquired at low temperature
to maximize information. Spectra at different temperatures may, on the other hand,
allow us to decouple thermal and static contributions to DW. The DW term smears
the sharp interference pattern of the sinusoidal term and cuts off EXAFS at suffi-
ciently large energy beyond ca. 20A~!. Important to stress is that the DW factor
is in fact a complex mathematical function and has a natural cumulant expansion
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in powers of k. The amplitude of the Debye—Waller term contains even moments
DW(k) = 2C>k* — (2/3)C4k* + . .., whereas odd moments contribute to the EXAFS
phase ¢ (k) = 2c1k — (4/3)C3k3 + ... (38). Although the fitting of bulk systems
makes use up to the squared term of the k-series expansion, the point is that the
k3 behavior (third cumulant) is important for “disordered” systems; as surface atoms
have a less symmetric environment with respect to bulk ones and correspond to a
significant part in nanostructured materials, the cumulant expansion needs to be con-
sidered in analyzing EXAFS data. Inclusion of the third cumulant would mainly
influence coordination distance, whereas the fourth would influence coordination
number and/or (second-order) Debye—Waller factor.

5.3.1. Effect of Nanostructure

EXAFS analysis of oxides as a function of size is scarce and mainly devoted to study
Ti (39-41), Zn (42),Y (43), Zr (43,44), and Ce (45—47) containing systems. A point
to stress is that, as mentioned throughout the text, nanocrystalline phases prepared
by chemical methods are commonly accompanied by amorphous ones (45,48), and
different techniques may in fact be selective to one of them (XRD), whereas others
(as XAFS) inform over the whole system. Although EXAFS studies of dispersed
surface species are not the main target of this review, it can be mentioned here that
revisions of related papers can be found in Refs. 49 and 50. Surface species can have
isolated or oligomeric structures, differing in their local order from the surface ter-
mination of nano-particulated materials by effect of the oxide anion sharing between
support and surface components. In this case, there are an infinite number of possible
local arrangements as a function of the support nature, oxides like alumina, silica,
or carbon-containing materials (surface-modified carbon using oxygen-containing
groups, nanotubes, etc.) and morphological properties (surface area and face exposed
to the atmosphere) and the loading of the surface species.

Analysis of the EXAFS data of nanostructured oxides that account for the relative
asymmetric (anharmonic) pair distribution of bond distances is even more scarce and
exclusively devoted to Ti and Ce oxide systems (51,52). This, however, has been
frequently worked out for nanostructured chalcogenides (53) and has been studied
in detail for nanostructured fcc metals (54). As metal oxides display a multitude
of different crystal structures, no general correlation between EXAFS coordination
numbers of the three or four first shell coordination numbers and average particle
size/morphology has been published. This can be found for fcc metals (55) and might
be generalized to certain oxide cubic structures. It can be, however, noted that first
shells display coordination numbers (CN) rather close to bulk ones, differing typically
by less than one unit as under-coordinated atoms complete their first coordination shell
at surfaces by using hydroxyl groups (see below). Second and further shells display
CNss departing from bulk values, but their analysis is structure and shape dependent.
A point to mention is that in some case, like ZrO, oxides, the coexistence of two
crystalline (or one amorphous) phases can lead to destructive interference effects and
misleading interpretation of results (56).
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For titanium oxides, the studies usually identify the presence of fivefold-
coordinated species in the nanostructured anatase and rutile surfaces, with a shortening
of the Ti-O first shell bond distance (39,40), which in some cases is identified as a
result of the presence of Ti hydroxyl groups at the surface (39). Note, however, that
the inclusion of the third cumulant for studying mesoporous (amorphous by XRD
but with a surface local structure similar to nanostructured anatase) titania suggests a
larger Ti-O average first coordination distance with respect to the rutile/anatase phase
(52). The presence of surface hydroxyl-coordinated centers has been also mentioned
in ZrO; but detected by using other techniques (44). The case of cerium-containing
nanostructured oxides is still under study because the series of samples with increasing
size is obtained by calcining at progressively higher temperatures solids from Ce(III)
precursors, and this influences the presence and concentration of two oxidation states
Ce(III)/Ce(IV) in materials with small particle size (45,46).

Geometrical information is also enclosed in the XANES spectrum. The energy
position of the peaks corresponding to electronic transitions to final quasibound,
continuum states (called continuum resonances, CRs, in solid-state physics) depends
on both electronic and geometrical factors (25,31,57). Electronic factors are analyzed
in Chapter 6. Geometrical factors are summarized in the so-called 1 /R2 rule, which
states that the quantity AE x R?isaconstant, where AE refers to the energy difference
between the CR energy position and the zero electron kinetic energy and R is the
nearest neighbor distance. This rule has been used fruitfully in solid-state studies, but
an article by Kizler (58) demonstrates limitations in its applicability. Essentially, this
rule can be used with generality only for CRs dominated by scattering from first or
second nearest neighbors.

5.4. RAMAN SPECTROSCOPY

Raman spectroscopy is a powerful tool to analyze structural /morphological properties
of solid oxides at a local level, given the strong sensitivity of the phonon character-
istics to the crystalline nature of the materials (59). The theoretical basis for the
application of this technique to the study of the properties of extended crystals as
well as of individual molecular complexes present at the surface of oxide materials
is out of the scope of this work and can be found in different textbooks or review
articles (60,61). Raman spectroscopy is a bulk-sensitive technique, but the use of
excitation frequencies allowing charge-transfer band absorption (resonance Raman)
allows some surface sensitivity. Essentially, the theoretical background for the study
of nanocrystalline (considered as a whole as crystalline materials) oxides as well as
the spectral consequences observed by Raman is provided by the phonon confinement
model that will be briefly analyzed in a first part; complete details of this model can
be found elsewhere (62-64). The study by Raman spectroscopy of other properties
that can in some cases be linked to the nanoscopic nature of the oxide materials, like
the existence of a disorder associated with the presence of lattice defects (see also
Section 5.1) or surface phonons, will be described later.
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5.4.1. Phonon Confinement Model

The model employed for analyzing the features observed in the Raman spectra of
nanocrystalline materials is the so-called “phonon confinement” (or “spatial correla-
tion”) model (66). Within such a model, nanocrystalline materials can be considered
as an intermediate case between that of a perfect infinite crystal and that of an amor-
phous material. Thus, in a perfect crystal, conservation of phonon momentum (gq)
during phonon creation or decay upon interaction with the external radiation field
requires that, in first-order Raman scattering, only optic phonons near the center of
the Brillouin zone (¢ =~ 0) are involved. In amorphous materials, due to the lack of
long-range order, the g vector selection rule does not apply and the Raman spectrum
resembles the phonon density of states. In the intermediate case of nanocrystalline
materials, due to the uncertainty principle, a range of g vectors of the order Ag =~ 1/L
(where L is the particle size) can be involved in the Raman process (62-65). The
approach employed in the phonon confinement model follows from the work by
Richter et al. (62), which shows that the relaxation of the conservation of phonon
momentum selection rule arises from substitution of the phonon wave function in
an infinite crystal by a wave function in which the phonon is confined in the vol-
ume of the crystallite. In their approach, which is employed to explain the first-order
Raman spectrum of microcrystalline spherical silicon particles, it is used as a Gaussian
function to impose the phonon localization. Later, Campbell and Fauchet extend the
model by using other confinement functions and considering different shapes for the
nanocrystallites (spherical, columnar, or thin films) (64). They found that the Raman
spectrum of different semiconductor nanocrystals is best explained by using a Gaus-
sian confinement function similar to the one employed by Richter et al., although
with lower amplitude at the boundaries. By using this model, the first-order Raman
spectrum is, considering the general case of a Gaussian confinement function with
phonon amplitudes at the borders depending on a confinement parameter 8 (62—65),
given by

3 _ 272
1) gJ d’qexp(—q~L"/8pB) (5.10)
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where the integration is carried out over the entire Brillouin zone in the corresponding
symmetry directions, @ (q) is the phonon dispersion curve, and I'¢ is the natural line
width. In the case of an infinite crystal (L — 00), I(w) is a Lorentzian centered at
(0) (the Raman frequency) with a line width of I'g. Application of Eq. 5.10 to any
given Raman line of the perfect crystal results, as experimentally observed (62-64)
in frequency shifts and asymmetric broadenings that increase with decreasing the
particle size of the nanocrystal, and of a sign and magnitude that depends on the form
and dispersion of the w(q) function. Thus, a negative/positive dispersion in w values
as ¢ increases is expected to produce asymmetric low/high-frequency broadening
and a red/blue shift of the peak.

Examples on the application of the phonon confinement model to the analysis of
Raman lines in nanosized TiO, and SnO, materials (62,67) are shown in Figure 5.4
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Figure 5.4. Experimental values (points) and values calculated according to the phonon
confinement model (lines) for the Raman shift with respect to the large crystal value for peaks
at 142 cm™! of anatase TiO, (Eg mode) and 638 em~! of rutile SnO; (Ag mode) as a func-
tion of the particle size. The evolution of the corresponding peaks widths is shown in the inset
(experimental: points; calculated: lines); as inferred from the model, a high/low-frequency
asymmetry was also observed with decreasing the particle size for the 142/ 638-cm ™! peaks.
The figure was constructed with data extracted from Refs. 64 and 65.

similar analyses successfully applied to the study of Raman lines in ZrO; or ZnO
nanoparticles are found in the literature (67,68). In the general case, a qualitative
approach to the model is used to explain the evolutions of Raman peaks with decreas-
ing the size of the nanoparticles. In this sense, it must be considered that in addition
to the uncertainty in the choice of the confinement function and phonon dispersion
curves (in the absence of precise theoretical or experimental results by neutron inelas-
tic scattering), the presence of nonuniform particle size distributions or of imperfect
crystallites (further confining the phonons by the microdomain boundaries or defects)
often leads us to resort to empirical correlations for the analysis (66—74). Some exam-
ples of application of the confinement model for qualitative interpretation of Raman
results in a series of nanostructured oxides like anatase TiO;, CuO, CryO3, ZrTiOy,
or manganese oxides can be found elsewhere (69-75).
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In some cases, refinement of the model by including effects of defects or more
precise consideration of particle size distributions leads to closer approaches to the
experimental results, as shown by Spanier et al. for CeO, nanoparticles (65). Thus, the
analysis of the three-fold degenerated F», peak at 465 cm™! (the only one allowed in
first order) in CeO» nanosized samples with multidisperse size distributions requires
consideration of both the effects of the presence of the vacancies (proposed to increase
with decreasing particle size, at least for sizes below ca. 2nm) (76) and the associ-
ated change in lattice dimensions. Although the former, according to experimental
evidence, is expected to give rise to blue shifts of the peak, this is compensated by
the red shift produced upon lattice expansion (Aa), in accordance with the equation:

Aw = —3ywo(Aajag) (5.11)

where wy is the F,, frequency in pure stoichiometric CeO3, ap is the CeO; lattice
constant, and y = (B/w) dw/dP is the Griineisen constant with B the bulk modu-
lus and dw/dP the linear shift of the frequency with hydrostatic pressure (77). The
result is that the red shift and broadening observed in the Raman line is significantly
larger than expected from the phonon confinement model and that adequate fitting
of the experimental spectra is only obtained when jointly considering the effects of
inhomogeneous strain (associated with the dispersion in lattice constants as a con-
sequence of the presence of vacancies and reduced cerium centers) (76) and phonon
confinement (65). A similar approach has been employed to explain qualitatively the
shifts observed in the main band of Ce—Tb or Ce—Cu mixed-oxide nanoparticles as
a function of the Tb or Cu content (78,79). Another effect of the presence of oxygen
vacancies in the CeO; nanoparticles is the appearance of a new broad peak at ca. 600
cm™! that can be related to a second-order phonon or a local mode centered on the
vacancy positions (65,77,80). The presence of second-order peaks associated with
nanostructured configurations has been also reported for ZrO, (81).

5.4.2. Observation of Acoustic Modes

Another possible consequence of decreasing the particle size in the nanosized oxides
is the appearance of low-frequency bands associated with acoustic modes. An example
is the study performed on SnO,, which for particles from 3.7 nm to 9.5 nm of average
size, displays a peak from ca. 15 cm™! to 60 cm™! that shifts to higher frequency and
becomes less intense and broader with decreasing the particle size (Figure 5.5 shows
the spectrum obtained under a typical backscattering geometry of the spectrometer;
note that correction of the Bose—Einstein phonon occupation factor required for the
analysis is not included) (82). Analysis of such a peak considers the vibration of
the nanoparticle as a whole. Thus, the nanoparticle is considered an elastic body of
spherical shape with two types of vibrational modes: spheroidal and torsional. Then,
after considering different boundary conditions (rigid or stress free), one arrives at
expressions for estimating the frequency of the vibration as a function of the particle
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Figure 5.5. Acoustic modes observed in the Raman spectra of SnO; nanoparticles as a function
of the particle size (courtesy of Dr. A. Diéguez).

size of the type (82):

Sl,tUl,t
w = —

- (5.12)

where v;; is one of the two sound velocities (v; for spherical or longitudinal and
v; for torsional or transversal vibrations) in the bulk of the oxide, S;; is a coeffi-
cient that depends on the sound velocities, and c¢ is the vacuum light velocity. As an
interesting application of this analysis, nondestructive estimation of the particle size
distribution can be done with this model after selecting the most adequate theoreti-
cal condition and applying it to deconvolute the experimental spectrum (82). Similar
analyses have been applied to explain the presence of acoustical phonon modes in
ZrO; nanoparticles (83).

5.4.3. Other Spectral Consequences of Nanostructure

An obvious consequence of decreasing the particle size is that a relatively large
fraction of atoms in the nanoparticle reside on the surface, and as a result, surface
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optical phonons can also be observed with measurable intensity and analyzed by
Raman spectroscopy (in addition to high-resolution electron energy loss spectroscopy
and helium atom scattering techniques, most typically used for this purpose). An inter-
esting application for this purpose is the use of resonant Raman spectroscopy tuned to
the surface region, taking advantage of the different band structures of bulk and surface
(84). The appearance of new vibrations (ascribed to surface phonon modes) different
than those observed for the bulk material and increasing their relative intensity with
decreasing the particle size has been observed in different oxide systems (82,85). A
classic model is usually employed to analyze such surface phonons. According to the
classic optical dispersion theory, each vibrational motion is characterized by an inde-
pendent harmonic electric dipole oscillator with the corresponding transverse optical
(TO) and longitudinal optical (LO) phonon modes. The frequency corresponding to
the surface phonon modes must lie between vto and vy o of any determinate TO-LO
pair and satisfies the following condition:

2 2 |:50 +em(1/Lg — 1) :| (5.13)
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where €9, €00, and g, are dielectric constants for the material (static and high-
frequency ones) and the surrounding medium and L are depolarization factors that
depend on the particle shape. Full details of this theoretical approach and its successful
application to the analysis of SiO, surface modes can be found elsewhere (86).

5.5. TEM AND STEM

TEM is one of the most powerful and versatile techniques for the characterization
of nanostructured systems. Its unique characteristics allow us to achieve atomic
resolution of crystal lattices as well as to obtain (with the assistance of energy
dispersive X-ray spectroscopy—EDS—and electron energy-loss spectroscopy—
EELS—complementary techniques) chemical and electronic information at the
sub-nanometer scale. Numerous monographs have addressed technical or theoreti-
cal aspects involved in modern TEM microscopy employed for characterization of
nanostructured systems as well as particular applications in different fields (see, for
instance, Refs. 87-96 and references therein). The vast extension of the field pre-
cludes giving an exhaustive treatment here, and only a brief outline of the fundamental
aspects of the TEM application to characterization of nanostructured systems will be
thus attempted. As it is well known, the interaction of an electron beam with a solid
specimen results in several elastic or inelastic scattering phenomena (backscatter-
ing or reflection, emission of secondary electrons, X rays or optical photons, and
transmission of the undeviated beam along with beams deviated as a consequence
of elastic—single atom scattering, diffraction—or inelastic phenomena). The TEM
technique is dedicated to the analysis of the transmitted or forward-scattered beam.
Such a beam is passed through a series of lenses, among which the objective lens
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mainly determines the image resolution, in order to obtain the magnified image. In
low-resolution TEM, the objective aperture will be adjusted for selection of the central
beam (containing the less-scattered electrons) or of a particular diffracted (or scat-
tered in any form) beam to form the bright-field or dark-field image, respectively. In
high-resolution TEM (HRTEM), which is usually performed in bright-field mode, the
image is formed by collecting a few diffracted beams in addition to the central one.
Analysis of contrasts observed in the experimental TEM images when using the
central beam by intercepting the electrons scattered through angles larger than a
selected objective aperture is usually done on the basis of amplitude (or scattering)
and mass-thickness or atomic number contrast theories (87,88). Figure 5.6 shows a
typical example of a bright-field image collected in this mode (97,98). The higher con-
trast resolution usually attained in dark-field with respect to bright-field images can be
most useful to analyze particle size or shape of the nanoparticles; an interesting exam-
ple in this sense has been shown in a work by Yin and Wang in which the tetrahedral
shape of CoO nanoparticles is assessed from contrast analysis in dark-field images
(99). On the other hand, interference between the scattered and the incident wave at
the image point is usually analyzed in terms of the phase contrast theoretical approach,

s

Figure 5.6. Bright-field TEM picture of a Ag/AlpO3 catalyst. The darkest zones (some of
them marked with arrows) appear as a consequence of the higher scattering power of silver and
are attributed (on the basis of analysis with other techniques) to oxidic silver nanoparticles (2).
Thickness contrast is also revealed by comparing contrast in different zones in the picture.
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which is employed for interpretation of HRTEM images (87-91). As a result of inter-
action with the specimen, the incoming electron wave is modified into a transmitted
electron wave whose function v (x, y) contains information [the electron wave exiting
from the specimen can be approximated as v (x, y) = explio V, (x,y)], with V), (x, y)
being the electrostatic potential of the specimen projected in the x, y plane and o an
interaction constant) (87-91) on the structural details of the sample. Extraction of
such information by formation of an image at the detector requires further interaction
of the transmitted beam with the series of lenses constituting the microscope optics,
in such a way that the observed image intensity distribution (I(x,y) = |¥, (x, y)|2)
is correlated with 1/ (x, y) through a function T that contains instrumental parameters
(like apertures, wave attenuations, defocus and spherical aberration coefficient of the
objective lens, etc.), according to (87-91).

U, v) = U (u, v)T (1, v) (5.14)

where @m (u, v) represents the Fourier transform of the wave function after the lenses,
1@ (u, v) is the Fourier transform of v (x, y), and u, v are coordinates of the reciprocal
Space vector.

To take into account the influence of the different parameters affecting the contrasts
observed in the experimental images (electron scattering by the sample—particularly
influences of irregular, columnar, etc. disposal of the scatterers—Iens imperfec-
tions, microscope instability, etc.), HRTEM quantitative analysis is usually based
on matching experimental and calculated images, for which various computational
methods have been developed (87,89,93,94,100,101). Figure 5.7 shows an example
of application of simulated images to resolve geometrical aspects in a supported oxide
system (93).

Resolution limits of the TEM technique and schemes to achieve sub-angstrom
resolution have been analyzed in detail by Spence (89). The highest structural resolu-
tion possible (point resolution) when the obtained images can be directly related
to the projected structure of the specimen is given by the Scherzer expression
Ry = 0.6613/ 4C§ / 4, where A is the electron wavelength and C; is the spherical aber-
ration coefficient (89). From this expression and considering the de Broglie formula,
higher resolution is achieved upon use of high-voltage instruments (acceleration volt-
ages higher than 0.5 MeV). Enhanced radiation damage, which may have stronger
effects for nanostructured materials (91), must, however, be considered in that case.
Aberration correction has in turn allowed us to achieve sub-angstrom resolution with
microscopes operating at lower voltages (typically 200 KeV) and to resolve oxygen
atoms in oxides materials (89,93). On the other hand, considering that high resolu-
tion is achieved in TEM as the result of electron wave interference among diffracted
peaks, a limitation to structural resolution can also arise from decreasing the num-
ber of atoms in the nanoparticle (101). This also can pose limitations to routinely
employed determination of particle size distributions, particularly in cases when con-
trast differences between various sample components are not clearly resolved, as
may occur for supported catalysts (101). Considering that such estimations are both
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Figure 5.7. HRTEM image of a Nd>O3/MgO catalyst and simulation (left bottom) of the
NdO3 nanoparticle appearing in the experimental image (marked with an arrow). The best
match is observed to correspond to a rounded, unstrained, monolayer raft of cubic Nd;O3
in [001] orientation grown under parallel orientation over a (001) MgO surface (courtesy of
Dr. J.J. Calvino).

microscope and sample dependent, calculations are generally required to establish
limitations in contrast resolution in each particular case (101,102).

As mentioned, information on chemical and electronic characteristics of the
nanocrystals at a high spatial resolution is also achievable with TEM instruments.
The use of scanning transmission electron microscopy (STEM) in which a fine con-
vergent electron probe is scanned over the sample (the resolution being related to the
probe size that can be as small as 0.1 nm) (95) is particularly useful for this purpose
(87,89,92,100,103). The electrons kinetic energy losses or the X rays emitted as a
consequence of inelastic scattering processes during electron—specimen interaction
can be analyzed by EELS and EDS techniques, which are the two most commonly
used in chemical microanalysis. Due to EDS limitations in detection of light ele-
ments, EELS is most employed for the analysis of oxide materials. In addition to
elemental information, the EELS spectra provide information on the electronic struc-
ture, bonding, and nearest neighbor distribution of the specimen atoms. Among the
different loss regions, the one most useful for this purpose is the high-loss one, related
to electrons that have interacted with inner shell or core electrons of the specimen
atoms. Thus, the information obtained is similar to that given by XAS (see above);
ie., K-, L-, M-, etc. ionization edges of the elements present in the sample appear
in the EELS spectrum (near edge and extended energy-loss fine structure—ELNES
and EXELFS—regions being defined within them). A generally higher energy res-
olution is, however, achieved with EELS, which comparatively facilitates analysis
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of the states present in a determinate band (91). An interesting example of the high
spatial resolution that can be achieved with this type of instruments is provided by
a recent TEM study of ceria nanoparticles (3—20 nm in diameter) in which EELS
spectra can resolve between valence states of cerium at the edge in comparison with
the center of the particles (104). Thus, even though as shown in a joint XPS-XANES
study, this phenomenon is still subject to some debate (105), such a TEM—EELS study
nicely shows the valence reduction of cerium with decreasing the particle size and
the preferential reduction of cerium at the surface of the nanoparticles (104).

In connection with this, TEM images can be also formed with electrons that have
lost a specific energy with respect to a determinate energy threshold of the atomic
inner shell, giving rise to energy-filtered TEM (EF-TEM). A chemical mapping at the
nanoscale can be obtained in this mode, which allows us to resolve the location of
the corresponding elements in the samples, being most useful in cases when small
contrast differences between different sample components are observed in the bright-
field images; in addition, differences observed in the EELS spectra as a function of
the valence state of a determinate element can be exploited by EF-TEM for getting
valence state distributions across the specimen (91,99).

On the other hand, collecting the electrons scattered at high angles in a STEM
instrument (by means of a high-angle annular dark field detector—HAADF) has
proven most useful to obtain images (by the so-called Z-contrast imaging) of small
clusters in catalysts or even single (relatively heavy) atoms or point defects (95,96).
Considering the Mott formula for the electron scattering factor of a single atom
(fo(s) = e[Z — fi(5)]/16m2%¢0s?, with s = sin@/2, f, the X-ray scattering factor of
the atom, 6 the scattering angle, and X the electron wavelength), it is inferred that the
electrons collected at high angles give significant information directly related to the
atomic number. Another application of high utility in the analysis of materials, and
in which significant progress has been achieved during the last years, is in sitt TEM
(95,106,107). Recent advances in this field are collected in the review of Wang (95).

5.6. STM AND AFM

Since the 1980s, STM- and STM-derived local probe methods have experienced a
remarkable development. The seminal ideas behind these microscopies can be traced
back to the early 1970s with the invention of the topografiner (108,109). Ten years
later, Binnig and Rohrer established the basic principles for STM (110,111). For this
important contribution, they received the 1986 Nobel Prize in Physics. In an STM,
the sample surface is scanned with a sharp tip located at a distance of less than a
few nanometers (112). The tip is mounted on a piezoelectric positioner. A voltage
is applied between the sample and the tip, generating a tunneling current that varies
exponentially with separation (110,112). The tunneling current is then measured, and a
feedback control system compares the actual tunneling current with a (user-adjustable)
“set current.” If the actual current is too large or too small, the feedback control system
moves the tip back or forward (respectively). In a first approximation, the movement
of the tip represents variations in the position of the atoms in the surface of the
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sample. The two-dimensional array of numbers representing the surface “height” at
each point is recorded in a computer, displayed in the computer screen, and then
stored on a magnetic or optical device for subsequent analysis (112).

Several approaches have been proposed for the analysis of STM images (113—118).
In general, there is a relationship between the STM image and the geometric and
electronic properties of the surface of a sample. A precise interpretation of the image
at an atomic scale can be a problem (111,117,118) because the image is not at all
a steric representation of the surface but is a view of its electronic structure at the
Fermi level energy. In most cases, it is therefore not possible to directly and simply
relate the bumps and shapes of the STM image to the actual lateral positions of atoms
(118). One must establish how the structural parameters affect the tunneling current
and formation of the image (119,120). A good knowledge of the electronic structure
of the surface and tip is a prerequisite for the calculation of the tunneling current.
To obtain this electronic structure, different quantum mechanical approaches can be
used ranging from the extended Hiickel method to calculations based on density
functional theory (113,118). Various levels of approximation have been proposed for
the calculation of the tunneling current (113-119).

Many methods used to calculate the current rely on perturbation theory (121-125).
Following this formalism, the current between two electrodes (represented by p and
v) can be described as (112).

I = Q2mle|/h) ZWU(E”) — fEDM, *8(E, + le]V — Ey) (5.15)

In this equation, f(E),) represents the Fermi—Dirac distribution function (the first
factor in the summation reflects the fact that electrons must tunnel from an occupied
electronic state to an unoccupied electronic state); M, represents the tunneling matrix
element between state p on the sample and state v on the tip. The §-function term
reflects energy conservation during the tunneling process. The calculation of M, is
not trivial (112,113,118). In the early work of Tersoff and Hamann, an s-wave was
assumed for the tip (114), but in subsequent studies, tunneling matrix elements have
been calculated with p and i states as tip orbitals (112). A single metal atom and
clusters have been used to model the tip (121-125).

When using perturbation theory, the tip and the surface are treated separately,
neglecting any interaction between them. Technically, this is valid only in the limit
of large tip-to-surface distances. Methods have been proposed for the calculation
of the tunneling currents that take into account interactions between the tip and the
sample through a scattering theory formalism (126,127). In principle, the tunnel event
is viewed as a scattering process (118): Incoming electrons from the sample scatter
from the tunnel junction and have a small probability to penetrate into the tip and a
large one to be reflected towards the sample. Multiple scattering events can affect the
current (128,129). Tip-induced localized states and barrier resonances seem to play
an important role in the conductance (130,131).

Although it may not be easy to obtain structural parameters from STM images, this
microscopy can be used in a straightforward way to study the shape or morphology
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Figure 5.8. STM images recorded before and after oxidizing Mo nanoparticles on a Au(111)
template. Image size: 190 x 190 nm? (taken from Ref. 138). See color insert.

of oxide nanostructures as a function of temperature and under reaction conditions
(132-137). Figure 5.8 illustrates how useful this technique can be (138). Initially, Mo
nanoparticles are present on a Au(111) substrate. There is Au—Mo intermixing, and
the nanoparticles are tri-dimensional. Upon oxidation and formation of MoOs, the
STM image shows a radical change in the morphology of the system. There is no
more Au—Mo intermixing, and two-dimensional aggregates of MoOj3 spread out over
the Au(111) substrate (138).

The dependence of STM images on applied bias can be used as the basis for a
true atomic-resolution tunneling spectroscopy (135). The effects of the voltage on the
tunneling current depend on the electronic properties of the sample, and thus, infor-
mation can be obtained about local density of states and band gaps (139). Tunneling
spectroscopy data can be compared directly with area-averaging probes of electronic
structure such as photoemission and inverse photoemission spectroscopies (140,141).
As the tunneling data can be acquired with atomic resolution, one could be able to
directly visualize the spatial distribution of individual electronic states (140,141).

In AFM, a tip is mounted on a cantilever (112,113). Forces exerted by the sample
on the tip bend the cantilever, and this deflection is used in a feedback system in a
manner analogous to the tunneling current in the STM. The forces relevant to AFM
are of electromagnetic origin (142). In the absence of external fields, the dominant
forces are van der Waals interactions, short-range repulsive interactions, adhesion,
and capillary forces (142). The interaction between the tip and the sample can be
operated on either the attractive or the repulsive parts of the interatomic potential
curve. Most experiments for contact AFM are performed on the steeply rising repulsive
part of the potential curve (112). Operation in the attractive region is intrinsically
more difficult because it involves weaker interactions and requires the measuring
of both the force and the force gradient (112). However, true atomic resolution is
easier to achieve using attractive-mode contact AFM (112,113). Images obtained with
repulsive-mode contact AFM may show atomic periodicity while not truly achieving
atomic resolution.
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In the last decade, ATM has experienced a significant transformation by using
a vibrating probe to explore the surface morphology (142). Dynamic or noncon-
tact AFM methods are emerging as powerful and versatile techniques for atomic
and nanometer-scale characterization (112,113,142). In dynamic AFM, there are two
major modes of operation (143-145): amplitude modulation and frequency modu-
lation (AM—-AFM and FM-AFM, respectively). Using FM—-AFM, images with very
good atomic resolution have been obtained for semiconductors and insulator sam-
ples (146—-148). Because AFM does not involve the induction of a tunneling current
between the probing tip and sample, it can be applied to study oxide systems that
have a low conductivity (insulators or wide band-gap semiconductors) (149—150).

To obtain structural parameters from AFM images, one must model the movement
of the cantilever over the sample in an accurate way (112,142). To gain insight into
the tip motion, several authors have considered the cantilever-tip ensemble as a point-
mass spring, and thus, the movement can be described by a nonlinear, second-order
differential equation (151-153).

ml + kI + (mw,/Q)I = Fi5 + F, cos(wt) (5.16)

where F,, and w are the amplitude and angular frequency of the driving force. Q, w,,
and k are the quality factor, angular resonance frequency, and the force constant of
the free cantilever, respectively. Fy; contains the tip—surface interaction forces. In
the absence of tip—surface forces, Eq. 5.15 describes the motion of a forced harmonic
oscillator with damping (142). The mathematical expressions for F, in general can be
complex and contain terms for long-range attractive interactions, short-range repulsive
interactions, adhesion, and capillary forces (142).
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6.1. INTRODUCTION

The electronic structure of a solid is affected by size and altered from the continuous
electronic levels forming a band, characteristic of bulk or microsized solids, to
discrete-like or quantized levels. This is drastically observed when the particle size
goes down to the nanometer range and is the origin of the so-called “quantum confine-
ment” terminology referring to this phenomenon. From a solid state point of view,
electronic states of confined materials can be considered as being a superposition
of bulk-like states with a concomitant increase of the oscillator strength (1). The
valence/conduction bandwidth and position observables of a solid oxide are func-
tions of the crystal potential, and this, in turn, is perturbed by the effect of the size
in two ways: a short-range effect induced by the presence of ions with a different
coordination number and bond distance, and a large-range one, induced by changes
in the Madelung potential of the oxide. Theoretical analyses for oxides show a redis-
tribution of charge when going from large periodic structures to small clusters, which
is roughly considered small for ionic solids and significantly important for covalent
ones (2,3). Chapter 1 describes the most recent theoretical frameworks employed to
deal with these physical phenomena, whereas here we will describe their influence in
physico-chemical observables obtained by spectroscopical techniques.

In brief, natural consequences of these size-induced complex phenomena are band
narrowing and change of band energy (1,4). The thermodynamic limit (at 0 K) for a
chemical step/reaction that can be carried out with charged particles (electron or holes
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located in electronic levels) is given by the position of the band edges, the so-called
flat band potential. Both size-induced band-related changes modulate the onset energy
where absorption occurs, e.g., the band gap energy, changing also the Fermi level of the
system and the chemical potential of charge carrier species hosted by these electronic
levels. An additional consequence of nanostructure when speaking of semiconductor
or insulator oxides is the presence of new electronic states located in the bulk band
gap. As is well known, perfect crystals do not display such electronic features and
are thus directly or indirectly related to a finite size in the nanometer range. Such
mid-gap states are sometimes called “surface states” as the main structural sources of
their origin are the presence of a different local symmetry at the surface and/or the
presence of additional defects, among which the most typical in nano-oxides are of
a punctual nature (oxygen vacancies or interstitial ions) located at/near the surface
(3,5,6). The energy distribution of vacancy-related mid-gap energy levels has been
experimentally obtained (7-9), allowing the comparison between different samples.
Roughly speaking, donor levels are energetically near the conduction band, whereas
acceptor ones are located near the valence band and create Gaussian-like distributions
with a width proportional to the two-thirds power of the number of defects (10).
Such electronic levels display distributions ranging from 0 to a few tens (ca. 0.7)
of electronvolts from the corresponding flat band potential with maxima (or depths)
located sometimes at 0—100 meV (7,11) and others well above such energies (3,10,12).
Both types are phenomenologically differentiated in shallow and deep (mid-gap)
electronic levels and display distinctive features when charged particles (electrons or
holes) interact with them (13). One last general point to mention here is the absence
in nano-particulate materials of band bending under contact with the external media
in a heterogeneous chemical reaction (14). This infers an important property to all
nanostructured oxides under light excitation, as it facilitates the presence of both
charge carrier species, electron and holes, at the surface of the particle, ready to
be involved in subsequent chemical steps. This contrasts with the situation of bulk-
like semiconductors where one of the charge carriers is typically depleted from the
surface area.

These electronic implications of size are mainly studied by using three different
techniques based on the interaction between photons and the solid phase. The first
one uses (soft and hard) X-ray photons to excite internal or core electrons and to
analyze the absorption coefficient as a function of the incident photon energy; this
is the so-called X-ray absorption near-edge structure (XANES), which allows the
scanning of the (locally projected, see below) density of unoccupied electronic states.
A second type of technique is based on optical absorption of visible/ultraviolet pho-
tons with an energy that allows to study intra-atomic (typically d—d transitions in
transition elements) and charge transfer (near or band gap energies) excitations; they
are frequently used to study (optical) band gap energies and unoccupied localized
states at the band gap of nanometer solids. A third type of technique, photo-emission,
is used to analyze the density of occupied states of solids and may give information
about the valence band as well as more inner levels. Several emission optical tech-
niques may also provide information about the electronic properties of solid oxides,
but usually they do not add additional input to the main electronic characteristics
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as studied by the three techniques mentioned above. A main problem when dealing
with nanoparticulated solid oxides, which is present in all results obtained with these
spectroscopical techniques, comes from the broad size distribution typically obtained
during the synthesis of the material, significantly larger than those characteristic of
other types of materials. This obscures the detailed investigation of the electronic
properties in many occasions.

6.2. XANES

As discussed in Chapter 5 for XAS techniques, XANES spectroscopy probes the elec-
tronic state of an absorbent atom of the X-ray radiation. The two XAS techniques are
sensible to local order, making them specially suitable for analyzing nanostructured
materials, but they differ in that XANES is essentially not affected by thermal effects;
in the absence of vibronic or specific (nonfrequent) cases of spin-orbit coupling,
the recording temperature does not affect the XANES shape (15-18). Recent work
on XANES concerning nanostructured oxides has been published for Al (19), Mg
(20), Ti (21-25), V (26), Fe (27-29), Ni (30), Zn (31), Sn-In (32) and Ce (33-37)
containing systems, whereas older work is summarized in Refs. 18 and 38. These
studies showed that bulk XANES shape is typically reached by clusters of around
80—100 metal atoms, and thus, solids with a typical dimension below 4 nm show a char-
acteristic, distinctive XANES shape. This happens because, in terms of the scattering
theory, the different continuum resonances (CRs) are dominated by contributions cor-
responding to different coordination shells and may not be present or display variations
in energy/intensity with respect to the bulk material in the corresponding XANES
spectrum of a size-limited material (19,21,28-30). At the moment, not precise infor-
mation is available concerning differences between surface species present in nanos-
tructured and two-dimensional (2D)-infinite surfaces. A general feature shared by all
nanostructured oxide materials with size typically below 10-15 nm is that they dis-
play broader CRs with respect to well-crystallized references (19,21,24-26,31,33,39).
This can be observed in the inset of Figure 6.1; the derivative spectra give evidence of
a larger overlap between CRs. The reason for this can be understood in terms of the
f-rule (40). This rule implies that the total absorption over all edges and energies is a
constant independent of the final state nature; therefore, disorder, inherent to nanos-
tructured materials, broadens the spectrum without altering the overall intensity (22).
The large overlap of CRs usually limits information concerning electronic effects of
nanostructure, but some details are still available/resolved when analyzed low-energy
(below 1 KeV) absorption edges, even for nearly amorphous materials (41,42).

A strong influence of size can be also found in the 1s — d pre-edge transition
present at K absorption edges (1s absorption spectra; see Figure 6.1a) of transition
metal cations inserted in an oxide matrix. Other elements do not present this pre-edge
as they have a fully occupied d band. Both a direct 1s to nd quadrupole transition and
dipole transitions to states with (n + 1)p character hybridized with the nd sub-band
are possible (18). Typically, the matrix element of a dipole transition (see Eq. 5.8 in
Chapter 5) is about two orders of magnitude larger than quadrupole ones, but on the
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Figure 6.1. (a) Ti K-edge XANES spectra of bulk and nanostructured TiO, samples. (b) Ce

Lir-edge XANES spectra of bulk and nanostructured CeO; samples. Inset, derivative spectra
of bulk (dot line) and 5-nm size (full line) specimens.

other hand, the amount of d character at or immediately below of the Fermi region is
by far larger than the p one in transition metal ions. Depending on the particular system
we are dealing with, the contributions from dipole and quadrupole can be equivalent or
one can be neglected. In particular, for centro-symmetric systems, like cubic systems,
only a very small admixture of p states is allowed into the nd sub-band, whereas in
non-centro-symmetric systems, p/d mixing is symmetry allowed. It is obvious that
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corners, edges, and in general, surface positions are non-centro-symmetric and can
be therefore differentiated in the case of many oxides.

The 1s — d transition can be composed by several peaks, depending on the
symmetry and oxidation state of the metal ion constituting the oxide. Reviews of
the literature can be found in Refs. 18 and 43. The electronic fine details enclosed in the
pre-edge structure are, however, masked by resolution problems when working with
most of the ions of chemical interest (transition or lanthanides), but the recent setting-
up of resonant inelastic X-ray scattering may soon eliminate such a problem while
working with hard X-rays, which allow us to characterize the system in essentially
any experimental condition (e.g., in situ) (44). In the first transition row, with current
setups, three/two peaks can be observed from Ti to Fe cations in centro-symmetric
positions due to the (s)p-d mixing of the absorbent/central cation orbitals as well as
to the presence of quadrupole transitions to d-like states of neighboring atoms. For
some low oxidation states, low spin configurations, and non-centro-symmetric posi-
tions of the above-mentioned cations as well as from Co- to Cu-containing oxides, a
single (most often dominant but not unique as is accompanied by shoulders) peak is
obtained. As an example, Figure 6.1a displays the presence of a characteristic peak
at the left of the vertical line, indicative of five-fold-coordinated surface Ti ions, not
present in the bulk of the material, which therefore, allows us to investigate the char-
acteristics as well as the quantity of surface species in Titania. Data on the second
and third transition row are more scarce and usually less well defined due to poor
energy resolution coming from the large core-hole lifetime inherent to the high pho-
ton energy used (above 17 KeV) (18). As mentioned, this may change in the near
future with the removal of the lifetime broadening in XANES spectra by standarizing
detection schemes using low-medium energy X-ray photoemission, emission decay,
or Auger channels (44,45). Of course, this will be able to give larger resolution in
the complete XANES spectrum, enhancing the electronic information extracted by
using this technique but at the expense of a strong decrease in signal intensity. On the
other hand, a detection scheme based in X-ray emission, like, for example, using the
1snp fluorescence channel, would open a window to site-selective XANES and the
corresponding speciation of species by chemical, surface/bulk, or other interesting
properties (44).

XANES can be used for the characterization of oxide nanoparticles under reaction
conditions, varying pressure or temperature as a function of time (3,18). This is illus-
trated by the Ce Ljjj-edge XANES data shown in Figure 6.2. This figure compares
spectra from a CepgCug 0, nanocatalyst under the water gas shift (WGS) reac-
tion (CO + H,O — CO; + Hy) at different temperatures (37). As mentioned, the Ce
Lir-edge is frequently used as a “fingerprint” to characterize the electronic proper-
ties of ceria-based materials (18). The electronic transitions behind these XANES
features are complex. In pure stoichiometric CeO,, the Ce Lyj-edge exhibits two
clear peaks frequently labeled B1 and C (18). A third peak, with lower photon energy
than B1, can be obtained by curve fitting (18). Included in Figure 6.2 is the spec-
trum for a Ce(NOj3)j3 - 6H,O reference, in which the cerium atoms are trivalent
(Ce3+). The two main peaks in the spectrum of the CepgCug,0> sample at room
temperature are separated by approximately 7 eV, in agreement with results for pure
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Figure 6.2. Ce Lyjj-edge XANES spectra collected for Ceg gCug 2O during the WGS reaction
at different temperatures. Included for comparison is the spectrum for a Ce(NO3)3 - 6H,O
reference, which contains only Ce3t cations (taken from Ref. 37). See color insert.

CeO; nanoparticles (37). Based on a comparison of the intensities of the spectra
near the Ce3* position, one can confirm that oxygen vacancies and Ce>" cations are
formed during the WGS reaction. The amount of oxygen vacancies and Ce>" is seen
to increase with the raise of the reaction temperature up to 300 °C, but decreased at
higher temperatures, especially above 400 °C. This type of information is essential
for establishing the mechanism of the chemical reaction and studying the behavior
of the CepgCug >0, nanoparticles as catalysts (37). In many technological applica-
tions (catalysts, sorbents, sensors, fuel cells, etc.), the electronic properties of oxide
nanoparticles undergo important changes during operation and XANES can be a very
useful technique to follow these changes in situ (15,18,37,41).

6.3. OPTICAL ABSORPTION

Optical techniques can be devoted to the analysis of metal-oxide electronic structures.
As a major part of oxides are semiconductors or insulators, we will first detail such
cases. The absorbance (1) of a solid semiconductor can be calculated by using the
relation:

- (1- F)2 exp—ot()»)(s
T 1=F2 exp—2“(”5

6.1)

where T is the measured transmittance, F is the reflectance, and § is the optical
path length (46). Metal oxides can be direct or indirect semiconductors depending
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on whether the valence to conduction band electronic transition is dipole allowed or
forbidden. In the latter case, the electronic transition is vibrationally allowed through
vibronic coupling and phonon assisted. The intensity of the corresponding electronic
transition is several orders of magnitude lower for indirect with respect to direct
band gap semiconductors (47). Indirect band gap semiconductors thus display a step
structure at the absorption onset originated from the momentum-conserving optical
phonon absorption and emission and a general stronger dependence of the absorption
coefficient with energy near the edge (46,47). The absorption coefficient dependence
of energy is stated in Eq. 6.2, where n equals one half or 2 for, respectively, direct
and indirect semiconductors:

a(r) = B(hv — Eg)" (hw) ™! (6.2)

where B is a constant and E, is the band gap energy.

As mentioned in Section 6.1, the nanostructure has a strong impact on the elec-
tronic structure of oxides producing the so-called quantum size of confinement effects.
From a solid-state point of view, nanostructured oxides have discrete, atom-like
electronic levels that can be considered as being a superposition of bulk-like states
with a concomitant increase in oscillator strength (4,48). Electronic effects related to
quantum confinement potentially visible by optical absorption are the shift in band
gap energy as a function of primary particle size as well as the discretization of
the absorption, presenting a well-defined structure instead of the featureless profile
typical of bulk solids (4,48). In metal oxides, however, the influence of nanostruc-
ture in optical spectroscopy data is mostly confined to the absorption onset energy
as inhomogeneous broadening resulting from the particle size distribution induces
broadening of the spectrum and limits the study of the shape of the optical absorption
spectrum.

The onset of the optical absorption spectrum occurs at the so-called first exciton
(electron-hole pair created after light absorption) or optical band gap energy. The
most widespread, simple theoretical framework to study the influence of confinement
effects and, particularly, the primary particle size influence in exciton energy, is the
so-called effective-mass approximation (EMA) (4,48). Other theories as the free-
exciton collision model (FECM) (49) have been implemented and although are much
less used may become alternatives in the near future for massive use. The EMA
theory assumes parabolic energy bands, infinitely confining potential at the interface
of the spherical semiconductor particle, and limits main energy terms to electron-
hole interaction energy (Coulomb term) and the confinement energy of electron and
hole (kinetic term). For experimental work, it is customary to identify three different
energy regions as a function of the average crystalline radius (R) of the semiconductor
particle:

(1) R > ap, where agp is the exciton Bohr radius of the extended/bulk semicon-
ductor, defined as ag = a, + ay, where a, and a;, are the electron and hole
Bohr radii, respectively. This is the regime of weak confinement, and the dom-
inant energy is the Coulomb term; a size quantization of the motion of the
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exciton occurs (electron-hole pair is treated as a quasi-particle). The energy
of the lowest excited state is a function of R as

22

ER) =E, + ——
®) ng2MR2

6.3)

where E; is the band gap energy of the extended/bulk semiconductor and
M is the mass of the exciton (M = m} + mZ; m* being the effective mass of
electron and hole). This indicates a blue shift of E(R) as a function of R—2.

R < ap or strong confinement region, where the Coulomb term can be treated
as a perturbation and electron and holes are treated as confined independent
particles, so the exciton is not formed and separate size quantization of electron
and hole is the dominant factor. In this case, E(R) for the lowest excited state
of a spherical cluster is given by

ER) =E, + +0248Er  (6.4)

B2 (1 1 1.786¢2
2R2

mi - my £
where the first corrective term to Ej is the confinement term, the second is the
Coulomb correction with &, the dielectric constant of the bulk semiconductor,
and the third is the spatial correlation energy correction, being Eg the exciton
Rydberg energy (4,48,50). As is well known, this formula overestimates the
E(R) energy and is being corrected by using an effective bond-order model
(EBOM) to construct the hole Hamiltonian, include spin-orbit coupling, and
finite confining potential (51), or by introducing the effect of shape distortion
from a spherical particle model (52). Alternative methods including these novel
points in the framework of the tight-binding (53) or pseudopotential (54,55)
theories have been also published. An important additional challenge to these
theories is to develop consistent theoretical estimates of the ¢, dependence
with R (48).

The region between weak and strong confinement has not been thoroughly
investigated but has deserved some attempts for specific semiconductors
(56). The intermediate regime is precisely defined as the region where R, >
Rp > Ry, and here the hole is quasi-localized and the absorption spectrum
comes from the oscillation movement of the hole around the center of the
nano-crystal, suffering an average potential corresponding to the much faster
electron movement (48).

From the above discussion, it can be thus concluded that metal-oxide semiconduc-
tors would present, as a first rough approximation, an optical band gap energy with
an inverse squared dependence of the primary particle size if quantum confinement
dominates the energy behavior of the band gap. Figure 6.3 shows that this happens
to be the case for (direct band gap) Fe,O3 (57) or (indirect band gap) CdO (58) but
not for Cuy0 (59), CeO; (36,60), ZnO (61,62), and TiO; (63,64). Limited deviations
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Figure 6.3. Optical band gap energy as a function of the inverse-squared primary particle size
for several metal oxides.

from the R~2 behavior, as observed for ZnO in Figure 6.3 or SnO; (65) can be based
on the known fact that the theory (Eqs. 6.3 and 6.4) overestimates the blue shift and
can be justified with a proper calculation of electronic states by using simple quan-
tum mechanical methods, whereas marked deviations are usually based on several
chemical/physical phenomena not accounted for in the previous discussion. In the
case of Cup0 (59) or CeO; (36,60,60), it appears to be directly related to the pre-
sence of Cu®* (remarkably for very low particle size) and Ce3* ions at the surface
of the nanostructured materials. At the moment, it is not clear whether the presence
of these oxidation states are intrinsic to the nanostructure or result from the specific
procedure of preparation. The case of WOj3 also shares some difficulties pointed out
above. Kubo et al. were able to show that the band gap of this oxide decrease with
size from ca. 3.0 to 2.8 eV as a function of R~! (67), but the presence of a variable
number of oxygen defects, reduced W redox states, and mid-gap electronic states
with size makes this an open question (68). Besides electronic modifications, alien
ions, like Cu?T and Ce3T above, induce strain effects and concomitant structural dif-
ferences in atomic positions with respect to bulk positions. The influence of strain
in the absorption spectrum has been nicely demonstrated in the work of Ong et al.
for ZnO (69), showing the splitting of the first exciton peak for large values of com-
pressive strain. Strain effects are inherent to nanostructured materials (3,70) and may
comprise general, ambiguous term of “surface” effects usually claimed to account for
significant deviations from Egs. 6.3 and 6.4. Surface effects related to the preparation
method and particularly important for very low particle size are sometimes observed
for certain oxides, as SnO, (71) or ZrO; (72).
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TiO3 is the other example included in Figure 6.3 having a band gap energy behavior
with marked differences from that expected from Eqs. 6.3 and 6.4. Although bulk
TiO; is an indirect semiconductor, nanostructured TiO, materials are likely direct
ones (63,73). This may be a general result. As discussed in Ref. 74, the confinement
of charge carriers in a limited space causes their wave functions to spread out in
momentum space, in turn increasing the likehood of radiative transitions for bulk
indirect semiconductors. This may also be the case of NiO (75). The indirect nature
of the absorption onset would complicate the analysis of the optical band gap energy
due to the above-mentioned step structure of the absorption onset (which includes
phonon-related absorption/emission features) (76). Despite this complication, the
steady behavior shown in Figure 6.3 cannot be accounted for by small variations in
the absorption onset and should be grounded in other physical phenomena. For small
primary particle sizes, below 3—4 nm, this has been claimed to be based on a fortuitous
cancellation effect between the kinetic/confinement and Coulomb terms in Eq. 6.4,
but electronic grounds for this phenomenon still need to be understood. For indirect
band gap semiconductors, recent theoretical results (54) suggest the presence of a red
shift instead of a blue one with a primary particle size decrease, but recent careful
experimental data corroborate the existence of the blue shift qualitatively described
by Eq. 6.4 (76).

The nanostructure not only affects the band gap energy, but at the long wavelength
of the charge transfer or main absorption band, a weak exponential absorbance decay
can be observed. At a given temperature, this region can be modeled following the
Urbach empirical formula, yielding an energy parameter describing the width of this
exponential absorption edge (77). In certain oxides, the width of Urbach tails has been
correlated with the degree of crystallinity, giving thus a quantitative tool to compare
this property on structurally similar samples (78).

As happens with the absorption, the emission spectrum followed by photo-
luminiscence or fluorescence from nanostructured samples has specific characteristics
with respect to bulk systems (4,48). However, they do not usually add further insights
into the main electronic structure of metal oxides and will not be treated here. A last
word in this section can be said concerning semi-metallic or metallic metal oxides (as
VO, atT > 373 K). Although a metal-to-insulator transition is expected as a function
of size (1,4), this has not been analyzed in detail. Therefore, as a rough picture, we may
expect the discretization of electronic levels and presence of well-defined transitions,
which however, would be typically broadened by the “size distribution” effect.

6.4. VALENCE- AND CORE-LEVEL PHOTO-EMISSION

The roots of core- and valence-level photo-emission can be traced back to the famous
article of Einstein explaining the photo-electric effect (79). For a solid, the relationship
between the kinetic energy of the photoemitted electron (Ex) and the energy of the

incident radiation (hw) is given by the equation:

Ex = hw — Eg — WF (6.5)
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where Ep is the binding energy of the electron in the solid and WF is the system “work
function” (a catch-all term whose precise value depends on both the sample and the
spectrometer) (80). Equation 6.5 assumes that the photo-emission process is an elastic
process between matter and the external electric field. The photo-emission process is
the dominant de-excitation channel for atoms with atomic number Z lower than 30/50
for K/L edges, whereas Auger electrons dominate de-excitation for Z > 30/50. Thus,
each characteristic excitation energy (hw) will give rise to a series of photo-electron
peaks that reflect the discrete binding energies of the electrons (with energy lower or
equal than the excitation one) present in the system (80). The intensity of the peak
is essentially an atomic property and thus allows the quantification of the absorber
atom at the surface and near the surface layer (80).

In the period of 1950-1970, pioneer work by the groups of Siegbahn (81), Turner
(82), and Spicer (83) showed that spectra with well-resolved ionization peaks could
be obtained when using high-resolution electron energy spectrometers combined
with X-ray or ultraviolet radiation for photo-excitation. The typical experiments
of X-ray photoelectron spectroscopy (XPS) use Mg Ko (1253.6eV) or Al Kua
(1486.6 e V) radiation to excite the electrons (80). He 1 (21.21 eV) and He I1 (40.82 eV)
are photon energies frequently used in ultraviolet photoelectron spectroscopy (84).
Synchrotrons are a very valuable tool for performing photo-emission experiments
(85-87). Electrons orbiting in a synchrotron emit radiation that spans a wide spec-
tral region and is highly collimated and polarized. Using the facilities available at
synchrotrons, one can get photo-emission spectra that have simultaneously a very
high resolution and excellent signal-to-noise ratio (77,78). The acquisition of spectra
can be very fast, and chemical transformations can be followed as a function of time
(88-90).

6.4.1. Valence Photo-Emission

Depending on their energy, the levels occupied by the electrons in a nanoparticle can
be labeled as core (>50¢eV), semi-core, or valence (<20eV) (80). In the valence
region, the electrons occupy de-localized or bonding orbitals. The spectrum in this
region consist of many closely spaced levels giving rise to a band structure (91-94).
For large oxide nanoparticles, valence bands similar to those of the bulk materials
are expected. As the size of the nanoparticles decreases, unique features could appear
in the valence region (95,96), and eventually the valence bands could break down
into discrete levels in the case of small oxide clusters (97). In their bulk states, some
oxides can have metallic character, but most frequently these systems behave as
semiconductors or insulators and have a significant gap between the valence and the
conduction bands. Due to size effects, a nanoparticle could have a band gap energy
differing from that of its bulk state (see Section 6.3 for a detailed analysis), and
this could be detected in valence photo-emission (96-98). This technique is also very
useful to verify the presence of O vacancies in an oxide nanoparticle. Electronic states
associated with O vacancies usually appear above the valence band of the oxide in
the band gap (99,100).
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6.4.2. Core-level Photoemission

The discovery, during the early days of XPS (80,81), that nonequivalent atoms, either
by symmetry or oxidation state, of the same element in a solid gave rise to core-level
peaks with different binding energies had a stimulating effect on the development
of the field (80). Core-level photo-emission can be very sensitive to changes in the
oxidation state of an element in an oxide nanoparticle (3). Thus, different oxides of
the same metal element in many cases have substantially different core-level binding
energies (101). Figure 6.4 illustrates the utility of core-level photo-emission for the
characterization of oxide nanoparticles. These XPS data were acquired in experiments
similar to those that produced the STM images of Figure 5.8 in Chapter 5 (102). MoO3
and Mo, O5 were prepared by the oxidation of Mo nanoparticles present on a Au(111)
substrate. Initially, there is intermixing of Mo and Au. The formation of the MoOx
nanoparticles induces migration of Mo from inside the Au substrate to the surface,
and thus, there is a big increase in the intensity of the signal for the Mo 3d core levels
(102,103). A Mo — MoO3 transformation is accompanied by a shift of ~4.3eV in
the Mo 3d levels. At small concentrations of molybdenum (~0.05 monolayer), the

0.05 ML Mo on Au (111) 0.10 ML Mo on Au (111)
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Figure 6.4. Left-side panel: Mo 3d photo-emission spectra taken from 0.05 monolayer (ML)
of Mo deposited on a Au(111) substrate: (a) before oxidation of the Mo nanoparticles, (b) after
oxidation at 500 K, and (c¢) upon heating the sample to 700 K. Right-side panel: Mo 3d spectra
taken for a Au(111) substrate covered by 0.10 ML of molybdenum: (a) before oxidation, (b)
after a first oxidation at S00K, (c¢) after a second oxidation at 500K, (d) upon heating the
oxidized sample to 700 K, and (e) after final heating to 800 K (taken from Ref. 102).
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Mo nanoparticles can be fully oxidized (left-side panel in Figure 6.4, spectrum b).
On the other hand, after oxidizing a larger concentration of molybdenum (~0.10
monolayer), photo-emission shows a mixture of MoO3 and Mo, Os (right-side panel
in Figure 6.4, spectra b, ¢, and d) (102).

Core-level binding-energy shifts constitute one of the most widely used diagnostic
tools for routine chemical analysis in industrial laboratories (104). A lot of effort
has been focused on the interpretation of these shifts (80,104). A core-level binding
energy is fundamentally a difference in total energy between the ground and the
unbound continuum excited states of a system. This difference can have initial- and
final-state contributions (104). To induce a core-level shift with respect to a well-
defined reference, one can modify the initial or final state. Thus, a change in the
oxidation state of an element can lead to a shift in its core-level binding energies
(initial state effect), but a core-level shift also can be produced by a variation in the
screening of the hole left by the emitted electron (final state effect) (104). A priori,
it is not easy to evaluate final-state contributions to core-level binding-energy shifts
(80,104).

Several models, based on physical simplifications of the photo-emission process,
have been proposed for the analysis of core-level shifts in oxide compounds (104—
111). The physical basis for a core-level shift can be illustrated by a simple charge
potential model (80,81):

E; = ER + kq; + 23qi/ry (6.6)

where E; is the binding energy of a particular core level on atom i, E;X is an energy
reference, ¢g; is the charge on atom i, and the final term of Eq. 6.6 sums the potential at
atom 7 due to “point charges” on surroundings atoms j. The last term can be expressed
as V; = X3g;/r;. Then, the shift in binding energy for a given core level of atom i in
two different chemical environments is (80)

1 2 1 2 1 2
EV —E? =k(q" — ¢+ vV = v?) (6.7)

1 14
The first term, kAg;, indicates that an increase in binding energy accompanies a
decrease in the valence electron density on atom i. The second term depends on the
charge distribution of the whole system, is related to the Madelung potential of the
oxide, and has an opposite sign to Ag; in Eq. 6.7 (80,81). For highly ionic oxides,
the effects of the Madelung potential can be quite strong and dominate the overall
direction of the core-level shifts (80,104). Thus, Hartree—Fock self-consistent field
calculations for BaO clusters show that the removal of two s electrons leads to an
increase of the core-level binding energies in Ba>* over neutral Ba (as expected), but
this increase is offset by the Madelung potential and the XPS measurements show a net
negative core-level shift. The dominance of these two electrostatic effects in the core-
level shifts of all alkaline-earth oxides was also demonstrated (106). From Eq. 6.7,
it is clear that one can have a core-level shift in an oxide nanoparticle by changing
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the oxidation state of atom i, by modifying the Madelung potential, by the creation
of O vacancies, or by just moving the atom i to a nonequivalent position (like surface
ones) within the structure of the system. It is important to take into consideration that
the Madelung potential of a nanoparticle or nanostructure of an oxide can be different
from that of the bulk material and affect not only the position but also the intensity
of the peaks in an XPS spectrum (112,113).

Equation (6.7) is a first approximation to the problem of core-level shifts and
in general should be used only in qualitative terms (80,104). A major simplifica-
tion of the charge potential model is that it neglects relaxation effects; e.g., it does
not take into account the polarization effect of the core hole on the surrounding
electrons, both intra-atomic (on atom i) and extra-atomic (on atoms j) (80,104). A
precise interpretation of core-level binding energy shifts frequently requires the use
of quantum-mechanical calculations (105,106,111). This is the best way to separate
contributions from initial and final state effects (114—116). Initial state effects are
frequently calculated by the Koopman’s theorem, which essentially depends on the
“sudden approximation,” explained in Section 5.3, to describe the photo-emission
process as being realized by one electron, whereas the remaining N — 1 electrons
of the system are “frozen.” The use of the full electron (final-state) wave functions
yields the core-hole energy. Note that several final-state wave functions correspond-
ing to a localized/delocalized nature of the hole and the existence of hole-induced
charge transfer (M "+D+ — L=1) are usually possible. The latter typically produces
the presence of secondary peaks, close to the main but with lower intensity, for transi-
tion metals oxides having d holes in the final state. The difference between these two
quantities, e.g., the initial state and the core-hole energies, is the relaxation energy
(80,104). The relaxation energy may vary from one oxide to another and with the size
of the particle, because it is affected by the Madelung potential and this changes with
size (104,113).

Charging is a phenomenon that can occur when the conductivity of the oxide
nanoparticles or nanostructures is too low to replenish the photo-emitted electron
(80,104). This means that a significant net positive charge accumulates in the sys-
tem and eventually produces a shift in the binding energy position of the core and
valence levels. Unfortunately, a fully satisfactory solution to charging problems is
not yet available. Several approaches have been proposed (80,104). A flood gun is
one of the easiest and most common solutions to charging problems. It produces
a huge increase in the concentration of low-energy electrons. One must verify that
these “extra” electrons do not induce any structural or chemical transformation in the
sample. Whenever possible, it is highly advantageous to deposit the oxide nanoparti-
cles on a conducting support (117,118). During the photo-emission process, electrons
spill from the support and neutralize the charging effects. The data in Figure 6.4 show
how effective this approach can be (102).

The low-pressure conditions in which XPS spectra are taken (<10~ Torr) can
induce the loss of Oy gas and formation of O vacancies in oxide nanoparticles (112).
This can become a serious problem if the oxide system is easy to reduce. For example,
measurements of XPS for ceria nanoparticles give a concentration of Ce3* cations
that is much larger than that detected with XANES (112).
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7.1. INTRODUCTION

This chapter provides a unified point of view of the different theoretical methods used
in the study of electronic structure and a survey of recent representative application on
oxide particles. Depending on the computer power, these methods can be applied to a
wide number of systems, although applications to oxide nanoparticles are still scarce.
This chapter focuses on two families of methods broadly used in computational mate-
rial science. Both families are based on the principles of quantum mechanics. On the
one hand, one has the so-called ab initio methods of electronic structures aimed to
obtain accurate electronic wave functions and, on the other hand, the methods based
on the modern density functional theory are especially well suited to describe very
large systems. The general “first principles” term is used to refer to these methods,
although the “ab initio” term is usually reserved for wave function methods. In the
forthcoming discussion, the focus lies mainly on the mathematical foundation and
physical significance of these methods rather than on the technical aspects of com-
puter implementation. Details of the methods outlined in this section can be found in
specialized references, monographs (1), and textbooks (2,3).

Finally, we would like to point out that one of the main goals of the computational
methods described below is to explore potential energy surfaces and, thus, determine
geometries of stable molecules, clusters, or nanoparticles but also of intermediates,
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transition state structures, energy barriers and thermochemical properties. This means
that often one does not only need to compute accurate energies but also energy gradi-
ents and second derivatives with respect to nuclear displacements. Energy derivatives
are not trivial, and some methods offer special technical advantages when gradients
or higher order derivatives have to be computed. In addition, the proper interpretation
of electronic spectra requires simultaneously handling of several electronic states and
not only the ground state. The choice of a particular computational method largely
depends on the problem to be solved and the computer power at hand. In any case,
there is always a compromise between accuracy and feasibility.

7.2. QUANTUM MECHANICS AND WAVE FUNCTIONS

We start this description of methods of electronic structure widely used in either
quantum chemistry or solid-state physics by recalling the fundamental aspects of
quantum mechanics that are relevant to this purpose; for a deeper insight, see Refs. 4-6.
The postulates of quantum mechanics establish that, at a given time ¢, the state of every
physical system is completely described by a state or ket vector, |W;), belonging to a
well-defined vector space, i.e., the Hilbert space denoted by H. A complete description
of the Hilbert space is beyond the scope of this work; we will just mention that H is
a vector space defined on the complex numbers set; it has an inner or scalar product
defined, infinite dimension and is complete. This last property is especially important
and means that, for any ket vector |¥;) € H, a family of, in principle, infinite and
complex numbers, {ck;}, and an infinite family of ket vectors, {|®y)}, exist such that

W) = > cxil Dx) (7.1)

This state is also called a pure state. As the dot or inner product is well defined in the
Hilbert space, the {|®x)} set can be chosen as an orthonormal set

(Dy|DP;) =8y (1 for k = [, and O otherwise) (7.2)

without any lack of generality. Now, notice that a simple relationship for c; can be
found by multiplying Eq. 7.1 by |®%) on the left and assuming that the basis forms
an orthonormal set:

(P |W;) = cki (7.3)

We notice that Eq. 7.1 defines the well-known superposition principle of quantum
mechanics. Strictly, the sum on Eq. 7.1 must extend up to infinite because the
resolution of the identity in the Hilbert space, within an orthonormal basis, requires

DW= |0 (] =1 (7.4)
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Later on, we will discuss the practical way in which computational methods of the
electronic structure, either in quantum chemistry or in solid-state physics, overcome
the infinite summation. Now, let us just recall that the goal of any such computational
method is to obtain approximate solutions to the eigenvalue problem defined by the
Schrodinger time-independent equation

HIW,) = E;|¥;) (1.5)

where H =T + \AfNe + \A/ee is the electronic Hamiltonian that is a hermitic operator
defined in H. In the framework of density functional theory (vide infra), the second
term is referred to as the external potential. In this way, the first and third term of
the electronic Hamiltonian only depend on electronic coordinates. Another important
remark is that the electronic Hamiltonian only contains one- and two-body operators,
whereas |\W;) contains information about the N electrons in the system. Therefore,
one can obtain the total energy by making use of the one- and two-particle density
matrices only, which are obtained by integrating over all coordinates of N — 1 and
N — 2 electrons, respectively (7,8). The one- and two-particle density matrices can
be obtained from the N-electronic wave function. However, density functional theory
provides a wonderful and practical alternative in which only the one-particle density
matrix is needed. Both wave function- and density functional-based methods will be
described in the forthcoming subsections.

Clearly, solving Eq. 7.5 for |W;) is equivalent to finding the family of—in principle
infinite—{cy;} coefficients in Eq. 7.1, and this in turn requires the knowledge of
the N-electron basis. Recalling that the eigenstates of a system of N noninteracting
electrons supply a basis of the same Hilbert space to which the eigenstates of a system
of N interacting electrons belong provides a way to the construction of the N-electron
basis. Rigorously speaking, the Hilbert space of a two-electron system, interacting
or not, can be constructed as a tensor product of the Hilbert spaces of the individual
electrons

H(1,2)=H(1)®HQ) (7.6)

and the particular vectors of H(1,2), which can be written as a tensor product of
eigenstates of H(1) and H(2)

[©;;(1,2)) = [®i(1)) ® [®j(2)) = [Pi(1)D;(2)) = [P; D) (1.7)
are eigenstates of the Hamiltonian for two noninteracting electrons
A(1,2) = H() + HQ) (7.8)

with eigenvalues

Ej(1,2) = Ei(1) + E;(2) (79
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as expected for noninteracting particles. The one-electron states are generally known
because the Schrodinger equation, Eq. 7.5, for one-electron systems can be analyt-
ically solved. In the case of one-electron atoms or ions, the resulting one-electron
states are the well-known atomic orbitals. Now, one realizes that the set of vector
states described in Ref. 8 are also a basis set for the states of the two interacting
electrons. Therefore, following the superposition principle, Eq. 7.1 may written as

We) = cijkl @i®)) (7.10)

which clearly shows that the general form of a two-electron state is a superposition of
all possible vector states that can be constructed by choosing a particular one-electron
state for each electron in the system. This is generally known as a configuration
interaction state because every particular choice of one-electron state for each electron
identifies an electronic configuration. The generalization to N-electron states is trivial.
However, the discussion so far has ignored the fact that electrons are fermions,
identical indistinguishable particles with one-half spin. To ensure that expectation
values that are always the predicted results for a measure are independent of the
labels given to identical particles, the vector states must fulfill the Pauli principle.
Hence, vector states describing an N-electron system must be antisymmetric with
respect to the permutation of the individual states of any pair of electrons. This is

Pyl We) = —We) Vi, j (7.11)
a condition easily achieved by using a basis of antisymmetric states constructed as
det |@;®)) = |D;(1)P;(2)) — |P;(1)Pi(2)) (7.12)

which defines the well-known Slater determinants. Finally, we are led to the very
important configuration interaction, CI, which forms a general two-electron vector
state. Again, the generalization to N-electron states is straight and the CI resulting
ket is a linear combination of all Slater determinants that can be constructed by
distributing the N-electrons in the one-electron states, included in the, in principle
infinite, one-electron basis, in all possible ways:

W) = Zc,-,-,k det | ®;d;) (7.13)

The only remaining point concerns the representation of the one-electron states in
a given basis. Without entering into the details of the theory of representations of
quantum vector states, we just mention that the usual approach consists in using
the so-called position representation. This choice leads to the usual definition of the
wave function in terms of electron coordinates, X; thus finding the key one-to-one
correspondence between quantum vector states and quantum wave functions:

| W) <— Yr(X) (7.14)



7.2. QUANTUM MECHANICS AND WAVE FUNCTIONS 189

and between the Hilbert vector space and the space of quadratically integrable wave
functions; both spaces are therefore isomorphous. This one-to-one correspondence
extends to the eigenvalue equations

AWy = Ex|¥y) «— AW (R) = Er Vi (X) (7.15)

which, as commented above, can be exactly solved for one-electron problems, pro-
viding a simple way to obtain one-electron basis sets. From this one-electron basis
set, the N-electron basis set can be constructed through Refs. 8 and 13.

Here, we must add that one-electron wave functions that provide adequate basis sets
are not limited to those arising from Ref. 16 applied to a given one-electron problem.
Any one-electron wave function belonging to the H space of quadratically integrable
wave functions can be included in a basis set to construct the N-electron basis, i.e., to
construct the set of Slater determinants. Here, we quote that, in nonrelativistic quantum
mechanics, one-electron wave functions are always written as (tensor) product of
space T and spin w parts. For the space part, different choices are possible (9-11), use
of Hydrogen-like orbitals, Slater type orbitals (STOs), Gaussian type orbitals (GTOs),
plane waves (PWs), or even different numerical representations. In practice, a usual
but not unique strategy consists in defining a set of contracted GTOs (CGTOs) as

Xi® = dpigy(®) (7.16)

where the d),; coefficients are obtained from atomic calculations. The next step is to
write atomic/molecular orbitals in terms of CGTOs

O(® =D anxr©) (7.17)

and, as stated above, spin orbitals, or one-electron functions, are written as a (tensor)
product of a spatial orbital and a spin, «(w) or B(w), wave function

Qi (r,w) = pr(Ma(w) or Di(r,w) = ¢r(1)p(w) (7.18)

Now, Slater determinants can be constructed from the spinorbital set and the two-
electron CI wave function given by Eq. 7.13 is fully determined. The extension to
N-electron CI wave functions is now straightforward.

7.2.1. From Quantum Mechanics to the Computational Method of
Electronic Structure

To solve the eigenvalue problem outlined by Eqgs. 7.5 or 7.13 requires dealing with
complicated differential equations. However, Eq. 7.5 can be transformed to a simpler
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matrix eigenvalue problem by just multiplying Eq. 7.5 on the left by any |®j) and
using Eq. 7.3

> (@xlH|®))cii = Ejcii VK (7.19)

or defining (®k|ﬂ|®1) = Hy, one has

Zijcﬁ =Eici Vk (7.20)

or

HC = CE (7.21)

which is the general matrix equation to be solved in any electronic structure problem
provided an orthonormal set is used.

Transforming the Schrodinger equation to the matrix form given by Egs. 7.20
or 7.21 reduces the problem of solving differential equations to a simpler eigenvalue
problem. However, finding a solution for this matrix equation is impossible in practice
for N-electron problems because the matrices involved in the secular problem in
Ref. 21 are of an infinite dimension! To convert this equation into a practical working
equation two important problems have to be solved. First, one needs to avoid the
infinite dimension of the matrices in Eq. 7.21. This problem can be circumvented
by projecting this equation into a subspace S of finite dimension defined by the
appropriate projection operator

Py =) " |0k (D] (7.22)
keS

This permits us to define the restriction of the Hamiltonian to S as
Hg = PsHPg (7.23)
and, consequently, to project the matrix Eq. 7.21 on S, namely
HsCs = CsEg (71.24)

which provides the matrix equation that needs to be solved in any practical appli-
cation. We must point out that solving Eq. 7.24 exactly is equivalent to the linear
variational method using a trial function belonging to S and, hence, the eigenvalues
of Eq. 7.24 are upper bound to the exact eigenvalues in Ref. 6. As the subspace S
can be systematically improved (not necessarily by simple increase of the dimension
of that subspace), the procedure we have just outlined permits us to systematically
improve the accuracy of a computational result up to the required accuracy, or to
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the computational limit. This approach is the basis of the ab initio CI methods and,
more precisely, of the full configuration interaction (FCI) approach because all pos-
sible configurations within the S subspace are explicitly included in the FCI wave
function. The FCI leads to the exact solution on a given subspace. All ab initio wave
function-based methods of quantum chemistry intend to approximate the FCI solu-
tion because, in practical computations, the FCI matrix can only be diagonalized for
rather small systems and using special numerical techniques as commented in the
next subsection. Notice that the dimension of the FCI matrix in Ref. 24 grows as N'!
This fact is a natural consequence of the procedure used to construct an appropriate
basis, {|®x)}, of N-electron states and the reason for its limited practical use.

7.2.1.1. Wave Function-Based Computational Methods The preceding
discussion made it clear that the best attainable approximation to the wave func-
tion and energy of a system of N-electrons is given by the FCI approach. In fact,
this is the exact solution in a given finite subspace, and it is independent on the
N-electron basis used provided the different N-electron basis considered expands the
same subspace. This is the case if the different N-electron basis sets are all constructed
from a one-electron basis that are in turn built up from the same primitive set as, for
instance, in Eq. 7.16. The invariance of the FCI energy with respect to the N-electron
basis is a very important property because it means that the total energy and the final
wave function are independent of whether atomic or molecular orbitals are chosen
as a one-electron basis to construct the Slater determinants. However, use of atomic
orbitals leads to valence bond (VB) theory (8), whereas use of molecular orbitals leads,
of course, to the molecular orbital configuration interaction (MO-CI) theory (2). The
VB wave functions are relatively easy to interpret (12—14) because the different Slater
determinants can be represented as resonant forms. Usually only the valence space
is considered within a minimal basis description. The reason for the use of such a
limited space is that these VB wave functions are difficult to compute because of the
use of a nonorthogonal basis set (15). On the other hand, the MOs are usually taken
as orthonormal, a choice that permits us to carry very large CI expansions and to use
extended basis sets (16—18). Notice that once a finite set of “2m” atomic/molecular
spinorbitals is given, the dimension of the N-electron Hilbert subspace is also given.
This is because from N electrons and “m” spin orbitals, m > N, the number of Slater
determinants that can be constructed is

. 2m . . m m
dim FCI = (N ) or, more precisely dim FCI = (Na) (N,g) (7.25)

if the system contains N, and Ng electrons with alpha and beta spin, respectively.
The dimension of the FCI problem, dim FCI, grows so fast that practical computa-
tions can be carried out for systems with a small number of electrons. Therefore, the
FCI method is often used to calibrate more approximate methods (19).

The simplest N-electron wave function that one can imagine is a single Slater
determinant. In this case, there is no eigenvalue problem and the energy is computed
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as an expectation value. Of course, constraining the wave function to just one Slater
determinant largely reduces the variational degrees of freedom of the wave function.
In fact, the energy is uniquely defined by the one-electron basis used to construct this
particular Slater determinant. The one-electron basis set can be chosen in such a way
that the energy expectation value is the lowest possible, i.e., variationally. In practice,
one usually chooses

1
|Wo) = ﬁdet@i@-,...,@;\/) (7.26)

with spin orbitals defined by Ref. 18 and orbitals defined by Ref. 19, which is
the well-known MO-LCAO method originally designed by Roothaan (20). The
MO-LCAO scheme permits us to work in a finite subspace from the very beginning.
The variational problem reduces to finding the a,; coefficients with the constraint that
the spin orbitals remain orthonormal. Mathematically this is equivalent to finding the
extreme of a function of the {a,;} set with a constraint. This leads to a set of Euler
equations that in turn lead to the Hartree—Fock (HF) equations, finally giving the ¢
set, although in an iterative way because the HF equations depend on the orbitals
themselves. This dependency arises from the fact that the HF equations are effective
one-electron eigenvalue equations

foi = eigi (7.27)

where f is the well-known one-electron Fock operator, sum of the kinetic energy,
nuclear attraction energy, and the Coulomb and Exchange effective potential opera-
tors. These effective potentials average interaction with the rest of electrons, which, of
course, is given by the orbitals themselves. The final optimum orbitals are, therefore,
those for which the effective average potential used to construct the Fock operator is
exactly the same as that will be obtained using the solutions of Eq. 7.27 and the effec-
tive potential is self-consistent. The optimum orbitals are then named self-consistent,
and HF is synonymous of the self consistent field. Solving Eq. 7.27 is not simple,
especially for molecules, and Eq. 7.27 is transformed to a matrix form by expand-
ing the orbitals as in Eq. 7.17 and using the same procedure to convert Eq. 7.5 into
Eq. 7.21; this leads to

FA = SAe (7.28)

where ¢ is a diagonal matrix containing the so-called orbital energies, A is the matrix
grouping the coefficients in Eq. 7.17, and S is the overlap matrix now appearing
because the orbitals in Eq. 7.17 are centered in different nuclei and, hence, are not
orthogonal. The matrix Eq. 7.28 is also solved iteratively, and the whole procedure
is termed the HF-SCF-LCAO method. An important remark here is that, because a
variational approach is used, the HF scheme is aimed to approximate the ground state
(of a given symmetry) wave function only. Once the SCF process converges |Wyr) =
|Wo) and the HF energy is obtained as an expectation value;i.e., Eyr = (WHF |ﬁ| YyF).
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The difference between Eyr and the FCI energies is known as the electronic correlation
energy. In principle, one should extrapolate the electronic correlation to the infinite
basis set limit.

The resolution of the HF equations leads to “2m” spin orbitals but only N, i.e., the
occupied orbitals, are needed to construct the HF determinant in Eq. 7.26. The rest of
spin orbitals, unoccupied in the HF wave function, also termed virtual orbitals, can
be used to construct additional Slater determinants. A systematic way to do it is sub-
stituting one, two, ..., N, occupied spin orbitals by virtual orbitals leading to Slater
determinants with one-, two-, N-substitutions with respect to the HF determinant.
The determinants thus constructed are usually referred to as single-, double-,.. .,
N-excitations and including all possible excitations leads to the FCI wave function.
Clearly, the FCI wave function is invariant with respect to the orbital set chosen
to construct the Slater determinants. However, using the HF orbitals has technical
advantages because, at least for the ground-state wave function, the HF determinant
contribution to the FCI wave function as in Eq. 7.13 is by far the dominant term. The
fact that the electronic Hamiltonian includes up to two-electron interactions suggest
that double excitations would carry the most important weight in the FCI wave func-
tion; this is indeed found to be the case. Therefore, one may design an approximate
wave function in which only the reference HF determinant plus all double excited
determinants are included. The result is called the doubly excited CI (DCI) method
and is routinely used in ab initio calculations. The practical computational details
involved in DCI are not simple and will not be described here. Adding single excita-
tions is important to describe some properties such as the dipole moment of CO (2),
this leads to the SDCI method. Extensions of SDCI by adding triple- or quadruple-
excitations (SDTQCI) are also currently used, although the dimension of the problem
grows very rapidly.

The truncated CI methods described above are variational, and finding the energy
expectation values requires the diagonalization of very large matrices. An alternative
approach is to estimate the contribution of the excited determinants by using the
Rayleigh—Schrodinger perturbation theory up to a given order. This is the basis of
the widely used MP2, MP3, MP4, ..., methods, which use a particular partition, the
Moller—Plesset one, of the electronic Hamiltonian and an HF wave function as a
zero-order starting point (21,22). A disadvantage of perturbation theory is that the
perturbation series may converge very slowly or even diverge. However, the MP(n)
methods have a special advantage over the truncated CI expansions. In the DCI and
related truncated CI methods, the relative weight of the different excitations differs
from the one in the exact FCI wave function because of the normalization of the
truncated wave function. This normalization effect introduces spurious terms, and
as a result, the energy of N-interacting molecules does not grow as N. This is the
so-called size consistency problem and is inherent to all truncated CIs (2). On the other
hand, it can be shown tht the MP series is size-consistent order by order. Successful
attempts to render truncated CI expansions size consistent have been reported in the
past few years (23). However, the resulting methods are strongly related to a family
of methods based on the cluster expansion of the wave function (24). The coupled
cluster (CC) form of the wave function can be derived from the FCI one as in the case
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of the DCI method, although here the terms included are not selected by the degree
of excitation with respect to the HF determinant only. The additional condition is
that the different terms fulfill the so-called linked cluster theorem (24). The resulting
system of equations is complicated and is not usually solved by diagonalization but
by means of nonlinear techniques, and the results are not variational (25-27).

The truncated CI and CC (and QCI, which may be viewed as an approximate CC)
methods perform well when used to approximate the ground-state wave function,
because the HF determinant provides an adequate zero-order approach. However, this
is not necessarily the case, especially when several excited states are to be studied.
The logical extension of the truncated CI expansion is the so-called multi reference
CI (MRCI) approach, where excitations, usually single and double, for a set of ref-
erence determinants are explicitly considered (28,29); the method is referred to as
the MR(SD)CI method. Energies and MRCI wave functions are obtained by solving
the secular Eq. 7.24. Again the concept is quite simple, but solving the eigenvalue
problem is not a simple task, especially for excited states (30), and the different
computational approaches involve very smart ideas and specialized codes coupled to
vector, parallel, or vector-parallel processors (31). For problems of chemical interest,
the dimension of the MRCI problem is so large that often a small block of Eq. 7.24
is diagonalized and the effect of the rest is taken up to second order by means of per-
turbation theory in different partitions. The reference space can be constructed either
by selecting important determinants or important orbitals. The first idea is used in
the CIPSI (32-34) method, whereas the second one is the basis of CASMP2 (35) and
CASPT2 (36-38) methods where CAS stands for complete active space, the active
space being defined once a subset of orbitals is chosen and it is complete because an
FCI is performed within this orbital space. A general efficient code combining these
strategies has been reported recently by Neese (39).

Except for the simplest HF approach, the logic of the methods that we have dis-
cussed is based on solving the secular problem in a finite subspace defined by the
one-electron, orbital, basis chosen or in finding suitable approximations. In all cases,
the orbital set is fixed and, usually, obtained form a previous HF calculation. Then, the
contribution of the different Slater determinants in Eq. 7.24 or the cluster amplitudes
in the CC methods are obtained either variationally, i.e., the different CI methods,
through perturbation theory, i.e., the MP series and related methods, or by mixed
approaches, i.e., the CIPSI method. Nothing prevents one to use the variational method
to optimize the orbital set and the configuration contribution at the same time. This is
the basis of the multiconfigurational self-consistent field (MCSCF) methods, which
are the logical extension of HF-SCF to a trial wave function made as a linear com-
bination of Slater determinants (40). The mathematical problem is conceptually very
similar to that of the HF-SCF approach, namely finding an extreme of a function
(the energy expectation value) with some constraints (orbital orthonormality). The
technical problems encountered in MCSCF calculations were much more difficult
to solve than those of the single determinant particular case. One problem faced by
the earlier MCSCF methods was the poor convergence of the numerical process and
the criteria to select the Slater determinants entering into the MCSCF wave func-
tion. The first problem was solved by introducing quadratically convergent methods
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(41,42) and the second one by substituting the determinant selection by an orbital
selection and constructing the MCSCF wave function using the resulting CAS. The
resulting MCSCF approach is known as CASSCF and turned to be a highly efficient
method (43—45). The CASSCF wave function is always precisely the zero-order wave
function in CASMP2 and CASPT2 methods and in CIPSI if desired. The CASSCF
wave function has some special features that are worth mentioning. It is invariant
with respect to rotations (linear combinations) among active orbitals. When the CAS
contains all valence orbitals, the CASSCF wave function is equivalent to the wave
function obtained by the spin-coupled VB method (46—48) when all resonant forms
involving valence orbitals are included. Before closing this section, we would like
to mention that, in practice, configuration state functions (CSFs) are commonly used
instead of Slater determinants. A CSF is simply a linear combination of determinants

with coefficients fixed so as to have an eigenfunction of §2, the total square spin
operator. The fixed coefficients are often obtained with the assistance of group theory
(49). This choice ensures that truncated Cls be spin eigenfunctions and reduces the
dimension of the secular problem.

We end this short review on ab initio wave function-based methods by noting that
all of them can be applied to molecules and nanoparticles, whereas only HF can be
extended to account for periodic symmetry (50).

7.2.1.2. Density Functional Theory-Based Computational Methods The
Schrodinger equation—Eqgs. 7.5 or 7.15—provides a way to obtain the N-electron
wave function of the system and the approximate methods described in the previous
section permit reasonable approaches to these wave functions. From the approximate
wave function, the total energy can be obtained as an expectation value and the dif-
ferent density matrices, in particular, the one-particle density matrix, can be obtained
in a straightforward way as

p0G) = N W3R T T WG T Ry, (129

where the integration is carried out for the spin and space coordinates of all electrons
but one.

In 1964, Hohenberg and Kohn proved a theorem that states that the inverse of this
proposal also holds (51). They proved that for a nondegenerate ground state, the one-
electron density determines (up to an arbitrary constant) the external potential and
hence the electronic Hamiltonian, the ground-state energy, and the electronic wave
function. Here a caveat is necessary because one usually forgets that in nonrelativistic
quantum mechanics, the spin coordinates and spin operators are added ad hoc to fulfill
the Pauli principle (52). Therefore, stating that the electronic Hamiltonian defines the
electronic wave function is not rigorously correct, except for the exact solution in
the Hilbert space. This is because the exact Hamiltonian commutes with all spin
operators and, hence, a complete set exists of wave functions that are simultaneously
eigenfunctions of the Hamiltonian and of the spin operators. However, this does not
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hold in general for the approximate wave functions. Nevertheless, from the Hohenberg
and Kohn theorem, it follows that a universal functional exists so that the ground-state
total energy is a functional of the density; i.e., given a density, there is a mathematical
rule that permits one to obtain the exact ground-state energy. The resulting theoretical
framework is nowadays referred to as density functional theory or simply DFT. As
the functional is unknown, one may think that DFT is useless. However, Hohenberg
and Kohn also have proven a variational theorem stating that the ground-state energy
is an extreme (a minimum) for the exact density, and later, Kohn and Sham proposed
a general framework that opened the way for the practical use of DFT.

The Kohn—Sham formalism assumes that there is a fictitious system on N non-
interacting electrons experiencing the real external potential and that has exactly
the same density as the real system. This reference system permits us to treat the N-
electron system as the superposition of N one-electron systems and the corresponding
N-electron wave function of the reference system will be a Slater determinant Eq. 7.12.
This is important because in this way, DFT can handle discrete and periodic systems.
Once the reference system is defined, it is possible to obtain a trial density and all
one needs to do is to compute the energy of the real system. Here it is where a model
for the unknown functional is needed. To this end, the total energy is written as a
combination of terms, all of them depending on the one-electron density only:

Elp] = Ts[p] + Vext[r] + Veoulomblo] + Vxclp] (7.30)

the first term is the kinetic energy of the noninteracting electrons, the second term
accounts for the contribution of the external potential, the third one corresponds to the
classic Coulomb interaction of noninteracting electrons, and finally, the fourth term
accounts for all remaining effects. These last term must take into account the contri-
bution to the kinetic energy because electrons are in fact interacting, the exchange part
is due to the Fermi character of the electrons, and the correlation contribution because
electron densities are correlated. Obviously, the success of DFT is strongly related to
the ability to approximate Exc in a sufficiently accurate way. Now, Eq. 7.30 plus the
Hohenberg—Kohn variational theorem permits one to vary the density by varying the
orbitals that are now referred to as Kohn—Sham orbitals. In addition, the Kohn—Sham
orbitals can be expressed in a given basis set as in Eq. 7.17; when a CGTO basis is
used, one has the LCGTO-DF methods (53,54). The orbital variation must preserve
the orthonormality of the orbitals in the Kohn—Sham reference system to maintain
constant the number of electrons. The overall procedure is then very similar to HF and
the orbitals defining the density minimizing the energy in Eq. 7.30 while preserving
orthonormality are those satisfying a one-electron eigenvalue problem similar to that
expressed as in Eq. 7.27, but here the one-electron operator also explicitly contains
the exchange and correlation effective potentials and indeed as local one-electron
operators. Mathematically the exchange and correlation potentials entering into the
Kohn—Sham one-electron equations are the functional derivative of the corresponding
energy contributions in Eq. 7.30. Once Exc[p] (or more precisely Ex[po] and Ec[p]) is
known, the effective potentials are also known and solving the Kohn—Sham equations
is similar to solving the HF equation with the important difference that here one may
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find the exact solution if the Exc[p] is the exact one. Notice that there is no guarantee
that the final electron density thus obtained arises from a proper wave function of
the corresponding Hilbert space through Eq. 7.29. This is the famous representability
problem, it does not affect the practical use of DFT and will not be further discussed
here, and the interested reader is addressed to the more specialized literature (7).

Several approaches to Exc[ ] have been proposed in the last years with increasing
accuracy and predictive power. However, in the primitive version of DFT, the corre-
lation functional was ignored and the exchange part approximated following Slater’s
pl/ 3 proposal; the method was known as SCF-Xa. In 1980, Vosko et al. (55) suc-
ceeded in solving the electron correlation for a homogeneous electron gas and in
establishing the corresponding correlation potential. The resulting method includ-
ing also the exchange part is nowadays known as the local density approximation
(LDA) to DFT and has been successful in the description of bulk metals and in
describing metal surfaces. However, LDA has experienced enormous difficulties in
the description of molecules and ionic systems; for instance, LDA incorrectly pre-
dicts NiO to be a metal (56,57). This is a general problem of DFT; it is critical
for the LDA functional but also appears in the GGA approaches, and only hybrid
approaches including a part of nonlocal Fock exchange seem to be able to repro-
duce the main features of the electronic structure of this kind of system (58). The
Kohn—Sham equations were initially proposed for systems with a closed shell elec-
tronic structure and hence suitable to study closed-shell singlet electronic states.
It has been proposed to apply DFT to open-shell systems by using a spin unre-
stricted formalism. In this case, different spatial orbitals are used for alpha- and
beta- spin orbitals in Eq. 7.18. In the case of LDA, the resulting formalism is
known as the local spin density approximation (LSDA) or simply local spin den-
sity (LSD). This is similar to the well-known unrestricted Hartree—-Fock (UHF)
formalism and suffers from the same drawbacks when dealing with open-shell sys-
tems (2). This is especially important when attempting to study magnetic systems
with many open shells, the unrestricted Kohn—Sham determinant corresponding
necessarily to a mixture of the different possible multiplets compatible with the
electronic configuration in the electronic configuration represented by the Kohn—
Sham determinant. Spin-resctricted formulations of DFT for open shells have been
proposed recently (59,60), although for a few simple cases only. Indeed these new
approaches have shown inconsistencies in the currently used exchange-correlation
potentials (52).

Despite the inherent simplifications, LDA (and LSDA) predictions on molecu-
lar geometries and vibrational frequencies are surprisingly good. However, bonding
energies are much less accurate and require going beyond this level of theory. This
is also the case when dealing with more difficult systems such as biradicals or more
delicate properties such as magnetic coupling in binuclear complexes (61) or ionic
solids (58,62,63). The DF methods that go beyond the LDA can be grossly clas-
sified in gradient corrected (GC) and hybrid methods. In the first set, the explicit
calculation of the Exc[p] contributions involves not only the density p but also its
gradient Vp. The number of GC is steadily increasing, but among the ones widely
used, we quote the Becke exchange functional (64) (B) and the Perdew—Wang (65,66)
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(PW) exchange correlation functional, the latter is usually referred to as the gener-
alized gradient approximation (GGA) and is particularly used in condensed matter
and material science. Another popular gradient-corrected correlation functional is the
one proposed by the Lee—Yang—Parr (LYP) correlation functional (67) based on the
work of Colle and Salvetti on the correlation factor (68). In some cases, one uses
B for the exchange and PW for the correlation part—this is usually referred to as
BP—or B for the exchange and LYP for the correlation part giving rise to the BLYP
method. Some of the more recent revisions of the GC methods aimed to increase the
accuracy of predicted chemisorption energies are PBE (69), rPBE (70), and RPBE
(71). The term “hybrid functionals” is used to denote a family of methods based on
an idea of Becke (72). This approach mixes DF and Fock exchange and local and
GC correlation functionals in a proportion that is obtained from a fit to experimental
heats of adsorption for a wide set of molecules. The most popular hybrid method is
B3LYP, where the number indicates that three parameters are fit to experiment. For
a more detailed description about GC and hybrid methods, the reader is referred to
general textbooks (73) or to a more specialized literature (7,74).

Aside from the great advances in the development of new exchange-correlation
functionals, the question of which functional provides the best chemical accuracy is
still under discussion. In the wave function-based methods, it is possible to check
the accuracy of a given level of theory by systematic improvement on the basis set
used to expand the one-electron functions and on the level of treatment of electron
correlation. Unfortunately, this is not completely feasible in the framework of DFT.
One can improve the basis set, but there is no way to systematically improve the
Exclp]. Therefore, one needs to establish the accuracy of the chosen approach by
comparing several choices for Exc[ po]. For many systems, this choice is not critical and
the use of several functionals permits us to add error bars to the computed quantities.
However, in other cases, such as the description of the transition metal-oxide interface,
the choice of the functional has been shown (75,76) to be crucial. An extreme case
is that of Cu adsorption on MgO: The reported adsorption energies range from a
practically unbound Cu atom at the HF level to a moderate adsorption, 0.35-0.90 eV,
at the gradient-corrected DF level, to strong adsorption, about 1.5 eV, using the LDA.
Ranney et al. (77) have extrapolated the adhesion energy of a single copper atom on
MgO from their microcalometric measures of the heat of adsorption and have found a
value of 0.7 eV. The comparison of this value with the computed adsorption energies
of Ref. 75 indicates that, among the currently used approximation of the exchange-
correlation functional, the pure DF ones seem to provide the best answer, whereas
the hybrid functionals slightly underestimate the adsorption energy.

7.2.1.3. Quantum Monte Carlo-Based Computational Methods The wave
function and DFT methods described in the previous subsections are by far the most
widely used in practical applications, including the study of metal-oxide clusters
discussed in the next section. However, it is also important to keep in mind that other
methods that are currently being developed may become competitive, especially with
the ever increasing computer power. A family of methods that deserve a few words is
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that described by the general Quantum Monte Carlo term. The name comes from the
fact that numerical Monte Carlo techniques are used to evaluate integrals involving
quantum wave functions. In these methods, one starts from a given reliable trial
quantum wave function (78), and in general, the associated energy is obtained by
direct integration as a Hamiltonian expectation value. A more detailed discussion can
be found in the recent literature (79).

7.3. METAL-OXIDE CLUSTERS: REVIEW OF FIRST PRINCIPLES
CALCULATIONS

The theoretical study of oxide nanoparticles and clusters is more recent than that of
corresponding clusters of metal elements. This is, in part, due to the intrinsic com-
plexity of oxide electronic structures where the metal oxidation state, the average
coordination, the particle size and morphology, the presence of defects and local-
ized electrons (in particular in the d shells of transition metal atoms), and so on,
are all elements that make the theoretical description of these systems much more
complicated than that of simple elemental nanoparticles and clusters. Just to give
an idea of the complexity of the problem, consider the question of the stoichiom-
etry of a small cluster or nanoparticle. If one is dealing with a metal, the only
parameters to take into account in the calculation are the number of atoms and the
particles shape. Then, the main question becomes that to determine the number of
low-lying isomers and their relative stabilities. If one deals with a cluster compound
of comparable size, the preferred structures do not necessarily have the same stoi-
chiometry of the corresponding bulk phases. Furthermore, the position of the cations
and anions in a nanoparticle can be completely different from that assumed in an
extended crystal. The number of possibilities is enormous, and a structural analy-
sis solely based on a computational effort is simply not possible, except for very
small aggregates containing few atoms. Even in this case, the number of structures
is very large, making an exploration of the potential energy surface with first prin-
ciple methods difficult. For this reason, the number of theoretical studies dedicated
to the structure and properties of oxide nanoparticles and clusters is comparatively
small with respect, for instance, to that of computational studies dedicated to oxide
surfaces and films. In the following, we provide a brief review of theoretical stud-
ies on oxide nanoclusters, with the aim to show which kind of properties can be
deduced from these calculations, the methods that are most used and the problems
that can be encountered. The reader will realize that most of these studies are per-
formed at the DFT level and are restricted to cluster compounds containing at most
20 atoms.

The list of papers reported is probably far from being exhaustive, but it provides
a general overview of where the field is at the moment. For convenience, we have
grouped the studies according to oxide type, starting from the simple element oxides
with closed d shells, like alkaline—earth oxides and silica, to move then to transition
metal oxides.
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7.3.1. Simple Metal Oxides

7.3.1.1. Alkaline—Earth Oxides Not surprisingly, alkaline—earth-oxide clusters
have received more attention than other oxides. This is due mainly to the relatively
simple electronic structure of these oxides compared with transition metal oxides.

The structures and relative stabilities of neutral stoichiometric (MgO),, and (CaO),,
(n=3,6,9, 12, 15, 18) clusters and of doubly charged non-stoichiometric (CaO),,
(n = 1-29) cluster ions have been studied by the ab initio perturbed ion plus polariza-
tion calculations (80); this is essentially a HF method. The results have been compared
with alkaline metal halide clusters, finding substantial structural differences between
alkali metal halide and alkaline—earth oxide cluster ions, contrary to what is suggested
by the similarities in the experimental mass spectra. The structures of the doubly
charged clusters are similar for the two materials, MgO and CaO, whereas the study
of the neutrals has revealed interesting structural differences between MgO and CaO.
This shows how nanoparticles of these materials can differ from the corresponding
bulk counterparts.

The behaviors of bond distances and binding energies for small alkaline—
earth-oxide clusters, have been studied by Bawa and Panas employing the DFT-
B3LYP approach (81). Here a validation of the applicability of DFT was made on
selected clusters by also performing MP4 calculations. It was found that for CaO, it
is necessary to include at least two d-polarization functions for a proper description
of the cluster binding energy.

The electronic structures of a series of (MgO),, (n = 2-16) clusters cut out from
MgO solid have been calculated by means of DFT with the B3LYP hybrid func-
tional. The convergence of the electronic properties and the adsorption properties of
(MgO) clusters containing up to 16 MgO units has been investigated by Lu et al. (82)
(Figure 7.1). The results demonstrated a good correlation of topologic parameters
with the stability of clusters. This is important to set up a good model of a given
cluster size without paying the high cost of preliminary calculations.

The structure of various gas-phase isomers of MgO clusters have been studied
by ab initio perturbed ion calculations (83). For the MgO isomers containing up to
7 MgO units, a full geometrical relaxation was considered. Correlation corrections
were included for all cluster sizes using the Coulomb—Hartree—Fock model proposed
by Clementi (84), and it was concluded that the inclusion of correlation is crucial to
achieve a good description of these systems. The results were used to interpret the
experimentally observed magic numbers. Variations in the cluster ionization potential
with the cluster size were also studied and related to the structural isomer properties.

The same problem of structure and stability of (MgO),, clusters with n = 13 was
addressed in an ab initio molecular orbital calculations by Recio et al. (85). Here
cube-like clusters were considered and the relative stabilities were studied by ana-
lyzing binding energies and dissociation energies involved in the evaporation of a
neutral MgO monomer. The calculated magic numbers were found to be in very good
agreement with the abundance maxima observed in the mass spectra. The study also
analyzed the size-dependence of structural, energetic, and electronic properties of
the clusters, finding different rates to reach the corresponding bulk limit. The same
group also studied singly ionized stoichiometric clusters of MgO containing up to
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Figure 7.1. Size dependence of the calculated properties of (MgO), stoichiometric clusters
(x = 4d, 6c¢, 8c, 9b, 10c, 12b, 16a). (a) RHF; (b) energy of the HOMO level; (c) energy gap
AG; (d) width of the Oy, band. Reprinted from Ref. 82 with permission.

26 atoms (86). Geometrical parameters of the neutral clusters were optimized at the
Hartree—Fock level, whereas for the ionized clusters, the vertical approximation was
used. Correlation corrections in the clusters with 2—12 atoms have been included by
means of MP2 calculations. The structures based on the (MgO)3 subunit were found
to be preferred in comparison with cube-like configurations, although the energy
difference decreases with increasing cluster size. The relative stability of neutral and
single-ionized clusters was then investigated, and the calculated “magic numbers” for
the charged clusters, (MgO);!, were found to be also in agreement with the abundance
maxima observed in the mass spectra.

In the context of charged MgO clusters, we mention the combined experimental—
theoretical study of Gutowski et al. (87) (Figure 7.2) on MgO cluster anions.
Photoelectron spectra of (MgO),; (n = 1-5) reveal a surprising trend, namely the
electron binding energy decreases from n = 1 to 4, and then increases from 4 to 5.
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(MgO)s

Figure 7.2. Structures of the minimum energy of the negatively charged (MgO)y (x = 1-5)
clusters. The single occupied molecular orbitals are also plotted with a 0.02 contour spacing.
Reprinted from Ref. 87 with permission.

DFT-B3LYP and MP2 calculations suggested that this pattern is related to the elec-
trostatic interaction between the extra electron and the charge distribution of the
neutral cluster. This study shows the important role of the cluster dimensionality in
determining important properties like electron trapping energies.

Very few studies have addressed the properties of heavier alkaline—earth oxides. A
DFT-LDA calculation has shown that the electronic properties of a BaO cluster are
strongly correlated with its equilibrium structure (88). The ground-state structures of
Ba,0,, clusters have been be classified into four categories: (/) compact, (2) dangling
state, (3) F-center, and (4) stoichiometric. The compact cluster is metallic, as almost no
energy gap exists between the highest occupied and the lowest unoccupied molecular
orbitals. The energy gap for the dangling state cluster is larger than that for the F-center
cluster, whereas the stoichiometric cluster has the largest energy gap. Here, a caveat
is also necessary because LDA band gaps are consistently underestimated to the point
that insulators such as NiO are erroneously predicted by the LDA to be metals (56,57).
Despite this flaw of the LDA, it is likely that the trend described above for the Ba; O,,
clusters is qualitatively correct.

Also the lighter member of the series, beryllium oxide, has received little attention.
The atomic structure, stability, and electronic structure of, and interatomic interac-
tion in, the (BeO)4, (BeO)12, and (BeO);¢ nanoclusters have been investigated by
ab initio Hartree—Fock and DFT calculations using the discrete variational method
(89). Their properties have been analyzed as a function of cluster geometry and
compared with those of wurtzite-like BeO. Among the beryllium oxide clusters, the
polyhedral (fullerene-like) clusters are most stable.

The last study considered here is not based on ab initio quantum-mechanics, but it is
still interesting in the context of exploring relatively large nanoparticles. This is based
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on the application of a genetic algorithm for optimizing the geometries of stoichio-
metric and nonstoichiometric MgO clusters, bound by a simple Coulomb-plus-Born—
Mayer potential (90). The genetic algorithm is shown to be efficient and reliable
for finding the global minima for these clusters. The variation of the structures of
MgO clusters was investigated as a function of the formal charges g on the ions,
ranging from g = 1 to ¢ = 2. Lower charges are found to favor compact, rocksalt-
like cuboidal clusters, whereas the higher formal charges favor hollow pseudo-
spherical structures. Hexagonal stacks are also found to be stable for small (MgO)
clusters.

7.3.1.2. Aluminium-Oxide Clusters Compared with studies on alkaline—
earth-oxide clusters, the studies on alumina clusters are scarce, despite the importance
of this oxide as a support in catalysis. Fernandez et al. (91) have studied the geo-
metrical and electronic structure of (Al,O3), clusters with n < 15 by means of
DFT calculations, norm-conserving pseudopotentials, and numerical atomic basis
sets. They determined equilibrium geometries and discussed trends obtained for the
atomic arrangements (structural isomers, coordination numbers, ‘“amorphous” versus
“ordered” structures, etc.) as well as a number of electronic properties (binding ener-
gies, HOMO-LUMO gap, density of levels, dipole moments, and Mulliken population
charges).

Two other studies have been dedicated to the interaction of alumina clusters with
adsorbed molecules. In the first one (92), HF, MP2, QCISD(T), and DFT-B3LYP cal-
culations were used to investigate properties of complexes formed from the association
of CH4 with Al,O3, Al4Og, and AlgOj, alumina clusters. Methane attaches to a sur-
face Al atom of the cluster, but the rotational motion for methane in these complexes
is highly fluxional. Extrapolated interaction energies (using the so-called G2MP2 for
the various methane—alumina cluster complexes) are between 14 and 21 kcal/mol,
respectively. The electronic structure of the three alumina clusters are very similar,
with a charge on the surface Al atom of +2.2 to +2.3. The results of this study suggest
that the adsorption energy for alkane molecules binding to alumina materials depends
very strongly on the structure of the binding site. In the second study, using previous
results for the equilibrium geometries of stoichiometric (Al»O3), clusters, Fernandez
et al. (93) obtained from a DFT approach the corresponding relaxed structures of
the complexes with water for (Al;03), with n < 7. Depending on the initial position
of the water molecule relative to the cluster site, the complex evolves to different
equilibrium structures, with or without dissociation of H,O, which energetic, bond
lengths, and charge transfer trends depend on the morphology and size of the initial
cluster. Dissociation of HyO with OH™ bound on top of an Alatom and the proton
H™ bound to the second nearest neighbor O, is the dominant process for the reaction
(A1;03), + H,O.

7.3.1.3. Silica Clusters Silica is probably the most extensively studied oxide
either in the form of small clusters or nanoparticles by first principle electronic struc-
ture calculations. This is in part related to the importance of amorphous silica in
various applications; from optical fibers to microelectronics. Small silica particles
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may have common features with amorphous silica more than with crystalline forms
of this material.

Pereira et al. (94) performed DFT-LDA calculations on the energies and confor-
mations of complex silica-based clusters. They reported calculated structures, charge
distributions, and energies of the noncyclic four- and five-silicon chains, the branched
trimer and tetramer rings, the double trimer rings, the tetramer plus trimer rings, and
the five- and six-silicon rings. The total condensation energy (from the monomer) to
form a silica cluster in the gas phase depends essentially on its structure and size. The
results show that the stability of the noncyclic clusters decreases with the degree of
branching, as observed experimentally.

Magic number silica clusters [(SiO;),0,H3]~ with n =4 and 8 have been
observed in the XeCl excimer laser (308 nm) ablation of various porous siliceous
materials. The structural origin of the magic number clusters has been studied by
DFT calculation at the B3LYP level (95,96), with a genetic algorithm as a sup-
plementary tool for global structure searching. The theoretical calculations predict
that the first magic number cluster, (SiO;)40,H4, and its anion will most probably
take pseudotetrahedral cage-like structures. The DFT calculations predict the second
magic number cluster, (SiO2)sO>Hy, and its anion are most probably a mixture of
cubic cage-like structural isomers with an O atom inside the cage.

Via another global optimization lead study, the ground-state clusters of silica clus-
ters (SiO2)y N = 6—12 have been determined by DFT at the B3LYP level (97). This
study predicted an extremely energetically favorable structure of the (SiO)g ground-
state cluster and a particularly unusual and very symmetric (SiO; )¢ non-ground-state
cluster [also reported in (Ref. 98)]. These structures are predicted to have highly
localized frontier orbitals at the nonbridging oxygen atoms, unique IR spectra, and a
propensity to assemble into a variety of higher dimension structures. These structures,
if synthesized, are expected to provide not only new porous materials, but also to have
potential applications, particularly in surface technology.

Using DFT-GGA theory, the equilibrium geometries, binding energies, ionization
potentials, and vertical and adiabatic electron affinities of Si, Oy, clusters (n < 6,
m < 12) have been calculated (99). It was found that the bonding in Si, O, clusters
is characterized by a significant charge transfer between the Siand Oatoms and is
stronger than in conventional semiconductor clusters. The bond distances are much
less sensitive to cluster size than seen for metallic clusters. Similarly, calculated
energy gaps between the highest occupied and the lowest unoccupied molecular orbital
(HOMO-LUMO) of (Si03), clusters increase with size, as it should be expected for
an insulator. The HOMO-LUMO gap decreases as the oxygen content of a Si,0,,
cluster is lowered, eventually approaching the visible range. This study shows that the
photoluminescence and strong size dependence of optical properties of small silica
clusters could thus be attributed to oxygen defects.

Silica nanoclusters based on two- and three-membered-ring units have also
been studied through DFT calculations (100,101). These nanoclusters may present
well-defined stoichiometric chain, ring, porous (tubular), and cage-like structures.
It was shown that the rings are more favorable than the chains for (SiO)y
N > 11. The calculations also demonstrate that cage-like structures are energetically
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Figure 7.3. Geometries of (SiO3),, clusters as predicted by the B3LYP/6-31G* level of theory:
(a) 2MR-based chain for n = 10; (b) molecular ring based on 2MRs for n = 10; (¢)—(f)
3MR-based molecular rings for n = 8, 10, 12, and 14; (g)—(j) elongated structures for n = 9,

10, 11, and 12, respectively; and (k)—(n) tetrahedral-like structures for n =9, 10, 11, and 12.
Reprinted from Ref. 102 with permission.

favorable structural models of larger silica nanoclusters. They possess distinctive IR
spectra, characterized by a sharp peak at the vicinity of 1050cm™! for the clus-
ters with nonbridging oxygen (NBO) defects and by two strongest peaks at the
950980 cm™~! and 1030-1050 cm™! regions, respectively, for the fully coordinated
structures.

The energetically favorable configurations of silicon monoxide clusters (SiO),, for
n > 5 have been studied again by DFT methods (102) (Figure 7.3). These clusters
facilitate the nucleation and growth of silicon nanostructures as the clusters contain
sp silicon cores surrounded by silicon-oxide layers. The frontier orbitals of (SiO),
clusters are localized to a significant degree on the silicon atoms on the surface, pro-
viding high reactivity for further stacking with other clusters. It was found that the
oxygen atoms in the larger clusters prefer to migrate from the center to the exterior
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surfaces, leading to the growth of sp? silicon cores. Atomically well-defined discrete
fully coordinated spherical and elongated nanocages constructed from SiO, were
shown, via DFT calculations, to be structurally stable (103). Generally the spherical
nanocages are energetically preferred over the elongated nanocages. With increasing
size, both types of nanostructures have been shown to be increasingly thermodynami-
cally stable with respect to known terminated silica nanostructures and bulk quartz. A
structural model of silica clusters (SiO7),, based on linked three-membered rings has
been proposed based on first-principle DFT calculations (104). The three-member
ring structures contain cage units of larger sizes and have relatively smaller electronic
energy gaps, highly localized frontier orbitals at the exterior atoms, a high thermal
stability, a low intrinsic internal strain, and a good extendibility to three-dimensional
networks. Using Si» O, rhombuses and Si3Oj3 rings as building blocks, Lu et al. (105)
have investigated the structures of medium-sized silicon-oxide clusters by perform-
ing DFT calculations on a series of SigO,, and Sij2O, clusters with different growth
motifs. They proposed a new form for medium-sized silicon-oxide clusters in a form
of wheel-like structure composed of SizO3 rings. Clearly, the possibility to study with
realistic first principle methods large clusters of oxide materials is limited by the size
of the computations involved. The problem has been addressed by Zhang et al. (106)
who employed a simple basis set to determine reliable atomic and electronic struc-
tures of the silicon-oxide system. The calculations were performed at the HF, MP2,
and B3LYP levels. They found that binding energies determined with a single-point
energy calculation using a high-level basis set on the geometric structures optimized
with the economic basis set provide reasonable agreement with other high-level cal-
culations. The approach has enabled the computation of silicon-oxide clusters as large
as containing 16 atoms with considerabe accuracy and using an acceptable level of
computation resources.

7.3.1.4. Antimony Oxides The formation of positively charged antimony-oxide
clusters has been investigated using time-of-flight mass spectrometry and MP2 cal-
culations as a function of oxygen partial pressure (107) (Figure 7.4). Oxygen-rich
clusters gain in stability with increasing cluster size and increasing oxygen partial
pressure. To obtain information about structures and general building principles of
these clusters, ab initio quantum chemistry calculations for the series of neutral and
charged (Sby0O3),, clusters have also been performed. Except from a defect center
in the cationic series, antimony atoms are trivalent and oxygen atoms divalent. Open
structures with terminal oxygen atoms or with Sb—Sb bonds were found to be very
high in energy, expressing a principle of the formation of a maximum number of
Sb—O bonds. It was also found that characteristic building blocks in the neutral
and in the cationic series are eight-membered rings, which are also found in the
bulk antimony(IlI)oxide modification senarmonite, as well as Sb4O5 units bridged by
oxygen atoms.

7.3.1.5. Zinc Oxides First principle calculations on gas-phase ZnO clusters or
nanoparticles do not seem to exist. However, a few studies have been performed
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Figure 7.4. The n = 6 Sbj0g structures. Structures (a) and (b) correspond to minima,
structure (c) corresponds to a second-order saddle point on the potential energy surface. Elon-
gation along the coordinates defined by one of the normal modes with imaginary frequency and
subsequent geometry optimization gives the folded-up ring isomer (d), which is a real minimum
on the potential energy surface (see Ref. 107). Reprinted from Ref. 107 with permission.

with simplified Hamiltonians or even classic potentials. AM1 and MNDO semiem-
pirical electronic calculations, which are simplified forms of the SCF method, have
been carried out for (ZnO),, (n = 11-44) clusters (108). In the second study molec-
ular dynamics simulations of ZnO clusters have been performed (109). At certain
magic numbers of atoms, the clusters spontaneously form spheroids reminiscent of
fullerenes. Molecular orbital calculations confirm that the spheroids are stable.

7.3.2. Transition Metal Oxides

7.3.2.1. Vanadium Oxides We consider now transition metal oxides with par-
tially filled d shells. These systems are notoriously difficult to describe because of the
problem of electron and spin localization in this class of materials. For instance, it has
already been commented that NiO, a magnetic insulator with an anti-ferromagnetic
ground-state ordering, is predicted to be a metal in the DFT-LDA approach (56-58).
This has limited the investigation of oxide clusters of transition metals to elements at
the left of the Periodic Table, where the d orbitals are more diffuse and the problem of
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localization less severe. Among these systems, vanadium oxides have attracted a lot
of interest, also in connection with the use of this material in oxidation catalysis.

Reactivities and collision-induced dissociation of vanadium-oxide cluster cations
have been investigated experimentally using a triple quadrupole mass spectrome-
ter coupled with a laser vaporization source and theoretically with HF calculations
(110). VO, VO3, and V,0s units are the main building blocks for most of these
clusters. The reaction pathways observed for these vanadium-oxide clusters include
molecular association, cracking, dehydration, and oxygenation of the neutral hydro-
carbons with the reactivities of specific clusters differing from species to species. A
more extended analysis of the selectivity of VxO;‘ clusters in reactions toward ethy-
lene due to the charge and different oxidation states of vanadium for different cluster
sizes was shown in a subsequent paper (111). DFT calculations were performed
on the reactions between VXO;r and ethylene, allowing us to identify the structure-
reactivity relationship. The oxygen transfer reaction pathway was determined to be
the most energetically favorable one available to v205+ and \/40?0 via aradical-cation
mechanism. Investigation of reactions involving gas-phase cationic vanadium-oxide
clusters with small hydrocarbons are suitable for the identification of reactive centers
responsible for selectivity in heterogeneous catalysis.

The formation of novel vanadium-oxide cluster molecules by oxidative two-
dimensional evaporation from vanadium-oxide nanostructures on a Rh(111) metal
surface has been studied experimentally and theoretically (112). The structure and
stability of the planar V¢O1, clusters and the physical origin of their 2D evaporation
process have been investigated by high-resolution scanning tunneling microscopy
(STM) and DFT calculations. The surface diffusion of the clusters has been fol-
lowed in elevated-temperature STM experiments, and the diffusion parameters have
been extracted, indicating diffusion by hopping of the entire surface-stabilized
cluster units.

7.3.2.2. Titanium Oxides Surprisingly, titania nanoclusters have not been stud-
ied by many groups, different from the corresponding rutile and anatase surfaces for
which several theoretical investigations exist. The electronic and structural properties
of TiO, species of various sizes, charges, and stoichiometries, ranging from Ti,, O,
clusters(n =1-3,m —n=0,1,q = —1,0, 41) to bulk rutile and its (110) surface,
have been obtained by total energy calculation based on the DFT in the LSDA (113).
The results have been interpreted based on a Bader-type analysis of the total elec-
tronic density. Attention was focused on the electron distribution to better understand
how the iono-covalent character of the Ti—-Obonding and the screening properties
vary as a function of the size of the system, the atomic coordination, and the surface
orientation.

First-principles quantum chemical calculations at the HF, MP2, and B3LYP levels
were used to explore the potential energy hypersurfaces of ionic titanium oxide clus-
ters of molecular dimensions (114). The energetics of all topomers corresponding
to global or local minima and saddle points in the potential energy hypersurfaces
were computed at the more sophisticated QCISD(T) level. This is one of the few
examples of oxide clusters treated with such a sophisticated computational method.



7.3. METAL-OXIDE CLUSTERS: REVIEW OF FIRST PRINCIPLES CALCULATIONS 209

The computed structural, energetic, and spectroscopic properties of the clusters were
found to be in line with available experimental results.

In a joint experimental-theoretical study, the niobium—titanium-oxide cluster com-
pound TipNbgO12 was synthesized from NbO, NbO, and TiO; (115). It was found
that this system crystallizes in an original structure type based on octahedral cluster
units (NbgOp7). The cluster connectivity pattern in TipNbgO1, and intercluster metal-
metal distances are similar to those found in the “Chevrel phases,” and band structure
calculations indicated that the lowest unoccupied band in Ti;NbgO1, resembles the
conduction band in the superconducting “Chevrel phases.”

Finally, it is worth commenting that a very recent study by Hamad et al. (116)
studied the global minima in the potential energy surface of Ti, O, clusters with
n = 1—15. The search was carried out using a novel combination of simulated anneal-
ing and Monte Carlo basin hopping simulations together with genetic algorithm
techniques, with the energy calculated by means of an interatomic potential. The
minina structures are then refined by using DFT. The agreement between the inter-
atomic potentials and DFT is found to be good for large particles (n = 9—15). The
calculated global minima consist of compact structures in which the Tiatoms tend
to reach high coordination with increasing n. In particular, for n > 11, the particles
have at least a central octahedron surrounded by a shell of surface tetrahedra, trigonal
bipyramids, and square base pyramids. Hamad et al. (116) point out that the use of
these methods opens new possibilities for the study of larger TiO; particles and of
other oxides.

7.3.2.3. Manganese, Iron, Cobalt, and Nickel Oxides We consider here
nanoclusters of magnetic oxides, like MnO, FeO, CoO, and NiO. They are all char-
acterized by a complex distribution of the d electrons and various possible ferro-,
anti-ferro, or ferri-magnetic ordering of the spins—ab initio calculations based on
DFT calculations carried out at the GGA level have revealed many unusual features
of stoichiometric (MnO),, (n < 9) clusters that contrast with their bulk behavior (117).
The clusters are ferromagnetic and carry atomic-like magnetic moments ranging from
4B to 5 wp per MnO unit, and the moments are localized at the Mn sites. The (MnO)g
cluster, in particular, exhibits nearly degenerate ferromagnetic and atypical antiferro-
magnetic solutions with the ferromagnetic structure carrying a net moment of 40 pug.
It was also found that (MnO); and (MnO)3 clusters are unusually stable and form the
basis for further growth.

The magic iron-oxide cluster Fe;30g was discovered by using a reactive laser
vaporized cluster source (118), and the equilibrium geometry has been determined
from DFT calculations—carried out with the GGA functional and a plane-wave basis
set—to be of Dy4;, symmetry. Comparing with Fe;30¢, Fe1209, and Fe1407, Fe1303
has a closed electron configuration, a large HOMO-LUMO gap, and a large binding
energy, which suggest that it is most stable, in agreement with the experimental
observation (Figure 7.5). The main interaction between oxygen and iron atoms in the
cluster is the hybridization between O-2p and Fe-3d orbitals. The electronic structure
and magnetic properties for this magic iron oxide cluster are discussed in detail in
Ref. 118.
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Figure 7.5. Optimized structure of Fe2Og. Reprinted from Ref. 118 with permission.

The MygOg¢ (M = Fe, Co, Ni) oxide clusters have been produced by using reactive
laser vaporized cluster source; their structure has been investigated by Sun et al. (119)
using also DFT calculations within a plane-wave basis set. The possible equilibrium
geometries for these three oxide clusters have a skeleton composed of nine metal
atoms with the O atoms capping the triangular faces. In FegOg and CogOg clusters, the
oxygen atoms are antiferromagnetically polarized, whereas they are ferromagnetically
polarized in NigQOg, which is similar to the case of O atoms adsorbed on the Ni(110)
surface.

7.3.2.4. Molybdenum and Tungsten Oxides Photoelectron spectroscopy
(PES) and ab initio calculations have been combined (120) to investigate the electronic
structure of negatively charged MO, clusters (M = W, Mo; n = 3-5). Similar PES
spectra were observed between the W and Mo species. A large energy gap between
the first and the second PES bands was observed for MO;5™ and correlated with a stable
closed-shell neutral cluster. The experimental results have been compared with exten-
sive DFT and ab initio CCSD(T) calculations, which were performed to elucidate the
electronic and structural evolution for the tungsten oxide clusters. WO3 is found to
be a closed-shell, nonplanar molecule with C3, symmetry. WOy is shown to have
a triplet ground-state with Doy symmetry, whereas WOs is found to be an unusual
charge-transfer complex.

Two doubly charged polyoxoanions, MO(,O%; and W@O%; , have been observed
in the gas phase using electrospray ionization. Their electronic structures have been
investigated using photoelectron spectroscopy and DFT calculations with relativistic
effective core potentials (121). Each dianion was found to be highly stable despite
the presence of strong intramolecular Coulomb repulsion, which was estimated to be
about 2 eV for each system. The valence detachment features originate from electronic
excitations involving oxygen lone-pair-type orbitals, and their observed energies have
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been found to be in excellent agreement with the theoretical vertical detachment
energies calculated using time-dependent density functional theory.

7.4. CONCLUSION

In this chapter, we have provided a brief description of the foundations and key
features of the methods of electronic structure. These methods are commonly used
to approach a variety of problems in molecular chemistry and solid-state physics but
are also starting to be used to study oxide nanoparticles. The main difficulty in the
application of these sophisticated methods lies in the high computational cost and on
the very large number of structures to be explored. In this sense, the combined use of
genetic algorithms and ab initio calculations seems to open a promising way.

From the examples discussed in the previous section, one can readily see that
the field is in its infancy with many references being published just in the last five
years. Nevertheless, some general conclusions are already apparent. First, one must
realize that the structure of oxide nanoparticles can be completely different from
that of the common crystal polymorphs with concomitant new sites for chemistry.
Second, magic numbers appear as in the case of metal clusters discovered long ago.
However, the interplay between size and stoichiometry leads to a largely increased
complexity. Finally, some oxide nanoparticles described above seem to have very
special properties that make them good candidates for new technological applica-
tion. The systematic search for such kind of nanoparticles faces important problems
because of their structural and chemical complexity. A successful research will obvi-
ously require a strong collaboration between theory and experiment, and in each case,
many different strategies will have to be used simultaneously.
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8.1. INTRODUCTION

The field of nanoscale particles in science semiconductor physics and catalysis
has a rapid development without precedent during the beginning of this century.
Small feature sizes result in an increased functionality, faster speed, lower costs in
microelectronic processing power, dimension of dynamic memories, and catalytic
selective activity. These subjects are of paramount importance because technologi-
cal achievements of the present and future times are in the research on nanoscopic
dimensions.

Techniques for the development of nanodevices in the electronic industry and
catalysis involve several experimental preparation procedures (physical and chemical
methods; Chapters 3 and 4) and the possibility to carry out theoretical modeling to
predict properties such as magnetism, structure, reactivity, conductivity, hardness,
chemical selectivity, nucleation, and growth processes. Systematic studies regard-
ing structure-performance relationships are difficult to carry out experimentally, and
therefore, here is a spot where theoretical modeling may play an important role.
Several recent reviews about preparation and characterization of nanoparticles (1-3)
indicate the complexity and importance of this very active new area of scientific
research.

Many theoretical methods have been employed to model metal-oxide clusters
depending on the desired accuracy and the size of the system. Normally modeling
nanoparticles requires a considerable amount of atoms and involves very expensive
computational tasks, depending on the level of theory employed. In a recent work (4),

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
Copyright © 2007 John Wiley & Sons, Inc.
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the complexity of catalytic processes, together with a survey of the most recent and
relevant computational ab initio works, showed that parametric quantum methods
(PQMs) are an alternative for modeling these systems. It is expected that in the same
way as quantum modeling has had a great impact on drug-development technologies,
its use in the field of nanoscience should have a great future in the prediction of
properties for nanometer-sized structures of metal oxides.

The word “semiempirical” means partly from experiment. In practice, this denomi-
nation has a limitation because different approaches for parameterization are totally
based on data obtained from more sophisticated theoretical methods. For example,
the extension of PQMs to bimetallic systems is almost impossible due to the lack of
molecular experimental data. This is also true for metallic nanoclusters in which their
geometry (bond distance, angles) and energetic binding energy are unknown. There-
fore, ab initio calculations are fundamental to obtain the molecular data to perform
parameterization. In this sense, the term “parametric quantum method” (PQM) (based
on parameters) is a more universal manner to design semiempirical approaches.

The challenge of modeling nanoparticles is to establish predictability for the
new chemical and physical properties of these novel materials that are in the fron-
tier between solid-state physics and molecular chemistry. Microscopic modeling of
metal-oxide particles properties is a challenge of great importance in microelectron-
ics, catalysis, magnetic materials, corrosion, semiconductor devices, environmental
chemistry, bioengineering, combustion, lasers, solar cells, sensors, and so on. In this
sense, arecent review by Ferndndez-Garcia et al. (1) presents a selection of experimen-
tal techniques and theoretical methods to examine the characterization and behavior
of nanostructured metal-oxide particles in chemistry.

The reactivity of nanoscale systems for catalytic applications depends on the
adsorption energy and dissociation barrier of gas molecules on their surfaces. This
is mainly dominated by quantum-size effects that govern the electronic spectra of
clusters (active orbitals in reactivity), by the geometrical dynamical fluxionality (struc-
tural transitions) and by composition, such as impurity-doping effects (the atomic
coordination at the surface depends on their chemical neighborhood).

Qualitative information is very important from a practical point of view. As men-
tioned by Reynolds (5), “Many industrial problems are simply too large for timely
solutions using large-scale ab initio calculation. Industrial chemists are often more
interested in trends than absolute numbers.” The efficiency of PQMs was evaluated by
Bredow and Jug (6) by comparison of a benchmark test of the PQM MSINDO-CCM
(cyclic cluster model, CCM) and ab initio CRYSTAL-SCM (supercell model) using
the PWGGA exchange correlation potential and HF method showed that the PQM is
3000 time faster than the ab initio ones. In a similar way, Clark (7) talking about the
quo vadis of semiempirical MO-theory pointed out that PQM is far from dead, if one
considers a factor of 103—10* faster than DFT calculations.

Several developments of great importance have been recently extended to PQMs to
give them greater flexibility, potentiality, and the inclusion of an extensive set of tools
to aid in the study of molecular structure, electronic properties, and chemical reactions
in complex systems: (/) Corrections in PQMs for describing H-bonded systems (8).
(2) Combination of quantum mechanics ab initio and DFT with PQM (QM/SE) using
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different approaches (9). (3) Extension to very large systems using PQM/molecular
mechanics and applications of QM/MM to complex systems (10—-13). (4) The use
of molecular similarity to build more precise semiempirical structure theories, which
have been proposed by Janesko and Yaron (14). (5) Parallel programs for evalua-
tion of large systems (NANOPACK) using PQMs, which have been implemented by
Berzigiyarov et al. (15). (6) Detecting anomalies in reported enthalpies of formation
of organic compounds using PQMs, which has been reported by Stewart (16). (7) A
multi-reference configuration interaction algorithm (MRCI) in an effective valence-
shell Hamiltonian, which has been given by Strodel and Tavan (17). (8) Transferability
of parameters for a sequential derivation of molecular mechanics using strictly local
geminal wave functions, which has been proposed Tokmachev and Tchougréeff (18).

In Section 8.2, we present the theoretical foundations of PQMs, indicating the
prominent future of these techniques based on the unexplored field of elementary
parametric functionals (EPFs). In addition, a review of PQM applications, over
the last six years (2000-2005), is carried out to evaluate properties of metal-oxide
nanoparticles. Applications of PQMs to metal oxides are less frequent than to organic
systems, because of the complexity of the former and the fact that few methods
have been parameterized for metallic elements. Different methods are considered
here: MSINDO, tight-binding, CATIVIC, INDO/S, ZINDO, MNDO, AMI, and
PM3. Finally, some comments and conclusions of this survey are presented in the
last section.

8.2. GENERAL FOUNDATIONS OF PARAMETRIC QUANTUM
METHODS

Although this chapter is related to applications of PQMs, in this section, a highlight
of their fundamental aspects are presented to show the prominent future of these
methods in molecular and materials modeling. We do not emphasize the analytical
structure of the EPFs that represents basic interactions, because this topic deserves a
special chapter due to the multiple variety of these functionals reported in the literature
for different methods (6,19,20). Instead, a presentation of the general fundamental
formalism is presented to establish a solid PQM theory that supports the systematic
improvement of these methods.

Functional analysis can be used to establish the basis of ab initio quantum mechan-
ics (21-25) and PQM approaches (26,27). Minimax and variational principles (21)
can be set up in terms of accurate simulated analytical energy functionals Ecx, by
parametric energy functionals Ep,,. The optimal Ep, can be expressed in terms of a
set of EPFs { f,,} that belong to a family set of parametric functionals (F),) that are
associated with intra- and inter-molecular interactions. The minimax principle for the
stable state (E!, 1 = 0) corresponds to the variational principle (27):

E),[Hpo(R).S] = _min_ E_W({D%},{ﬁ,a},R> 8.1)

pa(R)EF ),

o]
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where D%“f =d}d}; dj, is the coefficient of an element u of a basis set {¢}, in
the expansion of the orthonormal ath molecular orbital (MO) expressed as x¢ =

> u d; ¢y, and R is the set of molecular coordinates. In Eq. 8.1, the parametric total

energy functional (Ep,) is minimized with respect to sets of coefficients {Dg’ﬁ} and
EPFs { fpa}. The basis set {¢} belongs to a subspace M of the Hilbert space H. Fp,
is a family of parametric functionals that must obey the same algebraic properties of
a set of analytical functionals { f}({f} = {(¢n, hi(R)Pv), (@ Py, Gij(R)Prds)}). The
dependence with respect to the basis set is considered by a family F of functionals
generated by a set of one- and two-center operators 2 = {h;(R), G;;(R)} from the
exact Hamiltonian operator H(R) applied on the set {¢},¢ € M € H. It is important
to emphasize that the set { f,o} must come from simulation of a set { fop} obtained
from an optimal basis set {¢}opt. This basis set is unknown, and it is denoted with
the acronym OTMBS (optimal transformed minimum basis set) (26,28) that belongs
to a subspace Myp € H. The OTMBS is associated with inter- and intra-molecular
interactions over the set of intervals {[Ry—Ry]} for X and Y atoms. Several ortho-
gonality and localization conditions related to this basis set have been established
(26). The OTMBS concept is rationalized by considering different auxiliary basis
sets for dissimilar local environments in which electronic interactions are embodied.
Note that functionals { fop(R)} and { fpa(R)} depend on {¢}op: and R. It means that
once a functional is selected, there is implicitly a {¢}op for all R in the set of intervals
{[Rx—Ry]}.

The set of EPSs associated with nuclear—nuclear, electron—nuclear, and electronic—
electronic interactions is evaluated by using simulation techniques of effective
Hamiltonians, as has been early proposed by Durand and Malrieu (29) and later
by Primera et al. (30). For example, a molecular system M = W;X,,Y,,, with N atoms
(N =1+ m + n) requires the best representation of X, Y, and W atoms and X-X,
W-W, Y-Y, X-Y, W-X, and W-Y energy component interactions.

In practice, PQMs are based on parametric expressions related to bond energy
functionals (BEp,), such as dissociation energy or heat of formation, that are also
defined by means of simulation techniques:

1,2
2
min (ZZ’BEQVX’; — BEM! ) (8.2)
M I

BEN! cBE

where BEXM! and BES/Q are the exact and parametric bonding energies of the M
molecule in the /th molecular electronic state, respectively. BEQ;IQ values are obtained
experimentally or theoretically as accurate as possible, for example, configuration
interaction (28,31) or other less-accurate methods, such as DFT. Parameters of BE%’
are calculated not only to reproduce BEQQI but also geometrical, electronic, spectro-
scopic, and mechanical properties, depending on the research of interest (6,19,20).
BE is a family set of parametric binding energy functionals. BEfVI’ (t = exa,pa) is
defined as follows:

Nm
BE/" = E" - Y " E} (8.3)
X



8.2. GENERAL FOUNDATIONS OF PARAMETRIC QUANTUM METHODS 221

where EMI and EX are total energies of the M molecule in state 7 and of the atom X
of the M molecule, respectively.

For PQMs, the total energy for a molecular system can be easily divided in diatomic
(Exy) and monoatomic (Ey) energy terms:

EM =) Ex+ ) Exy (8:4)
X

X>Y
X,YeM

Monoatomic contributions to the total energy depends on EPFs that belong to the X
atom, such as iy, x,, and yx,.xv, which correspond to core Hamiltonian and electron—
electron interactions (Coulomb and exchange), respectively. The diatomic energy can
also be expressed in terms of EPFs that depend explicitly on Ry_y distance, such as

Exy = f({hxuyo b (Vxuvo b (Viuro)s (ESy D) (8.5)

where hx;yv, Vxuyv, Vxuyv, and E}?Y correspond to resonance, electron—electron
repulsion, electron—nucleus attraction, and core—core repulsion functionals, respec-
tively. Differences between PQMs depend on the way Exy and Ex functionals
have been defined in terms of EPFs and in the manner that parameterization is
performed.

Parametric functionals for molecular and atomic systems may be optimized by
nonlinear techniques to find optimal parameters that correspond to a global minimum
of an expression that include other properties, such as bond distance and angles. Simu-
lated annealing (SA) (32), evolutionary algorithms (EAs) (33), tabu search (TS) (34),
neural network (NN) (35), and ant colonies (AC) (36) techniques can be used to locate
a global minimum in nonlinear complicated multivariable functions by minimizing
the differences between theoretical multiparametric functionals and experimental data
for several properties. The potentiality of PQM methods depends on the feasibility of
finding well-defined EPFs with their corresponding parameters. Very few applications
of nonlinear optimization techniques to find optimal parameters in PQM methods have
been reported in the literature (37-39).

The following considerations for parametric methods may be ascertained: (/) Inte-
gral calculations are little time consuming because the number of them decreases with
the application of neglect differential overlap (NDO) approach, and most of them are
evaluated from EPFs; therefore, these methods are faster than the rest of the QC meth-
ods. (2) The main drawback is the troublesome parameterization process and a correct
selection of parametric functionals to ensure accuracy. (3) Programs for optimization
of parameters and functionals are not available to users, contrarily to standard ab
initio methods where the optimizations of basis sets, active space, and configuration
selection are customary tasks. (4) Small molecules can be calculated with relatively
high accuracy and short time by ab initio methods, and on other hand, PQM can be
employed to model large complex systems. For this reason, we assert that parametric
and ab initio methods may be considered complementary.
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8.3. APPLICATIONS OF PQMS METHODS TO METAL-OXIDE
SYSTEMS

In this section, we analyze the potentiality of several PQMs with applications to model
surface reactions and properties of nanoparticles and solids. We select the most used
methods for applications to metal-oxide systems: MSINDO, tight binding, MNDO,
AM1, PM3, INDO/S, and CATIVIC.

8.4. MSINDO METHOD

Karl Jug’s group has created perhaps the most successful PQM for the first to
the fourth row of elements in the Periodic Table with applications to metal-oxide
surface processes. Two versions of the symmetrical orthogonalized INDO method
(SINDO1) (40-43) and more recently an improved version of SINDOI1, modified
SINDO (MSINDO) (44-47), have been developed. Several general features charac-
terize the last method: (/) Orthogonalization transformation corrections (48) into the
Hartree—Fock (HF) equations to improve the simulation of H o matrix elements;
(2) different set of atomic orbitals for the inter- and intra-atomic interactions; (3)
extended basis set for hypervalence compounds of third (Al-Cl) and four (Ga-Br)
periods (46); (4) Zener’s pseudopotential is incorporated for including the effect of
inner orbitals; (5) zero-point energy corrections for the evaluation of heat of for-
mation; and (6) an extension to the first row transition elements (Sc—Zn) (47). This
information is presented in more detail in a recent review of parametric methods given
by Bredow and Jug (6).

Numerous applications of MSINDO to the surface properties of metal oxides
have been carried out in recent years by Jug et al. (49-65). Several works related
to adsorption and properties of MgO surfaces (49-51), for example, HoOmolecules’
adsorption on a defective MgO(100) surface modeled by clusters of Mgj¢20162,
Mg1440144, Mg200O198, and Mg2000200 (49). Results of adsorption energy show that
MSINDO values are close to experimental findings and reveal that the dissociative
adsorption of water mostly occurs on surface-defect sites. They found a very high-
energy formation of defects that is compensated with H, formation. On the other hand,
Tikhomirov and Jug (50) studied several water molecules adsorbed on MgO(100) to
simulate a monolayer coverage. They reported that the most stable arrangement is a
(2 x 2) overlayer structure with water molecules tilted on the surface. Formation of
strip and bands occur with Mg—OH> and lateral O—H interactions between different
H>O molecules. Comparison of the MSINDO adsorption energy (—13 kcal /mol) with
the temperature programmed desorption (TPD) experimental value (—16 kcal/mol)
shows very close agreement.

Formation of Cu, clusters (n = 2-6, 16, 20, 32, 36, and 52 atoms) on a MgO
surface modeled by a (8 x 8 x 3) MgosOog cluster were performed by Geudtner et al.
(51) Comparison with DFT calculations is quite reasonable and shows that this PQM
can describe correctly interactions of Cu clusters on the modeled MgO(100) surface.
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The results predict the formation of a single double layer and then the construction
of islands, in agreement with experimental results.

Janetzko et al. (52) investigated the formation of single oxygen vacancies in Al,O3
by using the cyclic cluster model (CCM) (53) incorporated to MSINDO and by the
supercell model (SCM) employing DFT and HF methods. MSINDO results for cohe-
sive energy of the corundum crystal are in better concordance with experimental data
than HF and DFT results. The relaxation process is explained by repulsion between
nearest neighbor atoms that form the vacancy.

Some studies for adsorption of small molecules (NO, NH3, and H,O) on vanadium-
and titanium-oxide surfaces were completed by Homann et al. (54,55). The TiO;
anatase (100) surface was modeled with (TiO),, (H,O),, (n = 33-132, m = 17-48)
clusters using OH and H as saturation groups. In a similar manner, V,05(001) was
simulated with (V205),(H20),, (n = 24-54, m = 20-40) clusters. Comparison of
experimental adsorption energies (E,qs) of NO (—21 kcal/mol) and NH3 (—31,
36 kcal/mol) on anatase(100) with theoretical values of (—18 to —20) and (—37
to —38 kcal/mol), respectively, are very close. The order found was |E,qs(NH3)| >
|Eags(HO2)| > |Eags(NO)|. In the case of a V,05(001) surface, results are in good
agreement with DFT and experimental data; i.e., the extrapolated bulk binding energy
925 kcal/mol compares very well with the experimental value of 909 kcal/mol, and
adsorption energies are in reasonable agreement with DFT calculations. All of these
features suggest that the MSINDO method can be a qualitative and, in some cases,
semiquantitative tool to model surface reactions in nanoclusters.

Other multiple applications of MSINDO are molecular dynamics simulations to
surface and catalysis by Nair et al. (56) in the interaction of vanadia clusters on a
titania (anatase surface) catalyst. They also study the interaction with small molecules
V:O,H; (x = 1,2;y = 4,7;z = 3,4) onaTiO; support (57). The stability of different
structures of V,O7H4 and VO4H3 was studied for adsorption on (101), (001), and
(100) clean surfaces represented by different nanoclusters of TiO; (Ti3¢O72). The
results show different structures of Vo,O7H4 and VO4H3 depending on the crystalline
exposed surface.

The high potentiality of PQMs is reflected in calculations by Steveson et al. (58)
for the chemical modeling of the structure of aluminum doped anatase and rutile tita-
nium dioxide. They used 29 models of Ti,Al,O, (x = 53-56,86-90;y = 1,2,4;z =
111, 112, 180) obtained from the clusters shown in Figure 8.1, by the inclusion of Al
or the substitution of Ti by Al. Results suggested that the replacement of Ti—O-Ti by
two Al generates the most stable defect structure in anatase. The following most stable
defect corresponds to a single replacement of Ti by Al. An inverse order is obtained for
the rutile structure. One important fact is that the relaxation process is very important
in the stability of the defects. The Al-doping of anatase clusters is thermodynamically
favored as compared with rutile. From these results, they concluded that Al doping
favors the rutile—anatase transition.

Investigations for metallic compounds with metal oxides have been carried by
Janetzko and Jug (59) with MSINDO, for example, the miscibility of ZnO and ZnS
using the Znsg04g cluster as a model. Results show a good agreement between the-
oretical findings and experimental data. In a similar way, structural and electronic
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Figure 8.1. Cluster models TisO112, anatase (top), and TiggO1g0, rutile (bottom), used for the
MSINDO calculations. The clusters were embedded in arrays of 1992 and 1134 pseudo-atoms,
respectively (not shown). Titanium atoms are shown in black and oxygen atoms in white. From
Ref. 58.

properties of LioB40O7 were modeled with a cyclic cluster of Lij§B320s6 by Islam
et al. (60). The authors concluded that the choice of DFT approaches or MSINDO
depends on the complexity of the system and the property that is studied. For example,
MSINDO for Li;B4O7 gives a better band gap (9.7eV ) than several DFT meth-
ods (17.68 (HF+PW), 6.76 (PWGGA), 6.3 (PWGGA-US), 6.2eV (PWGGA-PAW))
as compared with the experimental estimated value of 9.0eV. However, PW1PW
and B3LYP also give values close to the experimental value (8.88 and 8.85¢eV,
respectively).

Finally, other applications of MSINDO to surface processes correspond to adsorp-
tion of NO, NH3, and H>O on V,05/TiO; (61); molecular dynamics investigation of
oxygen vacancy diffusion in rutile (62); nucleation of CuGa phases on the MgO(100)
(63); the mechanism of acidic dissolution at the MgO(100) (64); and extra-framework
gallium species in Ga/SAPO-11 catalyst and n-butane transformation (65).
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8.5. TIGHT-BINDING METHOD

Tight binding (TB) theory is a heavily parametrized extended Hiickel theory with the
explicit introduction of pairwise atomic repulsion (66—70). Tight-binding methods
are broadly employed to study the electronic structure of transition metal oxides,
conductivity, magnetism, fuel cells, elastic constants, surface vacancies, doping, fonon
frequencies, band gap, optical absorption, and so on (71-101). Although the main
application is mainly on extended solids, it can be used for nanoparticles. Here, we
will show a sample of the most recent and varied applications of this technique to
metal oxides.

Miyamoto and Kubo’s group has applied the TB molecular dynamics method
(TBMD) to several systems (71-75), for example, to calculate the electronic struc-
ture of InpO3 and indium tin oxide (71). They reported band gap values that compare
well with the experimental results and underlined that this software is 5000 times
faster than the conventional first-principles quantum methods. Furthermore, this group
studied the structural and electronic properties of Li,Mn;0O4 cathode materials for a
lithium secondary battery with TBMD (72). They found an average potential for the
reaction Li + Mn;0O4 — LiMn;0O4 and lattice constants for LiMn;O4 and A-MnO;
in good concordance with the experimental values. In the area of batteries techno-
logy, the density of states for Ni/CeO;, and Cu/Ceo; systems used as an anode in
solid-oxide fuel cells was evaluated by the same group (73). Their results using the
TBMD program explain the electron transfer from metal to oxide and the contribu-
tions of Ni and Cu orbitals to the density of states close to the Fermi level in each
cermet. They conclude that the effectiveness of the TB approach to the investigation
of complex cerment systems was proved. Other work of solid electrolyte fuel cell
was carried out by the same authors (74) to study the adsorption and dissociation of
0O on La;_,SryMnO3 — o (LSM) surfaces. This TB approach has also been success-
fully applied to investigate adsorption on ultra-fine metal particles on metal-oxide
supports (75). The effect of y-Al,O3(100) support on M3 nanoclusters (M = Ru,
Rh, Pd, Ag, Os, Ir, Pt, Au) was analyzed by the adsorption of NO. They found that
NO activation is correlated with the electron transfer from the metal cluster to NO.
In particular, the NO adsorption on Pt;3 cluster is significantly stabilized by the
v-Al,O3(100) support.

To compare the structure of free and supported metallic nanoclusters, Mottet et al.
(76) used molecular dynamics TB semiempirical potentials to describe metal-metal
interactions. Clusters of Ni, Pd, Pt, Cu, Ag, and Au with noncrystalline structures
supported in MgO(100) surface were considered. Substrate-induced modifications in
morphology and atomic structure were analyzed as a function of the cluster size of
Pd clusters and the dynamics of growth and melting of Ag clusters depended on the
epitaxial relation with the support.

The stability and changes in the bonding due to a vacancy in SnO; crystalline
grains have been extensively studied by Mazzone et al. (77-82) using big clusters,
varying from 20 to 900 atoms; see, for example, Figure 8.2. They found that grain
stability depends on grain composition, shape, and the presence of vacancies, rather
than on its size. The studied grains are size comparable with the experimental ones,
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Figure 8.2. Three-dimensional view of a spherical and columnar nanoparticles of SnO,. Dark
and gray grains correspond to O and Sn atoms. From Ref. 81. See color insert.

and it was found that squared structures are favored over filamentary ones and that the
exploitation of nanotubes seems hampered by stability problems. Oscillatory variation
of fragmentation energy with the number of atoms is found for spherical grains but
not for squared and T-shaped grains.

The electronic structure and structural properties of CuMO; oxides (M = Al, Ga,
In) has been studied by Jayalakshmi et al. (83). The calculated equilibrium lattice
parameters and bulk modulus are in good agreement with the experimental values.
In another context, details of the electronic structure of UO, were calculated by
Lim et al. (84), who evaluated local and total density of states for three different
types of oxygen defects. The local d-states were calculated from the spectral rep-
resentation of Green’s functions. On the other hand, Zainullina et al. (85) studied
the monoclinic and cubic phases of Li titanate (Li»TiO3) and its protonated analogs
(Li1.75H025TiO3) and H,TiO3, in order to understand the effect of protons on the
electronic spectrum and bond strength. The same group also calculated the electron
structure of a-Biy O3, B-Bix O3, y-Bip O3, and y-Biy O3 phases (86) with the purpose
of studying the chemical bonding and oxygen ion migration.

Modeling properties related with spin and magnetism has been extensively carried
out by using TB methods. The specific properties of TiSr,CoOs and SrCoO3z were
interpreted by Pouchard et al. (87) to compare the trivalent and tetravalent Co ions.
They found that spin transitions are coupled to metal-isolator transitions where the
spin equilibrium may lead to nonintegral oxidation state for mixed valence oxides.
In the same way, Jo (88) studied the effect of the 3d spin—orbit interaction on the
magnitude of the orbital magnetic moment in vanadium perovskites. He proposed an
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explanation for the magnetic properties based on spin and orbital coupling and Jahn—
Teller distortion in LaVO3 and Y VO3 vanadates. Doublet and Lepetit (89), determined
the structure of the dominant transfer and magnetic interactions of f-AV¢O15 (A = Sr,
Ca, Na) by using extended Hiickel TB calculations. Their calculations explain the
optical condition and Raman spectra for Na V,Os. Magnetic and electronic properties
of the Mn site-doped perovskite oxides LaMn;_,Cr O3 were studied by Yang et al.
(90). The behavior of the total magnetic moment is explained with an amount of
Mnin the perovskite and the distortion of its crystal structure. Ohsawa et al. (91)
calculated the interlayer coupling constant of perovskite-type ferromagnetic trilayers
LaBaMnOs3;/LaNO3;/LaBaMnOs3, reproducing experimental results, and the tunnel
magneto-resistance in magnetic junctions (92). In this field, Mathon (93) evaluated
the tunneling magneto-resistance for two Co electrodes separated by a vacuum gap
and for an Fe/MgO/Fe(001) junction.

Tunneling resonance spectra have been investigated by Narvaez and Kirzenow
(94,95) of a nanoscopic-oxide-coated aluminum island. The electronic properties of
vanadium pentoxide (V20Os5) nanotubes were studied by Enyashin et al. (96,97) to
compare the cylindrical zig-zag and the armchair structures. The effect of doping
Iny O3 by lithium using TB methods was studied for Sasaki et al. (98). They found
that Li atoms occupied interstitial sites of the crystal and explained the increase in
the lattice constants and the decrease of the optical absorption energy. The doping
effect was also studied by Gavrichkov et al. (99) in the evolution of the band structure
of CuO; quasi-particles. Singh et al. (100) studied similar systems to understand the
role of CuO-chains on the supercurrent density in bilayered cuprate superconductors,
such as YBa,Cu3O5. Ivanovskii and Okatov (101) studied ionic conductors in solid
solutions of ZrO,-Iny 03, ZrO;-In, 03-T1, 03, and ZrO,—In; O3—CaO systems. The
injection time of the electron transfer from an excited dye molecule to a metal-oxide—
molecule (TiO;) interface was calculated by Peterson et al. (102), and the results are
corroborated by recent experimental studies.

These applications of TB indicate the high versatility of this approach to simulate
complex systems related with problems in technology of materials and electronic
devices.

8.6. AM1, MNDO, AND PM3 METHODS

MNDO (103) and AM1 (104) are extensively used in theoretical modeling of the
molecular structure. The main difference between them is the way core—core repul-
sions are evaluated. This set of methods has its origin in the Dewar’s group and was
later improved by Stewart given PM3 (105) and by Thiel’s group with different ver-
sions of MNDO (106-111). Several reviews of these methods have been presented
in the literature (6,20,112). Application of these PQMs to metal-oxide systems is not
as much numerous as other methods, because these are more oriented to analyzing
organic and biological compound properties.

The PM3 method has been used to model surface processes, such as the Almeida
et al. work (113) to study water adsorption on MgO(001) surfaces with different
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types of vacancies (V, F, and P that correspond to sites where O, Mg, and Mg and
O are removed from the surface, respectively). They investigated the interaction of
nH;0O molecules on a (MgO)¢ cluster and found that F and P vacancies promote
the water coverage. There is also a decrease of HOMO, LUMO, and gap energy
with the increase of the adsorbed water molecules on vacancies. Calculations were
cross-checked with DFT calculations. The authors argued that the use of the PM3
method is very advantageous for big systems with a large number of conformations,
because it supplies the required physical insight rather than accurate numerical results.

An interesting PM3 application is reported by Cai and Sohlberg (114) for the
modeling of methanol, ethanol, propanol, and isopropanol adsorption on a y-alumina
surface (1 1 0 C) by using an AlsgOg4 cluster. They found exothermic alcohols dehy-
drogenation on vacancy sites. A surface coverage study was performed with two
C,HsOH molecules, as shown in Figure 8.3. The repulsion between these molecules
is an obstacle for a second adsorption with the critical configuration that leads to
dehydrogenation. Alkoxide production by removal of the O—H proton is favored over
alkoxide formation by the C—OH scission. The alcohol is acting as a Brgnsted acid,
whereas the surface Oy atoms adjacent to vacancies act like Brgnsted bases.

The use of PM3 for elucidating potential intermediates in the Tishchenko reaction
mechanism was carried out by Seki et al. (115). They proposed o-MOCH,;C¢H4CHO
(M =Mg, Al) as the active species based on theoretical calculations for the trans-
formation of o-phthalaldehyde to phthalide reaction on MgO using a (MgO)¢
cluster.

Several applications of AM1 to zeolites have been reported. Lam et al. (116) studied
the adsorption of the metronidazole drug in the lattice structure. They found that the
nature of the interaction drug-zeolite depends on the size model. The drug adsorp-
tion on the zeolite matrix could have practical importance in medicine, because it
can decrease the side effects of this drug. Kojima et al. (117,118) used AM1 to
study photochemical reactions in zeolite nanocavities. They irradiated cis- and trans-
azobenzenes in NaY, Na-mordenite, and Na-ZSM-5 zeolite to study the ratio change
between isomers. The results explain the Na™ interaction with the lone pair of one
of the N atoms and not with the N=N double bond. Kojima et al. also studied the
photooxygenation of aromatic alkenes in NaY zeolite (118). They explained the for-
mation of oxygenated products through alkene cation radicals and superoxide anions
generated by the excitation of contact charge-transfer complexes stabilized by the
strong electrostatic field in the nanocavity.

Other research of hydrocarbon reactions in zeolites was carried out by Moreau
et al. (119) using AM1, PM3, and molecular mechanics methods. They evaluated the
naphthalene alkylation with ter-butanol by using HY and H-beta zeolites. The selec-
tivity of di(tertbutyl)naphtalenes (DTBN) is analyzed in terms of energy calculations
and the kinetic diameters. These two facts explain the high selectivity of 2,6-DTBN
with respect to 2,7-DTBN. Large cluster models, such as (ZnQO)gp, were used by
Martins et al. (120) to study lateral interaction effects of CO and H; adsorbed on the
ZnO surface employing the AM1 method. They found that CO interacts mainly with
the edge sites between (0001) and (1010) surfaces and that the CO binding energy
increases with the number of CO adsorbed molecules on the ZnO surface.
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Figure 8.3. Adsorption of (a) two CoH5OH molecules on AlygOgsq; (b) two different
configurations and (c) optimized configuration. From Ref. 113. See color insert.

Application of a new PM3 modification, named PMS5 (121), to study the
precipitation of calcium carbonate (vaterite) on gallium oxide was performed
by Malkaj et al. (122) using the GasOg cluster, CaCO3, and complexes of
Ga4Og¢ - (OH), - YCaH,;O3 - RH,O(x =0, 1),R = (0, 1,2, 3), (Y =0, 1, 2). Several
calculations of heat of formation, bond order, bond length, and partial charge on O and
Ga atoms were evaluated. Formation of two CaCO3 molecules on GasQOg is favored,
and it initializes the crystallization process.
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Several modifications for getting better performance of these methods have been
reported. Improvement of PM3 and MNDO has consistently been reached by Repasky
et al. (123) using pair distance-directed Gaussian modification (PDDG) that gives rise
to PDDG/PM3 and PDDG/MNDO methods applied to compounds with H, C, N, O
atoms. On the other hand, new parameterizations for transition metals complexes have
been done by Cundary et al. (37,124). Ground-state prediction for transition metal
complexes has been successful in comparison with other levels of theory MP2 and
DFT, because geometry optimization and frequency calculations typically take from
5 hours to 10 days compared with less than 10 minutes employed with PM3(tm).

8.7. INDO METHOD

The INDO method (intermediate neglect differential overlap) was proposed initially
by Pople et al. (125). Several modifications to this approach are given by Zerner’s
group (126—-130) (INDO/S) to study the spectroscopic properties of transition metal
and lanthanide species presented in the ZINDO program package.

An interesting application of INDO/S to nanoparticles is reported by Hush et al.
(131-133) to analyze electrode conduction. They conclude that the INDO/S method
was capable of giving a qualitatively description of all basic electrostatic, resonance,
spin, and electronic state effects necessary to properly describe electrode—molecule—
electrode conduction; i.e., this PQM is an efficient computational scheme for the study
of a wide range of nanoparticle electronic properties.

Calculations for geometry structure and spin and charge densities of Fe(IlI) oxide
nanoclusters with 4 Fe and 6 O atoms, coated with acid surfactants, were carried
out by Pomfret et al. (134) using the ZINDO package. The results indicate that the
nanoparticle spin density is depending of the surfactant number and charge. They
also reported that nanoclusters are transformed from ferri-magnetic to ferro-magnetic
when the number of surfactants increases.

Another motivating application of the ZINDO/1 program is reported by Clifford
et al. (135) in the recombination dynamics of ruthenium bipyridyl, porphyrin, and
phthalocyanine dyes on nanocrystalline TiO; films. This system is of particular inter-
est in technological applications in dye-sensitized solar cells and electrochromic
windows. They found that the most important factor is limited by the interfacial
electron-transfer reaction that depends on the spatial separation of the dye cation
HOMO from the electrode surface calculated by the PQM.

Cheng et al. (136) used INDO with single and double CI to study the third-order
nonlinear optical responses of spin chain systems A>CuOs3 (A = Ca, Sr). They found
that nonlinear susceptibilities are from the Cu—O chain direction and the two-photon
allowed excited states, especially the electron-hole couple excited state within the
valence band.

Applications to surface chemistry were performed by Rodriguez et al. (137) to
study the adsorption of NO; on periodic slabs of ZnO within the DFT approach but
in order to investigate localized charges or electronic properties of individual atoms.
They performed, however, INDO/S calculations for NO; on ZnO clusters, because
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this method can give qualitative information about the chemisorption process (charge
transfers, atoms involved in the bond, bond strength, energy-level spectrum of the
adsorption complex) that cannot be easily performed with the DFT method.

A large number of applications with an INDO method, especially modified for
ionic/partially covalent solids (138,139), have been carried out by Eglitis et al.
(140-157). They studied a series of ABO3 perovskites (A =Ba, K), (B=Nb, Ta,
Ti) and KNb, Ta;_,O3 compounds. Several properties have been analyzed, such as
point defects, optical absorption energies, activation energies, electronic structure,
polaronic and vibronic excitons, luminescence, effects of impurities, charge transfer,
and phase transition. The results explain the basic physical mechanisms and pheno-
mena that occur in complex systems, such as ABO3 perovskites, in a qualitatively
manner.

8.8. CATIVIC METHOD

The PQM named CATIVIC (158) has been developed recently to model catalytic and
molecular systems based on simulation techniques (26-28). In the first version, he total
energy functional is obtained from basic parametric functionals (26-28,30) similar to
MINDO/SR (159), i.e., from diatomic molecules. Details of atomic and molecular
parameterization processes used in this method are presented elsewhere (38,39,158).
In addition, several theoretical tools have been implemented for evaluating the bond
strengths and analyze bond interaction: diatomic energies (DEs), diatomic binding
energies (DBEs) (160), critical points of the Laplacian density, and orbital correlation
diagrams (158,161).

The philosophy of this PQM is based on a correct representation of the most
elementary molecules [diatomic molecule (DM)] and then the extension to more com-
plex systems. The transferability to polyatomic molecules is a crucial task, because
it requires a comprehensive parameterization with a wide range of functionals and a
selected set of molecules that represent different types of bond coordination.

Several applications of CATIVIC to zeolite ZSM-5 are reported by Ruette et al. (4).
For example, the model size effect on zeolite-FeO site for NO adsorption is ana-
lyzed using different clusters: SipO4HgAlOFe-NO (A), SigO12H0AlOFe-NO (B),
Si31043H44A10Fe-NO (C), and Sig50157H70AlO0Fe-NO (D) of 19, 46, 123, and 327
atoms, respectively. Validation of parameters is obtained by comparison between
CATIVIC and DFT calculations using a Si»AlO4HgFecluster (162). It was found
that the NO molecule is bonded through the N atom; however, adsorption via the O
atom is also feasible. Qualitative information can be obtained from the charge changes
in different atoms of the substrate and adsorbate. The charge differences among the
A, B, C, and D models with NO adsorbed and the model A without NO indicate that in
all cases the Fe atom gains electrons with NO adsorption and that the charge change
increases with model size. These results show a significant increase of the electronic
density at the adsorption site, Fe atom. The authors conclude that the variation of
charge dissipation with cluster size has a strong significance in the reactivity of the
catalytic active site. In addition, more realistic cluster size models are convenient
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because, in many cases, reaction products may be controlled by the size of the zeolite
microcavities.

Another use of CATIVIC was on the location of Al and Fe adsorption sites in zeolite
frameworks (4). It is well known that Al and Si distribution in zeolites has a strong
influence on their catalytic properties. A model cluster of 339 atoms (AlSi790O193Hee)
was employed to model the sinusoidal channel of a natural FMI zeolite known as
mutinaite. Total energy data for all 12 different T sites reveal that the most stable
tetrahedral sites for Al sitting corresponds to T6 and T2. These two sites have been
reported by other theoretical and experimental methods with controversial results.

With respect to the study of stability of Fe atoms in mutinaite on the sinuosoidal
channel, calculations were carried out for the (FeSi79O193Hg7) cluster of 340 atoms
with a charge-compensating cation (H') located at the most stable place of the four
oxygen atoms bonded to Fe at each T site. A detailed study of stability of Fe atoms
in mutinaite on the sinuosoidal channel was also evaluated for a similar industrial
zeolite. Full optimization of all atoms, except edge H atoms, was carried out for the
model cluster. Results show that the H location is at those sites that point toward
the 10-ring channel. Calculated total energy values show that the most stable sites
correspond to T11 and TS. One of these sites has been reported by calculations of
DFT, using small model clusters.

A novel modeling of the extra-framework aluminium (EFAL) process in zeolites
was also carried out by CATIVIC (4). The formation of EFAL occurs by hydrothermal
treatment of the zeolite; therefore, the interaction of HyO molecules on the Al site
was considered. Two clusters were employed: one of 25 atoms (AlSi3O12Hg) that
represents a 4-ring in a ZSMS zeolite and the other of 265 atoms (AlSig3O152Ha9).
The results show the formation of a AlSi3O;2Hg-H>O and AlSig30150H49-H,O
penta-coordinate. Successive water molecules (6 H,O) attack the AI-O bonds in the
AlSi3017Hg cluster and lead to the formation of different intermediate species:

Si30gHs (AIO4H) 2% Si305Hs(AlOsH;3) 8.1)
SizOgHs(AIOsH3) 2% Siz09He(AIOsHy) 8.2)
SisOoHg(AIOsHs) 2% Si30;0H;(AIOsHs) (8.3)
Si3010H7 (AIOsHs) 22 Si30;;Hg(AIOsHg) (8.4)
Si3011Hg(AlOsHe) 2% Siz0;1Hg(AlOgHs) (8.5)
Si3011Hs (AlOgHs) —> Si3012Ho + Al(OH)3 + 3H,0 (8.6)

Reaction 8.1 forms a penta-coordinate complex with an AI-OH, bond. Reactions
8.2-8.4 also produce penta-coordinate complexes, but there is the scission of Al-OSi
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bonds and the formation of AI-OH, and SiO-Hbonds. In Reaction 8.5, an hexa-
coordinate complex is produced, and finally, the sixth water molecule will form
Al(OH)3 as EFAL.

CATIVIC has also been extended to employ an embedded approach for low sym-
metry systems, such as alumina (163). It is necessary to have an alumina cluster of
enough size to avoid artifacts produced by an unsuitable selection of the catalyst
model. The growth of a Ni5 system, supported on an alumina cluster embedded into
a large group of charges, was studied. The optimal model cluster was chosen after
analyzing the variation of atomic charges and DBEs from several alumina clusters,
as shown Figure 8.4. The selected model (Al30O45Ni) was embedded into a set of
point charges (Al339Og43) that correspond to a cube in the (110) plane. The embedded

Al20030

Figure 8.4. Different nanoparticles of A1O3 used to study property changes with size. From
Ref. 163.
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approximation improves the modeling of complex systems, such as the effect of the
support on surface-active sites. Short- and long-range interactions employed in para-
metrical methods can be use in the embedded approach. The minimum embedded
cluster of alumina in alumina resulted in an Al,0O30 system whose property varia-
tions, such as charge and DBEs, tend to converge to constant values. The effect of
the embedding on active site properties produces a decrease of Ni—Oand Ni—Nibond
energies and an increase of the positive charge of the most exposed Niatoms of the
Nij; cluster that tends to grow in a laminar form; see Figure 8.5.

Calculations for a complex Mocatalytic system Mo,O5(NCS)2(N2CigHz4)2 (1)
in a trans-configuration and the reduced species Moy O4(NCS)>(N2CigHz4)> (2) in
a cis one were evaluated by Griffe et al. (164) to study the mechanism of hydrocar-
bon oxidation. The (1) and (2) catalyst structures and a proposed intermediate state
(3) [cis-configuration of complex (1)] were analyzed considering bonding proper-
ties and total energy. The results indicate that bipyridine ligands show a relatively

Figure 8.5. Formation of Ni5 on a Al339Og43 cluster embedded in charges. From Ref. 163.
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weak Mo—Nbond (—23 kcal/mol), indicating a high lability of these ligands. Com-
plex (2) stabilization is caused by stronger M=O bonds than in the (1) system and
the formation of a bonding Mo—Mointeraction. The calculated energy barrier for the
rotation from (1) frans to the proposed intermediate (3) cis is evaluated to be about
28 kcal/mol. Electronic properties indicate that complex (3) has more unoccupied
orbitals very close to the LUMO than complex (1) at Mo and O atoms. It suggests
that the former complex should be more reactive for accepting electrons and reducing
the Mo site than complex (1); therefore, complex (3) is a convenient intermediate in
the hydrocarbon oxidation reaction. Recent calculations (165) of H,C=CH, interac-
tion with complex (3) confirmed that this intermediate leads to the olefin oxidation
with a very small reaction barrier. Interaction of O, on the vacancy site created
by the hydrocarbon oxidation leads to a species with end-bonded oxygen in the
cis-configuration.

8.9. CONCLUSIONS AND COMMENTS

The development of new computer hardwares, innovative optimization techniques,
and novel softwares have helped to increase the use of sophisticated methods to study
transition metal oxides, particularly DFT and HF approaches. Nevertheless, the future
of PQMs is very promising, because they are highly competitive for calculations on
complex and amorphous systems. Multifaceted processes that require an extensive
number of steps are intractable with ab initio approaches. The main advantage of
PQMs is the small computer time employed in calculations. It is well established that
PQMs are about 103—10* faster than the standard DFT or HF methods.

From the theoretical point of view, the fundamental background of PQMs has,
until now, not been clearly explored, in particular, the characterization of EPF spaces.
In addition, nonlinear techniques for the search of atomic and molecular parameters
have not yet been completely investigated to improve the efficiency and accuracy of
PQMs.

It was found in this review that applications of tight-binding methods are very
numerous and successful for complex metal-oxide systems, particularly, for the under-
standing of magnetic, optical, and electric properties. On the other hand, in the last
years, the MSINDO method seems to be the most promising PQM software for
studying nanoparticles, surfaces, and solids. Otherwise, the INDO approach has been
extensively applied to characterize the spectroscopic properties of materials. With
respect to MNDO, AM1, and PM3, relatively few applications to clusters and metal
oxides have been reported, maybe because these methods are more oriented to organic
and biological systems.

Despite the large number of PQM applications, a lot of work is required to consis-
tently improve their use for transition metal-oxide systems. Note also that very few
PQMs have been parameterized for the second and third transition metal elements,
for instance, Rh, Ru, and Au atoms. In this sense, the CATIVIC method, used for
the study of nanoparticles in catalysis, has a great potentiality in the near future, by
considering a better definition of EPFs and parameterization for transition metals.
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I CHAPTER 9

Atomistic Models and Molecular
Dynamics

D.C. SAYLE and T.X.T. SAYLE

DEQOS, Cranfield University, Defense Academy of the United Kingdom Shrivenham,
Swindon, UK

9.1. INTRODUCTION

A milestone for atomistic computer simulation will be the ability to model “real”
systems, which comprise, for example, 10?3 atoms. This is unlikely to be realized in the
near future, even with the almost exponential increase in computational power coupled
with grid computing (for example, see Ref. 1); currently, “only” trillions of atoms
are possible. Accordingly, the simulator must resort to a variety of mechanisms such
as imposing periodic boundary conditions or continuum descriptions of the material
away from the site of interest rather than treat every ion explicitly. Perhaps the most
important scientific field associated with the 21st century is that of nanomaterials,
which is agreeable to the atomistic simulator in that it is now possible to model every
single ion comprising the system explicitly, at least in one dimension.

In this chapter, we first describe briefly the theoretical methods, which include
the interionic potentials used to describe the interactions between the oxygen and
metal ions, together with the simulation strategies used to generate realistic atomistic
structures. We have taken the liberty of ensuring the mathematics in this chapter is
straightforward rather than rigorous. This is to help the nonexpert gain a rudimentary
understanding of atomistic simulation to help gauge its accuracy, scope, and limita-
tions without the pain of assimilating a forest of equations. We have, where necessary,
provided references that are more rigorous for the interested reader.

Equipped with these theoretical methods, we show how they can be used to
generate realistic atomistic models of oxide nanomaterials. We start with isolated
nanoparticles of MnO, and explore how microstructural features (such as dis-
locations, grain-boundaries, microtwinning, vacancies, substitutionals interstitials,
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intergrowths, and morphology) can be introduced into the model. We next look at
CeO; nanoparticles and investigate how the morphology of the crystal changes as one
traverses to the nanoscale. Here, the atomistic models provide insights into the possible
structures of edges and corners, which comprise a high proportion of the surface area
of the nanoparticle and are difficult to characterize experimentally. Edge and corner
sites are also likely to be more reactive compared with ions accommodating plateau
regions. At this point we take a short diversion to structural characterization and use
the atomistic models to calculate important properties. In particular, the model is used
to determine how easy it is to extract an oxygen ion from corner, edge, or plateau sites
of the nanoparticle compared with oxygen extraction from the surface of the parent
(bulk) material.

Isolated nanoparticles have three dimensions at the nanoscale, whereas supported
thin films have only one dimension—thickness—at the nanoscale. We show how
simulation can be used to generate models for oxide-supported oxide thin films. These
models can then be used to predict the considerable influence that the substrate has
in directing the structure of the thin film deposited thereon. Indeed, one can tune the
properties of the thin film, by careful choice of substrate. We illustrate this by showing
how the CeO;(110) surface can be exposed in preference to the more stable CeO,(111)
by depositing a thin film of ceria on an yttrium stabilized zirconia substrate. This is
important because the CeO;(110) surface is catalytically more active compared with
the CeOy(111).

In the final section, we investigate the structure of nanoparticles that is supported
on a substrate and consider the structural implications of encapsulating a nanoparticle
into a host oxide material.

9.2. THEORETICAL METHODS

In this section, we describe potential models that can be used to represent the inter-
actions between the ions comprising the nanomaterial, the computational codes used
to perform the simulations, and finally, the strategies for generating atomistic models
(atom coordinates) for the oxide nanomaterials.

9.2.1. Interatomic Potentials

Many oxides are highly ionic, and therefore, we can describe them accurately using
the Born model of the ionic solid (2). For nanomaterials, where a high proportion
of the ions are located at a surface or interface, the interatomic potential must be
reliable at describing ions in sites with low coordination. Clearly, the simplest way to
address this is to use the same interatomic potential models to describe surface and
interface ions as bulk ions. Indeed, this approach has enjoyed considerable success,
for example, see Refs. 3—5. Conversely, as (inevitably) systems become more complex
and the need for higher levels of accuracy arise, surface-specific potential models may
play a more significant role in the future.
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In the Born model of the ionic solid, all ions are all assigned a charge. For a
highly ionic material such as MgO, formal charges (i.e., —2 for oxygen and +2 for
magnesium) have been shown to work well. Conversely, for oxides that are less ionic,
partial charges are sometimes more appropriate. The (attractive) interaction energy
between the charge on the oxygen and magnesium ion is given by

qMgq0
'Mg—0O

©.1)

Eqttractive =

where gvg and go are the charges of the magnesium and oxygen ions, respectively,
and rvig—o is the distance between the two ions. Equation 9.1 suggests that the ions
would prefer to move closer and closer to each other to achieve a more stable (lower
energy) configuration. However, as the ions move closer to one another, the “electron
clouds” of the two ions start to repel each other. This short-range repulsion can be
described using various equations, one of which is given below:

—I'Mg-0
Erepulsive = Aexp (Tg> 9.2)

Two variable parameters are associated with Eq. 9.2: A and p, which can be fitted
to the experimental properties. For example, if one increased the value of parameter
A, the repulsive interaction between the two ions increases and the ions would move
further apart. Thus, the A parameter used to describe MgO (ameo = 4.2 A) may be
smaller compared with the A parameter used to describe BaO, which has a higher
lattice parameter (ag,0 = 5.5).

Setting a particular value for A might give an accurate bond distance. However,
ions are rarely at their equilibrium distance, and therefore, one needs to describe the
repulsive interaction between the two ions over a range of distances. Accordingly, the
parameters A and p are fitted fogether and to a range of experimental data. This may
include, for example, the lattice parameter, elastic constants, and dielectric constants.
This enables the potential model to accurately describe the oxide over a range of
interatomic distances and is particularly important when simulating the system at a
particular temperature, other than 0 K, where the ions are vibrating or indeed diffusing.
Gale and Rohl provide a comprehensive treatment of atomistic potentials and how
they can be derived (6).

The total energy of the system is the sum of all interactions between all pairs of
ions comprising the oxide nanoparticle:

Etotal = Z(Eattractive + Erepulsive) 9-3)

The energy is shown graphically for a diatomic molecule as a function of interionic
separation in Figure 9.1. The minimum of the graph corresponds to the equilibrium
bond distance where the attractive Coulombic term balances exactly the short-range
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Figure 9.1. Energy of a diatomic molecule, calculated as a function of interionic separation
(r). The force acting upon the ions at any particular interatomic separation can be determined
by calculating the gradient (illustrated in the inset).

repulsion between the electron clouds. Starting from the equilibrium distance, as
the ions move closer together, there is greater repulsion because of the electron
clouds and the energy becomes more positive (less stable). Similarly, as the ions
move further away from the equilibrium position, there is less repulsion from the
electron clouds but also the Coulombic interaction is reduced and again the energy
becomes more positive. The force F' on the ions at each point can be calculated by
measuring or calculating the gradient at a particular bond distance. At distances less
than the equilibrium bond distance, the gradient (force) will be negative, indicating
that the force between the two ions tries to move them apart. Conversely, at distances
greater than the equilibrium bond distance, the gradient will be positive and the force
acts to move the ions closer together. At the minimum energy position, the force is
ZEero.

In nature, the ions comprising the oxide nanoparticle will exist in a low- or
minimum-energy configuration. This is not necessarily the lowest energy possible
[global minimum energy (6)] as most systems comprise, for example, defects; rather,
the ion positions are such that the system exists in a “local” energy minimum posi-
tion. For a diatomic molecule, it is easy to move the two ions into the lowest energy
position (Figure 9.1). However, for a system comprising, for example, 10,000 or
more atoms, the problem is more challenging. Indeed, there are many mechanisms
for exploring low-energy structures and five important methods are described briefly
in the following section.
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9.2.2. Simulation Strategies

9.2.2.1. Energy Minimization (6) Here, the ions are moved (iteratively) from a
particular starting configuration to a lower energy configuration. This can be illustrated
by considering the energy minimization of a diatomic molecule:

+ Start with a (best guess) bond distance (Figure 9.1).
+ Calculate the gradient.

« If the gradient is positive, reduce the bond distance; if it is negative, increase the
bond distance.

+ This process is repeated by recalculating the gradient until the gradient becomes
zero, which corresponds to a minimum energy position.

In reality, the problem is never this simple because a nanomaterial will have 3N-6
coordinates, where N is number of atoms, and therefore, we have to minimize in
3N-6-dimensional space. However, the basic procedure is that outlined above although
there are many variations.

9.2.2.2. Monte Carlo—MC (7-9) As the name implies, the ions are moved in a
random fashion—determined by a roll of the dice—to generate a low-energy configu-
ration. For example, a starting configuration is generated and then all ions are moved
in a random direction (determined by a roll of the dice). If the new configuration
is lower in energy, the configuration is accepted. Conversely, if the configuration is
higher in energy, the configuration is rejected. However, central to this method is that
it allows the system to go uphill in energy as well as down and therefore escape from
local energy minima that do not relate to realistic structures. In particular, instead of
rejecting all structures that are higher in energy than the previous one, a further roll
of the dice is performed. It is this second roll of the dice that decides whether a higher
energy structure is indeed rejected.

9.2.2.3. Genetic Algorithms—GA (10) Here, the atomistic structures of
successive generations are constructed based on attributes from the parent that are
deemed desirable. Desirability in this sense means, for example, low energy or realistic
bond distances or chemically sound. Highly desirable configurations are assigned
a high breeding probability and will likely generate lots of “daughter structures,’
whereas undesirable structures are unlikely to “procreate.” It is probably worth noting
that daughter structures may have more than two parents!

9.2.2.4. Evolutionary Simulation (11) Here, the atomistic model is evolved in
a similar fashion to experimental synthesis. For example, molecular beam epitaxy
involves the deposition of molecules onto a substrate, which then adhere to its surface
to form a coating or thin film. To generate the analogous model, instead of placing
the whole of the thin film on top of the substrate in one go, the molecular deposition
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process is simulated. In this way, the atomistic model evolves during the simulation
and in so doing captures (hopefully) some of the structural features observed exper-
imentally. Variations on this theme, and there are many, may include simulating the
nucleation and growth of a material from solution or crystallization from a melt.

9.2.2.5. Molecular Graphics This important, powerful, and sometimes over-
looked approach provides a wealth of visualization tools to move and manipulate atom
coordinates in three dimensions (3D). It is used as a graphical user interface (GUI) to
construct chemically/physically or intuitively correct starting configurations prior to
the simulation, to animate and thus “observe” the simulation, to analyze final struc-
tures, and to help one comprehend complex (crystal) structures from experimental
data (i.e., X-ray diffraction) that are difficult to understand in two dimensions (2D).

9.2.2.6. Molecular Dynamics—MD (12) This simulation strategy enables one
to simulate the movement of the ions comprising the system at a particular temperature
and as a function of time. The method uses Newton’s laws of motion to calculate and
change the positions of all ions as they move, vibrate, or collide with one another. For
example, the force F' acting upon a particular ion i at time ¢ is given by

Fi(t) = mja;(1) 04

where m; is the mass of the ion and g; its acceleration. At the start of the simulation, the
positions r;(x,y, z) of all ions, comprising the nanoparticle, are defined. The forces
acting on each ion can then be calculated by adding up all pair-wise interactions
between all ions comprising the oxide nanoparticle using an interatomic potential
such as that described in Eq. 9.3. The force, which is the gradient of the energy graph,
Figure 9.1, is given by

dE

F== 9.5)

First, the accelerations of the ions can be calculated by rearranging Eq. 9.4 and dividing
by the mass of the ion:
Fi(t
ai(t) = Fi© 9.6)

1

Once the accelerations have been calculated, the velocities can be updated after a
particular time interval §¢:

v;(t 4+ 81) = v(@) + a;(®) (1) 9.7)

Finally, the coordinates of the atom positions can be changed based on the atom
velocities:

ri(t + 8t) = ri(t) + v;(¢t)(¢) 9.8)
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At this point, all required information has been calculated and the cycle repeats; i.e.,
the force, Eq. 9.5, is recalculated with the new atomic coordinates.

The time interval §¢ used for a particular simulation has to be chosen care-
fully and must be smaller than the time required for a bond to vibrate. This is
to ensure that the energy and forces are updated before the ions have a chance
to move too near to one another. Unfortunately, a bond vibration is of the order
of 10715 seconds, and therefore, the biggest limitation of MD simulation is the
short period of time one can run the simulation. For example, to simulate just one
second in real time would require the calculation of over 1013 cycles, which is, at
present, well beyond even the fastest computer processors. Moreover, parallelization
of the problem does not really help as the equations have to be solved sequen-
tially and therefore introducing more parallel processors only enables the number
of ions in the system to be increased, rather than facilitating any increase in the
simulation time. However, as one might have anticipated, various innovative and
imaginative methods have been introduced to help counter this somewhat debilitating
limitation.

Many computational codes have been written to allow the user to perform MD
simulations (for example, collaborative computational projects; www.ccp.ac.uk). For
most of the work described in this chapter, the DL_POLY code was used to perform
the dynamical simulations (13). This (parallel) code was developed by Daresbury
Laboratory in the mid-1990s for the molecular simulation community in the United
Kingdom. After more than 20 years since its inception, this code enjoys a world-
wide user base. Indeed, over 600 licenses have been issued. A philosophy, central
to the DL_POLY MD code, is that its source code is freely available (12), and
therefore, the users can modify, add, and share new subroutines to the code to suit
their particular simulation. As such, the code has been continually evolving since its
inception.

In practice, it is rare that any one simulation technique is used in isolation; rather,
the methods are combined (especially with molecular graphics), which results in a
more powerful technique.

In this section, we have provided a brief and necessarily simple overview of some
atomistic simulation methods and procedures. For a more in-depth and authorita-
tive treatment, we suggest that the interested reader refer to Molecular Modeling,
Principles, and Applications by Andrew R. Leach (14), which provides an excel-
lent and detailed reference source. In the following section, we describe how the
simulation techniques are applied to the study of oxide nanomaterials.

9.3. NANOPARTICLES

In this section, we describe the evolutionary simulation procedure, used to gen-
erate the atomistic models described in this chapter, in more detail and illustrate
the procedure using MnO; as an example. Next, we explore the structure, morpho-
logy, and catalytic activity of CeO, nanoparticles and compare it with the parent
material.
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9.3.1. Amorphization and Recrystallization (A&R) of MnO,

Many atomistic studies, used to investigate the structure and energetics of a system,
proceed by defining the basic atomistic structure (“by hand”), which is then simulated
using static or dynamical methods. However, for systems that comprise complex 3D
microstructures, such as nanoparticles, the starting structural models can prove chal-
lenging to generate. For example, the simulator needs to include within the atomistic
model the morphological structure, including the particular low-energy surfaces that
are exposed. And although many simulation codes are available to generate individual
surfaces (such as Ref. 15), for a nanoparticle, one also needs to consider the atom-
istic structure of edges, where a pair of surfaces meet, and vertices, where three or
more surfaces meet, together with the implications of dipolar surfaces (16). One also
requires a representation of the defect chemistry, which may include point defects that
exist within the bulk or surface regions of the nanoparticle, including both intrinsic
and extrinsic defects such as vacancies, interstitials, and substitutionals together with
clustering or segregation of these defects. For larger nanoparticles, defects such as
dislocations and/or grain boundaries are likely to be present. And although the intro-
duction and simulation of a specific and isolated grain boundary or dislocation is now
routine within the perfect “bulk” material (5,17), it remains challenging to introduce
these into, for example, a 50,000-atom nanoparticle.

These structural and microstructural features are likely to influence, or indeed
govern, the properties of the oxide nanomaterial. Accordingly, if the simulator is to
offer predictions of a nanoparticle that are both accurate and can be used reliably by
the experimentalist, the atomistic models must include the microstructural features
alluded to above. To introduce these features “by hand” is certainly a daunting, if not
intractable, prospect, and therefore, an alternative simulation strategy must be sought
to generate models with this complexity.

Materials synthesis inevitably involves some kind of “crystallization” process.
Indeed, it is the crystallization process that controls the (micro)structure and hence
the properties of the material. Moreover, by modifying the crystallization process
(whether crystallization from solution, vapor deposition, molecular beam epitaxy,
ball milling, etc.), one can exact some control over the microstructure and hence the
properties of the material. Clearly, the ideal way of capturing, within a single atom-
istic model, the microstructural features observed experimentally, is to simulate the
crystallization process. Indeed, many theoretical studies explore the crystallization
process. For example, Piana and Gale performed some highly detailed MD simula-
tions on the growth and dissolution of urea crystals (18). Similarly, Hamad et al. used
MD to explore the embryonic stages of ZnS nanobubbles (19). These outstanding
and elegant dynamical atomistic simulations capture much of the important features
associated with the nucleation, growth, and dissolution processes. Indeed, these
approaches would prove ideal in generating models for nanoparticles. Unfortunately,
they would also prove far too computationally expensive (at present) to use them
to generate models for oxide nanoparticles comprising, for example, 50,000 atoms.
An alternative approach to this problem, and one that can routinely accommodate
100,000+ atoms with the computational facilities available today, is Amorphization
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and Recrystallization (A&R) (20-22). We illustrate this evolutionary technique in the
following section by considering the example of MnO» nanoparticles.

9.3.1.1. Microstructure MnQO; is a widely studied electrochemical material that
accommodates over 14 polymorphs (23) and comprises an internal interconnecting
tunnel structure with channel sizes commensurate with that of cations spanning H*
to CsT. Accordingly, they can act as host lattices for the insertion, storage, and
extraction of cations and, hence, charge, which is central to their ability to store
energy. Among the several varieties of MnOj, the form known as y-MnO; exhibits
the best electrochemical activity. This material comprises a wealth of microstructural
features. Indeed, it has been proposed that this rich microstructure facilitates the
exemplary properties of this material. The microstructural features include: de Wolff
disorder, which is the intergrowth of domains comprising single and double channels,
microtwinning, and a variety of point defects such as cation vacancies. Clearly, the
ability of A&R to evolve, from an amorphous precursor, the crystalline MnO; struc-
ture together with microstructural features observed experimentally is a stringent
validation of the A&R strategy and provides a useful demonstration of the tech-
nique. In the following section, we describe briefly the generation and structure of
MnO; nanoparticles about 10 nm in diameter. Further details have been published
elsewhere (22).

9.3.1.2. Evolution of the Atomistic Model A “cube” of MnO;, comprising
about 25,000 atoms, was constructed and is shown in Figure 9.2a. The coordinates of
all ions comprising this cube were then changed to increase the lattice parameter by
36%, and MD was then performed on this system at 2000 K. The MnO; can perhaps
be compared with an elastic band, which is tensioned and then released. As soon as
MD is applied to this tensioned configuration, the Mn and O ions “implode.” And as
they accelerate and move toward the center of the cube, they hit other ions and bounce
off. The culmination of all accelerations and collisions results in the amorphization
of the MnO;, which is shown in Figure 9.2b. Essentially, the energy introduced
into the system to tension the nanoparticle results in its amorphization. During pro-
longed MD simulation, the MnO; nanoparticle starts to recrystallize. Snapshots of the
recrystallization are shown in Figure 9.3a—f together with the energy of the system in
Figure 9.3g: From 0-1000 ps, the MnO; is amorphous. At about 1000 ps, a crystalline
seed evolves within the amorphous MnO; and the Mn and O ions start to condense
onto the surface of this seed increasing its size, Figure 9.3a, b. The crystallization
front propagates from this seed to encompass the whole nanoparticle; recrystalliza-
tion is essentially complete after about 3000 ps. The energy of the system goes down
during the recrystallization with the difference in energy between the amorphous
structure and crystalline structure reflecting the latent heat of crystallization. Finally,
the nanoparticle is cooled, under MD, to 0 K. The complete simulation is computa-
tionally intensive and requires about 5 days using 96 processors of a SunFire F15K
Galaxy-class configuration supercomputer, Cambridge University, United Kingdom.
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START (Ops)

Figure 9.2. Atom positions corresponding to (a) the starting structure and (b) the amorphous
configuration (after 500 ps of MD simulation) of the MnO; nanoparticle. A sphere model
representation of the atoms position has been used. In (b), the atoms comprising the top half of
the sphere are represented using a smaller sphere radius to show more clearly the amorphicity
of the nanoparticle. Manganese ions are light gray, and oxygen is dark gray. Some ions are
colored white to show more clearly that the nanoparticle is spherical. See color insert.

9.3.1.3. Final Structure Inspection of the final, OK structure, shown in
Figure 9.4, reveals a crystalline nanoparticle, which accommodates predominantly
domains that conform to the pyrolusite structure (23)—a low-energy polymorph of
MnO,. Figure 9.4a shows a representation of the Mn and O atom positions compris-
ing the nanoparticle. The oxygen sublattice forms a close packed array and gives rise
to octahedral sites, 50% of which are filled by Mn to give the MnO, stoichiometry.
In particular, it is the filling of these octahedral sites that gives rise to the particular
polymorph. In Figure 9.4a, a rectangle has been drawn that encompasses two oxy-
gen planes and an atomic plane of Mn sandwiched between. These three planes are
shown (plan view) in Figure 9.4b. Inspection of the filling by Mn reveals straight
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Figure 9.3. Snapshots, taken at various time intervals, of a slice cut through the MnO; nano-
particle depicting the recrystallization: (a) after 50 ps of MD simulation; (b) after 1150 ps;
(c) after 1200 ps; (d) after 1350 ps; (e) after 1600 ps; and ( f) after 4000 ps. The energy of the
system (106 eV), calculated as a function of time, is shown in (g) and can be usefully correlated
with the structures (a)—( f).

single parallel lines of Mn, which correspond to the pyrolusite polymorph. These
lines also change direction, which corresponds to microtwinned domains as observed
experimentally (24); an enlarged segment is depicted in Figure 9.4c. Detailed anal-
ysis of the final structure, using graphical techniques, also reveals the presence of
vacancies, which have also been observed experimentally.
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Figure 9.4. Structure of the fully recrystallized MnO; nanoparticle: (a) sphere model repre-
sentation of the atom positions. Two different sphere radii have been used for the atoms to aid
understanding of the figure; a slice cut through this figure (blue rectangle) is shown in plan
view in (b), which depicts the microtwinning of the MnO». An enlarged segment is shown in
(c). Notation: (¢) Manganese atoms are colored gray, and oxygen is red; () Manganese are
colored gray, O atoms above the plane of the paper are red, and O ions below the plane of the
paper are yellow. The manganese atoms are shown as ball-and-stick representation to show
more clearly the microtwinning; (¢) manganese are shown as gray polyhedra indicating the
octahedral sites they occupy, oxygen atoms above the plane of the paper are red, and oxygen
ions below the plane of the paper are yellow. See color insert.



9.3. NANOPARTICLES 259

In summary, A&R has been used to generate models for MnO; nanoparticles that
are realistic in that they reflect the low-energy polymorphic configuration (pyrolusite)
and include complex microstructural features that have been observed experimentally.
Accordingly, we suggest therefore that the A&R strategy is an appropriate simulation
tool one can use to generate realistic models of oxide nanoparticles.

9.3.2. CeO2

The second isolated nanoparticle that we consider is ceria, CeO;. This material has
enjoyed much attention recently because its high oxygen conductivity, at moderate
temperatures, makes it a potential candidate as a component of a fuel cell (25). Here,
we explore its catalytic properties.

In the early 1980s, three-way catalysts (TWCs) were found to have the ability
to oxidize CO and hydrocarbons, while simultaneously reducing NO, to form less
toxic products such as CO;, H,O, and N;. These conversions are attained in a narrow
window of the air-to-fuel ratio (26). CeO; is a common promoting component in
TWC, which has been attributed to its low Ce*+/Ce3t redox potential and high
oxygen-defect mobility, but what are the implications for this material when one
traverses down to the nanoscale?

9.3.2.1. Morphology The atomistic structure of CeO; nanoparticles has been
well characterized by several groups using transmission electron microscopy (27,28).
In particular, the shape of CeO, nanoparticles, about 10nm in diameter, can be
described as conforming to truncated octahedra. Specifically, the nanoparticles were
observed to expose {111} surfaces, truncated by {100}—within a transmission electron
microscopy (TEM) micrograph, these polyhedra project into hexagons. TEM images
of these nanoparticles are presented (with permission) in Figure 9.5b together with
a schematic illustrating the proposed morphological shape, based on the TEM
micrographs.

Atomistic simulation can be used to predict the crystal morphology by calcu-
lating the energy of low index surfaces, and this method has been shown to be
remarkably accurate. Intuitively, the more stable the surface, the more that partic-
ular surface is exposed in the morphology. Indeed, this strategy has been shown to be
a powerful simulation tool and has enjoyed much success (29), not the least because
of its inherent simplicity. The calculated energies of the low index surfaces of CeO;
are (111) > (110) > (100), and therefore, the simulation would, in accord with the
experiment, predict {111} to dominate (30). Surface energy calculations also predict
that the morphology of CeO, should comprise more {110} than {100}. However, this
is not supported experimentally; rather the only other face observed is the {100},
which is surprising because this surface is dipolar (16).

It is inevitable that a simplistic simulation approach, such as predicting crystal
morphologies based solely on surface energy calculations, will fail in certain
circumstances. This is because crystal morphologies can be preparation dependent
(31). Accordingly, simulation strategies, used to predict crystal morphologies, must
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Figure 9.5. (a) Molecular graphics representations of the theoretical models, (b) high-reso-
lution transmission electron micrographs for CeO, nanoparticles. (@) Graphical representation
of the atom positions comprising each nanoparticle. Top: starting configurations; middle: final
configurations; bottom: final configurations with surface rendering rather than sphere model
representation. Cerium ions are represented by light gray spheres and oxygen the dark gray
spheres. (b) HRTEM reproduced with permission from Ref. 27.

include features pertaining to nucleation and growth (32). This added complexity may
facilitate more accurate predictions but at a cost of losing simplicity of approach.

In the following section we describe how A&R can be used to predict the crys-
tal morphology of CeO;, nanoparticles. This should also prove a useful validation
of the A&R method because detailed TEM images are available to compare. It
is worth bearing in mind that the A&R method has to accommodate two unex-
pected features associated with the morphology of CeOj;. First the nonexistence of
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(relatively low-energy) CeO;{110} surfaces, and second the ability for A&R to evolve
{100} surfaces and necessarily quench the dipole, which is associated with the (100)
surface.

9.3.2.2. Evolution of the Atomistic Model A&R was used to predict the
morphological shape and atomistic configuration of CeO, nanoparticles about 8 nmin
diameter. Full details regarding the simulation can be found elsewhere (33) and follow
a very similar procedure as that described above for MnO; nanoparticles. The mor-
phologies of the CeO; nanoparticles, predicted using A&R, are shown in Figure 9.5a;
TEM images are also shown in Figure 9.5b, as a comparison. The theoretical models
do indeed exhibit truncated octahedral morphologies in accord with the experiment,
and in contrast to surface energy predictions, the predicted morphologies do not
(at first sight) expose {110} surfaces. However, upon closer inspection of the atom-
istic models, Figure 9.5a, we note that the edges, formed where two {111} surfaces
intersect, could perhaps be described as {110}. Also, steps on the {111} also appear
commensurate with {110}. TEM images are primarily 2D projections, and therefore,
structural features that are “3D” are difficult to identify experimentally. Accordingly,
we suggest that the atomistic models, which can be observed and manipulated in 3D
using graphical techniques, are valuable in that they can be used to help interpret
TEM images and therefore aid the experiment in characterizing the full 3D atomistic
structure of CeO; nanoparticles.

9.3.2.3. Dipolar Surfaces Fluorite-structured {100} surfaces are dipolar and
therefore inherently unstable (34). Surface energy calculations on dipolar surfaces
have necessitated quenching the dipole prior to simulating the system with static or
dynamical methods, which is normally achieved by physically rearranging the ions
“by hand” (35). Conversely, A&R is a simulation method in which the structure /atom
positions evolve during the simulation. Accordingly, this approach does not need (or
indeed allow!) the simulator to manually move ions with an aim of quenching the
dipole. However, close inspection of the CeO,{100} at the end of the simulation
(Figure 9.6) revealed a 50% reduction in the number of oxygen ions at the {100}
surfaces. Specifically, the simulation has evolved a structure in which the dipoles asso-
ciated with the {100} surfaces have been quenched. Moreover, because these surfaces
have evolved, we suggest that they are likely to be more realistic than dipolar surfaces
that have had their dipoles quenched manually (based on chemical intuition) because
the simulated crystallization (A&R) reflects (in part) crystallization that occurred dur-
ing the experimental synthesis. However, this assumption must be tested on a system
where the real structure of the (quenched) dipolar surface is unambiguous—down
to the individual positions of the surface ions, which is, at this time, a contentious
issue (34).

9.3.2.4. Oxidation of CO to CO, Using CeO, Nanoparticles Once a
realistic model of the CeO; nanoparticle has been generated, this model can be used to
predict its catalytic activity. In particular, atomistic simulation can be used to predict
whether the nanoparticle would be catalytically more or less active compared with
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Figure 9.6. (a) Sphere model representations of the atom positions comprising a slice cut
through a CeO; nanoparticle revealing the atomistic structure of dipolar {100} surfaces. Notice
the similarity between this model structure and the experimental TEM in Figure 9.5b. The
arrows indicate the {100} surfaces. (b) Enlarged view of the full nanoparticle, showing more
clearly the dipolar surface. (¢) Plan view showing the surface layer as large spheres and the rest
of the crystal as smaller spheres and shows clearly the 50% filling by oxygen of the surface
atomic layer, which is necessary to quench the dipole.

the parent material. For example, the oxidation of CO to CO; involves extracting
oxygen from the surface of CeQO,. Clearly, if one could make the surface oxygens
more facile to extraction, one can, potentially, fabricate a more active catalyst. It has
been shown previously that extracting oxygen from the step site of CeOy is easier than
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from the plateau (36,37). This seems intuitive in that an oxygen ion accommodating
a step site is lower coordinated compared with an oxygen ion at a plateau site and
therefore less strongly bound to the surface. One can then argue that if more step
sites can be generated at the surface of the catalyst, then theoretically, one should be
able to generate a more active catalyst. One way of achieving this (discussed later)
is to deposit a thin film of CeO; on a substrate, which acts as a template in direct-
ing the CeO; to expose a reactive surface. The other approach is to traverse to the
nanoscale.

At the risk of stating the obvious, the dictionary definition of a polyhedron is a
solid figure consisting of more than four plane faces. A pair of faces will meet along
an edge and three or more edges meet at a vertex. Accordingly, as a particle decreases
in size, the proportion of ions accommodating edge and vertex sites, compared
with those occupying plateau regions, increases. In addition, the number of surface-
to-bulk atoms also increases. Eventually, at the nanoscale, the number of edge sites
becomes commensurate with plateau sites and surface ions commensurate with bulk
ions. Indeed, one can perform a simple count of the ions in the CeO, nanoparticle
(Figure 9.5a) to confirm this. Accordingly, the CeO; nanoparticle should comprise a
high concentration of labile (low-coordinated) surface oxygen species.

To explore the catalysis of the CeO, nanoparticle, we need to determine how
difficult it is to extract an oxygen ion from its surface. The simulation procedure that
can be used to calculate this is relatively straightforward. In particular, we choose
an oxygen ion to remove; we then extract this ion out of the surface and replace
two Ce*t with Ce’T (to accommodate for the charge imbalance). The energy of
this system is then calculated and compared with the energy of the same system but
with an oxygen ion removed from a different position. Using this procedure, one
can generate a table of oxygen location versus vacancy formation energy. However,
when one inspects the atomistic model (Figure 9.5), a daunting number of different
surface oxygen species is available for extraction; the nanoparticle comprises 15,972
ions, many of which are surface or near-surface species. Accordingly, an oxygen
vacancy formation energy “averaged” over the whole nanoparticle was calculated.
Specifically, 266 oxygens were removed from the surface of the starting (prior to
amorphization) configuration together with 532 Ce** species replaced by Ce>*. The
rationale underlying introducing the defects prior to the amorphization is that the A&R
will direct the vacancies and Ce>* species into a range of low-energy configurations,
thereby providing a more realistic average reduction energy for the nanoparticle.
The nanoparticle comprises, in total, 15,972 ions, and therefore, removal of 266
oxygens results in a reduced nanoparticle with composition CeO1 95. This system
was amorphized and then recrystallized; further details pertaining to the simulation
can be found elsewhere (38). The final structure is shown in Figure 9.7.

Inspection of the reduced nanoparticle (Figure 9.7a—c) reveals an octahedral
morphology comprising {111}, truncated by {100}, which is similar to the unreduced
nanoparticle (Figure 9.5). The Ce>* ions can be seen to decorate step and corner sites
in addition to positions on {111} terraces. A simple count revealed that 20% of the total
number of Ce3* species occupy positions on {111} terraces, 26% decorate {111} step
(17%) or corner (9%) positions, and 11% occupy positions on {100}. The remaining
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Figure 9.7. Sphere model representation of the reduced ceria (CeO1 g5) nanoparticle. (a)—(c)
Depict three different views of the same nanoparticle showing the truncated octahedral mor-
phology, similar to that of the unreduced nanoparticle (Figure 9.5). The Ce3t ions are clearly
seen to decorate surface steps and edges in addition to plateau regions on {111} and {100}.
In (¢), the atomistic structure is annotated with lines to show more clearly the surfaces. (d)
Segment cut from the reduced nanoparticle depicting an oxygen vacancy bound to an adjacent
Ce3t. (e) Structure of a Ce** vacancy together with two adjacent oxygen vacancies, which
have evolved to quench the charge imbalance associated with the vacancy. (f) A slice, cut
through the nanoparticle, showing two complex defect clusters labeled X and Y. X comprises,
using the Kroger-Vink notation, [VZ,3V5 12~ and Y is [VZ, 2V 10. Ce* is colored white,
Cetis green, and oxygen is red. See color insert.

43% of the Ce>* species occupy positions within the bulk of the nanoparticle. We
note, however, that most of these “bulk” Ce>* species occupy positions one or two
atomic planes below the surface rather than deep inside and near the center of the
nanoparticle. Locating oxygen vacancies is much more difficult compared with locat-
ing Ce>* species because a vacancy is not a physical entity within an atomistic model,
and the relaxation of the lattice surrounding an 0%~ vacancy or Ce>* is sometimes
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TABLE 9.1. Calculated Energies Associated with Oxidizing CO to
CO; Using Lattice Oxygen From CeO;. Energies are Calculated in
Electronvolts. For the Nanoparticle, the Energy is an Average
(Reaction 9.1) Calculated Over all Defects.

Bulk* (111)* (110)* (310)* Nanoparticle

3.1 —-0.6 —2.8 -19 —14

*Taken from Ref. 37.

considerable. Consequently, a simple count of the vacancies, together with their loca-
tion, was not possible, although oxygen vacancies were identified to occupy step and
corner sites in addition to {111} terrace sites. In addition, oxygen vacancies were
observed to lie one oxygen subplane below the surface oxygen ions.

The energy required to extract an oxygen ion from the bulk and from the “perfect”
(111), (110), and (310) surfaces of CeO, was calculated by Sayle et al. (36,37). From
these values, the energy associated with oxidizing carbon monoxide to carbon dioxide,
using an oxygen ion extracted from a ceria surface, was calculated as follows:

CO(g) 4+ CeOy —> CO,(g) + Vg + 2Cef, (9.1)

These values are presented, together with the average energy required to extract an
oxygen ion from the surface of a CeO; nanoparticle to oxidize the carbon monoxide,
in Table 9.1. We note that the more negative the energy, the more labile the oxygen,
and therefore, the easier it is to remove from the lattice to promote the oxidation of CO.

The simulations suggest that it is easier to extract oxygen from the surface of a
CeO» nanoparticle compared with the bulk parent material. In particular, the average
energy required to extract an oxygen ion from the surface of the ceria nanoparticle
is lower compared with the (most stable) CeO,(111) surface associated with the
parent material. Moreover, the average energy required to extract oxygen from the
nanoparticle is calculated to lie between those energies calculated previously for
extracting an oxygen from the bulk, (111), (110), or (310) surfaces. This we suggest is
arealistic value because Figure 9.7 reveals that O>~ vacancies and Ce** ions populate
all conceivable positions in the nanoparticle, including bulk, terrace, and step sites
and comprise a variety of configurations spanning simple isolated defects to complex
multidefect clusters. For illustration, the atom positions showing the structure of three
defect clusters are shown in Figure 9.7d—f .

In conclusion, the simulations predict that ceria nanoparticles can offer more
reactive surfaces compared with the parent material, because of the higher propor-
tion of step/corner sites and, therefore, facile oxygen species. Accordingly, ceria
nanoparticles may help promote the oxidation of CO to CO,, which is central to the
performance of ceria-based TWCs.

9.3.2.5. Reducibility of CeO, Nanoparticles Using Monte Carlo 1n 1996,
Cordatos et al. generated atomistic models for CeO; nanoparticles Ce, Oz, (n = 2-20
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and n = 50) using a Monte Carlo approach coupled with simulated annealing (39).
The authors found that the CesyOj0o nanoparticle exhibited the fluorite structure and
exposed the (111) surface. The reducibility of the clusters was determined from the
difference in lattice energies of Ce, O3, and Ce, O3,—1, where charge neutrality was
maintained by changing two Ce*t ions to Ce3*. The authors concluded that the
reduction of ceria nanoparticles is structurally sensitive and that larger crystals are
more difficult to reduce.

9.3.2.6. Aggregated Nanoparticles and Grain Boundaries Experimen-
tally it is well known that during the synthesis of oxide nanoparticles, the nanopar-
ticles are not always monodispersed; rather, they aggregate together—as shown
by HRTEM—for example, see Ref. 27. The interfacial structure between the two
nanoparticles can (for example) be coherent (if perfectly aligned), can form a twin-
boundary (if they are aligned but misoriented by a particular angle) or form a more

Figure 9.8. Representations of a CeO, nanoparticle that comprises two twin grain boundaries.
(a) Sphere model representation. (b) Surface-rendered representation. (¢) Sphere model rep-
resentation with the sphere diameters reduced to show more clearly the twin grain boundaries
that run through the nanoparticle. Arrows are included to highlight the boundary planes. (d)
HRTEM of a CeO; nanoparticle showing the twin grain-boundary plane to compare with the
theoretical models, reproduced with permission from Ref. 27.
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general and complex grain boundary structure. Examples (HRTEM) of all such grain-
boundary structures can be found in Refs. 27 and 28. The properties of a grain
boundary have been shown to differ profoundly compared with the perfect parent
material (17,40,41). Clearly, for aggregated nanoparticles, the number of grain bound-
aries will be considerable. Accordingly, if one is to make predictions pertaining to the
properties of nanoparticles, then models for nanoparticles that comprise grain bound-
aries must be generated. And using atomistic computer simulation, it is possible to
generate such structures. For example, Figure 9.8 shows a model for a CeO; nanopar-
ticle that comprises two twin-boundaries. This nanoparticle, which comprises about
21,000 atoms, was generated using an analogous procedure as that used to generate
MnO; or CeO; nanoparticles, described above.

9.4. SUPPORTED THIN FILMS

Thus far, we have explored, using atomistic simulation, the structure of “isolated”
nanoparticles and find the structure and chemistry to be quite different compared with
their bulk counterparts. In the next section, we consider oxide thin films supported on
an oxide substrate. Here, in contrast to a nanoparticle, which has all three dimensions
at the nanoscale, the thin film exists at the nanoscale in only one dimension—its
thickness.

9.4.1. lon Deposition

Atomistic models for oxide thin films with nanoscale thicknesses, supported on an
oxide substrate, can be generated by depositing those ions comprising the oxide
thin film, onto the surface of the substrate using MD. This type of approach can be
classed as evolutionary and reflects or simulates the basic operation of experimental
deposition techniques such as molecular beam epitaxy. We illustrate the technique
using CaO/MgO(001) as a model system.

9.4.1.1. CaO/MgO(100) Snapshots (taken during MD simulation) depicting the
growth of CaO deposited on MgO(100) are shown in Figure 9.9. More details pertain-
ing to this study can be found in Ref. 20. Initially, ions are fired from a source to the
surface of the MgO substrate, and as the ions hit the surface, they move, under MD,
into low-energy configurations. For example, cations and anions diffuse across the
surface via a hopping mechanism, and if they come in close contact, they are likely
to adhere to form a diatomic. Further ions “diffusing” across the surface will add pro-
gressively to this diatomic to form a larger cluster. The structure of this CaO cluster
is clearly influenced profoundly by the interactions from the underlying substrate.
Eventually, with continued deposition, a second layer will start to evolve followed
by a third and so forth. It is interesting to note that the Ca and O ions swap posi-
tions with Mg and O ions of the underlying MgO(100) substrate. This is because
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Figure 9.9. Sphere model representation of the atom positions during the simulated ion
deposition of CaO onto MgO(001): (a) at the start of the simulation; (b) after just over one
monolayer has been deposited and (c) after the deposition of just over three monolayers of
CaO onto the MgO substrate. Notice the structural changes that occur as the effective number
of monolayers deposited increases.

an energetically facile surface diffusion mechanism involves an exchange process
between the deposited ions and the ions occupying the surface atomic layer of the
substrate. This suggests that ionic materials may not be grown on a substrate with a
similar structure without significant intermixing across the interfacial regions. This
phenomenon was explored in more depth by Harris et al. (9).
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The nature of the substrate, on which the ions are deposited, also has a significant
influence on the structure of the oxide thin film deposited thereon. For example,
substrates that comprise a high concentration of surface steps provide energeti-
cally favorable nucleation sites for ions deposited thereon. This is because of the
increased coordination of an ion that adheres at a step, compared with a plateau
position. The surface(s) exposed by the substrate will also influence profoundly the
thin film because the substrate can act as a template in directing the structure of the
overlying thin film (42). This is especially relevant for films with nanothicknesses,
because the interfacial interactions will comprise a significant component of the total
energy.

9.4.1.2. Growth Rates A major limitation with MD, in the context of ion depo-
sition, is the timescale generally accessible, which using (present day) computational
resources is still only of the order of nanoseconds. If the whole of the thin-film is
deposited within this timescale, this corresponds to thin-film growth rates of at least
meters per second; experimentally, depositions are typically of the order of “atomic
layers per second.” One solution to reduce the simulated deposition speed is to increase
the temperature of the simulation. This increases the diffusivity of the ions in the sim-
ulation to levels commensurate with experiment (at a much lower and more realistic
a temperature). However, one must be cautious in using this approach because at high
temperatures, the diffusion mechanisms may change, which may result in artificial
structures. Methods for circumventing timescale issues, pertaining to MD simulation,
are receiving considerable attention at present, and various innovative strategies are
being devised—see, for example, Refs. 8 and 43.

9.4.1.3. Incommensuration Another important issue associated with simu-
lating oxide thin films with nanoscale thicknesses is the incommensurate relationship
that exists between the lattice parameter of the substrate and the thin film deposited
thereon. For example, consider the CaO/MgO system in which the lattice param-
eters of the component materials are acy,o = 4.8 A and amgo = 4.2 A. To create a
model for a CaO thin film supported directly on top of the MgO substrate with all
ions in alignment (coherent interface—see Ref. 44) would require the CaO to be
compressed by about 13%. This is easily achievable for a single atomic layer because
the energetically favorable cation—anion interactions across the interface will com-
pensate for the energy required to strain a single atomic layer of CaO to bring it into
alignment with the underlying MgO substrate. However, for each additional layer
of CaO added, an extra strain energy term would also need to be added. Eventu-
ally, at a particular critical thickness (45,46), the strain energy would outweigh the
energy associated with the interactions across the interface between the CaO and
the MgO (47). Above the critical thickness, the structure and configuration of the
overlying thin film may change with respect to the underlying substrate to reduce
the strain. (Micro)structural changes include, for example, the formation of superlat-
tices, misfit dislocations, low interfacial densities, and grain boundaries (48). Clearly,
atomistic simulation must be able to reproduce these microstructural features if reli-
able predictions are to be made using these models. And in the following section,
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we describe how such microstructural features can be introduced into the atomistic
models.

9.4.2. Near-Coincidence Site Lattice (NCSL) Theory

One way of addressing the difference (incommensurate relationship) between the
lattice parameter of the thin film and that of the substrate is to use a near-coincidence
site lattice theory to predict epitaxial relationships with low associated misfits. In
the following sections, we describe how this approach is used, in conjunction with
atomistic simulation, to generate models of thin films.

9.4.2.1. BaO/MgO Sayle et al. (49) used an NCSL theory, coupled to atomistic
simulation, to predict superlattices for BaO (aga0 = 5.5 A) thin films supported on
MgO (amgo = 4.2 A). For example, for the BaO(100)/MgO(100) system, 10 BaO
unit cells (55.0 A) of the thin film are nearly lattice matched with 13 MgO unit cells
(54.6 A) of the substrate. Clearly, 54.6A and 55.0 A are in near coincidence, and the
BaO overlayer only needs to be expanded by a small amount, from 54.6 to 55.0 A,
to facilitate coincidence. This particular NCSL configuration is associated with a
residual misfit F' calculated, to be about +0.7%, as follows:

nagao — MamgO
1
5 (nagao + mamgo)

F = 9.9)

where 7 is the number of BaO unit cells (equal to 10) and m is the number of MgO
unit cells (equal to 13). Clearly, the energy required to accommodate a 0.7% misfit
is much lower than that required to accommodate the full 27% misfit associated with
the fully coherent system (i.e., n = m = 1).

In addition to coincidences found by matching integer unit cells of the thin film
with that of the substrate, coincidence can also be found by rotating one material with
respect to the other. For the simplest case—where the thin film is the same material
as the substrate—a twist grain boundary will result (17). For the BaO/MgO system,
a configuration associated with a low misfit and favorable interfacial interactions
involves a 45° rotation of the BaO overlayer with respect to the MgO substrate and
was observed experimentally by Cotter et al. (50); atomistic models for this structure
have also been generated (51).

9.4.2.2. CeO,/AhLO; When a thin film is supported on a substrate, the supported
thin film will respond structurally to the substrate to facilitate a low-energy config-
uration. This can include, for example, dislocation evolution and will influence the
defect chemistry of the system. In this respect, Sayle et al. explored how easy it was
to extract an oxygen ion from the surface of a CeO; thin film, when supported on
an Al, O3 substrate, compared with oxygen extraction from the parent material (52).
The calculations suggested that supporting the CeO» thin film on top of Al,O3 might
promote the migration of oxygen from the interfacial region to the surface, a process
of catalytic importance.
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9.4.2.3. NiO/ZrO, Fisher and Matsubara extended the NCSL/atomistic simula-
tion approach to generate heterophase interfaces between materials with rectangular
surface symmetries, and used the method to simulate eight heterophase interfaces
between NiO and cubic ZrO, (53). They observed that many interfaces were found
to comprise disordered, open structures with correspondingly high energies as a con-
sequence of the strong repulsive forces between like-charged ions in close proximity.
The exception was the NiO(111)/ZrO,(100), which was observed to exhibit good
coherency across the interphase boundary, where the NiO and ZrO; shared an oxygen
plane. The rationale underlying this study was to demonstrate the ability of simulation-
based methods for identifying interface configurations associated with strong cohesive
forces holding the materials together for optimizing the properties of composites of
technologically important materials.

A limitation with using a “NCSL strategy” is that the simulator has to decide
which particular NCSL to construct and then use atomistic simulation (i.e., energy
minimization and/or MD) to determine whether the configuration is of low energy
and therefore likely to be structurally realistic. An alternative is to use an evo-
lutionary method to guide the generation of the interfacial configurations and
structures. These methods, which includes simulated ion deposition in Section 9.4.1,
do not require (or even allow!) the simulator to prespecify a particular interfacial
configuration.

9.4.3. Amorphization and Recrystallization

Here, the oxide thin film is placed on top of an oxide substrate and then amorphized.
MD simulation, applied to this system (amorphous thin film on top of crystalline
substrate) for long duration, results in the recrystallization of the thin film (20,21).
In contrast to the recrystallization process observed for “isolated” nanoparticles in
Section 9.3, the underlying (crystalline) substrate is central in directing the structure
of the overlaying (amorphous) thin film. In particular, the structure of the substrate
facilitates the crystallization of the thin films by acting as a pseudo-“nucleating seed.”
In addition, the simulator does not have to wait for a crystalline seed to spontaneously
evolve from the amorphous sea of ions, and therefore, the simulation time, and hence
computational cost, is reduced.

9.4.3.1. SrO/MgO(100) Snapshots illustrating the A&R process as applied to an
SrO thin film, about 1 nm thick, supported on an MgO(001) substrate, are presented in
Figure 9.10. Inspection of the final crystalline structure (Figure 9.10d), using molecu-
lar graphics, revealed that the SrO thin film generated conformed to 8 lattice spacings
for the overlying SrO thin film, lattice matched with 10 lattice spacings of the under-
lying MgO substrate (NCSL configuration). This supercell corresponds to a lattice
misfit of about —2%, based on the lattice parameters of the component materials:
asro = 2.57A and amgo = 2.10 10%, which is much smaller than the “bulk” misfit
(4+20%). In addition, mixed screw-edge dislocations, shown in Figure 9.11, were
observed to have evolved within the SrO thin film, which help both to accommodate
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Figure 9.10. Sphere model representations of the atom positions comprising the
SrO/MgO(001) system simulated using A&R: (a) start of the simulation; (b) after 0.25 ps
of MD, the SrO overlayers start to buckle under the considerable strain imposed; (c) after
0.75 ps of MD, here the SrO overlayer is completely amorphous; (d) final, 0 K, structure after
the complete recrystallization of the SrO overlayer. Oxygen is represented by the dark spheres
strontium the light spheres, and magnesium the smaller spheres. Only two layers of the MgO
substrate are shown to improve clarity of the figure.

the misfit associated between the thin film and underlying support and to remove
deleterious interfacial interactions such as cations in close proximity (54,55).

9.4.3.2. MgO/BaO(100) Figure 9.12 shows the structure of a thin film of MgO
supported on a BaO(100) substrate. Here the recrystallization resulted in the evolu-
tion of a nanopolycrystalline MgO film. The nanocrystallites range from about 200 to
2000 A2 in size and are rotated, with respect to the underlying BaO surface normal by
various angles. The structure of the grain boundaries that are formed between neigh-
boring grains are consistent with grain boundaries observed experimentally (56,57).
An STEM image of an MgO grain-boundary is included in the figure for comparison
and has been reproduced with permission (57). Further details of this study can be
found in Ref. 55.

9.4.3.3. Ce0,/YSZ In Section 9.3.2, on CeO; nanoparticles, it was suggested
that by traversing down to the nanoscale, one is able to increase the proportion of
reactive to unreactive CeO; surfaces simply by virtue of the fact that if one goes
small enough, then the number of oxygen ions accommodating reactive step/corner
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Figure 9.11. Stick model representations of two screw-edge dislocations that evolved within
the SrO thin film. (a) Left: part of the SrO lattice (gray) that surrounds the dislocation core,
right: dislocation core structure. (b) Another dislocation, similar to that in (a), but here the
core traverses the SrO thin film in a clockwise fashion [as opposed to anticlockwise in (a)]. (¢)
Core structure, shown in red, illustrating how the dislocation core “lies” within the surrounding
lattice. Oxygen is colored red, and strontium is yellow. See color insert.
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Figure 9.12. Atom positions comprising a nanopolycrystalline MgO thin film supported on a
BaO substrate. (a) Plan view of the system showing the various nanocrystallites comprising
the MgO, which are colored to highlight the individual nanocrystallites. The MgO substrate
is not shown to maintain clarity of the figure. The inset shows a STEM image to compare
and has been reproduced, with permission, from Ref. 57. (b) Enlarged segment of (a) showing
more clearly the grain-boundary structure. (¢) An enlarged segment of (b) depicting the core
structure of the grain boundary and revealing its “screw” in addition to “edge” character. See
color insert.

sites will be commensurate to oxygen ions comprising more stable positions and
therefore unreactive surfaces. An alternative strategy is to fabricate thin films with
nanoscale thicknesses. In particular, if a material, which is deposited onto a substrate,
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is sufficiently thin, then it is likely that the substrate will act as a template in directing
the structure of the thin-film deposited thereon, including the particular surface it
exposes.

For example, the (111) surface is energetically the most stable ceria surface. It is
therefore exposed preferentially compared with less-stable surfaces (58). However,
the energy required to create oxygen vacancies on the (111) surface, which is directly
linked to its catalytic activity (36,37), is higher compared with the (110) surface. One
therefore desires a mechanism for fabricating CeO,(110) in preference to CeO(111).
One way is to traverse to the nanoscale, as described, the other is to deposit an ultra-thin
film of CeO, on top of a substrate material. The rationale underlying the latter is that
the substrate may act as a template (42) in directing the structure of the overlying thin
CeO; film. A simulation study was therefore performed to explore this possibility.

A CeO, film, about 2 nm thick, was deposited on top of an YSZ(110) substrate
(YSZ: yttrium stabilized zirconia). The CeO, was first amorphized and then recrys-
tallized. Full details of the simulation can be found in Ref. 59. It was anticipated that
the YSZ(110) exposed at the surface would direct the CeO; thin film to expose the
(catalytically active) (110) surface also.

Figure 9.13 shows graphically the atom positions comprising the CeO, /YSZ(110)
system. Inspection of these figures revealed that the YSZ(110) substrate did indeed
influence the structure of the CeO; thin film. However, surprisingly, although the
CeO; exposed the (110) surface as anticipated, it exposed also the (111) and dipolar
(100). In particular, the CeO» thin-film overlayer was observed to be nanopolycrys-
talline with each of the nanocrystalline domains exposing a particular face at the
surface—either (110), (100), or (111). It was proposed that the lattice misfit between
the YSZ substrate and CeO; thin film deposited thereon was in part responsible for
the nanopolycrystalline structure of the CeO; thin film.

9.4.4. Melting and Seeded-Crystallization

Similar to A&R, this evolutionary strategy involves crystallization from a melt. How-
ever, to reduce the computational time required for the system to evolve “naturally”
a crystalline seed, seeds were manually introduced into the liquid.

9.4.4.1. FeO(Nanocrystalline)/FeO A study by Phillpot et al. describe a sim-
ulation strategy for generating models for nanopolycrystalline FeO with grain sizes
of about 5nm using MD simulation (60). In particular, the authors deposited an
ultra-thin, molten film of FeO on top of an FeO substrate. Within the molten film,
they introduced 16 randomly oriented crystalline “seeds.” The system was then cooled
gradually under MD. During the crystallization, the (molten) Fe and O ions condensed
onto the seeds propagating their structure, and because the seeds were misoriented,
the crystallization resulted in the formation of a nanopolycrystalline film with general
grain boundaries as propagated by the orientation of the seeds. Inspection of the
grain boundaries revealed them to be structurally realistic—similar to those observed
experimentally (44).
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Figure 9.13. Sphere model representation of the atom positions comprising the CeO, /YSZ
system. (a) Perspective view and (b) plan view in which the various nanocrystallites are col-
ored. The figures are annotated to reveal which particular planes—(111), (110), or (100)—are
exposed at the surface.

9.4.5. Temperature-Assisted Dynamics

Another strategy for overcoming the debilitatingly short timescales accessible using
MD simulations is temperature-assisted dynamics (TAD). This strategy is derived
from a variety of methods labeled “hyperdynamics,” which were developed by Voter
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et al. (43). The strategy involves the use of simulations, performed at high temper-
atures, to gauge the evolution of a system at a lower (realistic) temperature. For
example, the energy required for an ion to move out of the surface of a material is so
high that the probability of it happening at room temperature—and within timescales
accessible to MD—is low. Conversely, if we increase the temperature, the probability
of it occurring within the same timescale increases. Accordingly, the simulation is
run at sufficiently high a temperature to ensure the process occurs with the timescale
accessible. Once the transition is detected (i.e., the ion moves out of the surface),
the attributes of this process are recorded and characterized. This process, together
with all other related important processes, are then transferred back to a simulation
performed at a more realistic (low) temperature. For a more comprehensive treatment
of the method, see Ref. 43.

9.4.5.1. BaO/SrO Harris et al. used TAD to explore the surface diffusion and
heteroepitaxial growth of BaO on an SrO substrate. Crucially, it was found that the
surface diffusion proceeds most favorably by an exchange mechanism involving the
surface layer. For example, as a barium ion diffuses across the SrO surface, it was
found that an energetically favorable pathway, in addition to a simple hopping across
the surface, is for the barium ion to swap places with a strontium ion located within
the surface atomic layer of the underlying SrO substrate (8,9). This has severe impli-
cations for growing sharp interfaces between different oxide materials using, for
example, molecular beam epitaxy. Mixing can also lead to surface contamination
and subsequent changes in surface properties. It is likely that this phenomenon will
also occur at the surface of nanomaterials—nanoparticles and thin films, which will
present problems to applications using nanodevices.

9.5. SUPPORTED NANOPARTICLES

Thus far we have seen that changing one or more of the dimensions of a system
to the nanoscale can influence, sometimes profoundly, its microstructure and hence
properties. Clearly it is important to be able to exercise control over the structure to
fine-tune or indeed optimize desirable properties (40). To this end, one can envisage
supporting oxide nanoparticles on an oxide substrate: Indeed, it is well known that
small metal particles, supported on an oxide substrate, can be catalytically more active
compared with the parent materials (61).

9.5.1. MO/BaO (M =Sr, Ca, Mg)

Models for SrO, CaO, and MgO nanoparticles were generated by placing a rectangular
25,000-atom block of each oxide onto the surface of a BaO(100) substrate. The oxide
nanoparticles were then amorphized and recrystallized. Further details can be found
in Ref. 62. During the recrystallization, the interactions between the nanoparticle and
the underlying BaO substrate were found to have a profound influence on the structure
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of the nanoparticle. Indeed, these interactions facilitate a wealth of microstructural
features that evolve during the recrystallization.

For the SrO/BaO(100) system (“low” —7% misfit; Eq. 9.9), the SrO nanoparticle
was found to lie coherent with the underlying BaO substrate. For the CaO/BaO(100)
system (“medium” —15% misfit), only small regions of coherence were observed
between the CaO and the BaO with dislocations evolving within CaO regions that
were misaligned with respect to the underlying BaO. For the MgO/BaO system
(“high” —31% misfit), the misfit is so high that no regions of coherence between the
MgO nanoparticle and BaO substrate could be identified. This study also proposed
the existence of a critical area for dislocation; the concept of a critical thickness is
well known (62). If confirmed experimentally, this prediction may have important
implications with respect to the field of microelectronic circuits.

In Figure 9.14, the structure of the MgO/BaO(100) system is shown. Close inspec-
tion of the nanoparticle reveals a variety of microstructural features, including:

1. Morphology: The nanoparticle is not a rectangular block; rather, it com-
prises four crystallites interconnecting at various angles. The central region,
colored red, exposes the MgO(100) at the surface and at the interface, i.e.,
MgO(100)/BaO(100). The missoriented crystallites, colored yellow, blue, and
gray, emanating from this central region, appear to exhibit triangular pyramidal
morphologies. The nanoparticle exhibits a high density of surface steps.

2. Grain Boundaries: The four interconnecting crystallites are misaligned, which
gives rise to various grain-boundary structures. Inspection of these structures
in Figure 9.14a reveals that they are complex (general) and therefore difficult
to assign to a particular coincidence site lattice (CSL) description. Moreover,
bending of the lattice planes compounds this difficulty.

3. Epitaxial Configurations: The crystallites expose the MgO(100) and
MgO(111) surfaces at the interface (we note that rocksalt {111} surfaces are
dipolar). No epitaxial configuration could be identified. This is attributed to the
high misfit associated with this system.

4. Point Defects: The interfacial region (Figure 9.14b), is highly defective
and includes voids, vacancies, and cation intermixing across the MgO/BaO
boundary.

5. Decorations: Inspection of Figure 9.14a reveals that the surface of the MgO
nanoparticle is decorated with many Ba ions that have migrated from the BaO
substrate.

6. Dislocations: Dislocations were observed to have evolved within the MgO
nanoparticle; the core structure of a mixed screw-edge dislocation is shown in
Figure 9.14c.

This study provides an illustration that supporting a oxide nanoparticle, on an
oxide substrate, can influence profoundly the structure and microstructure of the
nanoparticle and is likely to modify its properties.
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Figure 9.14. (a) Perspective view, with sphere model representations, of the atom positions
comprising a 25,000-atom MgO nanoparticle supported on a BaO(001) substrate. The various
misoriented crystallites are colored. (b) Interfacial region illustrating the considerable defective
nature of the interfacial region. (¢) Mixed screw-edge dislocation that was identified to have
evolved within the MgO nanoparticle. See color insert.

9.6. ENCAPSULATED NANOPARTICLES

An important area within nanoscience is the embedding of nanoparticles within a host
lattice. For example, various materials have been encapsulated within microporous
materials such as zeolites (63). More recently, materials have been encapsulated
within single and multiwall carbon nanotubes (64), leading to the fabrication of
one-dimensional materials. The intense scientific interest in these systems is hardly
surprising because with an appropriate choice of encapsulating lattice, one can
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potentially exact control over the structure and properties of the encapsulated material.
This has inspired many researchers to explore materials that might act as the host
lattice and materials that might prove suitable to be encapsulated. By mixing and
matching, an almost limitless number of possible systems can be envisaged. One can
also envisage encapsulation of a nanoparticle within a fully dense host lattice. Indeed,
Jeng and Shen have explored the structure of NiO nanoparticles encapsulated within
CaO by sintering and annealing NiO and CaO powders (65). Atomistic simulation can
also be used to predict the structure and morphology of encapsulated nanoparticles.
One such study by Sayle and Parker explored the influence of introducing an oxide
nanoparticle into the near-surface region of an oxide host (66). In particular, models
for oxide encapsulated oxide nanoparticles were generated by constructing a block of
arocksalt-structured oxide. The surface region of this block, comprising about 25,000
atoms, was then amorphized and, a spherical nanoparticle, about 700 atoms in size,
was introduced. The whole system was then recrystallized and the system analyzed
structurally. The procedure is illustrated, for CaO encapsulation within an MgO host,
in Figure 9.15.

The introduction of the amorphous CaO nanoparticle into the amorphous MgO
substrate is shown in Figure 9.15a. Figure 9.15b shows the system after recrystal-
lization. In this figure, the CaO nanoparticle has been extracted out of the host lattice
to show more clearly the morphology of the nanoparticle and the void, within the MgO
host, it occupies. Figure 9.15¢ shows the system with a segment of the simulation
cell cutaway. This enables one to see more clearly the nanoparticle within the host
lattice. In Figure 9.15d, a slice cut through the system is shown to reveal that the CaO
nanoparticle rotates slightly with respect to the MgO host. The driving force for this
to occur was attributed to reducing the lattice misfit associated with the configuration,
while maximizing favorable cation—anion interactions across the (curved) interfacial
region. Careful analysis, using graphical techniques, reveals that the CaO nanoparticle
exposes {100}, {110}, and {111} facets to the MgO host at the interfacial regions. In
addition, this procedure was performed for (BaO and CaO) nanoparticles encapsulated
in MgO and (SrO and MgO) nanoparticles encapsulated in BaO. The structure of MgO,
BaO, CaO, and SrO nanoparticles, which have been extracted out of their respective
host lattices to reveal more clearly the morphology they accommodate, are shown in
Figure 9.16a—d, respectively.

The study raised several issues pertaining to the encapsulation of nanoparticles.
In particular, the nanoparticles were identified to be highly strained. For example,
the SrO nanoparticle, encapsulated within BaO, revealed that the SrO maintained full
alignment of counter-ions across the interfacial regions. The lattice misfit associated
with the SrO/BaO system is about —7%, and therefore, the SrO is tensioned to
maintain this aligned configuration. It was proposed that the energetically favorable
cation—anion interactions across the interfacial region outweighed the energetically
deleterious effect of tensioning the lattice. Clearly, if the size of the nanoparticle was
increased, then the energy required to tension the lattice, which operates effectively in
three-dimensions, would increase faster than the increase in the favorable interfacial
interactions, which is a surface phenomenon and inherently 2D. This suggests that
there is a ““critical” size associated with encapsulated nanoparticles, above which misfit
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Figure 9.15. Representation of the atom position illustrating the encapsulation of a CaO
nanoparticle within an MgO host lattice. (@) Amorphous starting structure showing the CaO
nanoparticle being introduced into the MgO host. (b) Final recrystallized structure showing the
structure of the CaO nanoparticle and the void in the MgO that it occupies (the CaO nanopar-
ticle has been physically extracted to reveal the structure). (¢) Perspective view with part of
the simulation cell cut-away to reveal the CaO nanoparticle encapsulated by its MgO host. (d)
Slice cut through the simulation cell to reveal more clearly how the CaO nanoparticle lies with
respect to the host. Calcium is colored light gray, magnesium is medium gray, and oxygen is
dark gray. Surface rendering has also been used to aid interpretation of the structures. Light
gray rendering is the MgO host and light/dark rendering, the CaO nanoparticle. See color
insert.
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Figure 9.16. Representations of the atom positions of oxide nanoparticles (shown) encapsu-
lated within an oxide host lattice (not shown). (a) MgO nanoparticle (in BaO host), (b) BaO
nanoparticle (in MgO host), (¢) CaO nanoparticle (in MgO host), and (d) SrO nanoparticle (in
BaO host). (a), (b), and (d) are shown with surface rendering and (c) using a sphere model
representation of the atom positions.

dislocations evolve. Indeed, dislocations/commensurate structures were observed for
the other three systems, which are all associated with a higher lattice misfit. The critical
size was predicted to depend on a combination of both the nanoparticle and the host
within which it is encapsulated.

In summary, the encapsulated nanoparticles exhibited a range of morphologies,
expose a variety of facets at the nanoparticle/host lattice interface, and are observed
to rotate within the cavity in which they occupy. The structure and nature of the
nanoparticles reflect the lattice misfit between the nanoparticle and the host lattice.
Further details can be found in Ref. 66.

9.7. CONCLUSIONS

In this chapter, we have explored primarily how models of oxide nanomaterials,
with full atomistic detail, can be generated using computer simulation. These
include isolated nanoparticles, ultra-thin films supported on a substrate, supported
nanoparticles and encapsulated nanoparticles. Once a model is available, a wealth
of electronic, chemical, and mechanical properties can then be calculated and the
results used predictively to aid experiment: Properties amenable to calculation
include, for example, diffusion coefficients, ionic conductivity (41), catalytic activity
(included in this chapter), elastic constants, and bulk and shear moduli, Youngs mod-
uli, piezoelectric constants, phonons, dielectric constants, and surface energies (15).
A well-established and popular computer code for calculating a variety of properties
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using such atomistic models is the General Utility Lattice Program (GULP), which
is freely available from Ref. 6.

The atomistic models derived are also useful as starting structures for quantum-
mechanical (QM) simulations. This is because it is less expensive computationally to
generate models using atomistic simulation compared with QM.

It is tempting to think, especially when viewing the animations of MnO; crystal-
lizing (Figure 9.3), and the resulting nanoparticle structures, that one is observing
“real” crystallization at the atomistic level. However, one must exercise caution in that
the simulation is bound by (artificial) simulation constraints implicit in the methodo-
logy, not the least by the potential models describing the interactions between the ions.
Conversely, it is very surprising that such highly complex microstructural features,
observed experimentally, such as the dislocations, grain boundaries, morphologies,
surface structures, and isolated and associated point defects, have simply evolved in a
purely artificial way within the simulations described above. Accordingly, we suggest
that the simulated A&R we have discussed in this chapter must, at least in part, reflect
crystallization that occurs in nature, and that the models generated using this approach
are realistic.

If used with a degree of caution, models generated using atomistic simulation can
help experiment unravel the rich structural complexity of nanomaterials and aid in
the fabrication of nanomaterials with improved, tunable, or indeed new properties.
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I PART IV

PHYSICOCHEMICAL PROPERTIES OF
OXIDE NANOMATERIALS

The focus of Chapters 5-9 was on the study and characterization of the structural
and electronic properties of oxide nanomaterials using experimental and theoretical
methods. The special structural and electronic properties of oxide nanostructures
affect, or determine, in many cases the physical and chemical properties of these
systems. In Chapter 1, quantum theory was used to analyze some of the links that
exist among the structural, electronic, and chemical properties of oxide nanomaterials.
A decrease in the average size of an oxide particle leads to quantum confinement that
may induce new electronic states and change the magnitude of the band gap with a
strong influence in the chemical reactivity. In this part of the book, the focus is on the
physico-chemical properties of oxide nanomaterials. Many molecules interact with
oxide surfaces through acid—base reactions (Chapter 10). An oxide nanoparticle can
expose one or more types of basic anion (formally O%>~) sites and acidic metal cation
(M" ") sites. A Lewis acid—base bond arises from the asymmetric sharing of an electron
pair between a donor molecule (the base) and an acceptor (the acid): B: + A — B:A.
The relative “strength” of the acid and base sites in a nanomaterial depends on the local
surface structure, the nature of the metal counter-ion, and the type of the adsorbate—
adsorbate interactions (Chapter 10). The use of probe molecules to extract information
about the chemical properties of oxide nanostructures is a well-established and widely
practiced approach and involves the combination of simple adsorbates (CO, NO,
NO», SO, CoHj, CyHy, etc.) and spectroscopic techniques (FTIR, Raman, EPR,
NMR, X-Ray absorption spectroscopy, photoemission, etc.), which are sensitive to
the detection of the molecule in its adsorbed form (Chapter 11). A series of systematic
studies has investigated the adsorption of molecules on oxide nanostructures from
gas- and liquid-phase environments (Chapters 11 and 12). The enhanced chemical
reactivity of oxide nanomaterials can have a strong impact on environmental catalysis
and environmental remediation (Chapter 12). In many physico-chemical processes,
the transport properties and oxygen-handling capabilities of an oxide nanostructure
are an important issue (Chapter 13). Thus, the chemical reactivity may depend on the
existence of surface and lattice defects. The effects of the nanoscale in oxides with
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ionic and mixed ionic/electronic conductivity have given rise to the fledgling science
of “nanoionics,” encompassing applications from fuel cells and lithium-ion batteries
to sensors and catalysts. Chapter 13 presents recent experimental and theoretical
findings for the transport and oxygen-handling properties of nanoscaled oxides.
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Theoretical Aspects of Oxide Particle
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10.1. INTRODUCTION

Molecular-level simulation is increasingly a key complement to experiment in
the exploration of metal-oxide nanoparticle structure, composition, and reactivity.
Unlike classic, purely ionic models of oxide bonding, “first-principles” methods treat
the quantum-mechanical interactions within and between atoms explicitly, allowing
the structure and reactivity of particles and their surfaces to be simulated without
recourse to empirical parameterization and at a resolution that is often difficult
to access experimentally. Density functional theory (DFT) (1,2) in particular has
emerged as the leading tool for these studies because of its balance of theoretical
rigor and computational tractability. When properly applied, DFT simulation pro-
vides reliable qualitative and often quantitative descriptions of molecular and surface
reactivity as well as of bulk material properties. Several other chapters in this book
address the various theoretical details of first-principles simulation applied to oxides.
In this chapter, we focus on the use of these tools to describe and explain chemical
reactivity at oxide surfaces, from simple gas adsorption to redox reactivity to the
phase stability of oxide nanophases. Excellent complementary references include the
books by Henrich and Cox (3) and by Noguera (4).
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10.2. ADSORPTION ON BASE METAL OXIDES

The simplest class of oxide reactivity is surface gas adsorption, typically of Lewis
acidic or basic adsorbates. A Lewis acid—base bond arises from the asymmetric
sharing of an electron pair between a donor molecule (the base) and an acceptor
(the acid):

B:+A — B:A

A metal-oxide surface can expose one or more types of basic oxide anion (formally
0?%7)and acidic metal cation (M) sites. The relative “strength” of these acid and base
sites depends on the local surface structure, the nature of the metal counter-ion, and
the nature of the adsorbate. We take as one an example the adsorption of Lewis acids
on the oxide MgO, which has been extensively studied both experimentally (5-11)
and theoretically (7,12—16). Simple cubic MgO preferentially cleaves along the (100)
surface, exposing both Lewis acid Mg?t and base O>~ sites. Figure 10.1 shows a
typical periodic boundary condition model (or “supercell” model) (17) of an oxide
surface: Here a three-layer-thick slab of ions is included within a simulation cell that
is periodically replicated in three dimensions. This representation allows size effects
to be probed in one dimension (by varying the slab thickness), whereas the other
two dimensions are periodic and unbounded. In this particular example, the surface
bonding is highly localized and not sensitive to slab thicknesses greater than two
layers. Within this periodic description, the electronic wave functions are conveniently
described in terms of plane waves; this combined with a “pseudopotential” description

ﬁg{éfé&_ Y%

. 0 X 502

S0,

MgO(001) supercell

Figure 10.1. (Left) Periodic supercell model of the MgO(001) surface. (Right) Detail views of
the adsorbate DFT-calculated structures of SO, adsorbed on MgO in both a Lewis base (left)
and acid (right) conformation (15). See color insert.
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of the chemically inert core electrons produces a highly efficient computational model
within which the adsorption of gas molecules can be probed.

Plane-wave, pseudopotential DFT calculations performed within the PW91 gen-
eralized gradient approximation (GGA) show that the Lewis acids CO3, SO;, and
SOs all preferentially bond at MgO basic sites to form surface species that can be
qualitatively described as carbonates (CO§_), sulfites (SO§_), and sulfates (SO?‘_)
(15,16). As shown in Figure 10.1, the adsorbate structures all adopt the geometries
expected for these ions in the bulk (e.g., approximately trigonal planar for carbonate,
approximately tetrahedral for sulfate). The relative strength of adsorption increases
with the Lewis acidity of the adsorbates and down the Periodic Table with increasing
basicity of the metal oxides (13,16), as shown in Figure 10.2.

Several factors can influence the details of this acid—base interaction. For instance,
step defects expose ions with reduced coordination number that have enhanced
basicity. DFT calculations show that SO, adsorption at MgO step edges is increased
by approximately 20 kcal mol~! over that at (100) terraces (15). The qualitative acid—
base nature of adsorption is unchanged, but the stronger interaction causes more
pronounced distortions of the adsorbate molecule. One convenient way to probe these
distortions computationally and to make a direct connection with the experiment is
through comparison of calculated and observed spectroscopic properties, in particular,
vibrational spectra. Distortions of adsorbates are reflected in shifts in characteristic
vibrational modes; in this example, adsorbate bonding at the surface diminishes the
internal S—O bonds and causes a red shift in their vibrational modes. The calculated
vibrational spectra of terrace- and step-bound SO, provides a satisfactory description
of the observed vibrational spectrum of SO,-exposed MgO (15).
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Figure 10.2. PW91 DFT-calculated adsorption energies of Lewis acids on the (001) surfaces
of the alkaline-earth oxides. Reproduced with permission from Ref. 16.
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Surface reactivity can also depend sensitively on the presence and concentration of
other species on that surface. One can imagine a surface to present an array of reactive
sites to a gas, with each site either vacant or occupied by an adsorbate. In the simplest
realization, the occupation of one site has no influence on the occupation of another,
and thus, the adsorption energy is the same for the first molecule to react with the
surface as it is for the last. This is essentially the Langmuir adsorption model, which
describes the physisorption and chemisorption of many gases on surfaces well (18).
Often adsorbates will interfere with one another to some extent either sterically or
electronically, causing the adsorption energy to decrease only slightly as the surface
coverage increases. Such appears to be the case for CO; and SO, adsorption on MgO,
where the computed properties of isolated adsorbates agree well with the observed
properties of adsorbates at higher coverage. Of course, at very high exposures, oxide
surfaces evolve toward the corresponding metal salt structures, which have their own
unique reactivity patterns.

The nitrogen oxides NO, NO,, and NO3 provide one interesting counterexample
of this relatively simple Lewis acid—base model with weak coverage dependence
(14,16,19-24). These “NO,” molecules exhibit strong “cooperative” interactions
between neighbors that dramatically enhance their adsorption strength (16,23-26).
This cooperative bonding arises from spontaneous electron transfer between adsor-
bates and can only be captured in quantum-mechanical models of surface reactivity.
As with SO,, DFT calculations identify two binding modes for a single NO; on
MgO(001), one in which NO; acts as a donor (base) toward Lewis acid surface sites:

N
o o

. ¥ X
Basic NO2:  —\mg2+—02—Mg?*— + NO, —> —Mg>*—02—Mg?*— (10.1)
and another in which NO; acts as an acceptor (acid) toward Lewis base surface sites:

Acidic NOz:  —mg2+—02-—Mg?*— + NO, —> —Mg2*—0>—Mg>+—  (10.2)

The left and right sides of Figure 10.3 show the lowest-energy configurations obtained
from DFT simulations for these two adsorption modes (16,23). The Mg?* ions are
weak Lewis acids, and both isolated SO, and the isostructural NO, only weakly
physisorb to these sites. Unlike SO, however, NO, binds no more strongly to the
basic 0%~ sites of MgO(001). Neither the acidic nor basic configurations are consistent
with the experimentally observed formation of chemisorbed nitrite (NO, ) and nitrate
(NO3) upon exposure of single-crystal MgO to NO; (19,20).

Qualitative molecular orbital/electron counting arguments can be used to
rationalize the weak binding of an individual NO; on MgO(001) (23,25). MgO is an
ionic and insulating main group oxide with a substantial band (or HOMO-LUMO)
gap. NOy is odd electron and thus a much better one-electron donor and acceptor than
itis a Lewis acid or base, as reflected by its large electron affinity (52 kcal mol~!) and
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Figure 10.3. PW91 DFT-calculated adsorption geometries and qualitative molecular orbital
diagrams for isolated and adsorption of NO; on MgO(001). Formation of the cooperative
pair from isolated adsorbates is calculated to be exothermic by 16 kcal mol~! (16, 23). See
color insert.

moderate ionization potential (221 kcal mol~!). As shown on the left and right sides
of Figure 10.3, NO; bound in either the basic or acidic configuration is deficient or in
excess one electron, respectively, which in electronic terms produces either a partially
filled highest occupied molecular orbital (HOMO) or lowest unoccupied molecular
orbital (LUMO) level (25). These unsatisfied valences are energetically costly, and
as a result, NO; is weakly bound in either configuration.

As indicated in the center of Figure 10.3, the excess electron and hole can poten-
tially be satisfied by bring the two NO; into proximity on the surface, allowing electron
transfer to occur between the two rather than just with the surface:

€
N\
NO, NO, NO,” NO,*
“Cooperative” NO,:  —pmg2+— + —0>— _Mgz+_(|)2—_ (10.3)

Supercell DFT calculations confirm this hypothesis. The center of Figure 10.3 shows
the substantial geometric relaxations that accompany NO; surface pairing: The basic
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NO; relaxes toward the surface as a nitrite (NO, ), and the acidic NO, flattens and
closely approaches a surface O to form a nitrate (NO;', where one of the O comes
from the MgO surface). Analysis of the distribution of electron charge around the
adsorbates is consistent with a one-electron transfer between the two NO,. The total
bonding energy of a pair of NO, to the MgO surface is calculated to be twice that of
the two NO; in isolation. Both energetically and structurally, then, the paired NO»
is consistent with the experimentally observed chemisorption on NO, on MgO as
a mixed nitrite and nitrate (19,20). NO, chemisorption on MgO(001) can thus be
described as arising from an unusual “self-cooperative” interaction.

This cooperative interaction is present not only in these extended surface models,
but also in fact, the same phenomenon is predicted to persist in MgO clusters contain-
ing 50 atoms or fewer (25,26). These small clusters provide an attractive alternative
to supercell models not only for exploring the consequences of finite particle size, but
also for the flexibility they offer in treating the electronic structure of the material.
For instance, unlike supercell models, DFT-based cluster models can treat neutral
and charged adsorbate states with equal ease. This flexibility is particularly useful for
analyzing cooperative bonding. The DFT cluster results in Figure 10.4 show that the
NO;r cation combines much more readily with a base site on MgO than does the NO»
neutral; similarly, the NO, anion is a better base and associates more strongly with
acidic MgO sites than does the neutral (adsorption energies of the ions are increased
by 95 and 23 kcal mol~!, respectively, over neutral NO») (25). These charged states
are unlikely to persist in isolation, but they can be paired up to form a net neutral
aggregate equivalent to a cooperative pair. A thermodynamic cycle can be used to
relate the energies of the neutral, charged, and paired adsorbates (24); the results
show that the ease with which an electron is transferred between two NO,, combined
with the considerable increase in adsorption energy of the ions over the neutrals,
accounts for the cooperative chemisorption effect on MgO.

Similar cooperative effects are observed in models of the heavier members of the
alkaline-earth oxide family, although the relative contribution of the effect diminishes
with increasing oxide basicity (16,27,28). Numerous experimental studies provide

Figure 10.4. PW91 DFT-calculated geometries of (left) NO'Z" and (right) NO, adsorbed on
(MgO),, clusters (25).



10.2. ADSORPTION ON BASE METAL OXIDES 295

qualitative support for the cooperative model beyond MgO, including the observation
of mixtures of NO, surface species on BaO thin films (29) and mixed BaO/MgO
powders (30). In fact, complicated NO, surface species were noted in very early
work on CaO powder as an NO adsorbant (31). Outside the alkaline-earth family,
NO, has been found to form mixtures of nitrite and nitrate species on Al,O3, TiO»,
and Fe;O3 powders (32). Perhaps most compelling, experimentally derived kinetic
models of NO, uptake on supported baria (33) bear the clear signature of a cooperative
adsorption effect that agrees nearly quantitatively with that predicted (16).

Thus, even the relatively simple alkaline-earth oxides can produce complicated
adsorption behavior. Cooperative adsorption is not expected to be restricted solely
to NO,; the thermodynamic cycle analysis suggests that any combination of readily
reducible and readily oxidizable adsorbates may exhibit the same effect (Figure 10.5).
The nitrogen oxides have very low ionization potentials and high electron affinities
that make them particularly suitable candidates for cooperative adsorption. How-
ever, many other odd-electron molecules, in particular, the halogen oxides (XO,) and
hydrogen oxides (HO,), share these characteristics and likely participate in some
form of cooperative chemisorption on oxides.

As one additional example of these concepts and models, a similar approach has
been used to determine the chemistry and structural effects of water on the low-energy,
hexagonal (0001) a-alumina surface (34,35). Figure 10.6 shows a top-view of this
surface, which like the MgO(001) surface, exposes both basic and acidic centers.
Water molecularly adsorbs at the acidic AP sites. This molecular water is only
metastable, however, and is calculated to dissociate with negligible activation barrier
via at least two pathways to produce surface hydroxyls of two types:

H\O/H 0 _HI”
v H*
H0 AL N, AR (10.4)
027_A|3+_O27 2 027 027 - 027 02— g

Like the NO, pairs discussed above, the stability of this dissociated state can be
considered to arise from a cooperative interaction between H and OH to make
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Figure 10.5. Experimental (left) ionization potentials and (right) electron affinities of selected
odd-electron small molecules. Low ionization potentials and high electron affinities favor
cooperative chemisorption.
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Figure 10.6. DFT models of the (left) pristine (0001) a-Al O3 surface, molecularly and disso-
ciatively adsorbed H, O at low coverage (center), and the (right) disordered, fully hydroxylated
surface (34,35). Reprinted with permission from Ref. 35.

H*/OH™ pairs. One way to explore the coverage dependence of this chemistry is
through a direct dynamical simulation of a monolayer of water. The Car—Parrinello
molecular dynamics (36) (CPMD) approach is an efficient scheme for studying the
dynamics of a system using DFT. CPMD simulations of a water monolayer confirm
the ready dissociation of water and reveal additional cooperative water interactions
that further enhance the rate of water dissociation (34,35).

These alumina results are consistent with the experimentally observed coverage-
dependent adsorption energy of water on alumina (37-39). Furthermore, they lead to
the conclusion that the most stable a-alumina surface in the presence of water is in
fact fully hydroxylated, with the surface Al ions replaced with three surface H that
are both disordered and dynamic (Figure 10.6). Synchrotron experiments (40) and
subsequent calculations (41-44) confirm this picture of the water-modified alumina
surface. Recent calculations on 6-, (45) k-, and y-aluminas (46,47) demonstrate that
the high surface areas of these phases result directly from surface OH groups similar to
those on the a-phase. Thus, the binding of metal and especially metal-oxide particles
to alumina surfaces are most likely mediated by hydroxyls, and the hydroxylated
a-alumina surface is a good model for these interactions.

As with MgO, the interaction of H,O with finite-sized Al,O3 clusters has also
been explored, including the influence of edge effects (35). Undercoordinated edge
ions again are found to be associated with enhanced reactivity for water adsorption
and dissociation, and this behavior is expected to persist to nanoscale particles.

10.3. OXIDATION-REDUCTION REACTIONS AT TRANSITION
METAL-OXIDE SURFACES

Unlike the base metal oxides, the transition metal oxides often exhibit a variety of
phases associated with different metal oxidation states, and because of the accessibility
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of these oxidation states, their surface reactivity is not limited to the adsorption reac-
tions described above. A particularly exciting area of research today concerns the
catalytic activity of these transition metal oxides, particularly of the noble to near-
noble metals that form oxides more reluctantly than do base metals. A good example
is oxidations catalyzed by Ru; the Ru metal shows low activity for CO oxidation
under the conditions of a typical low-pressure surface science experiment, but when
exposed to more realistic oxygen pressures, the Ru surface becomes both oxidized
and activated for oxidation chemistry (48-54). Similarly, the activity of Ag catalysts
for ethylene epoxidation has been attributed to formation of a surface-oxide phase
(55), and surface oxides have been implicated in enhanced activity of Pt toward CO
oxidation (56). Thus, many metals are found to form surface oxides in situ under
conditions of catalytic importance.

Just as Pt is the prototypical model for catalytic oxidation on metals, RuO,
has emerged as a preferred model for these “environmental” oxides: It is a sta-
ble oxide phase over a wide range of temperature and O, partial pressures, and it
has a well-characterized (110) cleavage plane that is convenient for both surface
science experiments and molecular simulations (49-52,57-61). As an example of
the redox reactivity possible on transition metal-oxide surfaces, we briefly consider
here the interaction of an oxygen atmosphere with RuO,(110). The inset to Fig-
ure 10.7 shows a supercell model of the stoichiometric (110) surface of rutile-like
RuO;,, which exposes both under-coordinated Ru cations as well as two types of
O anions. Formal electron counting indicates that the exposed Ru ions are reduced
relative to the bulk, whereas the Ru ions lying between bridging O are oxidized.
This unequal charge distribution suggests that the (110) surface might be suscep-
tible both to oxidation, e.g., by addition of oxygen to the stoichiometric surface,
and to reduction, e.g., by removal of oxygen to create a sub-stoichiometric surface.
DFT calculations can be used to explore the entire range of possible stoichiometries,
and by normalizing these to the surface area, a phase diagram of surface structures
can be constructed. Reuter et al. have discussed these surface phase diagrams in
detail (53,62).

Figure 10.7 shows the results of supercell DFT calculations of the surface energy
of RuO(110) as a function of the coverage of surface oxygen, calculated using
the plane-wave DFT code VASP with PAW core potentials (63,64). The cusp in
the plot near 1 J m~2 corresponds to the stoichiometric surface termination. Points
to the left correspond to removal of bridging O from the surface, i.e., to surface
reduction. The surface energy is seen to increase linearly with the decrease in occu-
pation of these bridging oxygen sites, corresponding to a vacancy formation energy
of approximately 60 kcal mol~! with respect to molecular O,. By way of contrast,
an estimate of the MgO(001) vacancy formation energy using comparable methods is
140 kcal mol ™!, illustrating the more ready reducibility of the transition metal-oxide
surface. Although surface reduction is endothermic, oxidation beyond stoichiometry
is found to be exothermic. Points further to the right of the cusp correspond to the
addition of extra O atoms at under-coordinated Ru sites. These excess O are bound
by approximately 20 kcal mol~!, again nearly independent of the surface coverage,
and reflect a “super-stoichiometric” surface-oxide state. The existence of these excess
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Figure 10.7. DFT-calculated coverage-dependent oxygen binding energies on RuO;(110).
Open and filled circles indicate unoccupied and occupied O sites, respectively. Two dis-
tinct binding regimes are found, corresponding to occupation of bridging and coordinately
unsaturated Ru sites.

O have been observed experimentally (65) in TPD experiment and have been pro-
posed to compete with bridging O in the catalytic CO oxidation activity of RuO,
(49,50,53,57).

As with water dissociation on a-Aly O3, a key question in this examination of oxy-
gen reactivity at RuO,(001) is the facility of the O, dissociation process. The surface
energies in Figure 10.7 correspond to dissociated O, but these are likely accessible
only through some O dissociation mechanism. DFT calculations combined with
transition state theory can be used to explore the kinetics of these dissociations.
Figure 10.8 shows the results of “nudged elastic band” (NEB) (66) calculations of
O dissociation across two coordinatively unsaturated Ru and between one of the
Ru and an O bridge site. These NEB calculations work by stretching a virtual “elas-
tic band” between reactant and product states; minimizing the energy of that elastic
band produces a minimum energy pathway from reactants to products. Although
the absolute magnitude of the derived activation energies calculated within DFT
must be viewed even more cautiously than absolute adsorption energies, the indi-
cations from these calculations (Figure 10.8), consistent with the experiment, are
that O, dissociation from metastable adsorbed molecular O, is facile across both
sites studied, with activation energies that scale with the binding energy of the
products.
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10.4. THE METAL-TO-METAL-OXIDE TRANSITION AT
THE ATOMIC SCALE

The alumina/H>O and ruthenia/O, results above illustrate the interplay between
the metal-oxide surface and the surrounding environment that determines surface
structure, composition, and reactivity. Although complicated, to a large extent, these
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interactions can be understood from basic concepts of acid—base and redox chemistry.
An important question is how these phenomena translate down to the smallest oxide
particle sizes, where size effects may qualitatively alter reactivity. As an illustrative
example, we consider here the oxidation behavior of atomic-scale particles of Pt, a
metal that resists oxidation in the bulk, by examining the equilibrium between metal
and oxide:

Pt, +y/20, <= P10, (10.5)

as a function of x and y.

The power and versatility of DFT simulation makes it an ideal method for inves-
tigating metal-oxide nanoparticles. The DFT results of this section (67,68), like
most of those above, were obtained using the Vienna Ab-initio Simulation Pack-
age (VASP) (64) with a well-established and robust set of parameters, including the
PWO91 exchange-correlation functional (69). A particular challenge in modeling the
thermodynamics of finite clusters is the determination of energy-optimal structures.
DFT calculations work by locating energy minima in the vicinity of some starting
structural guess; although the appropriate structures for bulk oxides are often well
established, those structures are often not applicable to small particles. Even for a par-
ticle containing just a handful of atoms, the range of possible structures to search over
is already quite large, and the situation becomes more complex with each additional
atom.

For the Pt, Oy, clusters, a combination of manual searches over configuration space
combined with DFT-based finite-temperature molecular dynamics (70) (MD) can be
used to generate and screen structures. As an example, we consider the discrete Pt
monoxide (Pt,O,) and dioxide (Pt,O,,) homologs to the most stable bulk Pt oxide
phases. The formation energies of the x = 1-5 and x = 10 structures are plotted in
Figure 10.9 against the number of Pt atoms. The size dependency of the formation
energy is systematic and dramatic. Smaller Pt oxide clusters have substantially greater
formation energies than the larger Pt oxide clusters or the respective bulk oxides,
indicating that smaller Pt clusters have greater affinity for oxygen than larger clusters
or bulk Pt metal. In fact, the oxidation of a Pt atom or Pt dimer is over 1 eV /Pt more
exothermic than the formation of either bulk PtO or bulk PtO,. As the size of the cluster
(x) increases, oxidation generally becomes less exothermic, although the variations
are not always monotonic: Whereas the Pt O;, formation energy rises steadily toward
that of bulk PtO,, that of the Pt, O, series reaches a minimum around x = 4 before
rising toward bulk PtO. This is an example of a quantum size effect, indicating in this
case that monoxides in the size range (Pt4O4—PtcOg) are more resistant to conversion
to the dioxides than either smaller or larger clusters.

Oxidation substantially alters the molecular and electronic structures of the Pt
clusters, and the effect is markedly size-dependent. The close-packed structures of
the pure Pt, clusters give way to open or one- or two-dimensional shapes. The smallest
Pt, Oy clusters are predicted to prefer closed triangle, quadrangle, pentagon, and so on,
structures, with each Pt atom coordinated to two O atoms (forming O—Pt—O subunits)
and each O atom occupying a Pt—Pt bridge position. The Pt,O;, series, on the other
hand, forms various open, curved chains, in which the middle Pt atoms are each
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Figure 10.9. DFT-calculated formation energies (with respect to Pt, and Oy gas) of Pt, Oy
(filled circles) and Pt Oy, (open circles) clusters. Black and gray dashed lines indicate the for-
mation energies of bulk PtO (—0.54 eV) and B-PtO; (—1.58 eV), respectively. In the structural
representations, small and large spheres represent O and Pt atoms, respectively. The pure Pt
clusters are included for comparison. Reproduced with permission from Ref. 67.

coordinated to four O atoms (forming flat Pt—40O subunits) and each terminal Pt atom
coordinated to three. As the length grows, the chain structure eventually becomes
flexible enough to form a closed loop so that the terminal Pt atoms are also fully
coordinated. The Pt—Pt distances in these small Pt monoxide and dioxide clusters are
shorter than or comparable with the GGA-PW91 calculated Pt—Pt bond length in the
bulk Pt metal, 2.83 A (the experimental value is 2.77 A). As the cluster size increases,
particularly in the Pt O, series, the Pt—Pt distance begins to approach the bulk Pt
oxides over 3 A. Of particular note is that clusters prepared from fragments extracted
from the bulk oxide lattice are substantially less stable than these open structures.

The electronic structures of small Pt oxide clusters are also very different from large
oxide clusters or bulk oxides of the same stoichiometry, as indicated by a decompo-
sition of the electron charge into individual atomic contributions (71,72). The results
for the two series of small Pt oxide clusters are listed in Tables 10.1 and 10.2. In the
Pt, O, series, the amount of charge lost by each Pt atom is always balanced by the
charge gained by each O atom. However, the extent of electron transfer from Pt to O
in molecular PtO is only about half of that in bulk PtO. The extent of electron transfer
in molecular PtO; is also appreciably less than that in bulk PtO,. Here the positive
charge on each Pt atom in a Pt,O,, cluster is twice the amount of negative charge on
each O atom. If the extent of charge transfer between the Pt and the O atoms in the
bulk oxides is taken to be the ionic limit, then the Pt—O bond in molecular PtO and
PtO, and the other small Pt oxide clusters is appropriately described as possessing
significant covalent characters. The level of ionicity depends on cluster size: As the
cluster size increases, it converges toward the bulk level.
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TABLE 10.1. Net Spin and Bader Atomic Charges of the
Pt, Oy Clusters.

Cluster Spin Atom Charge (e)
PtO 2 Pt +0.48

(6] —-0.48
Pt, Oy 0 Pt +0.99, +0.36

(6] —0.70, —0.65
Pt303 2 Pt +0.77

(6] -0.77
Pt404 0 Pt +0.77

(6] -0.77
Pt5O5 2 Pt +0.76

(6] —0.76
Pt19010 0 Pt +0.76

(6] —0.76
bulk PtO 0 Pt +0.96

(6] —0.96

Although only two stoichiometries are considered in Figure 10.9, a transition metal
particle of a given size x in a given environment could in principle adopt any stoi-
chiometry y consistent with the equilibrium (5). The thermodynamics of equation
(5) for any value of x and y can in principle be determined directly from DFT total
energy calculations of the minimum energy reactants and products. As an exam-
ple, Figure 10.10 shows the calculated minimum energy structures along the Pt;O,,

TABLE 10.2. Net Spin and Average Bader Atomic
Charges of the Pt,O,, Clusters.

Cluster Spin Atom Charge (e)
PtO, 0 Pt +1.27
0] —0.63
Pt,O4 0 Pt +1.30
o —0.65
Pt30¢ 0 Pt +1.29
0] —0.65
Pt4Og 2 Pt +1.33
0] —-0.67
PtsO19 0 Pt +1.39
(0] —0.69
Pt19029 0 Pt +1.41
(0] —-0.71
bulk PtO; 0 Pt +1.70

o —0.85
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Figure 10.10. DFT-calculated minimum energy structures and 0 K formation energies of the
Pty oxide clusters, including dissociated Oy (filled circles) and partially associated Oy (open
circles) (68) .

series, y = 0-7, derived as above by systematically exploring a variety of structures
in search of the lowest energy configuration (68). As y increases, the O atoms are
observed to alternate between terminal and bridging positions, suggesting a bal-
ance between the preference for fully coordinating the Pt and O and the need to
avoid excessive repulsion between the O atoms. As Pt; takes on more O atoms,
the Pt—Pt distance increases from 2.3 to 3.1A, and at the largest values of y, the
O atoms pair up as O, molecules. The DFT results indicate a very shallow energy
minimum around Pt;Os, which is slightly more oxidized than the PtO4 described
above.

To translate these 0 K DFT energies to finite temperature and pressure, further
details about the thermochemical system must be specified. One interesting and rele-
vant limit is to imagine Pt particles to be dispersed and immobile on a two-dimensional
support and in equilibrium with an ideal gaseous reservoir of Oy of temperature T
and pressure po, . Based on this description, a thermodynamic potential wp,0, can be
defined that is minimized when equilibrium is established between these immobile
Pt, O, particles and the O, reservoir. All necessary temperature-dependent quantities
can ultimately be related to the heat capacity of the particles, which can be calculated
from the DFT-derived structures and vibrational spectrum of the particles using stan-
dard statistical mechanical models (68,73). wpy,0, is evaluated for each composition
at whatever T and po, that is of interest, and the lowest w indicates the equilibrium
composition.

The results of application of this algorithm to the Pt; O, series are shown in the form
of a T-po, phase diagram in Figure 10.11. The ranges of T" (from 200 to 1000 K) and
po, (from 10710 to 10 bar) encompass virtually all conditions of practical interest. A
cursory inspection shows that equilibrium shifts toward lower oxygen content as tem-
perature increases or pressure decreases, in line with basic physical insights. Under
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Figure 10.11. T-po, phase diagram for Pt; clusters immobilized on a support. The O; pressure
is plotted on a logarithmic scale. See color insert.

ambient conditions (room temperature and ca. 0.2 bar for po,; cf. the orange circle
in Figure 10.11), the stable composition is the dioxide. At higher temperatures and
lower pressures typical, for instance, of catalytic oxidations (cf. the red ellipse in
Figure 10.11), the equilibrium O:Pt ratio decreases to Pt;O3. Only at the very highest
temperatures and lowest pressures does the fully reduced Pt; become thermody-
namically preferred. A similar tendency toward oxidation is found for Pt3 particles,
although as indicated in Figure 10.9, the energy “gap” between monoxide and diox-
ide phases is decreased and the lower oxide phases become more stable over a wider
range of T and po,.

The results are primarily meant to illustrate the nonintuitive compositional behavior
that becomes possible as metal-oxide particles decrease to the nanoscale. The Pty,
Pt3, or Ptyg particles discussed here are clearly smaller than are typically encoun-
tered in practical applications of nanooxides, and one computational challenge is to
extend the results more fully into the nanoscale. Nonetheless, the results are still
of value in interpreting experiment. For instance, Alexeev et al. recently reported
on an EXAFS analysis of Pt-Pt and Pt—O bonding and coordination in Pt par-
ticles supported on y-Al,O3 under oxidizing and reducing conditions (74). They
found that the smallest (~11A) Pt particles in their experiment are particularly
susceptible to structural modification by the gas environment, including the replace-
ment of Pt—Pt coordination by Pt—O bonds upon oxidation and recovery of Pt—Pt
bonding upon reduction. Although these particles contain on the order of 25 Pt
atoms and thus are much larger than those considered here, the qualitative behav-
ior is consistent with facile oxidation and reduction expected from the smaller
particles.
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10.5. CONCLUSIONS

As we have seen, metal oxides can exhibit a wide range of reactivity patterns, and
first-principles simulation based on density functional theory provides a powerful
tool for exploring and explaining those patterns. Clearly neither all aspects of oxide
reactivity nor all available simulation tools and methods can be covered in the limited
space available here. Rather, we hope to have demonstrated several relevant exam-
ples of how these tools can be productively applied to topical problems in oxide
reactivity: to nonlinear coverage effects and cooperativity at metal-oxide surfaces,
as seen in the adsorption chemistry of NOy; to the thermodynamics and kinetics of
surface reactions and their impact on surface composition, as seen in the surface
hydration of a-alumina; to the variable surface compositions possible at redox active
transition metal-oxide surfaces, as illustrated by the reactions of oxygen with the
ruthenium oxide surface; and finally to the dramatic influence of finite size effects
on the stability of oxide particle phases, as illustrated for atomic-scale platinum
particles. In each case, we have seen how the molecular level details accessible
through simulation—molecular and electronic structures, thermodynamics, kinet-
ics, and spectroscopies—can be used to inform the experiment and to enrich our
understanding of metal-oxide chemistry. As theoretical methods and computational
capabilities continue to advance, simulation will only grow in importance as a tool in
metal-oxide research.
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11.1. GENERAL INTRODUCTION

The use of probe molecules to extract information about a solid surface is a
well-established and widely practiced approach and involves the combination of a
simple, usually gaseous adsorptive and a spectroscopic technique, which is sensi-
tive to the detection of the molecule in its adsorbed form. Electronic and geometric
characteristics of the adsorption site are reflected in particular modifications to the
adsorbed molecule that are then detected by the application of an appropriate spec-
troscopic technique that is sensitive to these modifications, which may take the form
of changes in bond angles, bond distances, polarisability, dipole moment, distribution
of electronic charge and so on. By far the most commonly applied technique used
in conjunction with probe molecules is Fourier transform infrared (FTIR), although
the use of this procedure employing Raman, electron paramagnetic resonance (EPR),
nuclear magnetic resonance (NMR), and X-ray techniques is also commonplace, and
these will all be reviewed in this chapter. As the particular probes employed are, to
a great extent, technique specific, this chapter will look at each of the common tech-
niques and their associated probes in turn. Numerous existing reviews have dealt with
this particular subject matter, and we will draw the reader’s attention to these at rele-
vant points throughout the chapter. However, few, if any, to the best of our knowledge,
focus on the use of this approach to extract fundamental information specific to the
peculiarities of nanostructured oxide materials, and this will be the main objective of
this chapter.
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11.2. CHEMISORPTION, ADSORPTION MECHANISM, AND
SURFACE SITES

Unlike the situation with probe molecule chemisorption on supported metal
surfaces (1), adsorption on oxide surfaces is dominated by the ionic nature of the solid
that leads to the predominance of interactions that are acid /base and donor/acceptor in
nature (2). Adsorption may involve exposed cations that act as Lewis acid centers and
interact with probe molecules such as water or ammonia that act as donors of electrons,
whereas exposed oxide anions may exhibit basic character and accept protons after
heterolytic dissociation of the adsorbate. Oxide anions may result in oxidation of
the adsorbate with a subsequent reduction of the adsorbent. The oxidation/reduction
process may be viewed in terms of change in oxidation state of the adsorbate with
release or capture of electrons or in terms of a transfer of oxygen such as occurs
when the adsorptive is an organic molecule such as an alcohol or an aldehyde (2).
Loss of oxygen ions, which become transferred to an adsorbate as a neutral oxygen
atom, imply a localized decrease in the oxidation state of the cations in the surface.
The ability of an oxide to release oxygen is a function of the degree of coordinative
unsaturation that influences the strength to which the lattice holds an ion. Similarly,
the acidic and basic properties of the oxide are likely to be heavily modified as the
extent of coordinative unsaturation increases. This coordinative unsaturation is a key
feature to small nanocrystallites and thus is likely to play an important part in the
extent to which a probe molecule might distinguish between these types of struc-
tures and the sites on a stoichiometric low-index extended surface. The following
sections outline the sensitivity of various adsorbates to these distinguishing features
of nanostructured oxides, which we will review on a technique basis.

11.3. FTIR

As outlined, this is the most widely employed technique and is probably the procedure
that involves the greatest number of potential probe molecules (3). However, in
addition to the use of probe molecules to extract information indirectly regarding
particular characteristics of nanostructured oxide, the technique may also be used
directly to obtain information pertinent to nanostructure, particularly in the far-IR
region. Spectra of these structures are often dominated by surface mode absorp-
tions, whereas transverse optical modes corresponding to bulk absorptions are often
indiscernible. For example, in a study of NiO of particle size range 3—16 nm, weak
absorption bands in the 60—100-cm ™! region were ascribed to surface-induced trans-
verse acoustic modes (' TA), which became infrared active due to the breakdown of
translational symmetry in the nanocrystallites (4). The use of basic probe molecules
to determine information regarding surface acid sites on oxide materials is well
established following the pioneering papers involving ammonia (5) and pyridine (6).
Similarly, extensive studies have involved the use of CO (7) and NO (8) and small
organic molecules such as methanol to determine the nature of exposed Lewis acid
and general redox properties of oxide surfaces.
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11.3.1. Carbon Monoxide

Although this molecule has found widespread use in the characterization of supported
metals surfaces when used in conjunction with FTIR (1), it has also been employed for
oxide surfaces as an effective probe to characterize cationic surface sites in terms of
their nature, oxidation state, coordination environment and coordinative unsaturation,
and location at faces, edges, or corners of microcrystallites (7). Although CO contains
alone pair of electrons in the 5o orbital of C, it is only a weak electron donor molecule.
The bonding of CO to transition metal-oxide surfaces is significantly enhanced by
back-donation of d electrons and adsorption strength is increased in cases where CO
can act as both a donor and an acceptor of electrons (2). Adsorption will thereby be
favored by low oxidation states in the surface of the adsorbent nanoparticulate oxide.
When applied to oxide surfaces terminated by surface hydroxyl groups, adsorbed CO
undergoes hydrogen bonding from which information may be determined using the IR
frequencies regarding the proton acid strength (7). CO may also be a reactive probe.
Althoughitis seldom dissociated on metal-oxide surfaces, it often reacts with adsorbed
or lattice oxygen to form CO, gas or carbonate anions. In this respect, observations
from studies using powdered oxides often differ significantly from those involving
surfaces of defect-limited oxides with long-range ordering such as single crystals.
For example, studies of CO adsorption on single-crystal alumina surfaces by infrared
absorption reflection spectroscopy did not detect evidence for CO dissociation or
chemisorptive reaction (9). On the other hand, the formation of formate, carbonate
and bicarbonate species on powdered aluminas is well documented (10-13). As the
formation of carbonates involves a nucleophilic attack of adsorbed CO molecules
by oxygen anions, the relative basicity of an oxide may be gauged by the detection
of infrared bands due to these species. Strongly basic oxides such as baria readily
form carbonates irrespective of whether the oxide is presented as a single crystal (2)
as a complex oxide containing barium such as YBay;CuzO7_, (2) or when presented
as nanoparticulates supported on other oxides such as silica or alumina (14,15). For
transition metals forming less basic oxides, the formation and detection of carbonate
by FTIR following CO adsorption offers a route to the study of the evolution of
basicity as a function of oxide nanoparticle size. The interaction between CO and
oxide anions of MgO is described in detail later in this chapter. On other oxides, CO;
rather than carbonate may be formed after adsorption of CO. The desorption energies
of CO;, may then be used to distinguish between release from extended, defect-free
oxide surfaces and surfaces that have a high density of defect sites. For example, on
ZnO (0001), CO, has a binding energy of 34.4 on the former and 43.6 kJ mol~! on
the latter (16). These may be more readily distinguished in a TPD where the former
is released at ca. 120K, where the latter requires an additional 30K to achieve the
same objective (17).

When CO adsorption is performed at room temperature, uptake can be low and
limited to only the strongest of Lewis acid sites. Under these conditions, the frequency
shift with respect to the equivalent vibrational mode in the gas phase (2143 cm™!)
may often be correlated with the strength of the surface Lewis acid sites (18,19).
Such an analysis allows one to compare acid strengths of exposed cations on, for
example, zirconia/sulphated zirconia and 8-alumina, where the latter were found to
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be greater (20). More importantly, in the context of the current review, it offers the
possibility to relate nanoparticulate oxide size with trends in surface Lewis acidic
properties. Adsorption at low temperatures (e.g., 77 K) reveals a series of bands in
the 2250-2150-cm™! range, some of which can be attributed to adsorption on sites
that are unique to nanoparticulate oxide materials. For example, adsorption of CO at
77 K on three samples of tetragonal zirconia with average particle sizes of 5, 10, and
15-30 nm (21,22) gave bands atca. 2155,2175, and 2190 cm~ 1, the relative intensities
of which varied according to annealing temperature (and thus particle size). The band
at 2155 cm~! was assigned to adsorption on bridging OH groups that were thought
to be localized at crystallographically defective sites such as steps, corners, and small
patches of high index crystal planes. These were diminished in abundance as the
crystallite size increased. Bands at 2175 and 2190 cm ™! were assigned to adsorption
on coordinatively unsaturated (cus) surface cationic Zr* centers that acted as Lewis
acid sites. The contrasting evolution of the relative abundance of the two species as
a function of firing temperature/particle size led the authors to assign the former
to CO adsorbed on o-coordinated to cus Zr** centers localized in extended patches
of regular, low-index crystal planes constituting the “top” termination of the flat,
scale-like crystallites of t-ZrO, (21). The 2190-cm™~! band was ascribed to similar
centers but where the sites were located at defective configurations that constituted
the “side” termination of the crystallites. This feature, representing Lewis acid sites of
greater strength, was more abundant on the sample with the smallest (5 nm diameter)
particles (21), and its greater relative strength also allowed detection at ambient (room)
temperature (23).

On some oxides such as MgO (24), CO may interact with both the cationic sites
(Mg”*) as well as the anionic surface sites (O>7). FTIR spectra of CO on MgO
show a degree of complexity that increases significantly in going from the perfect
Mg(100) surface to powdered MgO with increasing surface area. The peculiar sur-
face properties of high-surface-area MgO have been attributed to the presence of
not only (100) terraces, edges and steps but also to inverse step and corner sites
where three-, four-, and five-coordinated Mg cations are found. As the surface area
increases, the relative proportions of three-coordinated/four-coordinated and four-
coordinated/five-coordinated Mg?* ions increases, and these are responsible for the
presence of different IR bands between 2200 and 2100cm™" due to different CO
adducts. The formation of (C,0,.1)>~ species that lead to the high complexity of
CO absorption spectra in the region 16501150 cm ™! originate from a common CO%f
precursor species formed by attack of CO on three and four coordinated O®~ ions
present at defects sites such as kinks and edges and corners (9). The presence of three
and four coordinated Mg cations in nanoparticulate MgO (4-6nm) leads to a CO
desorption temperature of 190 K compared with 60 K from a (100) single-crystal face
cleaved in vacuum (24). Nanoparticles of MgO or CaO may be prepared by sol-gel
methods that create nanoparticles of the oxides with polyhedral or hexagonal shapes
that produce structures with more defects than the standard cubic structure (25), thus
influencing the interactions the solid is likely to undergo with probes such as CO (26).

Much of the interest regarding interactions between nanostructured oxides and CO
is related to the need for appropriate gas-sensing devices and adequate air pollution
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monitoring in addition to a desire to produce materials that can catalytically convert
CO to CO, at low temperatures for space shuttle and other applications. In terms of
gas-sensing devices, the adsorption of CO on an activated titania surface resulted in a
decrease in the transmitted IR energy, suggesting an increase in electrical conductiv-
ity (27). This adsorption may result in reduction of exposed titanium cations to Ti3*
centers, although this reducing effect is suppressed in the presence of water (27).
The interaction of CO with cobalt oxides has been studied owing to the high
activity of these oxides for CO oxidation as well as other reactions. Both CoO and
Co0O-MgO solid solutions have received attention in terms of the activity of edges,
steps, and extended faces with CO (28-31). As observed for TiO; (27), adsorption of
CO on Co30y is strongly influenced by the presence of moisture (32). An IR band at
2060 cm™! on the dry sample due to adsorbed CO at Lewis centers was not consis-
tent with expectations for adsorption on five-coordinate Co(II). The low frequency
was attributed to back-donation of electronic density from surface states. This feature
was absent when coadsorbed with water, suggesting a similar adsorption center for
both species. Defect and step sites were thought to stabilize various oxygen species,
including CoO; (985cm™1!), 0O-Co-O (974 ecm 1), and O—-Co-0—Co-0O (934, 944,
955 cm™) (32). The role of isolated and interacting oxygen vacancy defects is signifi-
cant here given that the CoO(100) plane is effectively inert to oxygen adsorption (33).
In the case of CoO-MgO solid solutions (29,30), these oxygen species may be stabi-
lized by surface Mg?* ions. Given the FTIR evidence for weak adsorption of CO, yet
high CO oxidation activity over Co3zO4 (32), it might be argued that the presence of
coordinatively unsaturated Mg>* ions in a CoO-MgO solid solution would be detri-
mental for the reaction given that considerably greater adsorption strength of three-
and four-coordinated Mg cations compared with those in a (100) crystal surface (24).

11.3.2. Nitric Oxide and Other Oxides of Nitrogen

Nitrogen oxides adsorb in an even more diverse range of binding modes and central
atom oxidation states on oxide surfaces than CO. Adsorption of NO on oxide surfaces
may create the nitrosonium ion, NO™, or dissociate to yield N,O plus O. Nitrite
formation is also possible. NO, may yield nitrate, which may coordinate to the oxide
surface in a range of structures. N> O is only very weakly adsorbed on oxide surfaces.
An understanding of the diversity of adsorbed NOx species and the interpretation of
their IR spectra may be gained through the reviews of Hadjiivanov (8) and Kung and
Kung (34). The use of NOx as an adsorption probe of nanostructured oxides using
FTIR is of considerable relevance given the use of such oxide materials in catalysts
for NOx reduction (35), N,O decomposition (36), and NOx detection for indoor
sensor applications (37). The nanoparticulate Ga—Al-Zn complex oxide is effective in
the simultaneous removal of N-containing polycyclic aromatic compounds (NPACs)
present in diesel-engine emissions and lean NOx (35). The reduction of nitrates from
solution is known to be effectively catalysed by nanoparticulate Fe/Fe; O3 (38). In the
case of NOx reduction using hydrocarbons, Chen et al. (39) have found that small
Fe, O3 particles, electron-deficient ferric oxide nanoclusters, isolated iron ions, and
oxygen-bridged iron binuclear complexes all coexist in Fe/MFI catalysts. These Fe



316 ADSORPTION OF PROBE MOLECULES ON NANOSTRUCTURED OXIDES

species could be largely distinguished by their FTIR spectra of adsorbed NO. Small
Fe, O3 particles and ferric oxide nanoclusters could not strongly adsorb NO or NO».
Binuclear oxo-ions were thought to be the active centers for the oxidation of NO to NO
and for the formation of nitro and NO;™ groups. The observation that small particulates
of Fe; O3 did not strongly chemisorb either NO or NO; is consistent with conclusions
of earlier IR studies (40,41). Joyner and Stockenhuber (42) used EXAFS to examine
Fe/MFI catalysts prepared by various ion exchange methods and found isolated iron
ions, iron oxo-nanoclusters, and microscopic iron-oxide particles coexisting in their
samples. On the basis of their quantitative extended X-ray absorption fine structure
analysis, they interpreted results in terms of iron oxo nanoclusters of an average
composition of Fe4O4. These clusters have short Fe-Fe distances, and these sites
were proposed as the active sites for the SCR of NO.

11.3.3. Water

Water is potentially a useful probe of oxide surfaces because it has a large dipole
moment and possesses a lone pair of electrons through which it may interact with
exposed metal ions (2). Strong adsorption at steps and defects may involve dissoci-
ation unlike adsorption on defect-free low-index surface planes where adsorption may
be weak (2). The sensitivity of dissociation to defect sites may offer opportunities to
determine characteristics unique to nanoparticulate oxide materials. Water is generally
found to be more strongly adsorbed at Lewis acid sites than CO (32). A study of titania
nanoparticles of dimensions 2.5-5 nm (43) showed that such small particles consisted
of a TipO3 overlayer covering a rutile phase core. FTIR of the OH stretching region
showed bands at 3635, 3645, and 3680 cm™! due to tetrahedral coordinated vacancies
and a band at 3400 cm ™! due to associated hydroxyl groups. The unique features were
two strong absorbances at 3750 and 3840 cm—!, which were attributed to octahedral
vacancies and are absent in investigations of bulk rutile (44). The authors suggest that
these features are indicative of defect attributes that develop as the nanoparticle size
reduces and related these to a surface relief structure in the form of the surface Tio O3
overlayer. Other studies of the same oxide (21-nm particles) suggest that the interac-
tions with water are sensitive to pretreatment conditions (27). The surface affinity of
titania nanoparticles is important in terms of the latter’s gas sensing properties and
FTIR of hydroxyl groups is often used to follow surface modifications, e.g., following
grafting using hexamethyldisilazane (45). The FTIR studies of the adsorption of water
on alumina nanoparticles revealed the presence of coordinatively unsaturated cations
and anions, which acted as Lewis acid and Lewis base sites, respectively (46). FTIR
studies of nanocrystalline mixed oxides such as Cog2Zng gFe;O4 (5-65 nm) appear
to show that small particles retain water until higher than expected temperatures (47).

11.3.4. N-Containing Bases

Nitrogen-containing bases such as ammonia and pyridine are widely used to
distinguish between Lewis and Brgnsted acidity on oxide and supported oxide surfaces
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(5,6,34). Pyridine is often preferred as an IR probe molecule of finely divided metal-
oxide surfaces, because it is (/) more selective and stable than NH3, (2) more strongly
adsorbed than CO and CH3CN, and (3) relatively more sensitive to Lewis acid site
strength than NO (48). Unlike other bases, its molar absorption coefficients are often
determined, thus allowing quantitative analysis of site densities (49,50). Lewis acid
sites are detected by coordinated molecules, which give rise to IR-absorption(s) due
to the v8a mode of VCCN vibrations at 1630-1600 cm™!, where the higher the
frequency, the stronger the assumed acidity of the site. Formation of protonated
species are identified by (/) an v8a-absorption at ca. 1630 cm ™!, (2) a v19b-absorption
at 1550-1530cm™!, as well as (3) vNT-H and 3N*-H absorptions occurring at
ca. 2450 and 1580 cm ™!, respectively, indicative of Brgnsted acidity (48). Addition-
ally, pyridine may undergo surface reactions at temperature above 298 K that may be
used to determine the characteristics of surface base sites (OH™ and O®~) that may
be involved in acid-base pair site formation. In the gas phase, from which pyridine
and ammonia are generally administered, the basicity of pyridine is less than that of
ammonia (13), although this is reversed in the liquid phase where solvation effects
are involved. Another fundamental difference between the two adsorbates lies in the
molecular dimensions, those being 0.127 and 0.313 nm? for ammonia and pyridine,
respectively (34). Infrared bands at ca. 1450 (8 as NHI) and ca. 1610cm™! (8 as
NH3) are generally used to indicate the detection of Brgnsted and Lewis acid sites,
respectively.

The generation of acid sites on mixed metal oxides is described by the model of
Tanabe (51) and involves charge imbalance at M|—O-M3 sites, where M| and M»
refer to the component metal species. As the electronic properties of nanoparticulate
oxides are expected to differ from their bulk counterparts, this charge imbalance might
also be expected from single-component oxides. The relationship between particle
size and surface acidity for titania was studied by Nishiwaki et al. (52) for particle
sizes, which ranged from ca. 5 to 150 nm. They used a series of pH indicators with
pK, values ranging from 4.0 (1-phenylazo-2-naphthylamine) to —5.6 (Benzalace-
tophenone) that detected both Brgnsted and Lewis acid sites. Results suggest that the
acid strength increased with decreasing particle size, suggesting the creation of new,
strong acid sites on the smallest oxide particles (5 nm). The creation of these sites was
attributed to the presence of many oxygen vacancies that generated large numbers
of dangling bonds with energy levels localized in the band-gap region between the
valence and conduction bands. The local charge imbalances discussed above were
related to electrons trapped in these levels. Divergence from the Tanabe model (51)
for mixed oxides in terms of the predicted relative proportions of Brgnsted and Lewis
acid sites (50) may find some relevance in such a study.

11.3.5. Other Probes

Another feature of nanoparticulate oxides results from their small size and, conse-
quentially, high surface area. This gives rise to large adsorption capacities, normally
only found for carbons and other ultra-high-surface-area materials. However, Kahleel
et al. (53) attributed the high adsorption capacity of MgO not to a surface area effect
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(SA = ca. 350 ng’l), but also due to enhanced surface reactivities that are due to
the unusual crystal shapes (polyhedra) with a high ratio of edge and corner surface
sites that are inherently more reactive toward incoming adsorbates. FTIR was used to
study acetaldehyde adsorption on MgO, and results were interpreted in terms of multi-
layer dissociative adsorption, which took place as a result of surface interaction with
the carbonyl bond followed by aldehydic hydrogen dissociation. Samples showed
higher adsorptive capacity than carbon or commercial magnesia. Other organic com-
pounds, including propionaldehyde, trimethylacetaldehyde, benzaldehyde, acetone,
dimethylamine, N-nitrodimethylamine, and methanol, were also investigated in a
similar fashion and found to give similar results (53).

11.4. RAMAN

In terms of application in the area of oxide nanomaterials, Raman spectroscopy is most
widely employed in studies where bulk analysis is performed rather than through its
use with probe molecules and the study of surface-specific characteristics. This is
a consequence of the technique’s high sensitivity to the phonon characteristics with
respect to the crystalline nature of the solid. The phonon confinement model is most
widely used to describe the spectral features, with the phonon momentum being of
the order of 1/d, where d is the particle diameter for nanocrystalline materials. This
leads to shifts to lower frequencies in the transverse optic (TO) vibrational features
as the size of the nanocrystals are decreased. For example, Ge crystallites of between
2.3 and 5nm embedded in ZnO give a Raman active feature at 300 cm™! attributed
to a Ge—Ge TO mode, which is red-shifted as the particle size is decreased (54).
Further details are given in a recent review that encompasses this subject (24).
The use of selective nanovolume Raman spectroscopy that allows spectral selec-
tion of nanoparticles would appear to be a promising approach for the study of such
materials (55).

In terms of adsorption studies, titania has been one of the more widely studied
nanoparticulate oxides with reporting of both rutile and anatase as adsorbents
(56-58). Thin layers of anatase particles deposited on gold substrates previously
roughened through electrochemical oxidation and reduction cycles can give rise to
surface-enhanced Raman scattering (SERS) effects. The electromagnetic contribution
to the enhancement extends spatially toward the first layer(s) of the TiO, nanoparticles,
resulting in enhanced intensity, not only of the bands corresponding to bulk anatase,
but also of those corresponding to vibrations of molecules adsorbed on the semi-
conductor nanoparticles (58). Even though the authors found enhanced intensities of
features due to adsorbed phthalic acid on their anatase nanoparticles of 30 nm diam-
eter, they conclude that further benefits would be obtained by a reduction of particle
size as a consequence of the relationship between the SERS enhancement factor
and the distance from the gold surface (58). The presence of uncoordinated titanium
atoms at the surface of nanocrystalline titania facilitate the binding of adsorbates
such as tert-butylpyridine (57) through the nitrogen atom, although in the presence of
water, acetonitrile, or methanol, competition for such sites made adsorption of glycine
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unfavorable (56). Carboxylic acids in the deprotonated form were thought to bridge
two such uncoordinated Ti atoms (56).

11.5. EPR SPECTROSCOPY

EPR spectroscopy is an extremely high-sensitivity spectroscopic technique for
observing species that are paramagnetic. In the context of oxide nanomaterials,
these include transition metal ions in bulk oxide phases or as dopants substituted
into diamagnetic hosts, bulk and surface defects (trapped electrons, anion vacancies,
interstitial transition metal ions), supported transition metal ions, and adsorbed para-
magnetic molecules or ions. In this section, attention is focused on adsorbed species
that are either paramagnetic or interact with paramagnetic surface sites.

For further background on EPR spectroscopy, the reader is referred to several text-
books and review chapters (59—62). All published studies of species adsorbed on oxide
nanomaterials to date have used conventional field-swept CW-EPR spectroscopy.
Pulsed EPR techniques (63) are, however, now commercially available, and they have
been successfully applied, for example, to study adsorption at transition metal centers
in zeolites (64). The double resonance technique of ENDOR can also be extremely
powerful in probing adsorbate metal ion interactions, but it has been most successful
when applied to well-defined zeolite systems (65). This section will consider further
only the more routinely applicable CW-EPR technique.

In the conventional CW-EPR experiment, the two pieces of spectroscopic infor-
mation derived from observed spectra are the g-tensor and the hyperfine coupling
tensor. As experiments with oxide nanomaterials are inevitably performed on poly-
crystalline powders rather than single crystals, the spectra observed represent the sum
of spectra from individual crystallites, and the resulting powder patterns are never as
well resolved as single-crystal spectra. Reliable extraction of all spectroscopic param-
eters with high accuracy can therefore be difficult, although computer simulation of the
observed spectrum as a check on the reliability of the parameters extracted is usually
helpful. The g-tensor contains information about the extent of coupling between the
electron spin angular momentum and the orbital angular momentum, and hence, it
depends on the nature of the orbital containing the unpaired electron. The hyper-
fine coupling tensor describes interactions between the electron spin and nearby
nuclear spins. The g- and hyperfine tensors together should identify uniquely the
paramagnetic species being observed, and they provide information about its inter-
action with its surroundings. One particular strength of EPR as a surface technique
is its sensitivity: Surface species can be detected down to concentrations of 104 g~!
or less. The method can also be applied in principle in an in situ manner, at least for
processes occurring at temperatures below about 573 K. However, maximum sensi-
tivity is achieved by recording spectra at as low a temperature as possible, and there
may be reasons why spectra cannot be detected at all above 77 K.

To illustrate how an observed EPR spectrum can be related to the nature of the
species concerned, we consider the superoxide ion O, . This species has been observed
on many different oxide surfaces, and a comprehensive review of the older literature
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Figure 11.1. Energy level diagram and EPR spectrum of the superoxide ion O, .

has been given by Che and Tench (66). In a simple ionic model of O, , the unpaired
electron occupies one of two degenerate T anti-bonding molecular orbitals. When the
O, is adsorbed on a surface, the degeneracy of the w orbitals is lifted, as shown in
Figure 11.1. Along the direction of the orbital containing the unpaired electron (taken
as the x-axis in Figure 11.1) there is to first order no coupling between the electron
and the orbital angular momentum, so that the position of resonance for those radicals
who have their x-axis aligned with the magnetic field is at the free-electron value:

H="hv/g.B or gun=2g.

Along the y- and z-directions however, spin orbit coupling causes the value of g
to increase. In a simple first-order treatment gy, = g, + 2A/E and g;; = g + 21 /A,
where A is the spin orbit coupling constant and A and E are the energy level separations
shown. Note in particular the sensitivity of the g,, tensor component to the splitting of
the T orbitals. Thus, radicals with their y or z axes aligned along the magnetic field will
give signals at lower magnetic field than the free electron value. In a polycrystalline
sample, all possible orientations of the radical are present, but the principal compo-
nents of the g-tensor gy, gyy, and g, can still be determined from the turning points
(maxima, minima, and points of inflection) in the first derivative of the absorption
spectrum.

If the unpaired electron interacts with a nuclear spin I, the EPR spectrum is expected
to show hyperfine splitting into 21 4 1 lines. In the case of powder spectra, there will
in general be a set of 2] + 1 lines associated with each of the three components
of the g-tensor, corresponding to the three principal components of the hyperfine
coupling tensor (strictly speaking, this is true only if the g- and hyperfine tensors have
coincident principal axes, which is a commonly made assumption). In the case of O, ,
the naturally abundant isotope 'O has I = 0, so that no hyperfine splitting is seen. The
radical can, however, be generated with 170-enriched oxygen; in this case, [ = 5/2,
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and the spectrum of adsorbed O should show 3 sets of 11 lines if both oxygens are
equivalent (n equivalent nuclei of spin I will give 2nl + 1 lines), or 3 sets of 36 lines
(6 lines each split into a further 6) if the oxygens are not equivalent. In practice, the
spectrum will be further complicated by the presence of singly labeled and unlabeled
oxygen species if the level of enrichment is less than 100% (as is always the case).
On the other hand, the 7O hyperfine coupling tensor for O; is highly anisotropic,
with large coupling only along the x-direction, so that only one set of hyperfine
lines for each species is normally resolved, centered on gy,. Figure 11.2 shows a
typical spectrum of O, obtained with 170 enriched oxygen, obtained in this case by
adsorption of oxygen on a silica supported molybdena catalyst (67). This shows the
superposition of three signals from doubly, singly, and unlabeled O, respectively.
The hyperfine patterns obtained show clearly that in this case, both oxygen atoms in
the O, are magnetically equivalent and interacting equally with the oxide surface.
[On other surfaces, inequivalence is attributed to a partial covalent bonding to the
surface (66)].

The EPR spectra of adsorbed radicals may show additional hyperfine coupling
resulting from interaction of the electron spin with a nuclear spin or spins on surface
ions on which the radical is adsorbed. For example, Figure 11.3 shows the spectrum
of 1605 adsorbed on a 2> Mo enriched M0oO3-SiO5 catalyst. In this case, the surface
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Figure 11.2. EPR spectrum of O, generated with 170 enriched oxygen adsorbed on a
molybdena-silica catalyst. (a) observed; (b) simulated. Reprinted from Ref. 67 with permission
of the Royal Society of Chemistry.



322 ADSORPTION OF PROBE MOLECULES ON NANOSTRUCTURED OXIDES

(@)

(b)

Figure 11.3. EPR spectrum of O, generated by adsorption of oxygen on a 9 Mo enriched
molybdena-silica catalyst. (a) observed; (b) simulated. Reprinted from Ref. 67 with permission
of the Royal Society of Chemistry.

site on which O, is adsorbed is Mo®t.%MohasI = 5 /2, so each of the three g-tensor
features in the O, spectrum is split into 6 line, confirming the nature of the adsorption
site.

Analysis of the g- and hyperfine tensor components from spectra such as those
shown here not only identifies the particular radical formed, but also provides detailed
information about the electronic structure and the nature of any interaction with
surface sites. Signal intensities, when properly integrated and calibrated, can be used
to monitor the extent of electron transfer or other radical forming processes as a
function of experimental parameters.

11.5.1. Probes Used with Nanocrystalline Magnesium Oxide

EPR spectroscopy has been used by several groups to study surface defects and
adsorbed species on nanocrystalline magnesium oxide. Magnesium oxide has a simple
cubic structure and is highly ionic, allowing in principle an easier understanding of
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its surface structure and reactivity than might be the case for more complex mixed
or partially covalent oxides. Many studies have shown that the reactivity of oxide
surfaces in general is strongly influenced by the presence of extended and point
defects, including low coordination sites, impurity atoms, and oxide ion vacancies.
EPR studies of MgO, coupled with other spectroscopic probes and theoretical calcu-
lations, have allowed a detailed picture of the surface to be established. The reader is
referred to a comprehensive review article by Spoto et al. (68) for a full account of
the past 30 years of research on the surface properties of MgO.

The number of point defects such as low coordination sites and oxide ion vacancies
is expected to increase dramatically as the crystallite size of a metal oxide is reduced.
Evidence for low coordination sites on highly dispersed MgO crystallites comes from
ultraviolet (UV) spectroscopy and photoluminescence measurements (68). EPR spec-
troscopy of adsorbed NO has been used to probe these sites. NO is paramagnetic, so
that weakly physically adsorbed NO is expected to give an EPR spectrum (69-71).
Most adsorbed NO is dimerized, however, and not EPR visible, but low coordina-
tion metal ion sites may interact sufficiently strongly with NO to allow monomeric
physically adsorbed species to be seen. The electrostatic field due to a surface cation
will lift the degeneracy of the pi anti-bonding orbitals of NO in a similar manner to
that described above for the superoxide ion. In the case of NO, it is the high-field
g-tensor component (g,,), which is most sensitive to the electrostatic field, and this
shifts to lower field as the orbital degeneracy is further lifted. Martino et al. resolved
three distinct forms of physisorbed NO on a nanocrystalline MgO (300 m2g~!) at 77
K, which they attribute to three different exposed cation sites with different electro-
static field strengths (71). (All three have similar values of g, ~ 1.995, g,, ~ 1.997,
but g, varying between 1.89 and 1.96.)

At higher temperatures, a paramagnetic form of chemisorbed NO is seen, iden-
tified as a NOg_ radical formed by reaction of NO with low-coordination, highly
reactive 0%~ surface sites. This species is distinguished from the physisorbed NO
by having g-tensor components greater than the free electron value, and it has been
shown that this is consistent with theoretical calculations for a bent NO%f species
having two nearly equivalent N-O bond lengths (70).

Dissociative adsorption of hydrogen on MgO is known from FTIR studies to
involve heterolytic H-H bond cleavage to form Mg—-H and O-H species (71). When
UV light and adsorbed hydrogen are both present, at least four different paramagnetic
species have been described by Sterrer et al. (72): a so-called Fg(H) species, which is
a trapped electron in close proximity to a surface hydroxyl group, showing 'H hyper-
fine coupling, and three different F; species corresponding to electrons trapped on
different sites not coupled to adjacent protons.

The trapped electron species present on pre-irradiated and/or reduced MgO are
highly reactive. For example, exposure to oxygen results in formation of the super-
oxide ion O, through electron transfer. Chiesa et al. (73) have recently reported an
in-depth study of this species formed on a highly ordered nanocrystalline sample of
MgO (300m?g~"), using 70 isotopic labeling to assist in the complete characteri-
zation. By working at low oxygen coverages, these workers could obtain significantly
better quality spectra than had been possible previously. Figure 11.4 shows, for
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Figure 11.4. EPR spectrum of O, formed by adsorption of 170 enriched oxygen on MgO.
Reprinted from Ref. 73 with permission of the American Institute of Physics.

example, the spectrum obtained when 28% 7O enriched oxygen was employed.
This shows the 6-line hyperfine splitting centered on g, expected for a singly labeled
O, (at this level of enrichment, the doubly labeled species is not seen). Each 170
hyperfine component is further split into a doublet due to a superhyperfine coupling
to nearby protons . This was confirmed by showing that the doublet splitting disap-
peared when the MgO surface was pretreated with Dy rather than H, (the nuclear
moment for deuterium is approximately six times smaller than that of the proton).

Paramagnetic adsorbed radicals are also produced when trapped electrons on
nanocrystalline MgO are exposed to other gases. For example, the trapped electron
color centers are bleached by exposure to NoO through the reaction;

(€ Duapped + N2O — O™ + Ny

The O~ radical anion formed gives a characteristic EPR signal whose g-tensor
components (particularly gperpendicular) are strongly sensitive to the local crystal field
environment. Di Valentin et al. (74) identified up to five different O~ species on
a high-surface-area nanocrystalline MgO, which were attributed to quenching of
different trapped electron sites on the MgO surface. Theoretical modeling of pos-
sible surface sites using an embedded cluster model is described. The presence of
the O™ species at the surface of the MgO and not in the bulk was confirmed by their
instantaneous reaction with gas phase O to form the paramagnetic O3 radical anion.
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A more unusual surface species is formed when trapped electron centers on MgO
are exposed to dinitrogen. In this case, a reversible electron transfer occurs at low tem-
perature to form the N, radical anion (75). A single well-resolved signal is observed,
which the authors take to mean that only the most energetic of the trapped elec-
tron sites are capable of forming this species. As well as the expected N or 1N
hyperfine coupling from two equivalent nitrogen atoms, the N, signal also shows 'H
superfine splitting, confirming that the adsorbed species is located in close proximity
to the F;(H) sites. A similar N, species could also be generated on high-surface-area
nanocrystalline CaO surfaces.

Several studies have reported the formation of paramagnetic species when CO;
adsorbed on MgO is UV-irradiated. Teramura et al. (76) recently described the iden-
tification of CO, and COj radical anions when CO, adsorbed on a commercial
(100 m*>g~") MgO was irradiated. The scheme shown in Figure 11.5 was presented by
these authors to account for the formation of these species and their rapid reaction with
hydrogen or methane. They suggest that both radicals are generated from adsorbed
bidentate carbonate species (detected by FTIR spectroscopy), but that it is the CO,
species that is active in the photocatalytic reduction of CO».

Nanocrystalline oxides are often prepared via a sol-gel route via alkoxide pre-
cursors. Richards et al. have shown that when nanocrystalline MgO is prepared
from a magnesium methoxide precursor, EPR spectroscopy provides evidence for
the presence of residual methoxy groups in the oxide (77). In particular, the nano-
crystalline MgO shows two EPR signals after calcination: a singlet assigned to FT
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Figure 11.5. Reaction scheme for the photocatalytic reduction of CO;. Reprinted from
Ref. 76 with permission.



326 ADSORPTION OF PROBE MOLECULES ON NANOSTRUCTURED OXIDES

trapped electron centers, and a triplet (3 lines with an intensity ratio of 1:2:1 and a
splitting of 18 gauss), which is assigned to O—CH radicals formed from residual
methoxide groups in the sample. Both signals were observed with similar intensities
in the presence and absence of oxygen. The fact that they were not broadened in the
presence of paramagnetic gas phase oxygen suggests, however, that both species are
located within the bulk of the nanocrystals and not at the surface.

11.5.2. Probes Used with Nanocrystalline Titanium Dioxide

The widespread use of titanium dioxide as a photocatalyst has led to numerous EPR
studies of paramagnetic species formed on the titania surface, particularly under UV
irradiation. UV irradiation of TiO; in vacuo at low temperatures produces EPR signals
characteristic of Ti**, corresponding to trapped conduction band electrons, and O™,
corresponding to trapped valence band holes (78). In the presence of oxygen, however,
electrons are scavenged by adsorbed oxygen to form the superoxide ion. Oxygen may
also react with trapped holes (O™) to form the ozonide ion, O3 . Coronado et al. have
reported a comparison of adsorbed oxygen radicals formed in this way on a range
of nanostructured titania samples of different average crystallite sizes, ranging from
6 to 100nm (79). The highest concentrations of oxygen radicals were observed on
samples having the smallest crystallite sizes. Five different signals were observed:
two different forms of trapped holes (described as Ti*t—O>~Ti*t-O~ and Ti**-
O -Ti*t-OH~ respectively), the superoxide ion O, , the ozonide ion Oy, and a
signal assigned to the hydroperoxyl radical HO,. This latter signal did not appear to
show, however, the expected 'H hyperfine coupling for HO,, so that its identification
remains tentative. The HO, radical (with ' H hyperfine splitting about all three g-tensor
components) has been observed on a TS-1 titanosilicate surface exposed to hydrogen
peroxide (80), whereas on TiO», only two different superoxide species were detected.
Decomposition of HyO3 is presumed to occur via hydroxyl radicals and HO;, which
on TiO; surfaces is deprotonated to form O, :

H,O, — 2HO
HO + H,O, — H0 + HO>
HO,— HT + 05

Adsorbed oxygen radicals are widely assumed to be important in the photocat-
alytic oxidation of organic molecules over titania surfaces, and EPR evidence for
this has recently been reported by Attwood et al. (81). These authors carried out UV
irradiation of a fully dehydroxylated titania surface in the presence of acetone:oxygen
mixtures and obtained the spectrum shown below in Figure 11.6. The high field signals
(g = 1.989 and g = 1.972) are due to Ti>* signals resulting from trapped conduction
band electrons. The low field signal has an orthorhombic g-tensor, each component of
which is split into a triplet due to coupling of the unpaired electron to two equivalent
protons. The authors also reported the corresponding spectrum obtained with 170
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Figure 11.6. EPR spectrum of the CH30CH;, OO radical formed on irradiation of TiO» in the
presence of oxygen and acetone. Reprinted from Ref. 81 with permission.

enriched O,, which showed 7O hyperfine coupling from two inequivalent oxygens
(unlike the two equivalent oxygens typically seen for the superoxide ion).

The spectroscopic evidence together with plausible mechanistic arguments was
used to assign the signal observed to the alkyl peroxy radical CH3COCH;O3,
generated by hole transfer to adsorbed acetone and subsequent reaction with oxygen:

CH3COCH3 + O™ — CH3COCH>+ OH™
CH3COCH5+ O, — CH3COCH,O00*

The peroxy radical was stable only at temperatures below 150 K. Its observation here
was the first direct detection by EPR of an adsorbed reaction intermediate in the
photocatalytic oxidation of a hydrocarbon.

11.5.3. Probes Used with Nanocrystalline Ceria

Cerium dioxide is an inexpensive oxide frequently incorporated into oxidation
catalysts to promote combustion of hydrocarbons and oxidation of CO. As a
semiconductor, it has a band gap of 2.94eV (slightly less than that of anatase),
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and its potential as a photocatalyst alternative to titania has been discussed (82).
Hernandez-Alonso et al. have described recently an EPR study of radicals formed on
nanocrystalline CeO; during the catalytic photo-oxidation of toluene (83). A reduc-
tive pretreatment of the CeO; generates surface defects (Ce3+ cations coordinated
to oxide ion vacancies), which subsequently adsorb oxygen molecules as superox-
ide species. At least four different superoxide species were observed, the relative
concentrations of which varied according to the preparation conditions used for the
nanocrystalline ceria. Spin trapping experiments were also carried out with aqueous
suspensions of the ceria to show that, under these conditions, hydroxyl radicals are
formed (the spin trapping experiment involves reaction of short-lived unstable radi-
cals with a spin trap molecule, in this case DMPO, to form a stable-free radical that
can be identified from its EPR characteristics.) However, when the catalytic perfor-
mance of different ceria preparations for the gas-phase photo-oxidation of toluene
was compared with the yields of trapped hydroxyl radicals from the same catalysts
in aqueous suspension, no correlation was observed, leading the authors to conclude
that hydroxyl radicals do not play a role in the gas-phase photocatalytic oxidation.

11.6. X-RAY ABSORPTION SPECTROSCOPY

The techniques of extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge spectroscopy (XANES) are normally regarded as bulk
characterization methods, giving, respectively, local structural and electronic informa-
tion about the centers being probed. In the case of oxide nanomaterials, the fraction
of metal ion centers present at the surfaces of the nanocrystallites may be suffi-
cient, however, to allow surface coordination and reactivity to be explored. XANES
spectroscopy measures electronic transitions of core-level electrons to high lying
excited states; these occur as features immediately below the X-ray absorption edge
of the element concerned, which corresponds to photoionization of the core-level elec-
tron. EXAFS, on the other hand, measures backscattering of photoionized electrons
from neighboring atoms, which manifests itself as oscillations on the high energy side
of the X-ray absorption edge. EXAFS thus provides information about the distances,
numbers, and types of surrounding nearest neighbor atoms. References 84 and 85
should be consulted for further background on these two closely related techniques.
Fernandez-Garcia has recently written a comprehensive review of the use of in situ
XANES spectroscopy for analysis of catalyst systems under reaction conditions (86).

XAS evidence for low coordination surface atom sites in nanocrystalline titania
has been reported by several groups. Bulk (well crystalline) anatase, in which Ti** is
octahedrally coordinated, shows a characteristically low-intensity three-component
XANES spectrum below the Ti K-edge, which has been theoretically explained in
terms of dipole forbidden 1s to 3d transitions. Luca et al. showed that for a series
of nanocrystalline anatase samples prepared by sol-gel methods, a fourth band char-
acteristic of five-coordinate titanium appeared and increased in relative intensity as
the average crystallite size decreased (87). Rajh et al. subsequently confirmed the
assignment of this band to low-coordination surface titanium sites by showing that
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the band was removed and the original three-band XANES spectrum characteristic
of octahedral Ti** was restored when nanocrystalline titania surfaces were exposed
to ascorbic acid, which coordinates to Ti** (88).

The presence of low-coordination surface Ti** in nanocrystalline titania can also
be seen in the Ti K-edge EXAFS. The difficulty here is that the observed EXAFS is a
superposition of the EXAFS spectra from bulk and surface atoms, so that extraction of
quantitative data for coordination numbers and bond lengths is not easy. Figure 11.7
shows a comparison of the Ti K-edge XANES and EXAFS for a 50-nm anatase sample,
a 1.9-nm nanocrystalline titania sample, and the 1.9-nm sample after adsorption of
ascorbic acid (taken from Ref. 88). The reduction in intensity of the XANES peak due
to five-coordinate Ti*+ on adsorption of ascorbic acid and the corresponding increase
in intensity of the first peak in the EXAFS due to the first coordination shell oxygen
atoms are clearly visible. It can be seen that the Ti—O nearest neighbor distance in
the nanoparticles is significantly shorter than in anatase, and this is unchanged on
adsorption of ascorbic acid. The intensities of the next nearest neighbor and more
remote Ti—O peaks in the EXAFS are greatly reduced in the nanocrystalline sample,
and this difference is also unaffected by ascorbic acid adsorption.

There are few examples of the application of XANES and EXAFS spectroscopy
to the direct observation of adsorbed molecules. The X-ray absorption edges for
light elements lie in the soft X-ray region below 4 keV, where UHV techniques must
be employed, and working with nanocrystalline powders is difficult. One recent
successful application is the study by Rodriguez et al. of mixed ceria-zirconia
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Figure 11.7. Ti K-edge XANES and EXAFS spectra of nanocrystalline anatase before and
after adsorption of ascorbic acid. Reprinted from Ref. 88 with permission.
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nanoparticles (89). Figure 11.8 compares sulphur K-edge XANES spectra obtained
by adsorption of SO, onto three different nanocrystalline ceria-zirconia oxides and
on to single-crystal surfaces. On the single-crystal surfaces, SO, adsorbs as sulphite
and sulphate species through reaction with surface oxide ions. On the nanocrystalline
surfaces, on the other hand, there are oxide ion vacancies and metal ions exposed at
edge and corner sites that can fully dissociate SO; to form metal sulphide species.
The increasing availability of soft X-ray beam lines with capability for handling
high-surface-area polycrystalline samples means that many more applications of this
technique for studying adsorbed probe molecules may be anticipated. A conven-
tional hard X-ray beam line has been used by Jing et al. to study the adsorption of
organic arsenic species on nanocrystalline titania (90). The arsenic K-edge occurs
at around 11.8keV, which means that UHV methods are not required to observe
the adsorbed species. Both XANES and EXAFS data were measured to show that
monomethylarsenic acid forms bidentate surface complexes on the titania surface,
whereas dimethylarsenic acid forms a monodentate complex. The authors used these
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Figure 11.8. Sulphur K-edge XANES spectra of SO, adsorbed on nanocrystalline

ceria-zirconia and on single-crystal surfaces. Reprinted from Ref. 89 with permission from
Elsevier.
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results to build a model for multisite complexation of arsenic species present in
contaminated ground waters onto titania as a possible remediation pathway.

A recent advance in this area is the development of a combined X-ray absorption
and high-resolution X-ray fluorescence spectroscopy for the study of multicomponent
oxide catalysts by the group of Iwasawa (91). This technique is capable of observing
XANES and EXAFS with high sensitivity from elements present at low concentrations
in the presence of high-concentration elements with similar atomic numbers (e.g., V
and Ti). Reference (91) describes the use of this technique to characterize vanadium
coordination and its modification by adsorbed species in titania-supported vanadium
catalysts containing as little as 0.6wt% vanadium.

REFERENCES

(1) Anderson, J.A.; Fernandez-Garcia, M. Supported Metals in Catalysis; ICP: London, 2005.

(2) Henrich, V.E.; Cox, P.A. The Surface Science of Metal Oxides; Cambridge University
Press: Cambridge, 1994.

(3) Ryczkowski, J. Catal. Today. 2001, 68, 263.
(4) Biju, V.; Abdul Khadar, M. Spectrochimica Acta Part A 2003, 59, 121.
(5) Peri, J1.B. J. Phys. Chem. 1965, 69, 231.
(6) Parry, E.P. J. Catal. 1963, 2, 371.
(7) Hadjiivanov, K.I.; Vayssilov, G.N. Advanc. Catal. 2002, 47, 307.
(8) Hadjiivanov, K.I. Catal. Rev. Sci. Eng. 2000, 42, 71.
(9) Hsiao, G.S.; Erley, W.; Ibach, H. Surf. Sci. 1988, 405, 465.
(10) Parkyns, N.D. J. Chem. Soc. 1965, 1910.
(11) Gopal, P.G.; Schneider, R.L.; Watters, K.L. J. Catal. 1987, 105, 366.
(12) Busca, G.; Lorenzelli, V. Mater. Chem. 1982, 7, 89.

(13) Anderson, J.A.; Rochester, C.H. In Encyclopedia of Surface and Colloid Science; Marcel
Dekker: New York, 2002; 2528.

(14) Coronado, J.M.; Anderson, J.A. J. Molec. Catal. 1999, 138, 83.

(15) Paterson, A.J.; Fernandez-Garcia, M.; Anderson, J.A. Stud. Surf. Sci Catal. 2000, 130,
1331-1336.

(16) Wang, J.; Hokkanen, B.; Burhaus, U. Surf. Sci. 2005, 577, 158.

(17) Wang, J.; Funk, S.; Burghaus, U. Catal. Letts. 2005, 103, 219.

(18) Zaki, M.I.; Knozinger, H. Spectrochim Acta A 1987, 43, 1455.

(19) Della Gatta, G.; Fubini, B.; Ghiotti, G.; Mortearra, C. J. Catal. 1976, 43, 90.

(20) Morterra, C.; Cerrato, G.; Bolis, V.; Di Ciero, S.; Signoretto, M. J. Chem. Soc. Faraday
Trans. 1997, 93, 1179.

(21) Morterra, C.; Cerrato, G.; Di Ciero, S. Appl. Surf. Sci. 1998, 126, 107.
(22) Morterra, C.; Cerrato, G.; Pinna, F. Spectrochimica Acta A 1999, 55, 95.
(23) Signoretto, M.; Pinna, E.; Strukul, G.; Cerrato, G.; Morterra, C. Catal. Letts. 1996, 36, 129.

(24) Fernandez-Garcia, M.; Martinez Arias, A.; Hanson, J.C.; Rodriguez, J.A. Chem. Rev.
2004, 104, 4063.



332 ADSORPTION OF PROBE MOLECULES ON NANOSTRUCTURED OXIDES

(25) Klabunde, K.J.; Stark, J.; Koper, O.; Mobs, C.; Park, D.G.; Decker, S.; Jiang, Y.; Lagadic,
L.; Zhang, D. J. Phys. Chem. 2004, 100, 12142.

(26) Spoto, G.; Gribov, E.N.; Ricchiardi, G.; Damin, A.; Scarano, D.; Bordiga, S.; Lamberti,
C.; Zecchina, A. Prog. Surf. Sci. 2004, 76, 71.

(27) Baraton, M.1.; Melhari, L. Nanostruct. Mater. 1998, 10, 699.

(28) Gugglielminotti, E.; Coluccia, S.; Garrone, E.; Cerruti, L; Zecchina, A. J. Chem. Soc.
Faraday Trans. 1979, 75, 97.

(29) Zecchina, A.; Spoto, G.; Borello, E.; Giarnello, E. J. Phys. Chem. 1984, 88, 2582.

(30) Zecchina, A; Spoto, G.; Garrone, E.; Bossi, A. J. Phys. Chem. 1984, 88, 2587.

(31) Zecchina, A; Scarano, D.; Bordiga, S.; Lamberti, C. Adv. Catal. 2001, 46, 265.

(32) Grillo, E;; Natille, M.M.; Glisenti, A. Appl. Catal. B. Environmental 2004, 48, 267.

(33) Mackay, J.L.; Henrich, V.E. Phys. Rev. B. 1989, 39, 6156.

(34) Kung, M.C.; Kung, H. Catal. Rev. Sci. Eng. 1985, 27, 425.

(35) Shen, S.C.; Hidajat, K.; Yu, L.E; Kawi, S. Catal. Today 2004, 98, 387.

(36) Centi, G.; Arena, G.E.; Perathoner, S. J. Catal. 2003, 216, 443.

(37) Francioso, L.; Forleo, A.; Capone, S.; Epifani, M.; Taurino, A.M.; Siciliano, P. Sens.
Actuators B 2006, 114, 646.

(38) Chen, S.-S.; Hsu, H.-D.; Li, C.-W. J. Nanopart. Res. 2004, 6, 639.

(39) Chen, H.-Y.; El-Malki, E1.-M.; Wang, X.; van Santen, R.A.; Sachtler, W.M.H. J. Molec.
Catal. A: Chem. 2000, 162, 159.

(40) Yuen, S.; Chen, Y.; Kubsh, J.E.; Dumesic, J.A; Topsge, N.; Topsge, H. J. Phys. Chem.
1982, 86, 3022.

(41) Rochester, C.H.; Topham, S.A. J. Chem. Soc. Faraday Trans. 1 1979, 75, 1259.

(42) Joyner, R.; Stockenhuber, M. J. Phys. Chem. B 1999, 103, 5963.

(43) Madhu Kumar, P.; Badrinarayanan, S.; Sastry, M. Thin Solid Films 2000, 358, 122.

(44) Suda, Y.; Morimoto, T. Langmuir. 1987, 3, 786.

(45) Baraton, M.-1.; Merhari, L. J. Eur. Ceram. Soc. 2004, 24, 1399.

(46) Dokhale, P.A.; Sali, N.D.; Madhu, P. Mater. Sci. Eng. B 1997, 49, 18.

(47) Dey, S.; Ghose, J. Mate. Res. Bull. 2003, 38, 1653.

(48) Zaki, M.L; Hasan, M.A.; Al-Sagheer, F.A; Pasupulety, L. Coll. Surf. A 2001, 190 261.

(49) Rosenberg, D.J.; Coloma, F; Anderson, J.A. J. Catal. 2002, 210, 218.

(50) Anderson, J.A.; Fergusson, C.; Rodriguez-Ramos, I.; Guerrero-Ruiz, A. J. Catal. 2000,
192,344,

(51) Tanabe, K. In Solid Acids and Bases; Academic Press: New York, 1970.

(52) Nishiwaki, K.; Kakuta, N.; Ueno, A.; Nakabayashi, H. J. Catal. 1989, 118, 498.
(53) Kahleel, A.; Li, W.; Klabunde, K.J. Nanostruct. Mater. 1999, 12, 463.

(54) Pal, U.; Garcia Serrano, J. Appl. Surf. Sci. 2005, 246, 23.

(55) Athalin, H.; Lefrant, S. J. Nanopart. Res. 2005, 7, 89.

(56) Ojamie, L.; Aulin, C.; Pedersen, H.; Kill, P.L. J. Coll. Inter. Sci. 2006, 296, 71.
(57) Shi, C.; Dai, S.; Wang, K.; Pan, X.; Kong, F.; Hu, L. Vibra. Spectr. 2005, 39, 99.
(58) Lana-Villarreal, T.; Pérez, ].M.; Gémez, R. Surf. Sci. 2004, 572, 329.

(59) Weil,J.A;Bolton, J.R.; Wertz, J.E. Electron Paramagnetic Resonance: Elementary Theory
and Practical Applications; Wiley Interscience: New York, 1994.



REFERENCES 333

(60) Lunsford, J.H. EPR methods in heterogeneous catalysis. In Catalysis Science and
Technology; Anderson, J.R.; Boudart, M. (Editors); Springer-Verlag: New York, 1987;
227-256.

(61) Dyrek, K.; Che, M. Chem. Rev. 1997, 97, 305-331.

(62) Chiesa, M.; Giamello, E. In Encyclopaedia of Analytical Chemistry; Wiley: New York,
2000.

(63) Schweiger, A. Angewandte Chemie (Int. Ed.) 1991, 30, 265-292.

(64) Hartmann, M.; Kevan, L. Chem. Rev. 1999, 635-660.

(65) Biglino, D.; Li, H.; Erickson, R.; Lund, A.; Yahiro, H.; Shiotani, M. Phys. Chem. Chem.
Phys. 1999, 1, 2887-2896.

(66) Che, M.; Tench, A.J. Advanc. Catal. 1982, 31, 87.

(67) Seyedmonir, S.; Howe, R.F. J. Chem. Soc. Faraday Trans. 1. 1984, 80, 2269-2285.

(68) Spoto, G.; Gribov, E.N.; Ricchiardi, G.; Damin, A.; Scarano, D., Bordiga, S.; Lamberti,
C.; Zecchina, A. Progr. Surf. Sci. 2004, 76, 71-146.

(69) Lunsford, J.H. J. Chem. Phys. 1967, 46, 4347.

(70) Di Valentin, C.; Pacchioni, G.; Chiesa, M.; Giammelo, E.; Abbet, S.; Heiz, U. J. Phys.
Chem. B 2002, 106, 1637.

(71) Martino, P.; Chiesa, M.; Paginini, M.C.; Giamello, E. Surf. Sci. 2003, 527, 80-88.

(72) Sterrer, M.; Berger, T.; Stankic, S.; Diwald, O.; Knoezinger, E. Chem. Phys. Chem. 2004,
5, 1695-1703.

(73) Chiesa, M.; Giamello, E.; Paganini, M.C.; Sojka, Z.; Murphy, D. J. Chem. Phys. 2002,
116, 4266-4274.

(74) Di Valentin, C.; Ricci, D.; Pacchioni, G.; Chiesa, M.; Paganini, M.; Giamello, E. Surf.
Sci. 2002, 521, 104-116.

(75) Chiesa, M.; Giamello, E.; Murphy, D.M.; Pacchioni, G.; Paganini, C.; Soave, R.; Sojka, Z.
J. Phys. Chem. B 2001, 105, 497-505.

(76) Teramura, K.; Tanaka, T.; Ishikawa, H.; Kohno, Y.; Funabiki, T. J. Phys. Chem. B 2004,
108, 346-354.

(77) Richards, R.M.; Volodin, A.M.; Bedilo, A.F.; Klabunde, K. Phys. Chem. Chem. Phys.
2003, 5, 4299-4305.

(78) Howe, R.E.; Graetzel, M. J. Phys. Chem. 1987, 91, 3906-3910.

(79) Coronado, J.M.; Maira, A.J.; Conesa, J.C.; Leung, K.Y.; Augugliaro, V.; Soria, J.
Langmuir 2001, 17, 5368-5374.

(80) Antcliff, K.L.; Murphy, D.M.; Griffiths, E.; Giamello, E. Phys. Chem. Chem. Phys. 2003,
5, 4306-4316.

(81) Attwood, A.; Edwards, J.; Rowlands, C.; Murphy, D.M. J. Phys. Chem. A 2003, 107,
1779-1782.

(82) Coronado, J.M.; Maira, A.J.; Martinez-Arias, A.; Conesa, J.C.; Soria, J. J. Photochem.
Photobiol. A 2002, 150, 213-221.

(83) Hernandez-Alonso, M.; Hungria, A.B.; Martinez-Arias, A.; Fernandez-Garcia, M.;
Coronado, J.M.; Conesa, J.C.; Soria, J. Appl. Catal. B 2004, 50, 167-175.

(84) Konigsberger, D.C.; Prins, R. X-ray Absorption; Wiley: New York, 1988.

(85) Schulze, D.G. Synchrotron X-ray Methods in Clay Science; Clay Minerals Society:
Chantilly, VA, 1999.



334 ADSORPTION OF PROBE MOLECULES ON NANOSTRUCTURED OXIDES

(86) Fernandez-Garcia, M. Catal. Rev. 2002, 44, 59-121.

(87) Luca, V.; Djajanti, S.; Howe, R.F. J. Phys. Chem. B 1998, 102, 10650-10657.

(88) Rajh, T.; Nedeljkovic, J.; Chen, L.; Poluektov, O.; Thurnauer, M. J. Phys. Chem. B 1999,
103, 3515-3519.

(89) Rodriguez, J.; Wang, X.; Liu, G.; Hanson, J.; Hrbek, J.; Peden, C.; Iglesias-Juez, A.;
Fernandez-Garcia, M. J. Molec. Catal. 2005, 228, 11-19.

(90) Jing, C.; Meng, X.; Liu, S.; Baidas, S.; Patraju, R.; Christodoulatos, C.; Korfiatis, G.
J. Coll. Interface Sci. 2005, 290, 14-21.

(91) Izumi, Y.; Kiyotaki, F.; Yagi, N.; Vlaicu, A.; Nisawa, A.; Fukushima, S.; Yoshitake, H.;
Iwasawa, Y. J. Phys. Chem. B 2005, 109, 14884—-14891.



I CHAPTER 12

Chemical Properties of Oxide
Nanoparticles: Surface Adsorption
Studies from Gas- and Liquid-Phase
Environments

JOHN M. PETTIBONE, JONAS BALTRUSAITIS, and VICKI H. GRASSIAN

Departments of Chemistry and Chemical and Biochemical Engineering, University of lowa,
lowa City 1A 52242

12.1. OXIDE NANOPARTICLES: INTRODUCTION

Single-crystal surfaces provide model systems in which fundamental aspects of the
surface chemistry of oxides can be unraveled. However, oxide particles, often in
the nanometer size range, are abundant in natural and engineered environmental
systems. As reviewed by Zhang and Banfield, sulfides, oxalates, phosphates, and
oxide minerals are produced through biological pathways where microbially induced
precipitates form nanoscale minerals as a result of metabolic activity of microorgan-
isms (1). Nanoparticles formed in the environment by inorganic pathways through
precipitation or restructuring include amorphous silica, hydrous aluminosilicates,
oxides, and oxyhydroxides (1). Metal oxides because of enhanced chemical prop-
erties on the nanoscale could be important materials for environmental remediation
(2). Nanomaterials as sorbents, catalysts, or enhanced filters are possible uses for
these materials, with TiO, nanoparticles often having the most desirable properties
(3). Because of the presence of oxide nanoparticles in the natural environment and
the use of oxide nanoparticles in environmental remediation, there is a great deal of
interest in better understanding oxide nanoparticles and the unique properties found
in oxide particles of this size range.

Because the focus of nanoscience and nanotechnology is on size effects,
Figure 12.1 shows a schematic of the relative sizes of nanoparticles of MgO and
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Figure 12.1. Schematic of the relative sizes of nanoparticles of MgO and TiO; to its unit cells
and bulk structures. Reprinted from Ref. 4 with permission from Elsevier.

TiO, compared with their unit cells and bulk materials (4). As discussed in several
previous book chapters and in several papers in the literature (5-8), the properties of
the oxides are found to change as a function of particle size. For example, there is
an increase in the band gap for semiconductors as the particle size decreases. These
quantum size effects will alter the reactivity and optical properties of these particles.
In addition, the melting point, magnetic moment, specific heat, morphology, and par-
ticle shape have all found to be size-dependent properties. Most interestingly from the
perspective of this chapter, is the effect of size on the surface chemistry of nanoparti-
cles. Enhanced surface reactivity is found for nanoparticles. This enhanced reactivity
is not only due to an increase in surface area with reduced size, but is also due to
inherent chemical properties of nanoparticles when compared with their micron-sized
counterparts (2,5,8).

For oxide single-crystal surfaces, there is a low number density for step edges,
kinks, and other defect sites. These sites are typically the most reactive sites where
adsorption and catalysis can occur. In the case of oxide nanoparticles, there is a
significantly greater defect site density at the surface because of the increased number
of edge and step sites and thus potentially enhanced reactivity. It is this enhanced
reactivity that makes the chemical properties of oxide nanoparticles of great interest.

12.2. OXIDE NANOPARTICLES: STRUCTURE AND COMPOSITION

Only within the last 20 years has the atomic structure of individual nanoparticles been
unraveled with the development and availability of high-resolution transmission elec-
tron microscopy (HRTEM) and scanning tunnel microscopy (STM). Two factors with
considerable importance in determining the shape and stability of oxide nanoparticles
are the balance in energy between the surface and the bulk as well as maintaining
the stoichiometry in a nano-sized particle. Particles created in the nano-sized range
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may contain several hundred to thousands of ions, many of which will be surface ions
(9), upwards of 40% for MgO (10), with incomplete coordination spheres (1,7). The
increase in the number of “exposed” surface ions relative to “unexposed” near-surface
ions and bulk ions will affect the energy of these very small particles.

Nanoparticles may undergo phase transformation to minimize their total
free energy. The dependence of phase stability on crystal size has been previously
discussed in some detail (1,8). For instance, the y-phase of alumina is more stable
than the a-phase in the nanocrystalline size range with surface areas greater than
125m? g~! (10,11). Furthermore, the thermodynamically most stable phase for TiO,
is anatase for crystal size less than 11 nm brookite for sizes greater than 11 and less
than 35 nm and rutile for sizes greater than 35 nm (12).

Another factor in stability oxide nanoparticle is maintaining the chemical stoi-
chiometry. There is a chemical gradient in ion concentration from the surface to the
core of the nanoparticle. The structure of oxide nanoparticles varies continually from
the center to the surface of the particle (6), but these differences have been difficult
to discern. It is only under ultra-high vacuum (UHV) conditions and high anneal-
ing temperatures that surfaces of metal oxides are terminated with the metal cations.
Under non-UHV conditions, metal-oxide single crystals and nanoparticles are typi-
cally oxygen terminated and metal cations tend to be fully coordinated in the bulk (7).
Such high concentrations of negative oxide ions on the surface cause surface atoms
to relax and/or react with ambient gases, e.g., water-forming hydroxyl groups (5).
Under ambient conditions, particles tend to minimize the surface energy by hydration,
protonation, and surface reconstruction. Residual hydgroxyl groups on the surface of
nanoparticles from reaction with ambient water vapor are found to persist even after
relatively high thermal treatment (5).

Under conditions that eliminate interactions with surrounding molecules, such as
vacuum and heating treatments, oxide nanoparticles are found to display crystallo-
graphic low and high index faces so as to increase the coordination of surface ions (6).
Because of the different faces found on nanoparticles, “average” surface energies are
usually measured making it difficult to determine the dominant surface face (9).
Such faceting in nanoparticles increases the edge/corner density and provides an
increase in the number of reactive surface sites (5). Although surface reconstruction
is somewhat well understood for single-crystal surfaces, it is poorly understood for
nanoparticles.

In a step toward understanding surface reconstruction on the nanoscale, Gilbert
etal. have recently combined pair distribution function and extended X-ray absorption
fine structure to better understand the structure of ZnS nanoparticles (13). They have
shown that there is strain and structural disorder throughout the particle. Electronic
properties will be affected by the disorder in the particle. This type of structural infor-
mation is important to determine as theoretical studies of nanoparticles are currently
underway. Additional information about the inherent structural nature of nanoparti-
cles and the stability of these particles is needed if the potentially unique chemical
properties associated with these materials can be truly exploited to its maximum
potential in nanotechnology.
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12.3. OXIDE NANOPARTICLES: PREPARATION

There have been several articles that summarize recent advances in the prepara-
tion methods and characterization techniques of oxide nanoparticles (2,4,14—17).
The phase of the nanoparticle can depend on the method used in its preparation.
Some preparation methods produce amorphous materials, whereas other methods
produce nanocrystalline materials. Increasing the stability and enhancing the disper-
sion of a narrow size range of the nanoparticles are primary goals in various synthetic
methods (14).

The many industrial and technological uses of magnetic nanoparticles have resulted
in the development of new synthetic routes for the production of well-crystallized iron-
oxide particles (18). In general, iron-oxide nanoparticles are stabilized by a surfactant
or polymer coating (15). In addition, different oxidation states of iron can result
depending on the nature of the synthesis and the precursor molecules used. The
oxidation of FezO4 to y-Fe; O3 nanoparticles has been observed to occur as samples
age with time (15).

12.4. OXIDE NANOPARTICLE SURFACE ADSORPTION:
THERMODYNAMICS, SIZE EFFECTS, AND DEFECT SITES

Metal-oxide nanoparticles are often considered unique chemical stoichiometric
reagents for the adsorption of pollutants (5). A thermodynamic model to predict and
better understand the behavior of nanoparticle adsorption was first presented in detail
by Zhang et al. (8). The model is based on first-principles of thermodynamics for the
equilibrium constant and Gibbs free energy:

AG?,.
Kags = exp(—Wad*) (12.1)

where Kjqs is the adsorption constant, AGy . is the standard state Gibbs free energy,
R is the gas constant, and T is the temperature. The free energy of the system is the
spontaneous driving force for adsorption onto the solid. It can also be represented
by the interfacial tension (surface tension) y,, which is taken to be independent of
curvature. Integration over the surface area A, between the solution and the particle
results in

r
AGS, = J VodA. (12.2)

r=00

By approximating the particle as a sphere and distinguishing the interfacial tension of
a site with an adsorbed species yo(s—r), and an empty site, yo(s), a ratio of adsorption
constants for two particles A and B, where the radius of A, 14, is less than the radius
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of B, rp, yields the following;

K.q.(A -3V, o(S—I) — Yo 1 1
ads (4) =exp[ m(Yos—1) — Yo(s)) <_ - _ﬂ (12.3)
Kaas(B) RT A "B

where V,, is the molar volume of the sphere. Because the interfacial tension is always
lower when there is an adsorbed species, and the radius of A is less than B, the ratio of
the adsorption constants is always greater than one. The equation correlates the size
of the particle with change in surface tension. Experimental results have suggested
that surface tension changes with size of particle; however, this consideration is not
included in the above analysis.

A similar but somewhat more detailed thermodynamic approach was developed by
Lu et al., in which the y, size dependence was taken into account (19). The compar-
ison between the theoretically and experimentally determined adsorption constants
determined by Lu et al. and Zhang et al., respectively, are presented in Table 12.1.
The table shows that the ratio of K,gs (6 nm)/K,qs (16 nm) is quite good for acetic,
valeric, and oxalic acids but not as good for adipic acid. However, the theoretical
calculations do qualitatively predict the trend in the enhancement of these mono- and
di-carboxylic acids.

Using a different approach to understanding nanoparticle surface adsorption,
Kakkar et al. performed density functional calculations to better understand the
adsorption of formaldehyde on MgO nanoparticle surfaces (10). The focus of this
theoretical study was to understand on a molecular level the bonding of formalde-
hyde to the different sites available on the MgO nanoparticle surface. The calculations
showed that surface reactivity is highly dependent on the nature of the surface site
(steps, kinks, corners, edges, etc.).

TABLE 12.1. Enhanced Adsorption Constants
K ,gs for a Series of Carboxylic Acids on TiO,
Nanoparticles Less Than 10 nm: Theory
Compared with Experiment.

Kads (6nm)/Kygs (16 nm)

Carboxylic Acid Theory Experiment
Acetic acid 34 34
Valeric acid 59 6.8
Oxalic acid 20.9 235

Adipic acid 46.1 69.9
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12.5. ENHANCED CHEMICAL PROPERTIES OF OXIDE
NANOPARTICLE SURFACES IN ENVIRONMENTAL CATALYSIS
AND ENVIRONMENTAL REMEDIATION

As discussed in Section 12.4, the current understanding of the influence of size on the
chemical properties is centered on both the nature of surface sites and the thermody-
namic driving force for adsorption. The size-dependence of the surface-free energy
explains the higher adsorptive properties of nano- versus micron-sized materials. In
addition, changes in crystal shape will result in increasing the density of defect sites
such as edges, corners, and point defects. The unique chemical properties of several
different types of oxide nanoparticles, including Mg, Ca, and Fe, have been shown.
These oxides are better catalysts and adsorbents for acidic gases (2).

The most well-studied nanocrystalline oxide thus far in terms of chemical reactions
is MgO. Klabunde et al. have shown that nanocrystalline MgO has enhanced reactivity
toward the adsorption of several acidic gases at room temperature, including SO»,
CO», HCI, HBr, SO3, and H>S (20,21). Changes in surface bonding as a function of
particle size have been shown for specifically SO, adsorption. The adsorption mode
for SO, is monodendate on small crystals and bidendate on larger ones (20). At the
same gas pressure, the capacity of MgO nanocrystallites to chemisorb SO; is higher
by a factor of three at room temperature compared with larger particle sizes. Similar
results were observed for other acidic gases.

Destructive adsorption of chlorinated hydrocarbons has been studied on the sur-
face of both CaO and MgO nanoparticles by Klabunde et al. (20,22). Noncatalytic
adsorption/decomposition of CCly, CHCl3, and C2Cls on CaO surfaces have been
studied in the temperature range from 473 to 773K (22). Reaction products and
optimum reaction temperatures are shown as follows:

Ca0 + CCly 5 CaCl, + CLCO (12.1)

Ca0 + ClL,cOo & CaCl, + CO, (12.2)

3Ca0 + 2CHCl; 2225 3CaCl, + 2CO + H,O (12.3)
3Ca0 + C,Cly 25 2CaCly 4 CaCO; + C (12.4)

It can be seen from the reaction scheme above that the formation of CaCl,, CaCOs3,
and carbon (graphite) inhibits the reaction as these solid products form coatings on the
nanoparticle surface. However, the above reactions can be catalyzed by the presence of
a small amount of a transition metal oxide such as Fe,O3. For example, the catalyzed
reaction of CCly destruction can be written as (20,23)

673K

2[Fe,05]Ca0 + CCly 25 2[Fe,05]CaCl, + CO, (12.5)
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Similar reactivity has been observed with oxides of vanadium and manganese (23).
The proposed basic steps of these reactions can be summarized as follows. First, CCly
attacks the V,0Os5 center on the nanoparticle forming VCl,. Second, a solid ion—ion
(C1~/0O%) exchange occurs between the core basic oxide and the VCI, species, most
likely at defect sites and enhanced by the reaction high temperature and low melting
points of the transition metal chlorides. This step is followed by surface migration
to defective sites where reaction with CCly and ion—ion exchange can further repeat
itself. The same catalysts described above are found to catalyze destruction of other
environmental toxins such as COS, CS,, SO,, and (CH30),P(O)CH3 (23-25).

In quantitative batch reactor studies, Anschutz and Penn have shown that crys-
talline iron oxyhydroxides exhibit a size-dependent reactivity (26). In particular, the
reductive dissolution of iron oxyhydroxides was found to be 20 times higher for par-
ticles smaller than 5 nm in diameter. As the reaction chemistry of iron oxides is driven
by redox processes, these results suggest that the chemical properties of iron oxides
will be significantly different on the nanoscale.

Other recent studies have discussed the potential for oxide nanoparticles to be
important in the adsorption of heavy metals in the environment (27,28). In one study,
it was shown that TiO; nanoparticles exhibited a smaller K,q5 for Ccd?t compared with
larger particles, in contrast to the carboxylic acid studies. It was proposed that there
were enhanced repulsive electrostatic interactions between cadmium ions adsorbed
on the surface of the nanoparticles that caused the lower measured Kygs.

12.6. ATR-FTIR SPECTROSCOPY—AN EXPERIMENTAL
TOOL TO INVESTIGATE LIQUID- AND GAS-PHASE
SURFACE AND CHEMICAL ADSORPTION PROPERTIES OF
OXIDE NANOPARTICLES

As we begin to further our understanding of the inherent unique chemical properties
and reactivity of oxide nanoparticles, a variety of analytical tools will be needed. To
better understand some of the surface adsorption studies discussed above, spectro-
scopic probes become increasingly important. For surface adsorption studies, there
are few techniques that work well in both gas- and liquid-phase environments. Attenu-
ated total reflectance—Fourier transform infrared (ATR-FTIR) spectroscopy is a useful
technique for in situ investigations of liquid/solid and gas/solid interfaces (29-37).
In general, multiple internal reflection (MIR) techniques differ from traditional trans-
mission IR techniques in that very short effective path lengths on the order of tens of
microns can be achieved. This makes MIR techniques powerful tools for measuring
IR spectra of liquid solutions with strong IR absorbing solvents such as water. The
internal reflection element (IRE) is usually a high refractive index crystal such as Ge
and ZnSe. When the IR beam enters the crystals, it is internally reflected creating a
probe radiation at the reflection point that is an exponentially decaying wave (evanes-
cent wave) on the order of a micron or less. Because of the limited penetration depth,
the reflectivity is a measure of the interaction of the evanescent wave with the sample.
The resulting spectrum becomes characteristic of the sample (29). The penetration
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depth of the evanescent wave d), is defined as the distance required for the amplitude
of the electric field to fall to e~! of its value at the surface. It depends on the refractive
index of the IRE n1, the sample n, angle of incidence 6, and the wavelength of the
incident light A, as follows (29,30):

A
d, = (12.4)

2mny/sin @ — (ny/ny)?

The absorbance spectra obtained from ATR differ from conventional transmission
methods in that correction for varying depth of penetration with wavelength is
necessary. With proper subtraction, spectra due to adsorption can be easily obtained.

MIR techniques have been used in several studies investigating important envi-
ronmental systems at the molecular level. These investigatons include studies of
surface complexation and dissolution of minerals (31-37). For example, in a study by
Duckworth and Martin, surface complexation and dissolution of hematite by C;—Cg
dicarboxylic acids was investigated using ATR-FTIR spectroscopy (31). From the
ATR-FTIR spectra coupled to batch reactor measurements, surface structure and an
equilibrium binding constant were determined (31).

A schematic of a commercially modified ATR-FTIR cell that is currently being
used for surface adsorption studies on oxide nanoparticles is shown in Figure 12.2
(38). The cell is designed to investigate the adsorption of molecules from either the gas
or liquid phase. For gas-phase studies, the flow reactor shown in Figure 12.3 is coupled
to the ATR-FTIR cell (39). Adsorption studies of gases on the oxide nanoparticles
as a function of relative humidity can be investigated with this flow reactor system.
Examples of the use of ATR-FTIR spectroscopy for surface adsorption studies on
oxide nanoparticle surfaces from both the gas and liquid phases are described below.

Lo
.

inlet outlet

Teflon lid

Gas or Liquid 1/8” bolt
s Pjide gaf}?gz}{gicles 77777 Tapped hole
ATR element
IR beam IR beam
from source to detector

Figure 12.2. Schematic of the ATR-FTIR cell used to investigate surface adsorption on
nanoparticles from both gas-phase and liquid-phase environments. Modified from Al-Hosney
et al. (38). Reproduced with permission of the PCCP Owner Societies.
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Figure 12.3. Schematic diagram of a flow cell reactor coupled to an ATR-FTIR horizontal
cell. The apparatus can be used to measure the uptake of water as well as the uptake of reactive
gases in the presence of water. This allows for rate measurements to be made as a function
of relative humidity. Modified from Al-Hosney et al. (39). Reproduced with permission of the
PCCP Owner Societies.

12.7. ATR-FTIR SPECTROSCOPY—EXAMPLES OF STUDIES
OF ADSORPTION ON OXIDE NANOPARTICLES FROM
GAS- AND LIQUID-PHASE ENVIRONMENTS

Here we demonstrate the use of ATR-FTIR spectroscopy as a tool to investigate
the oxide nanoparticle/gas and oxide nanoparticle/liquid interface. Two different
types of oxide nanoparticles have been investigated—nanoparticulate titanium diox-
ide and iron oxides. Electron microscopy shows the different nanoparticle aggregates
and structures for these different samples. Figure 12.4 shows transmission electron
microscopy (TEM) images of TiO, (anatase) nanoparticles. The particles are typi-
cally in an aggregate state, and this can be easily seen in the image shown on the left
in Figure 12.4. These aggregates can be dispersed by ultra-sonication of the sample
before dispersing them on to the TEM grid. Once dispersed, it is easy to see the
2 to S-nm-diameter particles (5-nm according to manufacture specifications, Nano-
structured and Amorphous Materials, Inc.) Scanning electron microscopy images of
iron-oxide nanoparticles (Alfa Aesar) show particle aggregates on the order of 35 nm
in diameter (see Figure 12.5). In contrast to the TiO, nanoparticles, these particles
when viewed at higher magnification show that these 35-nm particles are made up
of ca. 5-nm particles that have grown together to form the 35-nm larger interwoven
aggregates that cannot be dispersed upon ultra-sonication. The surface areas of these
two oxide nanoparticles, TiO, and Fe, O3, were determined with an automated BET
surface area apparatus to be very similar, 219 m? g~! and 229 m? g~!, respectively.
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TiO, Nanoparticles

Aggregates Dispersed

Figure 12.4. Transmission electron micrographs (TEM) of TiO; (anatase) nanoparticles in the
2-5 nm size range. The nanoparticles tend to aggregate (left image), but upon sonication, they
can be dispersed on the TEM grids as isolated particles (right image).

Fe,O; Nanoparticles

Figure 12.5. Scanning electron micrograph (SEM) of Fe,O3 (hematite and ferrihydrite)
nanoparticles. The nanoparticles appear around 35 nm in size in the SEM image. A close-up
view shows that these 35-nm particles are made up of ca. 5-nm particles that have grown
together to form the 35-nm interwoven aggregates.

Several examples of the use of ATR-FTIR spectroscopy with these particles are
shown in Figures 12.6-12.9. First, the ATR—FTIR spectra for acetic acid adsorption
on 5-nm TiO; nanoparticles at pH = 4.5 are presented in Figure 12.6. As discussed,
acetic acid is of interest as it has been shown in batch reactor studies that there is
enhanced adsorption on particles less than 10 nm in diameter. The spectral range
shown is from 1200 to 1900 cm™~!. This is the spectral range where absorptions due
to acetic acid and adsorbed acetate are found.

To make these measurements, a thin layer of the oxide nanoparticles was coated on
the surface of the ATR crystal (ZnSe). This was done by preparing a suspension of the
TiO, nanoparticles in aqueous solution and allowing the solution to evaporate on the
ATR crystal surface. Distilled water was then run through the ATR-FTIR cell, and a
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Figure 12.6. ATR-FTIR spectra of acetic acid uptake on 5-nm TiO, anatase particles at
pH =4.5and T = 298 K as a function of acetic acid concentration. The bottom spectra were
recorded for concentrations ranging from 1 to 40 mM. At these lower concentrations, absorp-
tions due to adsorbed acetate dominate the spectra. At 500-mM acetic acid concentrations,
absorptions due to solution phase acetic acid begin to dominate the spectrum. See text for
further details.
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Figure 12.7. Analysis of the ATR-FTIR acetic acid adsorption spectra on 5-nm TiO; anatase
particles at pH = 4.5. Filled circles represent the peak height of the absorption band at
ca. 1540cm™! plotted as a function of acetic acid concentration. The dark line through
the data points represents a fit to the data that consists of two contributions to the peak at
ca. 1540cm™!—an adsorption component that is fit with a Langmuir adsorption model and
a linear s?lution phase component. The Langmuir adsorption constant determined for this fit
is58M™ 1.
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Figure 12.8. Representative ATR-FTIR spectra of water uptake on Fe, O3 nanoparticles as a
function of relative humidity at T = 298 K (%RH = 10, 20, 30, 40, 50, 60, 70, 81, and 92).

Number of Water Layers

H,0 (g) + Fe,O5 Nanoparticles

0 T T T T

60 80
% RH

100

Figure 12.9. Analysis of the ATR-FTIR spectra of water uptake on Fe, O3 nanoparticles as
a function of relative humidity at T = 298 K. The amount of adsorbed water on the Fe;O3
nanoparticle surface as a function of relative humidity. The data were analyzed by fitting the
integrated absorbance of the water bending mode at 1638 cm™!, a modified-BET isotherm.
See text for further details.



12.7. ATR-FTIR SPECTROSCOPY 347

reference spectrum was collected. A solution of known acetic acid concentration and
pH was then added to the ATR-FTIR cell; this solution was allowed to equilibrate for
15 minutes. Solution concentrations from 1 to 500 mM were used in these studies.
At low concentrations, between 1 and 40 mM, absorptions due to adsorbed acetic
acid are evident and dominate the spectrum. These absorption bands can be seen at
1347, 1418, and 1540 cm~!. These bands can be assigned to adsorbed acetate on the
surface (40).

Athigher concentrations, near 500 mM, the absorptions bands in the spectrum shift
to 1346, 1414, and 1548 cm™!. In addition, two more absorption bands are apparent
at 1281 and 1715cm™! at the higher concentrations. The pK, of acetic acid is 4.67.
Therefore, at a pH of 4.5, below the pK,, the solution phase is mostly composed of
CH3COOH.

The infrared data were then analyzed by assuming the peak height for each of the
absorption bands had two contributions to the observed spectra; the first component is
attributed to adsorbed acetic acid, and the second component is attributed to solution
phase acetic acid. The first component assumed a Langmuir-type adsorption isotherm
could successfully model the surface adsorption; i.e., adsorption was confined to a
single-layer adsorption with one molecule per binding site, there was no interaction
between the adsorbed molecules, and the uptake could be described as

KadsC

= — 12.5
1+ KagsC ( )

where 6 is the coverage and C is the solution phase concentration. Using the peak
at ca. 1540cm™!, K,qs was calculated by a least-squares fitting method. In the cal-
culation, the molar absorptivity multiplied by the path length was determined from
the slope of the high concentration data and Beer’s law. The absorbance due to solu-
tion phase was then subtracted out to give the Langmuir isotherm and K4 for acetic
acid on TiO, nanoparticles. The results of this analysis are shown in Figure 12.7.
The Kags determined is 58 M~!. Ongoing studies using ATR-FTIR spectroscopy for
larger particles is underway. Further analysis of the infrared data will require that peak
frequencies between small and larger particles be compared to determine whether the
adsorption mode changes as a function of particle size. This analysis is ongoing.

The next example of using ATR—FTIR spectroscopy to study adsorption at the oxide
nanoparticle/gas interface is shown in Figure 12.8. In particular, water adsorption as
a function of relative humidity on nanoparticulate iron oxide is investigated. For these
experiments, the iron-oxide powder was evenly dispersed over the ZnSe crystal. The
relative humidity above the sample was controlled and measured. The infrared spectra
recorded as a function of increasing relative humidity is shown in Figure 12.8. Water
absorption bands in the O-H stretching and bending regions grow as the relative
humidity increases.

The infrared data were analyzed by integrating the water bending mode absorption
and fitting the data to a modified-BET isotherm. The modified equation has been in



348 CHEMICAL PROPERTIES OF OXIDE NANOPARTICLES

Goodman et al. (41). It has the form of

v P . | P n P n+1

(7)) (1o 0(7) +(7)

1_(5) P p n+1
P, ”“‘“(F)‘C(E)

V=

(12.6)

where

12.7)

AH{ — AHS
RT

c:exp—[

and AHY is the standard enthalpy of adsorption of the first layer, AHY is the standard
enthalpy of adsorption on subsequent layers and is taken as the standard enthalpy of
condensation for water, R is the gas constant, 7 is the temperature, V is the volume of
gas adsorbed at equilibrium pressure P, V,, is the volume of gas necessary to cover
the surface of the adsorbent with a complete monolayer, P is the equilibrium pressure
of the adsorbing gas, and P, is the saturation vapor pressure of the adsorbing gas
at that temperature. The ratio P/P, is the activity; multiplying the activity by 100
gives the percent relative humidity. In this modified-BET equation, # is the maximum
number of layers of the adsorbing gas and is related to the pore size and properties
of the adsorbent. The fit to the data and the data points are shown in Figure 12.9. The
fitting parameters used for the curve in Figure 12.9 are n = 9, AH} = 52kJ/mol,
AHS = 44kJ/mol, (therefore, ¢ = 28 at room temperature). Further studies of water
adsorption as a function of iron-oxide nanoparticle size may reveal a size dependence
on the heat of adsorption of the first layer.

12.8. FUTURE OUTLOOK

Oxide nanoparticles show unique surface reactivity, including enhanced adsorption
capacity, larger equilibrium constants, and enhanced redox chemistry that cannot be
explained by surface area effects alone. To better understand on a molecular level the
reactivity of oxide nanoparticle surfaces, a greater number of spectroscopic studies
are needed to complement batch reactor measurements. Ideally a multitechnique
approach should be used in studies of oxide nanoparticle reactivity and structure
so that structure-property relationships can be discerned. These techniques should
include spectroscopy, microscopy, particle analysis, and diffraction methods, some
of these most likely being synchrotron-based techniques. A better understanding of
surface site distributions and the quantification of these sites is important. A better
understanding of the electronic structure and its relationship to chemical reactivity is
also needed.

In this chapter, the potential use of ATR—FTIR spectroscopy is discussed. This
technique is somewhat unique in that surface adsorption can be investigated at both
the nanoparticle oxide/gas and nanoparticle oxide/liquid interfaces. The molecular
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nature of oxide nanoparticle surfaces will most likely be different in these two phases.
The quantification of surface adsorption as a function of size could be done with this
technique under these different conditions. The results should be revealing and may
provide additional insight into the chemical properties of oxide nanoparticles.
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13.1. INTRODUCTION

The electrical and catalytic properties of oxides may be substantially altered in sin-
tered bodies and particles with nano-sized grains in comparison with coarser grained
analogues. The modification of grain size in the nanoregime introduces an addi-
tional parameter for controlling a material’s characteristics; this has recently enabled
materials scientists to tailor properties that are not open to manipulation at larger
dimensions. For example, the dominant charge carrier and conductivity of solids may
be tuned by engineering the composition and volume of interfaces (grain boundaries)
and by accurately controlling the interfacial spacing (grain size). The effects of the
nanoscale in oxides with ionic and mixed ionic/electronic conductivity have givenrise
to the fledgling science of “nanoionics,” encompassing applications from fuel cells
and lithium-ion batteries to sensors and catalysts (1-5). In this chapter, we explore
the developing theory of the transport and oxygen-handling properties of nanoscaled
oxides, describe relevant experimental techniques, and highlight the most pertinent
results from the rapidly expanding literature in the area.

Synthesis, Properties, and Applications of Oxide Nanomaterials, Edited by José A. Rodriguez and
Marcos Ferndndez-Garcia
Copyright © 2007 John Wiley & Sons, Inc.
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13.2. THEORETICAL ASPECTS

13.2.1. Electrical Conduction in Oxides

The total electrical conductivity o of a solid can be expressed as
o= Zaj (13.1)
J

which is simply the sum of the partial conductivities associated with each type of
charge carrier o;. Each partial conductivity is defined by

where ¢; is the carrier density (per m?), Z;q is the effective charge (in coulombs), and
w; is the mobility (m>V~1s~1) of the jth species.

In solids with more than one charge carrier, the contribution to the total conductivity
from each charge carrier is

9
i =— (13.3)
o
where #; is known as the transference number.

13.2.1.1. Electronic Conduction The number of electronic charge carriers in
a metal oxide is a function of the band gap (E,) between bonding (valence) and anti-
bonding (conduction) bands. Intrinsic electronic conduction occurs when electrons
are excited across the band gap, forming an electron (¢) in the anti-bonding band and
leaving behind an electron hole (') in the bonding band. The bond that forms between
the metal atom and oxygen is primarily due to electron transfer from the metal to the
more electronegative oxygen. In terms of the band structure, the bonding electrons
are localized on oxygen such that the valence band is O 2p in character, whereas the
anti-bonding orbitals are associated with the metal. The bond state is essentially dom-
inated by the Coulomb integrals of the Schrodinger equation, although polarization
effects may lead to some back transfer and covalent character (resonance integrals).
The magnitude of the band gap is effectively governed by the electropositivity of the
metal and the outer-shell configuration of the cation in the lattice. In the absence of
d-electron effects, electropositive atoms form large band gap oxides that are essen-
tially insulating. The intrinsic densities of electrons (n;) and holes ( p;) at temperature
T conform to Boltzmann statistics:

ni = pi = (NeNy)'/? exp(—E, /2kT) (13.4)
N, and N, are the effective density of states in the conduction and valence bands:

New = 2Qmm} kT [h*)/? (13.5)
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(The effective mass of electrons or holes m’ef’h is frequently approximated as
M- ~ m:‘,h.)

In the case of transition metal oxides, bonding states above the O 2p level may
lead to partially occupied states, a vanishing band gap, and metallic conduction. The
extent of orbital overlap and conduction behavior is influenced by the intra-atomic
electron—electron correlation energy (U), the anion-to-metal charge-transfer energy
(A), and the oxygen and metal bandwidths (6).

The excited electron may bind with its hole to form a quasiparticle known as an
exciton, whose energy is slightly less than that of the band gap. The distance between
electron and hole defines the Bohr radius aex. of the exciton (7):

4 e, i 1 1
lexe = —— soo( + ) (13.6)

* *
mye my  my

A Frenkel exciton has a radius of the order of the unit-cell parameter and is found
in materials with a small dielectric constant. The much larger species that forms
in materials with a higher dielectric constant is known as a Mott—Wannier exciton.
The probability of the excited electron and hole recombining is limited both by the
difficulty of losing the excess energy that stabilizes the exciton and the requirement
for the electron and hole wave functions to overlap.

The number of electrons may be enhanced substantially above intrinsic levels on
introducing nonstoichiometry either by doping with an impurity of lower valence or
by reducing the oxygen content. For example, ceria is readily reduced to CeO; g at
1000 °C (8) as a result of an unoccupied 4f energy level in the gap between Ce 5d and
O 2p. The defect reaction for reduction may be written in Kroger—Vink notation as

0F = V& + 1/20, +2¢/ (13.7)

The electrons are charge balanced by much less mobile oxygen vacancies; hence, the
conductivity of ceria at high temperature or in reducing atmospheres is dominated
by electron transport. The electron does not travel alone but is accompanied by the
polarization which it induces, thereby trapping itself in a potential well and reducing
its mobility. Large polarons are formed when the electronic species move in a broad
band (typically O 2p orbitals), in which the coupling between electrons and phonons
is weak; small polarons form in narrow bands where the coupling is stronger. In the
latter case, the electron is effectively trapped on an ion (in our example as Ce**) and
can only migrate by thermal activation to a neighboring ion of higher valence (Ce**t)
according to an Arrhenius law:

E,
o, = Aexp (ﬁ) (13.8)

where A is the pre-exponential factor and E,, is the activation energy for conduction.
The electron mobility is significantly reduced with respect to band conduction, and
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the corresponding activation energy may be as high as 0.5 eV. Analogously, electron
holes may form in oxidizing atmosphere or as a result of doping with a higher valence
cation. The conduction is referred to as n-type or p-type hopping-type semiconduc-
tion depending on whether the principal charge carriers are, respectively, electrons
or holes.

13.2.1.2. lonic Conduction 1In an analogous manner to hopping-type semi-
conduction, ionic conduction takes place when ions can hop from site to site within the
crystal lattice as a result of thermal activation (9). The movement of matter via ionic
conduction under a concentration gradient, termed diffusion, is usually interpreted on
the basis of a simplified version of Fick’s second law (10):

aC 32C
or —Poa (13.9)
where C is the concentration of the diffusing substance, ¢ is time, and D is an average
diffusion coefficient at the coordinate of interest, x. From an analysis of concentration
profiles as a function of # and x, different expressions can be derived from Eq. 13.9 for
the diffusion coefficient; these are analysed further in Section 13.2 on experimental
techniques.

Four types of mechanism have been observed for ion migration, as shown
schematically in Figure 13.1.

The interstitial mechanism involves the direct jump of an interstitial defect from one
interstitial site to the next (Figure 13.1a). The interstitialcy mechanism (Figure 13.15)

X M+ X Mt X M+ X Mt
M+ X Mt X M+ X Mt X
Mt —> IV(:
X M* X M+ X X Mt
M+ X M+ X M+ X M+ X
02- M2+ 02- M2+ 02- M2+ 02- M2+
M2+ 02 M2+ oz M2+ 02- M2+ 02
G\W o M2+ ou\w OH® M2+
M+ 02- M2+ 02- M+ oz- M2+ 02-

Figure 13.1. Ion migration mechanisms in ionic solids: (a) direct interstitial mechanism,
(b) interstitialcy mechanism, (c) vacancy mechanism, and (d) Grotthiis mechanism.
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is characterized by an ion pushing a neighboring ion from its lattice site into an
interstitial site so that the original interstitial ion can occupy the vacated position,
resulting in a correlated motion of interstitial and lattice ions. This type of diffusion
is observed in sodium B-alumina (Na;O)14,(Al2O3)11, in which sodium ions move
within the conduction planes by knocking each other off their regular sites. The Ag™
ions in AgCl also diffuse by the interstitialcy mechanism; the much higher mobility of
the Ag™ ions in the cation sublattice with respect to the C1~ ions leads to aphenomenon
sometimes referred to as sublattice melting.

Very commonly, ionic conductivity is induced by aliovalent doping of a phase to
achieve a high concentration of mobile vacancies. A material of considerable tech-
nological importance that exploits the formation and mobility of oxygen vacancies is
yttrium stabilized zirconia (YSZ), a solid electrolyte used in oxygen-gas sensors and
solid-oxide fuel cells (SOFCs). Replacement of some of the Zr sites in stoichiometric
ZrO; with Y results in the formation of oxygen vacancies in order to maintain charge
balance:

Y203 Fong 2Y'7: +305 + V§ 13.1)
2

The oxygen vacancies become sufficiently mobile at high temperature under an
electrochemical potential gradient to permit an oxygen-ion flux through the electrolyte
(Figure 13.1c¢), which is balanced by the equivalent electron flux through an external
circuit. Each oxygen vacancy is positively charged with respect to the electroneutral
oxygen sublattice and is charge balanced by two Y on Zr sites. It is conceptually
easier to treat the motion of a positively charged vacancy, although it is the negatively
charged oxide ions that physically move (in the opposite direction to the vacancy).
In contrast to CeO; at high temperature or under reducing conditions, the electrons
that charge balance the oxygen vacancies in ZrO» are associated with Y>* and are not
mobile. Analogously, in the family of phases known as NASICONs (Na-Superlonic
Conductor), for example Naj1,ZrP3_,Si017, sodium vacancies are formed for x <
0.3. Sodium-ion conductivity can then take place in channels throughout the structure
via the vacancy mechanism.

The fourth type of migration mechanism that occurs in oxides is unique to high-
temperature proton conductors. These materials have the potential for application
in several electrochemical devices, including hydrogen gas-separation membranes,
hydrogen and humidity sensors, and protonic ceramic fuel cells (PCFCs) (11-14). The
most well-known proton-conducting oxides are perovskites (ABO3) such as SrCeOj3
and BaZrOs, with large, basic cations, which are doped with a lower valence cation
on the B site to form oxygen vacancies, e.g., StCep9Ybg 1 O3_s. Water is incorporated
when OH™ fills an oxygen vacancy and the complementary proton becomes associated
with a lattice oxygen according to

H,O0+0j +V5 — 20H, (13.2)
The protons migrate through the lattice via a Grotthiis mechanism (Figure 13.1d), in

which the proton is transferred from one lattice oxide ion to a neighboring oxide ion
in a “pass-the-parcel” fashion.
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13.2.1.3. Interfacial Effects Charged species in polycrystalline bodies, prin-
cipally defects and impurities, tend to segregate to the grain boundaries, thereby
lowering the strain and electrostatic potential of the system (3,15). The difference
in chemical potential is compensated by a difference in electrical potential such that
the electrochemical potential across the boundary is constant. In effect, the grain
boundaries bring about charge separation. The compensating counter charge within
the grain is distributed adjacent to the interface, giving rise to a space-charge region,
in which bulk defects of like charge to the boundary are depleted and defects of oppo-
site charge accumulate. The width of the space-charge around a defect of opposite
charge decays monotonically with the Debye length 1. The extent of A for two defects
of equivalent but opposite charge z is inversely proportional to the square root of the
defect concentration at an infinite distance from the interface C;, according to

o= (KT v (13.10)
-~ \222F2¢C, '

The defect concentration within the boundary layer is a function of temperature 7',
the activity of the component, and doping content. In ionic or electronic conductors,
the bulk mobile defect may accumulate in the space-charge region, giving rise to an
additional contribution to the conductivity parallel to the interface (16):

Aol = @x/L) Gy + 5i1) (13.11)

where 0,7, and o;;, are the mean space-charge conductivities due to vacancies and
interstitials, respectively, and L is the interfacial spacing.

In microstructured ceramics, the fractional cross-sectional area of grain boundaries
lying parallel to the current flux is not large enough to ensure high ionic conductivities
(3,17). For anidealized brick-layer model (Figure 13.2) with cubic grains of dimension

%

Az

Figure 13.2. Brick-layer model of ceramic microstructure with grains of length L and grain
boundaries of width 2b (17). Reprinted from Ref. 16 with permission from Elsevier.
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Figure 13.3. (a) The conducting boundary layer of an isolated particle A in the MX matrix
makes no significant contribution to conductivity. (b) If a continuous network of A particles
form, then the contribution to the conductivity is significant. Reprinted from Ref. 16 with
permission from Elsevier.

L separated by grain boundaries of width 2b, in which the conductance is equal in
the grains and grain boundaries, the grain boundary conductivity og, must be greater
than the grain conductivity by

L
Ogb = O <E) (13.12)

In a microstructured ceramic with an average grain size of 1 wm and grain boundary
width of 1nm, a grain-boundary conductivity of o4, = 500 0}, is required to simply
double the total conductivity.

The enhanced conductivity in space-charge regions may be exploited more effec-
tively by decorating the grain boundaries with a second phase (heterogeneous doping)
(4). Grain-boundary engineering of this type has been used to transform insulators
into conductors, anion conductors into cation conductors, and to enhance the con-
ductivity of mixed conductors. For example, the adsorption of Ag* cations to form
cation vacancies takes place in AgCl grains adjacent to additions of basic Al,O3 par-
ticles, transforming the intersticialcy conduction mechanism to a vacancy-controlled
one (18). This concept is illustrated in Figure 13.3. A conducting boundary layer
that forms around an isolated particle plays a small role in conduction (Figure 13.3a).
However, if the grain-boundary paths are continuous and percolation is achieved, then
a significant contribution to the conductivity may result from the enhanced transport
in the space-charge regions (Figure 13.3b).

13.2.2. Electrical Conduction in Nanostructured Oxides

On reducing grain size to the nanoscale, the fraction of grain boundaries, and hence
surface atoms, within the bulk of the material becomes extremely large. Surface or
interfacial properties start to dominate bulk properties, and the conventional distinc-
tion between bulk and grain boundaries is no longer always appropriate. Maier has
classified the behavioral impact on properties in terms of “trivial size effects” and
“true size effects” (4,5). The former term refers to an alteration of the macroscopic
behavior resulting from a sufficiently large increase in the volume fraction of inter-
faces, but the interfaces are essentially noninteracting and transport properties per se
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do not vary with the interfacial volume fraction. When the interfaces are close enough
to interact, for example when space-charge regions overlap, then “true-size effects”
are encountered. In a nanostructured ceramic, in which the dimensions of the grains
and grain boundaries are comparable, conduction may be altered in several ways.

Impurity phases that block ion transport at grain boundaries, for example siliceous
phasesinYSZ, are diluted on reducing the grain size due to the much larger surface area
of the grains they cover. As a result, grain-boundary resistivities may be substantially
reduced. This is a trivial size effect with important technological consequences.

A true size effect results from space-charge effects of neighboring boundaries if the
distance between boundaries is so small that the space-charge regions interact (19).
If the grain size is less than four times the Debye length, then the center of the grain
is not electrically neutral; that is, local charge neutrality is not satisfied anywhere in
the sample. Figure 13.4 shows this effect for a symmetrical system (grain or film) of
thickness L.

The boundary conditions are finite on both sides of the grain, and the effective
boundary conductivity is enhanced compared with a conventional grain boundary
(semi-infinite conditions) by a “nanosize factor” g given by

12

(13.13)

arc,—c,1'?
g J—

Ll ¢

where C, is the concentration of the majority mobile defect in the first layer adjacent
to the interface and Cy, is the core or background concentration.

In addition to these modifications to the electrical potential, the chemical potential
of an ionic or polaronic defect is altered if the region encompassing the polarized
neighborhood of the defect impinges on the boundary or is confined by the particle
size (20). In general, the interfacial spacing may not be large enough to separate
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Figure 13.4. Defect profiles in structures with dimension L. The bulk defect concentration
is not reached when L « 4, where A is the Debye length (19). Reprinted from Ref. 19 with
permission from Elsevier.
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defect pairs. A quantum confinement effect results when the Bohr radius of an exci-
ton approaches the grain size, spatially confining the electron-hole pair. When this
happens, the energy of the lowest excited state increases and the increased band
gap produces a blue shift in the optical spectra. Other defect pairs, such as ionic
defect pairs, may also not be able to be separated if the particle size is small enough.
The effects of quantum confinement in dimensionally reduced electronic conductors,
such as observed in quantum wires and dots, form the rich and burgeoning field of
“nanoelectronics.”

Other complications arise at the nanoscale due to anisotropies and curvatures.
The increased curvature of small particles foments an enhanced internal pressure
and chemical potential in comparison with a large single crystal. As a consequence,
nanocrystals exhibit reduced melting points (21).

13.2.3. Surface Phenomena

The principal phenomena involved in oxygen handling at the surface of oxides are
adsorption and diffusion; multilayer adsorption and associated transport phenomena
have been addressed in several reviews (22,23). From a chemical point of view,
phenomena related to monolayer adsorption can generally be classified according
to the nature of the chemisorption process—bond cleavage, adsorption site, electron
transfer, and so on (24,25)—or the acid-base and/or redox characteristics of the
oxide that govern these processes. Theoretical treatments of oxygen chemisorption on
oxides are addressed in other chapters of this book. It is generally accepted that oxygen
incorporation from the gas to the solid phase takes place through electron transfer
from the oxide following the redox scheme: Oy <> O>™ < 0,2 <20 < 207,
Several experimental techniques like electron paramagnetic resonance (EPR) and
Raman and infrared spectroscopy have been used to identify these different species,
and are therefore powerful techniques for analyzing oxygen-handling characteristics
(26); results in this respect for nanostructured CeO;,_, samples are outlined below
(27-29).

On a microscopic scale, an atom or a molecule diffuses over a surface by perfor-
ming a series of jumps between minima imposed by the surface potential. Different
theoretical analyses of surface diffusion may be derived from application of a general
Hamiltonian:

H = p?/2m + V(r) + H; (13.14)

where the first two terms are the kinetic and potential energies of the diffusing sub-
stance and the last term relates to the energies of the substrate (30,31). Expressions
for the diffusion matrix as a function of the microscopic surface geometry have been
derived by Ala-Nissila and Ying (30). The classic diffusion regime consists of activated
jumps between the minima and follows an Arrhenius-type temperature dependence:

Ep
D:Doexpﬁ (13.15)
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where Dy is a prefactor and Ep is the activation energy for diffusion. A quantum regime
is also observed at low temperature when the diffusion is dominated by tunneling of
atoms through the potential barrier, for which a temperature-independent diffusion
coefficient is appropriate (31). The surface diffusion coefficient can also be given as
a function of microscopic parameters as (23,32)

 kd®

D (13.16)

where d is the average jump distance, T is the correlation time for the motion, and k
is a numerical factor that depends on the dimensionality of the system.

Simply from theoretical considerations, the surface of an oxide nanostructure
[inherently defective or even amorphous (33)] must induce changes in the diffusion
properties of oxygen, although there are few systematic studies of such phenomena.

13.3. EXPERIMENTAL TECHNIQUES

13.3.1. Impedance Spectroscopy

One of the most useful and widely employed techniques for the characterization of
electroceramics, not least nanostructured materials, is impedance spectroscopy. The
technique involves the measurement of the current (or voltage) response to an alter-
nating voltage (or current) in a sweep of frequencies from above dc to the megahertz
range. The separation of various microstructural and electrode contributions to the
resistance is then usually possible as a consequence of their different relaxation times
to the alternating signal.

The ac response of the test system (ceramic body and electrodes) is measured in
the frequency domain by applying a single-frequency voltage:

V(w) = Voel  (j = J(—1)) (13.17)

resulting in an ac current:
I(w) = 1,e/ @+ (13.18)

of the same excitation frequency (where w is the angular frequency, v = 2xf) but
with phase difference (¢) with respect to the applied voltage.
The impedance is defined as

V(w)

2O = T

(13.19)

and
Z(w) = Zye® = Z,cosp — jZ,sin¢ (13.20)
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Equation 13.20 may be expressed as the complex impedance Z*, which is a vector
quantity with real and imaginary components:

Z* = Z/(real) — jZ" (imaginary) (13.21)

For an ideal resistor, there is no phase difference between the applied voltage and
the response current (¢ = 0°):

Z*=7Z =R (13.22)

Anideal capacitor (¢ = 7/2)allows the passage of an ac, but not a dc, current because:

av
I(w) =C ( (“’)> — wCV, sin(wt + 7/2) (13.23)
hence,

I, = joCV, (13.24)

It follows that

1
Z¥=—jz" and Z'=— (13.25)
wC

The ac current for an ideal capacitor is thus dependent on the magnitude of the
capacitance C and on the exciting frequency, whereas the current in an ideal resistor
is independent of frequency, essentially exhibiting Ohmic behavior.

The impedance Z* at each frequency may be represented as a point in a complex
plane with magnitude |Z| and direction ¢, whose magnitude is expressed by the real
(Z') and imaginary (—Z") components. An ideal resistor and an ideal capacitor are
then represented as points on the Z’ and —Z" axes, respectively (Figure 13.5). The
frequency dependence of capacitance results in a vertical spike along Z”.

In most ceramic materials, the impedance for each microstructural component
(the bulk and grain boundaries) may be represented by an equivalent circuit composed
of a parallel combination of resistance and capacitance (Figure 13.6). The impedance

'@ @

zZ@ R Z ()
Figure 13.5. Complex plane plots of the impedance of (a) an ideal resistor and (b) an ideal
capacitor.
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B4 V4 V4 NI

Figure 13.6. Parallel combination of resistance and capacitance representing a microstructural
component.

for this case is given by the addition of the resistance and capacitance in parallel
(jwC), in accordance with Kirchoff’s rules:

1 |
=R + joC (13.26)
Taking reciprocals:
R jwRC
* _p1% (13.27)
1 + (wRC)? 1 + (wRC)?
Real and imaginary parts are thus given by
R RC
Z=—— . 7/=R—2 (13.28)
1 + (wRC)? 1 + (wRC)?

which may be reformulated as

<z’ If)2 (z”)z—(E)2 13.29
“2) 7 2 (1329

This is the equation of a circle in the complex Z* plane with radius R/2, centered
at R/2. The frequency response of the parallel RC element therefore gives rise to a
semicircle in the first quadrant of the plane of maximum height R/2 with intercepts on
the Z’ axis in the limits of w with values of R (w = 0) and 0 (w = o0). The semicircle
is at a maximum at frequency wmax, when Z’ and —Z” are equal, such that

wmaxRC = 1 (13.30)

The product RC gives the time constant (1/wmax) of the parallel RC element, which
is proportional to the discharge time of the capacitive element.
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bulk grain boundary
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Figure 13.7. Complex Z* plot for a ceramic with typical “brick-layer” microstructure;
parallel RC circuits represent bulk and grain-boundary contributions.

Generally speaking, each microstructural component may be separated or resolved
in the frequency domain provided their relaxation frequencies differ by three decades
or more. This is normally the case in dense conventional ceramic materials, for which
typical grain and grain-boundary capacitances are of the order 1072 F and 10~ F,
respectively. Such a microstructure may be simulated with the brick-layer model
(Figure 13.2). If the resistance of the grain boundaries is significant, then the path of
least resistance for the conducting species is through the grains and across the grain
boundaries. The equivalent circuit is two parallel RC elements in series, each of which
gives rise to a semicircle in the complex Z* plane (Figure 13.7).

13.3.2. Tracer Diffusion Methods

Analysis of diffusion by tracer methods provides information on macroscopic diffu-
sion properties. A tracer is a radioactive or stable isotope that can be tracked either
by its radioactive emission or by its mass. In the case of oxygen, diffusion proper-
ties are typically examined by carrying out oxygen isotopic exchange measurements
with 180-containing oxygen mixtures under isothermal or temperature-programmed
conditions. The oxygen exchange activity has been shown to correlate with the cat-
alytic activity of oxide materials for oxidation reactions (34,35). Exchange with other
oxygen-containing molecules, commonly isotopically labeled CO, (10), has also
proved useful in examining diffusion properties of oxide materials. In all cases, the
exchange of isotopically enriched molecules with '°0%~ ions of the oxide leads to
changes in the fraction of '80-containing molecules in the gas phase, which may be
monitored with a mass spectrometer. According to Boreskov and Novakova (34,36),
three types of exchange take place on oxide surfaces upon interaction with oxygen:
(1) homoexchange (mechanism 7 or RO), which occurs with passive promotion but
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without appreciable participation of the oxide; (2) simple heteroexchange (mecha-
nism R' or R") with participation of one oxide ion; and (3) multiple heteroexchange
(mechanism R? or R”), which involves two oxide ions from the solid. These types of
exchange are described by the following equations:

RY:0y(g) + '°02(9) — 2'%0'°0(g) (13.3)

R': 80(g) + °0(s) — '80'%0(g) +"*O(s) o
1801%0(g) + 1°0(s) — 1%0'°0(g) + B0(s)

R?:805(g) +2%0(s) — '05(g) +2'0(s) or
801%0(g) +2'%0(s) — '60,(g) + '°0(s) + BO(s) or
#0'°0(g) +2'%0(s) — P02(g) + '°0(s) + 'PO(s)

where suffixes g and s refer to the gas and solid phases, respectively. The overall
rate constant of the exchange process K is usually defined by the sum of the rates
for each of the three processes, whereas the exchange rate constant R is the sum of
the individual rate constants of mechanisms R! and R?. Identification of the type
of exchange mechanism taking place at a certain temperature is usually achieved
by following the concentration of the atomic fraction of 80 in the gas phase as a
function of the exchange temperature (37). Models have thus been developed to extract
surface and bulk diffusion coefficients at a determinate temperature from analysis
of the evolution of the different oxygen isotopomers as a function of time (10,37).
For this, the experimental conditions are set such that it is possible to identify and
separate the prevailing exchange process. Surface exchange necessarily occurs first
and may be limited by surface migration, allowing the surface diffusion coefficient
to be determined from (37-39)

S1\? dN!
Ds = /4 ( ! ) with § = —¢ (13.31)
Cilo d\/;

where N! is the number of exchanged oxygen atoms, Cy is the initial concentration
of 80 (37), and I is the specific perimeter of metallic particles deposited on the
oxide that act as oxygen activators. The inclusion of metallic particles at the sample
surface avoids difficulties in dissociatively activating oxygen on the pure oxide surface
and allows the separation of the activation step from the other processes involved in
the exchange. The latter stages of exchange under isothermal conditions are usually
dominated by bulk diffusion (10,37). The oxygen bulk diffusion coefficient D; can
then be extracted from the final part of the exchange curve using (10):

S [4Dpt
In(@, —a®) = =22 /220 4 In(@* — of) (13.32)
N, T
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where p and S are the densities of oxygen atoms in the bulk and surface of the oxide,
respectively, Ny is the total amount of oxygen atoms in the gas phase, and oeg,, oe?, and
o* are the atomic fractions of 80 at time 7 in the gas phase, at time 0 in the oxide and
at equilibrium, respectively. Recently, models that account for cases when separation
of the various exchange processes is not possible have been proposed and refined on
the basis of the different possible species involved in exchange (40,41).

Isotopic exchange depth profiling (IEDP) is a widely employed method for
obtaining oxygen diffusion parameters (42). Following sample preparation and
exchange with '80-enriched oxygen, the concentration profiles of 80 are deter-
mined by secondary ion mass spectroscopy (SIMS) (32,43). In the SIMS technique,
the surface of the specimen is bombarded with a beam of primary ions, fomenting
a continuous atomization of the sample. These sputtered secondary ions can then be
detected in a mass spectrometer and the isotopic concentration profile measured. The
isotope depth profile is fitted on the basis of theoretical profiles in order to obtain
the surface exchange coefficient ks and the bulk oxygen tracer diffusion coefficient D
from the equation proposed by Crank (44):

2
C'(z,t) = erfc <2\5D_t) — |:exp (@) x erfc <2L«/E + ks\/g>:|

(13.33)

where C/(z, 1) is the normalized concentration of 80 as a function of depth z and
diffusion time 7 (45).

13.4. APPLICATION TO NANOSCALED OXIDES

Several groups have studied CeO,_, for its very high catalytic activity and high oxide-
ion mobility when doped with a suitable trivalent cation. Tuller et al. have shown that
CeO,_, exhibits enhanced n-type conductivity in reducing atmosphere of the order
of 10* greater than microcrystalline ceria (46). The oxygen partial pressure (pO»)
dependence of the conductivity was used to separate ionic and electronic contribu-
tions. Generally speaking, the ionic component in oxides is essentially independent of
pO,, whereas the electronic conductivity shows a power-law dependence. Figure 13.8
shows the conductivity of nano- and microcrystalline CeO;_, as a function of pO,.
The enhanced electronic component to the conductivity has been attributed to easier
vacancy formation at the grain boundaries in the nanostructured phase according to
Eq. 13.7, with the formation of a higher concentration of conducting electrons in the
bulk. Chiang et al. (46) associated the ease of reduction in the nanocrystalline phase
with a reduction in the effective reduction enthalpy. More recently, Kim and Maier
(47) attributed the behavior of nanocrystalline ceria to a space-charge effect, in which
the positive carriers (oxygen vacancies and holes) are depleted and negative carri-
ers (the conduction electrons) are concentrated in the space-charge regions. The ionic
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Figure 13.8. Conductivity of nanocrystalline (L ~ 10nm) and microcrystalline (L ~ 5 pm)
CeO;_, as a function of oxygen partial pressure. The conductivity of the microcrystalline
sample exhibits well-defined electronic and ionic regimes, whereas the nanocrystalline sample
is predominantly electronic over the entire pO, range. From Ref. 46, with kind permission of
Springer Science and Business Media.

and electronic contributions were determined in this case using electrochemical polar-
ization with an electronically blocking YSZ electrode (complete cell configuration,
Pt/CeO,_,/YSZ/Pt). The space-charge model accounts for the difference between
the impedance spectra of Gd-doped and undoped nanocrystalline ceria (Figure 13.9).
The undoped material (Figure 13.9a) shows one semicircle in the complex impedance
plane due to high electron conductivity in the space-charge zones, which bypasses the
bulk component. In the Gd-doped phase (Figure 13.9b), the concentration of oxygen
vacancies is much higher, giving rise to a high frequency bulk ionic response and an
additional low-frequency arc, which results from grain-to-grain resistance to ionic
transport.

The quantum confinement predictions for band-gap energies break down in thin
films of CeO;; the band gap energy decreases for films with grain sizes below
20nm (48). This has been associated with the unsuitability of the effective mass
approximation in CeO» for grain sizes less than 20 nm; instead, the effective mass
decreases for smaller grain sizes. In contrast, thin films of Zr(Y)O,_s of thickness
0.7 wm show a quantum confinement effect with increasing band gap for grain sizes
smaller than 30nm (49). There is a blue shift in the optical emission spectra of
both Zr(Y)O;,_s and CeO; films in the regime where the effective mass approxi-
mation is valid. The role of quantum confinement effects on the thermodynamics
of electronic and ionic defects in nanoscaled particles where space-charge effects
are significant is an issue of considerable interest for the solid-state electrochemical
community (1,50).
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Figure 13.9. Impedance spectra of (a) pure nanocrystalline ceria and (b) 0.15mol%
Gd-doped nanocrystalline ceria. (Numbers adjacent to data points refer to the logarithm of the
measurement frequency.) (c) Space-charge model. Reproduced from Ref. 47 with permission
from The Electrochemical Society Inc. See color insert.

The reported transport properties of nanocrystalline zirconia do not yet give as con-
sistent a picture as those of nanostructured ceria. Contrary to reports of improved ionic
conductivity in the nano-regime, space-charge effects are expected to decrease rather
than increase ionic conductivity (49,51). In addition, theoretical molecular dynamic
simulations by Fisher and Matsubara (52) suggest that the intrinsic grain-boundary
ionic conductivity is lower than that of the bulk in 8 mol% YSZ. Correspondingly,
Mondal et al. (53) demonstrated that YSZ with average grain size of 50 nm exhibits
grain and grain-boundary arcs in the impedance spectrum with higher conductivity
and lower activation energy in the bulk than in the grain boundaries, but the values
are similar to those of microcrystalline samples. In this case, the grain size may still
be too large to present significant size effects. Perhaps of more practical interest is
the considerable drop observed in grain-boundary resistance in stabilized zirconia on
decreasing grain size which is associated with a decrease in the relative concentration
of silicate phases [e.g., SioCaz 07 in Ca-doped ZrO; (54)], which coat the grains and
block ionic transport. Tuller et al. have pointed out that the grain-boundary resis-
tance due to blocking from impurities may be exceptionally low in nanocrystalline
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electrolytes (3). A caveat to this is that the doped nanocrystalline CeO, and ZrO,
materials for use as electrolytes in SOFCs may offer less ionic conductivity in com-
parison with microcrystalline ceramics due to interfacial resistance to ionic transport
at grain-to-grain contacts, in addition to space-charge regions with depleted vacancy
concentrations.

There are few studies of nanocrystalline oxide proton conductors. Nonetheless,
one report (55) indicates that the electrical conductivity of thin films of
SrCep95Ybg503_s with nanosized grains is largely determined by grain
boundary/interfacial effects, resulting in enhanced proton conductivity and faster
kinetics in hydrogen-containing atmospheres. The time characteristics and sensitiv-
ity to hydrogen concentration indicate that the nanostructured films have potential
as hydrogen sensors. A recent review of solid-state proton conductors, encompass-
ing phosphates, inorganic-organic composites and nanomaterials has been given by
Yaroslavstev (56).

Some of the most dramatic and tangible effects of nanostructure on the ionic trans-
port of oxides are in the field of Li*-ion batteries. The room-temperature operation
of these devices does not lead to excessive coarsening of the nanostructure, in con-
trast to the higher operating temperature of SOFCs, whose nanoscaled components
would most probably also require nanocomposite architectures to circumvent stability
problems.

LiT-ion conducting ceramic electrolytes are a major research focus for their
potential application in an all solid-state Li*-ion battery with improved durability,
cost, safety, and ease of sealing. An established example of heterogeneous doping
at the nanoscale is the improvement of LiT-ion conductivity in Lil infiltrated into
nanoporous Al,O3, which leads to an enhanced Lit-ion vacancy conductivity in
the space-charge regions of the Lil component (16,57,58). Conductivities as high as
1073 Sem™! at 60 °C can be achieved, which is within the range where application
as a battery electrolyte becomes feasible. Analogously, oxide additions to polymer
electrolytes can improve conductivity and stability. “Soggy-sand electrolytes” have
recently been developed that consist of the addition of nanosized SiO, particles to
non-aqueous liquid electrolytes (59).

The diminished transport lengths of the nanoscale may also bring about improved
performance and storage capacity in LiT-ion battery electrodes. The standard positive
electrode is the intercalation compound LiCoO,, which can reversibly accommodate
Li without significant structural modification. LiCoO» and similar intercalation oxides
(AxMO3: A = Li,Na; M = Mn, Fe, Co, Ni) exhibit an increasing open-circuit voltage
with decreasing particle size in the range 3—15 nm for x < 0.2, which is rationalized in
terms of a decrease in the Fermi energy (60). The storage capacity is strictly limited
by the storage capacity of the host phase, however. Much higher storage capacity
than the state-of-the-art cathodes has recently been demonstrated in nanoscaled CoO,
which can reversibly store Li on reduction as a nanocomposite of Co/Li>O (61).

The mechanism of oxygen exchange in various metal oxides is described in several
reports (34,36,62—-64). For most oxides (CrpO3, MnO;, Fe; 03, Co304, NiO, CuO,
and ZnO), exchange takes place via two (R' and R?) or three mechanisms simulta-
neously (Reaction 13.3), with the relative prominence of each mechanism dependent
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on temperature. However, the R> mechanism appears to be dominant in systems with
greater oxygen-vacancy diffusion, such as V,0s, 8-VOPQy4, and CeO,, and, under
certain conditions, CuO and Ag,O (64). Recently, it was found that there was no sig-
nificant difference in the isotopic exchange rate in MgO samples of different particle
size (between 10 and 200 nm) and the same crystal termination plane ({100}). In
contrast, the specific activity was highly dependent on the exposed surface, follow-
ing the order, {1 1 1} or {1 1 0} mean surface planes > {100} > hydroxyl-terminated
{111}, suggesting that clusters of low-coordination MgZ+t—0?~ ion pairs may play a
beneficial role in exchange activity (65).

Redox processes involved in oxygen handling by nanosized CeO;_, samples have
been examined by employing different spectroscopic techniques (27-29). Among
them, electron paramagnetic resonance (EPR) and Raman have shown to be most
suitable to identify and detect the species formed during the redox processes that
involve electron transfers from the partially reduced oxide to the oxygen molecules
within the scheme Oz < O, < Og_ < 207 < 207? (27,29); typical examples are
shown in Figures 13.10 and 13.11. In addition to the information gained on oxygen-
handling properties of this type of system, advantage has been taken of the sensitivity
of the spectral features of the O,-derived chemisorbed species to the chemical environ-
ment of the adsorption site for exploring the characteristics of surface defects (27-29).
These techniques are thus powerful tools for analyzing oxygen chemisorption sites
in this type of material. In this sense, it is remarkable the relatively strong agree-
ment between earlier proposals for the configuration of oxygen vacancy defects in
nanoscaled CeO;_, samples, indicated by O;-probe EPR experiments (27,66), and
more recent STM observations of surface defects on CeO,(1 1 1) samples (67,68).

Oxygen diffusivities of nanosized particles of metal oxides have been measured
using isotopic exchange, either by analyzing the exchange rate with the gas phase
as a function of time at constant temperature (37,63,64,69,70) or by obtaining the
180 depth profile of the solid by SIMS after a pretreatment with isotopically labeled,
oxygen-containing molecules (71). All reports concur that oxygen exchange takes
place in a two-step procedure with well-defined rate constants for each step. One
process is fast, occurring at or near the surface region, and the other is slow, charac-
teristic of the bulk. Under suitable experimental conditions, surface and bulk oxygen
diffusion coefficients can be measured independently (Eqs. 13.31 and 13.32), but it
is pertinent to restate that the conceptual difference between bulk and surface can be
obscure in nanostructured materials.

As mentioned, surface diffusion coefficients for nano-oxide systems are scarce in
the literature (37,72); some comparative data are presented in Table 13.1 (following
the approach of Eq. 13.32). Significant differences in surface diffusion among oxides
have been attributed to variations in surface basicity and strength of the metal-oxygen
bond: greater surface basicity and weaker metal-oxygen bonds are associated with
higher rates of oxygen surface diffusion (37). The average primary particle sizes
in these cases are not generally reported; hence, no firm conclusions can be drawn
with respect to size effects. It is worth mentioning, however, that CeO, calcined at
different temperatures in the range 773—1173 K exhibited substantial differences in
the surface diffusion coefficient, suggesting that particle size can have a profound
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Figure 13.10. EPR spectra following low-temperature adsorption of 170-enriched oxygen
mixtures on CeO» outgassed at 773 K. The hyperfine structure allows unambiguous identifica-
tion of several O, species. See Ref. 27 for details.

impact on surface diffusion (33). Oxygen bulk diffusion coefficients for a series
of nanostructured oxides, determined from oxygen-exchange experiments, are also
shown in Table 13.1 (37,69,70). Other exchange data (measured with isotopically
labeled CO,) are available for a series of nanostructured Ca-doped and Tb-doped
CeO», and for Ce—Zr mixed oxides, with primary particle sizes well below 10 nm
(73-75). The results of such exchange experiments for Ce;_,Tb,O,_s are shown in
Figure 13.12. Analysis of these plots clearly shows, as mentioned, the presence of a
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Figure 13.11. Raman spectra of oxygen adsorbed at low temperature on CeO» reduced with
Hj at 673 K followed by flushing with He at the indicated temperatures. O, and O%_ species
are clearly identified in the spectra by bands at 1135-1127 and 877-831 em~ !, respectively,
whereas a broad band at ca. 1174 cm™! has tentatively been attributed to special oxide anions
(29). Reprinted with permission from Ref. 29.

TABLE 13.1. Oxygen Surface and Bulk Diffusion Coefficients (Dg and Dp, respectively)
Measured by Tracer Methods for Different Nanoscaled (based on XRD) Metal Oxides.
Only Data Done Under Fairly Similar Conditions are Included for Comparative
Purpose.

Metal Oxide Dy (m2 s~ Hy* Dy, (m2 s~ hH* Reference
Si0, 3.0 x 10720 37
v-Al, O3 2.0x 10718 7.0 x 10723 (723K) 37
MgO 1.0 x 10717 37
ZrOy 2—6x 10718 6.0 x 10722 37,72
CeO, 5.7 x 10716 5.0 x 10722 (623K) 37
Ce0, /Al 03 37 x 10718 1.1 x 10722 (573K) 37
PdO 1-20 x 10722 (573-673K) 70

*Data measured at 673 K unless otherwise indicated.

first fast exchange zone, which corresponds essentially to surface exchange, whereas
in the final part of the exchange, bulk diffusion dominates (Eq. 13.32). In this latter
region (see inset of Figure 13.12), it can be inferred that the oxygen bulk diffusion
coefficient decreases with increasing dopant content, which is also the case on doping
with Ca (73-75). A maximum in oxide-ion conductivity is generally observed as a
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Figure 13.12. Results of isotopically labeled carbon dioxide exchange at 573 K over the
indicated samples. The inset shows in detail the linear zone employed for estimation of bulk
diffusion coefficients. Reprinted from Ref. 72 with permission.

function of dopant content (8,76). The oxygen vacancies that form on doping with Tb
or Ca (74,75) enhance oxygen exchange and mobility at low dopant concentrations,
but ordering of dopant cations and vacancies takes place at high concentrations that
inhibits vacancy migration (76). For Ce|_,Tb,O,_s samples with large particle size,
a maximum in ionic conductivity has been observed for x = 0.25 (76). However, for
nanosized Ce;_,Tb,O,_s, lower oxygen diffusivity is observed for x = 0.20 with
respect to x = 0 (Figure 13.12). This suggests that the maximum oxygen diffusivity
in nanosized Cej_,TbyO;,_s particles occurs at lower Tb content than for extended
crystals and that a gradual decrease in oxygen transport occurs with Tb doping, at
least up to x = 0.5 (75). In the case of Ca-doped samples, the influence of carbonate
impurities in the form of CaCO3 may also be of relevance in explaining the signifi-
cant decrease of the bulk oxygen diffusion coefficient (an order of magnitude) with
calcium content (73,74).

13.5. CONCLUSIONS

The principal features of nanostructured ion- and mixed ion/electron-conducting
oxides have been discussed. The effects on charge-carrier concentrations and surface-
exchange kinetics can be significant due to both the large volume of interfaces and the
reduction of the interfacial spacing. The overall properties may thus be governed by
interfacial properties, often in dramatic fashion. It is no surprise, then, that the field
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of nanoionics is a burgeoning discipline that is expected to play an essential role in
materials research in the coming years. As has been highlighted in this chapter, there
are already developments with significant potential for LiT-ion batteries, fuel cells,
sensors, and catalysts. When applied to both new and existing materials, the powerful
additional degree of freedom offered through nanoscaled engineering is likely to lead
to many further advances.
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I PARTV

INDUSTRIAL/ TECHNOLOGICAL
APPLICATIONS OF OXIDE
NANOMATERIALS

The physical and chemical properties of oxide nanomaterials described in the previous
chapters of this book in many cases are crucial for technological applications. Within
the last decade, many areas of the industry have witnessed the advent of nanoscience.
The fifth and final part of this book is focused on technological uses of nanostruc-
tured oxides as adsorbents, sensors, ceramic materials, photo-devices, and catalysts
for reducing environmental pollution, transforming hydrocarbons, and producing H».
In future energy and environmental applications, technologies based on adsorption
will play a major role in air and water purification, desulfurization of fuels, the removal
of carbon monoxide from hydrogen for fuel cell applications, and so on. New and
better adsorbents are required to meet the challenges. Nanostructured metal oxides
are expected to play a prominent role as effective adsorbents for the above-mentioned
applications (Chapter 14). Furthermore, the detection of various species in gas mix-
tures or liquid solutions, in order to evaluate the impact of these species in the quality
of a commercial product or their effects on the environment (odors, toxic species etc.),
is a challenging task that can be accomplished by employing oxide nanomaterials in
sensor manufacturing (Chapter 15). The electron and oxygen-ion conducting capa-
bilities of many oxides improve when going from the bulk to the nanoscale. In recent
years, several oxide nanostructures have been successfully used for the fabrication of
photovoltaic, photoelectronic, and electrochemical devices (Chapter 16), and they can
have a very high activity and good performance as photocatalysts (Chapter 17). The
electronic perturbations induced by quantum confinement and the structural defects
usually associated with oxide nanoparticles have a strong impact on catalysts used for
the combustion of hydrocarbons (Chapter 18), the prevention of environmental poll-
ution by NO, (Chapter 19) or SO, species (Chapter 20), and the production of Hy by
hydrocarbon steam reforming or the water-gas shift reaction (Chapter 21). Low-cost
oxide-conducting nanoarrays are very promising materials for building electrodes and
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other components in fuel cells (Chapter 21). The last chapter of the book deals with
oxide nanomaterials in ceramics. These systems can lead to advanced ceramics that
exhibit superior mechanical properties, corrosion/oxidation resistance, and thermal,
electrical, optical, or magnetic properties (Chapter 22).
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14.1. INTRODUCTION

In future energy and environmental applications, technologies based on adsorption
will play a major role, e.g., in air and water purification, desulfurization of fuels, and
removal of carbon monoxide from hydrogen for fuel cell applications (1). Currently
available adsorbents such as activated alumina, zeolite, activated carbon, and silica
gel cannot fulfill the stringent rules by the government regulatory agencies. New and
better adsorbents are required to meet the challenges. Nanostructured metal oxides
are expected to play a prominent role as effective adsorbents for the above-mentioned
applications (2). Nanoscale materials belong to a unique family of compounds (3).
They are considered as materials that form a bridge between molecular and con-
densed matter. Nanoparticles consist of tiny particles with size ranging from about
2 to 10 nm. They fall in a regime where neither quantum chemistry nor the classic
theory of physics can be applied. The extensive delocalization of valence electrons
in nanoparticles varies with the size leading to a variety of interesting physical and
chemical properties (4). Several properties depend on the size of nanoparticles, and the
examples include optical, magnetic, and mechanical properties. For example, surfaces
can be more reactive for nanoparticles (5), coercive force in magnetic materials can
be changed (6), band gaps in semiconductors can be altered (4), melting points can
change, and mechanical properties such as hardness and plasticity can be modified
by a change in size (7,8). Throughout this chapter, we will come across terms such
as nanoparticle, nanocrystal, nanoscale material, nanophase material, and nanostruc-
tured material. Let us clarify these terms in detail (2). Nanoparticle is a particle with
size varying from 1 to 1000 nm, and it could be amorphous, single crystalline, or
even an aggregate of small crystallites. A nanocrystal is a single crystal with a size
of few nanometers; a nanoparticle need not necessarily be crystalline. Nanophase,
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nanoscale, or nanostructured material all refer to a solid that has nanometer size in
either one (wire) or two (film) or three dimensions (particle).

The dependence of physicochemical properties of nanoparticles on size opens a
huge number of possibilities of new materials that can be produced. Generally, nano-
materials can be classified into three types: metals, semiconductors, and insulators.
In the case of metals and semiconductors, the changes in their physicochemical prop-
erties with size are well documented; e.g., the progression from discrete molecular
orbitals to a continuum of energy levels (bands) has been demonstrated. However, in
the case of insulators, most of which are metal oxides, the size effects are not clearly
understood, but they seem to be mainly based on differences in surface reactivity
(9,10). Surface effects in nanoparticles are very important in shaping new advances
in technologies for the present and the future. In the next section, we shall discuss the
effect of nanosize on the surface reactivity of nanostructured metal oxides. Whenever
we mention nanostructured oxides or nanoscale oxides, they mean the same.

14.1.1. Reactivity of Nanostructured Metal
Oxides: Effect of Nanosize

The surface effects in nanoparticles depend on the particle size (a nanoparticle is
defined here as a loose aggregate of nanocrystals) and crystallite size. When the
particle size is small, a larger fraction of atoms would be on the surface of nano-
particles (9,10). Nanocrystalline oxides, in general, possess small crystallites; e.g.,
MgO nanocrystals prepared by an aerogel method (hereafter referred to as AP-MgO)
have a crystallite size of about 4 nm (9,10), AP—CaO has a crystallite size of about
7nm (9—11) while nanocrystalline CuO (NC—CuO) has a size varying from 7 to 9 nm,
and NC-NiO has a crystallite size of about 3-5 nm (12). As the crystallites are small,
the surface area of these oxides is usually very high (Table 14.1) (13), ranging from
about 400 to 800 m?/g. The surface area of AP-MgO varies from 250 to 500 m?/g,

TABLE 14.1. Surface Area, Pore Volume, and Pore Diameter of
Nanostructured Metal Oxides Prepared by the MAP Process.
Reprinted from Ref. 13 with Permission of The Royal Society of

Chemistry.
Surface Area Pore Diameter Pore Volume

Sample (m?/g) (nm) (em?/g)
AP-MgAl,0Oy4 639 18 2.88
AP-CaAl,04 517 28 3.56
AP-SrAl,Oy4 112 32 0.89
AP-BaAl, 04 135 31 1.05
AP-MgO 385 21 2.03
AP-CaO 67 13 0.22
AP-SrO 16 13 0.05

AP-AL 03 637 20 3.17
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whereas a conventionally prepared MgO sample (referred to as CP-MgO, prepared by
boiling commercial MgO in water followed by dehydration) has a surface area varying
from 130 to 250 m?/g. The surface area of a commercial MgO sample (referred to as
CM-MgO), however, is only about 10-30 m?/g. A similar trend is observed for other
nanostructured metal oxides such as aluminum oxide and calcium oxide (AP-Al;O3
and AP—-Ca0). AP-Al,O3 possesses a surface area of about 800 m?/g, whereas a
commercial Al,O3 sample has a surface area of only about 100 m? /g (14). The surface
areas of AP—CaO, CP-Ca0, and CM—CaO are about 120-150 m?/g, 50-100m? /g,
and about 1-3m? /g, respectively.

The increased surface area in nanostructured metal oxides leads to an increased
reactivity as they are able to react by a greater extent compared with normal crys-
tals (e.g., CM-MgO). There are more molecules of metal oxide in nanocrystals,
available on the surface, for the reaction with the incoming molecules. However,
it is also now well established that nanoscale oxides possess unique surface chem-
istry (9,10). In general, metal-oxide nanocrystals (AP-metal oxides) exhibit higher
surface chemical reactivities compared with CP (microcrystals) and CM (normal
crystals) oxides; the surface chemistry of AP-MgO is different from that of CP-MgO
and CM-MgO. For example, AP-MgO adsorbs about six molecules of SO,/nm?,
whereas CM—MgO adsorbs only about 0.7 molecules of SO, /nm? (15) (Table 14.2).
AP-MgO has higher adsorption capacities for acid gases such as HCI, HBr, NO, and
SO3 compared CP-MgO (16). AP—CaO is 30 times more effective in destroying CCly
compared with CM—-CaO (9,10,17). In the destructive adsorption of dimethyl methyl
phosphonate (DMMP), AP-MgO is about 50 times more effective compared with
CM-MgO (18,19). One might think that the increased reactivity for nanostructured
metal oxides is due to increased surface areas, but it has been proved that it is not
the only factor. High surface area is beneficial, but nanocrystals show intrinsically
greater chemical reactivities compared with microcrystals (CP-oxides) and normal
crystals (CM oxides) (9,10,20). The factors responsible for the higher reactivity of
nanoscale oxides are believed to be

(1) unusual morphology of the crystallites and aggregates (20); in contrast to
normal crystals (e.g., CM-MgO), oxide nanocrystals (e.g., AP-MgO) possess

TABLE 14.2. Sulfur Dioxide Adsorption on Nanoscale Metal Oxides. Reprinted from
Ref. 14 with Permission.

Total Molecules Molecules of Molecules of
Surface Area SO,/ nm? SO,/ nm? SO,/ nm?
Sample (m?/g) Adsorbed Physisorbed Chemisorbed
AP-Al,O3 800 35 1.8 1.7
CM-Al,O3 100 35 3.0 0.45
AP-Al,03/MgO 750 6.8 2.9 39
CM-MgO 30 0.68 0.51 0.17

AP-MgO 500 6.0 1.5 4.5
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high index crystal faces that are more reactive than the normal (100) face,
especially because lower coordination ions such as Mg%é’, Mgi:', O%C_, and
Oic_ occur on the high index faces;

(2) a high ratio of edge ions to surface ions;

(3) lattice disorder and defects; morphological studies by transverse electro-
magnetic microscopy (TEM), XRD, and atomic force microscopy (AFM)
measurements conclude that nanocrystals possess more defects compared with
microcrystals (e.g., CP—MgO); the defects can be vacancies (Scottky-type, e.g.,
missing Mg+ or O?~ ions) or unusual configurations of corners, crystal planes,
or edges; and

(4) smaller particle size; the diffusion of reagent molecules becomes easy with
nanoscale oxides because the particle size is small and diffusing only through
top-most layers of the aggregated nanocrystals is enough to reach the core of
the particles. In terms of the chemical nature of the surface too, nanostructured
oxides are different compared with CP and CM oxides (9,10,21).

It was found, by careful studies on the residual surface hydroxyl groups, AP-MgO
nanocrystals possesses only about 5% bridged hydroxyl groups, whereas CP-MgO
possesses about 22% of bridged hydroxyl groups. In other words, AP-MgO possesses
few geminal hydroxyl groups compared with CP-MgO (22). Also, the hydroxyl
groups on nanocrystalline MgO (AP-MgO) are less acidic compared with the
hydroxyl groups on CP-MgO. As nanoparticles are usually sensitive to air and water,
creative and skillful synthetic procedures are needed to make them in pure form. In the
following section, the synthesis of nanostructured metal oxides, by a process called
MAP, and studies on their textural properties are described.

14.2. SYNTHESIS OF NANOSCALE METAL OXIDES BY THE
MAP (MODIFIED AEROGEL PROCESS) AND THEIR TEXTURAL
PROPERTIES

The aerogel method is widely used in synthesizing nanoscale oxides with very high
surface area. This method was originally developed by Kistler in 1932 in an attempt to
produce high-surface-area silica (23). It involves hydrolyzing an alkoxide precursor in
a solvent (e.g., ethanol), and a gel is formed at the end (sol-gel process). The gel, also
called an alcogel, is subsequently subjected to a supercritical (also called hypercritical)
drying process where the gel is heated in an autoclave above a temperature and
pressure corresponding to the supercritical temperature and pressure of the solvent.
This way, the pore structure of the gel is not destroyed due to surface tension effects
and the porous nature is retained after drying. The gelation process was slow, and
to make the gelation process faster, Teichner introduced organic solvents instead of
water during the gelation/hydrolysis step which reduced the synthesis time (24).
Additional modification of the synthesis was to add large amounts of hydrocarbons
such as toluene during the gelation process, and this further enhanced the rate of
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gelation (25,26). The addition of the solvent with low dielectric constant reduces
the surface tension of the solvent mixture (e.g., toluene-ethanol), and it facilitates
the removal of solvent during the alcogel-to-aerogel transformation. The product
after the supercritical drying is called an aerogel because air replaces the solvent
in between the pores of the material. Thermal dehydration of the aerogels (usually
hydroxides) in vacuum results in aerogel oxides with a high surface area. If the gel
is dried under ambient conditions instead of supercritical drying, the porous network
structure is destroyed due to surface tension effects. The product obtained in this case
is called a xerogel, and xerogels usually possess lower surface areas compared with the
aerogels. Also, oxides prepared by the aerogel method have very low densities; e.g.,
AP-MgO has a density of only 0.3 cm?/g (20). The MAP has been used to produce
various nanostructured metal-oxide and mixed metal-oxide systems, and multi-gram
quantities of metal-oxide nanoparticles can be produced by this method.

14.2.1. Intimately Mixed Nanostructured Metal Oxides

A combination of two metals in an oxide matrix or the combination of two metal
oxides at the molecular level can lead to materials with novel structural or elec-
tronic properties; e.g., they can give rise to superior catalytic and chemical reactivity
compared with constituent metal oxides (27). The MAP process for the production
of intimately intermingled mixed metal oxides has been promising to obtain homo-
geneous and molecular level mixing of two or more metal oxides. Hydrolyzing two
metal alkoxides simultaneously during the gelation process, followed by the super-
critical drying, yields intimately mixed metal oxides (13,28). The basic synthetic
procedure is illustrated are as follows (28):

M,(OR), + M,(OR), + H,O + solvent «— M,M;(OH), + ROH + solvent
(hydrolysis step) (14.1)

MM;(OH), + ROH + solvent — [M M;(OH),], with high surface area
(gelation step) (14.2)

[MMp(OH),ly —> MiMpOz or M, (Mp)204 nanocrystalline powder
(thermal dehydration step) (14.3)

In one specific example, an intimately mixed 1:1 molar ratio mixture of MgO and
Al,O3 was prepared (13,28). The specific surface area of the oxide remained as high
for AP—Al, 03 itself (~640 m?/g), indicating that the aluminum-oxide matrix served
as a template for MgO moieties without loss in its surface area. The stronger Lewis
basicity of the MgO nanocrystals was preserved and in fact enhanced due to the higher
surface area. The adsorptive performance of intimately mixed oxides was found to be
better than that of constituent metal oxides, e.g., nanostructured Al,O3 (AP-Al,O3),
under a certain set of standard conditions, adsorbs about 3.5 molecules of SO,/ nm?Z,
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whereas AP-MgO adsorbs about 6.0 molecules, but the intimately mixed sample (AP-
Al,O3 - MgO) adsorbs about 6.8 SO, molecules, (Table 14.2). It is also interesting
to note that one can tune the acid/base sites in the intimately mixed oxide, during the
MAP synthetic process, to get better adsorption properties. The enhanced reactivity
of AP-Al>O3 - MgO has been attributed to the Lewis base nature of the tiny MgO
crystals that are well dispersed within the large pore volume and surface area of the
aluminum-oxide matrix.

14.2.2. Carbon-Coated Nanoscale Metal Oxides

Nanostructured metal oxides (e.g., AP-MgO) are sometimes partially deactivated
due to the adsorption of water either as liquid or as vapor. To avoid the adsorption of
water and prevent deactivation, carbon has been deposited on the surface of AP-MgO
(29,30). Magnesium-oxide—carbon-core/shell composites with graphitic carbon as
the shell material can be prepared. The carbon aerogel was added to the already
formed MgO nanocrystals and followed by heat treatment, the core-shell structure
could be obtained (29). The carbon-coated MgO nanocrystals can also be prepared
by heating AP-MgO under flowing butadiene at high temperatures (500 °C) (30).
The carbon-coated oxide nanocomposites offer some unique advantages with regard
to adsorption selectivity compared with the uncoated nanocrystalline oxides, e.g.,
minimization of water adsorption and in favor of better adsorption of polar organic
molecules. The simultaneous availability of hydrophilic (oxide phase) as well as
hydrophobic phase (carbon phase) on the surface makes these core-shell composite
materials very interesting for further adsorption studies.

14.2.3. Morphologies of Nanostructured Metal Oxides

Nanocrystals of metal oxides (mainly those belonging to alkaline-earth metals family)
can be prepared with unique shapes, e.g., polyhedrons, hexagonal platelets, and cubes.
These metal oxides can be stable, and they are highly ionic with high melting points.
In Figure 14.1, TEM images of MgO normal crystals (CM-MgO), microcrystals
(CP-MgO0), and nanocrystals (AP-MgO synthesized by the MAP process) are shown
(9,10,21). In Figure 14.2, the TEM images of normal crystals and nanocrystals of SrO
(CM-SrO and AP-SrO) are shown (31). It can be clearly noticed that the morphologies
of the nanocrystals are remarkably different compared with the micro- and normal
crystals. Let us discuss the morphologies of the oxide materials in detail.

CM-MgO exhibits cube-like morphology, CP-MgO exhibits plate-like
morphology, but AP-MgO shows a porous web-like morphology. CM-SrO shows
large platelets and cubes (Figure 14.2a), whereas AP-SrO, produced by the MAP pro-
cess followed by the dehydration procedure, possesses SrO strands aggregated into
porous brushes (Figure 14.2b). Each particle shows a dense body with a tail of crys-
talline needles, and “flat-fish” type particles of size about 100 nm could be seen (31).
Itis interesting to compare the low- and high-magnification TEM images of AP-MgO
(Figures 14.1c and 14.3). The TEM image at lower magnification (Figure 14.1c) shows
the presence of porous web-like aggregates (size ~1400 nm). Small angle X-ray
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Figure 14.1. TEM images of (a) normal polycrystalline MgO (CM-MgO), () CP-MgO, and
(c) nanoscale MgO (AP-MgO).

scattering (SAXS) studies also provided additional evidence for the presence of these
web-like structures (20). The high-resolution TEM (HRTEM) image of nanoscale
MgO (AP-MgO; Figure 14.3) shows very interesting facets of its morphology (20).
Numerous “cubic” crystallites (size about 4 nm) can be seen, and they aggregate
(these aggregates can be seen in the low-resolution TEM image, Figure 14.1¢) into
polyhedral structures with plenty of edge/corner sites. The polyhedral structure of
AP-MgO suggests high concentrations of edge and corner sites on the surface. The
edges of the nanoparticles are rough, and the embryonic formation of pores between
the crystalline structures can be noticed. The number and nature of the surface defects
determine the reactivity of nanoscale metal oxides, and it is believed that these

@' 4 9 00nm  100mm

Figure 14.2. TEM images of (@) normal polycrystalline SrO and (b) nanocrystalline SrO
(AP-SrO). Reprinted from Ref. 31 with kind permission of Springer Science and Business
Media.
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Figure 14.3. HRTEM image of nanoscale MgO (AP-MgO). Reprinted from Ref. 20 with
permission.

defects get introduced during the synthesis of oxides. It has also been demonstrated
that the acid/base properties are stronger at corner and edge sites in nanocrystalline
oxides.

The HRTEM images of intimately mixed oxides also show interesting features.
One such HRTEM picture for the mixed metal-oxide AP—Al>,O3 - MgO is shown in
Figure 14.4. Boehmite (AIOOH) planes mixed with MgO nanocrystals can be seen
(13,28). The distance between the boehmite planes was found to be about 15 A, and
the increased lattice spacing compared with the pristine boehmite has been attributed
to the intercalation of tiny MgO moieties within the boehmite sheets. The powder
XRD pattern for AP-Al, O3 - MgO indicated only the presence of small MgO crys-
tallites, and no peaks due to Al,O3 were observed. In Figure 14.5, a HRTEM image of
the core/shell graphitized nanocrystalline MgO—carbon composite is shown (30). The
carbon deposits (size as about a few nanometers) at active sites, such as on MgO crystal
edges and corners, can be clearly seen. The carbon nano-regimes (hydrophobic)
intimately intermingled with the metal-oxide nano-regimes (hydrophilic) are expected
to allow selective physisorption of organic molecules. In the next section, surface areas
and pore structures in nanostructured metal oxides, prepared by the MAP process,
are briefly discussed.
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Figure 14.4. HRTEM image of the intimately mixed oxide, AP-Al,O3 - MgO. Tiny MgO
nanocrystals mixed with boehmite (AIOOH) planes can be seen. Reprinted from Ref. 13 with
permission of The Royal Society of Chemistry.

Figure 14.5. HRTEM image of carbon-coated AP-MgO; graphitic thin layers (indicated by
arrows) on AP-MgO crystals can be seen. Reprinted in part from Ref. 30 with permission.

14.2.4. Surface Areas and Pore Structures

The specific surface areas of the nanoscale oxides (AP samples) are very large
compared with the conventionally prepared (CP) and commercial (CM) oxides.
The nanoscale metal oxides show adsorption/desorption isotherms indicative of the
presence of bottleneck pores. The pore volume of nanostructured metal oxides are also
usually high compared with CP and CM oxides; e.g., CP-MgO does not show pore
structure at all, whereas AP-MgO has a pore volume of about 2 cm?/g. Some metal
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oxides prepared by the MAP process have lower surface areas compared with other
oxides prepared by the same procedure; e.g., AP—SrO has a surface area of about
20m?/g, which is much lower than that of AP-CaO (~100m?/g) and AP-MgO
(~400m?/g). The surface areas, pore volumes, and pore diameters of the nano-
structured metal oxides prepared by the MAP process are given in Table 14.1. The
aerogel-prepared oxides were found to be resistant to collapse under the application
of pressure, e.g., compaction of fine powder into a pellet (20). Due to their poly-
hedral nanocrystal shapes and their tendency to form web-like aggregates, these fine
powders retain their high surface areas as well as small crystallite sizes on compaction.
In the next section, the effect of compaction on the textural properties (pore size, pore
volume, and surface area) of nanoscale oxides is discussed.

14.2.5. Densification (Compaction) of Nanostructured
Metal Oxides

Nanostructured metal oxides readily form porous aggregates as observed by TEM
and SAXS studies. If these porous aggregates of nanocrystals (i.e., nanoparticles) can
be pressed into pellets and at the same time if they retain their high surface areas,
large pore volumes, and pore sizes, it will be very advantageous for their techno-
logical applications. Indeed, studies on compaction of nanoscale metal oxides by
pelletization led to very interesting observations (15,20,32). The results are shown
in Figure 14.6, and Tables 14.3 and 14.4. The surface areas, pore volumes, and
pore sizes did not drop significantly after compaction, and they are in the ranges
where they can be useful as adsorbents. The compaction process was found to yield
porous pellets that have narrow pore size distributions. A unique feature of nano-
structured metal oxides is that they have particle shapes/morphologies that do not
allow their densification under moderate pressure. In each case (AP-MgO, AP-
Al;03, NC-NiO, and NC—CuO), crystallites of 2 to 5 nm self-aggregate into highly
porous web-like structures. The initially formed aggregates are tighter in the case of
nanocrystalline CuO and NiO (see Table 14.4) than for AP-MgO. This is evident if
we compare the starting surface areas (140 and 351 m?/g) and pore volumes (0.22
and 0.35 cc/g) for these oxides (NC—CuO and NC-NiO). Nanocrystalline NiO was
found to be the most susceptible oxide to densification under increasing pressure
at room temperature. According to the hysteresis curves for adsorption—desorption
for the nanoscale metal oxides, the pores were found to be cylindrical and open at
both ends for all pressures except at 20,000 psi where the pores were found to be slit
shaped.

14.2.6. A New Family of Porous Inorganic Adsorbents

The MAP procedure leads to the formation of very fine powders with high surface
area. High surface area and large pores are desirable for applications based on adsorp-
tion, and the morphology required for such properties would be a random fibrous
structure. This is indeed observed for many nanoscale metal oxides synthesized by
the MAP process, indicating that large pores are accessible in these materials (20)
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Figure 14.6. Effect of compaction on (a) surface area and (b) pore volume of nanostructured
aluminum oxide (AP-Al,O3).

(see TEM Figures 14.1c and 14.3). When pellets are made out of these materials,
the porous nature must be maintained, and this is indeed observed for the nanostruc-
tured metal oxides (see Figure 14.6 and Tables 14.3 and 14.4). Upon consolidation
as pellets, their high surface area is retained, and the pore volumes and pore size
openings can be decreased in the pellets in a controlled manner with the compaction
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TABLE 14.3. Surface Areas, Pore Volumes, Average Pore Size Openings, and Primary
Nanocrystal Size of Powders and Pellets of Nanoscale Metal Oxides.

Surface Areas Powder ~ Pore Volume  Pore Opening  Crystallite

Sample (pellet)(a’b) (rn2 /g) (cc/g) (nm) Size (nm)
AP-Al;03 800 (730) 2.0 (1.8) 11 (10) <2(<2)
AP-MgO 364 (366) 0.9 (0.6) 9.8 (6.4) 4(4)

AP-Al,03/MgO 775 (535) 1.8 (0.7) 11 (7.5) <2(<2)

4Pelletizing pressure = 5000 psi.
PValues in parenthesis indicate those of pellets.

pressure. The HRTEM studies indicate that the nanoscale metal oxides have a high
concentration of surface edge/corner sites. It has been calculated for a AP-MgO
nanocrystal (size ~4 nm), the percentage of edge ions to total surface ions is about
20%, whereas for a microcrystal MgO (CP-MgO), the ratio is only about 0.5%; a
higher concentration of edge sites is present in nanocrystals. The chemical proper-
ties of nanostructured metal oxides can be altered or manipulated by incorporating
other suitable metal oxides. The compacted pellets of nanoscale metal oxides retain
their adsorbent properties and capacities for a wide variety of organic and acid gas
molecules. The unique adsorption chemistry of these materials have been well studied

TABLE 14.4. Effect of Compaction on the Textural Properties of AP-Mg(OH);,
NC-NiO, and NC-CuO.

Pressure of Surface Area Total Pore Av. Pore
Compaction (psi) (m?/g) Volume (cm?/g) Diameter (nm)
AP-Mg(OH),
0 364 0.90 9.8
5,000 366 0.59 6.4
10,000 383 0.44 4.6
20,000 342 0.29 34
NC-CuO
0 140 0.22 14
5,000 98 0.20 10
10,000 96 0.20 8.5
20,000 80 0.18 8
NC-NiO
0 351 0.35 4.6
5,000 210 0.12 4.1
10,000 205 0.12 4.0

20,000 200 0.10 3.8
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(9,10,21), and examples include sorption properties such as

(1) enhanced adsorption of SO;; microcrystalline MgO (CP-MgO) adsorbs about
2 molecules/nm?, whereas nanocrystalline MgO (AP-MgO) adsorbs about 6
molecules/ nm?; and

(2) nanocrystals of ZnO and MgO adsorb paraoxon, a mimic of the chemical
warfare agent, VX, destructively, at room temperature. Hence, the nanoscale
metal oxides, including the intimately mixed metal oxides, constitute a new
family of porous materials that exhibit unique adsorption properties.

14.2.7. Relationship to Zeolites and Other Mesoporous Materials

Nanostructured metal oxides, produced by the MAP process, constitute a novel family
of inorganic porous materials (20). These materials can be made up of a wide array of
metal oxides or mixed metal oxides, and they possess high surface areas in addition
to large pores and pore volumes. The metal-oxide nanocrystals have unique morpho-
logies and possess high concentrations of reactive edges, corners, and defect sites.
Pellets made out of these materials retain their porous nature. These novel features
impart these materials a tremendous level of flexibility toward engineering-desired
chemical properties, e.g., Lewis acidity or basicity or soft/hard basicity or acidity.
There are, of course, other very useful porous inorganic materials such as zeolites,
MCM-41 (a mesoporous silicate), and related silicas, and certain types of porous
clays, e.g., montmorillonite and kaolinite. The main differences between these porous
materials and nanoscale metal oxides have to do with the nature of the pores. Zeolites
have much smaller pores that are well ordered, and clays, usually, are with two-
dimensional-layered structures with plate-like morphology. Whether these porous
materials are superior to the nanocrystalline oxides depends solely on the intended
application. The microporosity of zeolites is known to pose diffusional limitations
for the reactant and product molecules and on the reaction rate. The mesoporous
molecular sieves related to the MCM-41 family do not possess high acidity as that
of zeolites. Also, MCM-type mesoporous materials have poor hydrothermal stabi-
lity and cannot survive harsh conditions such as high temperatures and pressures.
Nanoscale metal oxides are increasingly finding applications as better adsorbents
compared with conventional adsorbents (9,10,21). In the forthcoming sections, the
uses of nanostructured metal oxides for the adsorption of various contaminants are
discussed in detail.

14.3. DESTRUCTIVE ADSORPTION BY NANOSTRUCTURED
METAL OXIDES

The ability of an adsorbent to adsorb an incoming adsorbate molecule and chemically
destroy it is called destructive adsorption; destructive adsorption can also be called as
dissociative chemisorption. Nanostructured metal oxides such as AP-MgO, AP-CaO,
AP-TiO,, AP-Al,0O3, and AP-ZnO behave as effective adsorbents for acid gases,
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chemical warfare agents, and air pollutants. These metal oxides have brought a new
dimension for the adsorption of toxic chemicals. The adsorbate molecules are chem-
ically dismantled/detoxified, and the toxic molecules are converted into nontoxic
entities. Destructive adsorbents based on nanocrystalline oxides are increasingly find-
ing use in tackling chemical and biological warfare agents. In the following sections,
destructive adsorption on nanoscale metal oxides at ambient and high temperatures
is discussed.

14.3.1. Adsorption at Ambient Temperatures

Some organophosphorus compounds and chemical warfare agents can be destroyed
by destructive adsorption on nanostructured metal oxides at room temperature. They
are discussed below in detail.

14.3.1.1. Organophosphorus Compounds A few organophosphorus com-
pounds are surrogates of chemical warfare agents, and the chemical structure of these
compounds is shown in Figure 14.7. Traditionally, adsorbents based on charcoal, ther-
mal decomposition, and catalytic methods have been used to detoxify these hazardous
chemicals. These methods have certain disadvantages; e.g., the catalysts become
inactive due to pollutants containing heteroatoms. If a material adsorbs the toxic
organophosphorus compound, destroys it by adsorption, and immobilizes the prod-
ucts of destructive adsorption on its surface, it will be of tremendous potential and
one such example is discussed below.

Chemical warfare agents
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Figure 14.7. Chemical structures of chemical warfare agents and their surrogates.
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14.3.1.1.1. Adsorption of Paraoxon Paraoxon (diethyl 4-nitrophenyl phosphate)
is a mimic of chemical warfare agent VX (O—ethyl-S—(2-diisopropylamino) ethyl-
methyl phosphonothioate). It can be destructively adsorbed on nanostructured metal
oxides such as AP-MgO (33), AP-Al,Os3, or even intimately mixed oxides such as
AP-MgO - Al,O3 (13,28), prepared by the MAP process. For example, 100 mg of AP—
MgO can destroy about 15 pL of paraoxon in a pentane solution at room temperature.
Under the same conditions, 100 mg of AP—Al, O3 can adsorb about 16 L of paraoxon.
Figure 14.8 shows a comparison of AP-MgO with activated carbon toward paraoxon
adsorption in pentane at room temperature (33). It can be seen that the performance of
nanoscale AP-MgO (surface area = 400 m?/g) is much better than that of activated
carbon (surface area = 900 m?/g). Activated carbon adsorbs only about 4.5 wL of
paraoxon, and commercial MgO (CM-MgO) does not adsorb any appreciable amount
of paraoxon. The destructive adsorption capability of nanoscale metal oxides toward
paraoxon adsorption is summarized in Table 14.5 (13,28). Calculations indicate that
about one molecule of paraoxon is adsorbed per squared nanometer area of AP-MgO.
The mechanism of paraoxon adsorption on nanostructured metal oxides has been
studied in detail by Rajagopalan et al. (33) and Carnes et al. (12) by 13C, 3'P nuclear
magnetic resonance (NMR) and infrared (IR) spectroscopy. It was proved that acti-
vated carbon does not destroy the paraoxon molecule on adsorption, and the paraoxon
can be easily extracted using a solvent such as toluene. On the other hand, destructive
adsorption of paraoxon takes place on the surface of nanoscale metal oxides. First,
the P-OAr (Ar = aromatic ring) bond is broken, and this leads to the adsorption of
p-nitrophenoxy anions and ethoxy groups on the surface of the oxide. The presence
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Figure 14.8. Adsorption of paraoxon from pentane at room temperature by AP-MgO as
monitored by UV-Vis spectroscopy. Reprinted from Ref. 33 with permission.
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TABLE 14.5. Destructive Adsorption of Paraoxon on Nanostructured Metal Oxides.
Reprinted from Ref. 13 with Permission of The Royal Society of Chemistry.

Amount of Molar Ratio

Surface Area  Pore Volume  Paraoxon Adsorbed  (moles of paraoxon
Sample (m? /2) (cm? /2) (nL) to moles of material)
AP-MgO 385 2.03 15 1:36
AP-CaO 67 0.22 4 1:113
AP-SrO 16 0.05 2 1:104
AP-AlL O3 637 3.17 16 1:14
AP-MgAl;04 639 2.88 16 1:10
AP-CaAl;Oy 517 3.56 16 1:9
AP-SrAl,O4 112 0.89 6 1:19
AP-BaAl;O4 135 1.05 6 1:17

of nitrophenoxy groups on the surface imparts a pale yellow color to the metal-oxide
nanoparticles. The performance of AP-SrO and AP—CaO toward paraoxon adsorption
was found to be poor, and this has been attributed to the lower surface area of these
oxides (see Table 14.5).

The intimately mixed metal oxides prepared by the MAP process (e.g., AP—
Al O3 - MgO, AP-Al,0O3 - Ca0) also perform well for the destructive adsorption of
paraoxon (13,28). Although the intimately mixed oxides (e.g., AP-Al,O3 - MgO and
AP-Al,O3 - Ca0) adsorb roughly the same amount of paraoxon (16 nL per 100 mg
of the oxide), the kinetics of adsorption was found to be faster for intimately mixed
oxides compared with that of individual oxides (AP-MgO or AP-Al,0O3) or even
a physical mixture of AP-MgO and AP-Al,O3; AP-Al,O3 - MgO destroys about
16 wL paraoxon in only 20 minutes. The reason for the faster kinetics is believed to
be that AP-MgO nanocrystals (Lewis base) is intimately mixed/incorporated onto
the alumina matrix with high surface area and pore volume. This helps in the rapid
destructive adsorption of the incoming paraoxon molecules. The performance of other
mixed metal oxides such as AP-SrO - Al;O3 and AP-BaO - Al;O3 was found to be
poor. Both oxides were able to adsorb only about 6-pL paraoxon per 100 mg of
the adsorbent. The poor performance in these cases is ascribed due to lower surface
area and poor intimate mixing of these oxides, as revealed by TEM studies. It is now
clear that nanoscale metal oxides are advantageous over conventional adsorbents such
as activated carbon for the destructive adsorption of organophosphorus compounds.
This is because activated carbon only physisorbs the surrogate molecules but does
not destroy them. On the other hand, nanoscale metal oxides not only adsorb the
surrogate molecules but also destroy them into nontoxic moieties. In the next sec-
tion, destructive adsorption of chemical warfare agents on nanostructured oxides is
discussed.

14.3.1.2. Chemical Warfare Agents (CWAsS) Chemical warfare agents
(CWAs), also called nerve agents, present a great concern for the whole world.
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Examples of CWAs include VX, GD (pinacolyl methylphosphono-fluoridate), and HD
(bis(2-chloroethyl)sulfide) (see Figure 14.7), and most of these toxic compounds are
polar organic liquids based on P(V) organophosphorus esters. CWAs react irreversibly
with acetylcholine esterase enzyme and prevent it from controlling the human cen-
tral nervous system. Disposal of CWAs safely without producing harmful chemicals
is very important. Various researchers have described the decontamination proce-
dures for the CWAs. Studies by Yang et al. (34-36) have demonstrated two effective
chemical methods for decontaminating the CWAs:

(1) nucleophilic substitution reactions, and
(2) oxidation reactions.

The nucleophilic substitution reactions are done with basic H, O; solutions. The nucle-
ophile in this case is HO; ion, and it neutralizes VX, Sarin (GB), and Soman (GD)
agents. Also, it has been found that HO, ion is a better nucleophile than OH™. How-
ever, it has been pointed out that the temperature of the neutralization reactor must be
kept low to prevent the H, O, decomposition. For the disposal of CWAs by oxidation
reactions (35), aqueous bleach [NaOCI or Ca(OCl);], KMnO4, aqueous peroxydisul-
fate, or gaseous chlorine are used. Some CWAs that are difficult to decontaminate with
OH™ could be oxidized with the above oxidizing agents; e.g., VX could be oxidized
with aqueous hypochlorite (CIO™) or hypochlorus acid (HCIO). Hydrolysis of HD
was also studied as a means of decontamination. It is fast in a very dilute solution,
but at higher concentrations (~0.1 M), the hydrolysis is very slow and complicated
(37). Possible improvements, such as the addition of organic liquids and the using
of different nucleophiles, did not help in decontaminating this agent. Other methods
of decontamination of CWAs such as catalytic decomposition (38), electrochemical
decomposition (39), and bio-degradation (40) have been reported.

Recently, a convenient method of decontaminating CWAs agents has been demon-
strated using nanoscale metal oxides (41—45). It has been found that these oxides (e.g.,
AP-MgO and AP—CaO) destructively adsorb CWAs such as VX, GD, and HD at room
temperature. The destructive adsorption by nanoscale metal oxides was found to be
fundamentally different from the adsorption of nerve agents on conventional adsor-
bents such as activated carbon. Activated carbon only adsorbs the CWAs, but it does
not destroy these molecules. On the other hand, AP-MgO and AP-CaO destructively
adsorb VX, GD, and HD at room temperature. These nerve agents (VX and GD) are
hydrolyzed according to Scheme 14.1. It was found that after hydrolysis, the phos-
phonate products exist as complexes bound on the surface of oxides and EA-2192, a
very toxic chemical, is not produced when nanoscale metal oxides are used for decon-
tamination (EA-2192 is always produced if basic hydrolysis is adapted as a method
of decontamination). For the hydrolysis of HD on AP-MgO (Scheme 14.1), it was
found that HCl is eliminated and the products are thiodiglycol (TG) and divinyl sulfide
(DVS) in equal amounts (50:50). HD on AP—CaO undergoes autocatalytic dehydro-
halogenation and produces 80% of divinyl sulfide (DVS), along with thiodiglycerol
(TG). 3C NMR studies on the destructive adsorption on nanostructured metal oxides
indicate that the decontamination products are present as surface bound alkoxides on
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the surface of oxides. Using nanoscale metal oxides for the decontamination of CWAs
seems to be an alternative method for effectively destroying the CWAs. Working with
a nontoxic powder such as AP-MgO is convenient because handling and storage will
be easy in addition to having no liquid waste.

14.3.2. Adsorption at High Temperatures

Nanoscale metal oxides also destructively adsorb toxic chemicals at high temper-
atures. In the following section, various destructive adsorption reactions at high
temperatures are discussed.

14.3.2.1. Chlorocarbons Because of their beneficial characteristics, a variety of
chlorine-containing compounds is widely used in our modern society. Chlorocarbons
are present as refrigerating agents, solvents (e.g., CCly, CHCl3), heat transfer liquids,
lubricants, washing liquids, and so on. Although substitution of these toxic compounds
(some are carcinogenic) by nontoxic chemicals has been done in few cases, some chlo-
rinated chemicals are still in common use. Safe disposal of chlorocarbons without
producing toxic chemicals as byproducts is of great importance. The reported meth-
ods for destroying chlorine-containing compounds such as the catalytic oxidation
of chlorocarbons to HCl and CO; and incineration at high temperatures have some
disadvantages. For example, the incineration method requires very high temperatures
(~1500 °C) to prevent the formation of harmful chemicals such as furans and dioxins.
A simple noncatalytic method that will only yield environmentally benign products
will be very useful. In this respect, nanostructured metal oxides have been effectively
used for the destructive adsorption of chlorocarbons (17,46). A brief description of
destructive adsorption of chlorocarbons, especially CCls, on nanoscale metal oxides
is given below.

The reaction between a metal oxide and CCly yields a metal chloride and CO; (9)

2MgO + CCly —> 2MgCl, + CO,  AH® = —334kJ/mol

The reactions between alkaline-earth metal oxides and chlorocarbons such as CCly
are energetically feasible from a thermodynamic point of view. The exothermicity
of the reactions is because the standard heats of formation for the metal chlorides
are large compared with that of the oxides. Although the reactions are exothermic,
surface effects are known to influence these reactions because these are gas/solid
reactions; nanoscale metal oxides can have a tremendous effect on these reactions.
Indeed, nanoscale metal oxides have been found to destructively adsorb chlorocarbons
at high temperatures (400-500 °C) (see Table 14.6). The chlorinated compounds are
destroyed by adsorption, and the products depend on the nature of chlorocarbon
and on the ratio of metal oxide to the chlorocarbon. CCly is destroyed by miner-
alization to a metal chloride and CO; gas, and both products are environmentally
nontoxic. The reactivity order toward the destructive adsorption of chlorocarbons for
the oxides is found as AP-CaO > CP-CaO > CM-CaO. Nanocrystals of calcium
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TABLE 14.6. Destructive Adsorption of CCly with Nanostructured Metal Oxides at
500 °C. Reprinted from Ref. 14 with Permission.

Sample Breakthrough  Saturation Molar Ratio?

AP-Al, O3 57 98 1.44 mol of CCly:1 mol of Al,O3

CM-Al,03 2 17 1 mol of CCl4:16 mol of Al,O3

AP—(1/1) Al,O3/MgO 25 88 1.8 mol of CCly:1 mol of
Al,03/MgO

CM-MgO 1 4 1 mol of CCl4:32 mol of MgO

4Theoretical molar ratio; 1 mol of CCly:2mol of MgO, 1.5mol of CCly:1mol of AlpO3, 2mol of
CCly4:1 mol of Al,O3/MgO.

oxide (AP-CaO) are more effective in decomposing CCls compared with nanocrys-
talline magnesium oxide (AP-MgO), although it has more surface area (~400 m?/g)
compared with AP-CaO (~125m?/g). Even for samples having the same sur-
face area (AP-CaO = 130 m?/g and CP-CaO = 107 m?/g), AP—-CaO is superior in
destructively adsorbing CCly (47). This proves that the higher intrinsic reactivity of
nanoscale oxides (e.g., AP—CaO) is the reason for their superior performance and
surface area is not the only factor. It was found that the mobility of oxygen and
chlorine ions determine the rate of the destructive adsorption reaction. Mixed metal
oxides (e.g., AP-MgO - Al,03) also behave as good adsorbents for CCly at high
temperatures, and the adsorptive reaction was found to be stoichiometric (Table 14.6).

14.3.2.1.1. Second-Generation Destructive Adsorbents Although nanoscale
metal oxides such as AP-CaO and AP-MgO (they can be referred to as first-generation
destructive adsorbents) do destructively adsorb CClsy well, they do not react com-
pletely with CCly despite that the reactions are exothermic and thermodynamically
feasible. The kinetic factors for the migration of chloride and oxygen ions were found
to be the rate-limiting steps. To circumvent this problem, chemical modification of the
first-generation adsorbents were carried out. The basic idea was to have a transition
metal-oxide coating on the surface of the primary adsorbent that will be a catalyst
for the reaction and thereby increase the efficiency of nanoparticles of the substrate
oxide toward CCly adsorption. It is known that the standard heats of formation favor
the formation of alkaline-earth metal chlorides (MgCl, or CaCl,) compared with
the corresponding oxides (MgO or CaO). On the other hand, for the transition metal
analogs, the standard heats of formation favor the formation of their oxides instead of
the chlorides. In other words, the transition metal oxides are thermodynamically more
favored than the transition metal chlorides. The transition metal oxide on the surface
can react first with the incoming CCly forming FeCl, and this can further react with
the substrate oxide (AP—CaO) to replenish the iron oxide until all oxide is consumed.

Core-shell type (M,0,)MgO and (M,0,)CaO (M = Mn, Fe, Co, Ni) adsorbents
were explored as second-generation destructive adsorbents (47). When nanoscale
metal oxides (e.g., AP-CaQ) are coated with transition metal oxides such as
Fe,03, CoO, or NiO, the reactivity toward destructive adsorption could be enhanced
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TABLE 14.7. Efficiencies for Destructive Adsorption of CClg on Nanoscale Metal
Oxides. Reprinted from Ref. 9 with Permission.

Surface Area Weight%
(m? /8) Transition Metal ~ Breakthrough  Performance
Sample Before Loading Number? Efficiency®
CM-MgO 10-30 0 0 0.12
CM-CaO 1.3 0 0 <0.01
CP-MgO 190 0 4 0.16
CP-CaO 100 0 1 0.23
AP-MgO 450 0 4 0.17
AP-CaO 140 0 1 0.31
[Fe, O3] CP-MgO 150 0.88 8 0.23
[Fe, O3] CP-CaO 90 1.6 2 0.44
[Feo O3] AP-MgO 400 1.4 25 0.36
[Fe, O3] AP-CaO 130 1.6 9 0.51
[Mny O3] AP-MgO 290 4.5 40 0.42
[NiO] AP-CaO 130 1.6 3 0.39
[CoO] AP-CaO 80 1.6 10 0.30

4Number of 1-pL injections of CCly before breakthrough of any trace of CCly.
bNumber of moles CCly destroyed according to the stoichiometric equation 2MO + CCly — 2MCl, +
CO;. A maximum value of 0.50 would be expected.

(Table 14.7). For example, when AP—-CaO nanocrystals are coated with Fe;O3, NiO,
or V,0s, they have about 1.5-2.0 times more reactivity toward CCly adsorption
compared with AP—CaO alone; the metal-oxide coating was found to be just less than
a monolayer. Without the metal-oxide coating, only the surface reaction took place.
The mechanism of destructive adsorption of CCly was also studied and it is given
in Scheme 14.2. It was found that the coated iron oxide acts as a surface catalytic

Fe,O3 FeCl, FeCl,
CCl,
—_—> _— >
450°C cr/o?-
(=COy) exchange
catalytic surface
cycle migration
CaCl,
<«
Cl—/0?%-
exchange
Fe O,

Scheme 14.2. Mechanism of destructive adsorption of CCly on FepO3 coated AP-CaO
(second-generation destructive adsorbent). Reprinted from Ref. 47 with permission.
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agent, and it reacts first with CCly to form iron chloride and CO;. The Fe Cl,, in turn,
reacts with the metal oxide (AP—CaO) to regenerate the iron oxide; i.e., iron chloride
exchanges chloride with oxide anion on AP—CaO. This way, the nanostructured oxide
surface is continuously replenished, and the destructive adsorption proceeds until all
oxide is consumed. Evidence has been found for a structural change that has taken
place on coating the oxide nanocrystals with the transition metal oxide, probably due
to the lattice mismatch between the metal oxide (AP—CaO) and the transition metal-
oxide coating (47). In conclusion, we can say that nanoscale metal oxides behave as
stoichiometric agents for the destructive adsorption of chlorocarbons. In the case of
conventional metal oxides as adsorbents, only the surface of the oxide reacts and a
protective layer of products is formed, which hinders further progress of the reaction.
But nanocrystals have more exposed surface area, and they behave remarkably well
as stoichiometric reagents for the adsorption.

14.3.2.1.2. Nanoscale Metal Oxides as Adsorbents for Other Chlorine- and
Sulfur-Containing Compounds Nanoscale metal oxides also destructively adsorb
other chlorine-containing compounds such as chlorinated benzenes. For example,
AP-MgO and AP-CaO destructively adsorb mono-, di-, and trichlorobenzenes at
temperatures close to 700-900 °C (48). However, in the presence of hydrogen, the
reaction temperature can be lowered down to ~500 °C. The reaction products were
found to be benzene, CO, CO,, and H;O. One significant finding was that the
volatile chlorine-containing compounds were never emitted during the destructive
adsorption of chlorinated benzenes. AP-MgO is more reactive than AP-CaO, and
toxic by-products are formed only with AP-CaO. Decomposition of chloromethanes
were also carried out on nanostructured metal oxides, and the studied compounds
included CH3Cl, CH,Cl,, and CHCI3 (47). Mixed results were observed for the
destructive adsorption on AP-CaO. CHCl3 and CH3Cl did not adsorb on AP-CaO,
whereas CHCl, destructively adsorbed on it (activity = 30%). The iron-oxide-
coated AP—CaO performed better compared with the uncoated oxide, and the activity
in this case was close to 50%.

The reaction of C,Cly with AP-CaO and Fe;03 coated AP-CaO gave reaction
ratios of 0.36 and 0.46, respectively (the expected theoretical reaction ratio is 0.5)
(47). The products after the destructive adsorption of C2Cly on AP-CaO were found
to be Ca(OCl); - Ca(OH),, Ca(OCl); - 4H,0, and CaCl,. The destructive adsorption
reaction of 1, 1, 2, 2-tetra chloroethane on AP-CaO was also successful, and the reac-
tion ratio was about 0.4 (theoretical reaction ratio = 0.5) (47). The final product after
the destructive adsorption in this case was found to be CaCl, - 2H;O. The destructive
adsorption results for trichloroethene was very similar to the above examples, and a
reaction ratio of 0.58 was obtained for AP—CaO (theoretical ratio = 0.66).

Nanoparticles of CaO (AP-CaO) and Fe; O3 coated AP-CaO have been shown to
adsorb sulfur dioxide, at about 500 °C, in larger amounts compared with the micro-
crystalline oxide (CP-CaO) (49). For AP—CaO, the reaction ratio was found to be
0.51 (the theoretical ratio is unity), whereas for Fe,O3-coated AP—CaO, the reac-
tion ratio was found to be enhanced to 0.94. The solid products of the destructive
adsorption were identified as calcium sulfite (CaSO3), calcium sulfate (CaSOy4), and
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calcium sulfide (CaS). Nanoscale metal oxides also behave as destructive adsorbents
for carbon disulfide (CS;) and carbonyl sulfide (COS). For example, the activity for
AP-CaO was close to 50%, and the products of the adsorption were CO and the solid
form of CaS. It was also observed that during the destructive adsorption, the surface
area of AP-CaO dropped drastically from about 100 to about 15 m?/g.

14.3.2.2. Organophosphorus Compounds Nanoparticles of metal oxides
have also been found to destructively adsorb some organophosphorus compounds
at high temperatures. Under this category, the destructive adsorption reactions of
dimethyl methyl phosphonate (DMMP) and diisopropyl phosphorofluoridate (DFP)
on nanostructured metal oxides are discussed below.

14.3.2.2.1. Dimethyl Methyl Phosphonate (DMMP) DMMP is a good mimic
of CWAs. The compound is nontoxic, and it contains the similar types of bonds that
are present in some common CWAs. Understanding the destructive adsorption of
DMMP should shed light on understanding the chemistry of safe disposal of CWAs.
Nanoparticles of MgO (AP-MgO) have been shown to destructively adsorb DMMP
at about 500 °C as shown as follows (18,19):

6Mgo(surfﬂce)

3CH3(0OCH3),P=0 —— 5 CH3(OCH3)PO(y) 4 2CH3(OCH3)P y

+ OCH3(y) + 2HCOOH ) + 2H(y)

It was found that, to decompose one DMMP molecule, two MgO surface molecules
are required and high surface area is crucial for this purpose (AP-MgO has a surface
area of about 500m?/g). The products of destructive adsorption are formic acid,
which is volatile, and OCH3 [CH3(CH30O)P] and CH3(CH30)PO groups, which are
immobilized on the surface of the oxide. Nanoscale calcium oxide (AP—-CaQ) also
destroys DMMP at about 500 °C (decomposition efficiency = 70-78%). The nano-
structured metal oxides perform better in terms of capacity and breakthrough number
(the number of 1-pL injections of CCly before any trace of CCly starts appearing in
the GC-chromatogram) compared with other metal oxides; e.g., AP-MgO shows a
capacity of 0.48 mol of DMMP/mol of AP-MgO and a higher breakthrough number
of 30 pL. In contrast, CP-MgO shows a capacity of 0.23 mol/mol of CP-MgO and
a much lower breakthrough number of 6 L.

14.3.2.2.2. Diisopropyl Phosphorofiuoridate (DFP) Ithasbeen shown that AP—
MgO can destructively adsorb diisopropyl phosphorofluoridate, which is also the
mimic of a chemical warfare agent, GD. The adsorption takes place with the breaking
of P—F bond (33). Infrared and NMR studies have indicated that with the cleavage of
the P-F bond, a P-O-O bridge is formed, and this is followed by the formation of P—
O-C bonds. The adsorptive performance of the other two analogous oxides (CP-MgO
and CM-MgO) was poor compared with that of AP-MgO.
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14.3.3. Nanostructured Metal Oxides for Air Purification

The presence of volatile organic compounds and acid gases causes great con-
cern for the indoor air quality. The most commonly used adsorbents for adsorbing
these toxic chemicals have disadvantages; e.g., activated carbon is not effective for
acid gases such as SO;. Also, activated carbon can adsorb organic molecules, but
because the molecules are not destructively adsorbed (only weak van der Waals
forces are responsible for adsorption), the adsorbed molecules can desorb over time.
This affects the performance of the conventional adsorbents. Nanoscale metal oxides
such as AP-MgO and AP-Al,Oj3 have been shown to destructively adsorb indoor air
pollutants such as acetaldehyde (50).

The adsorption capacity for various MgO oxides (AP-MgO, CP-MgO, and
CM-MgO) and activated carbon, for acetaldehyde adsorption, is given in Figure 14.9.
AP-MgO (which consists of nanocrystals) and CP-MgO (which consists of
microcrystals) adsorb acetaldehyde in large amounts compared with the commer-
cial MgO; e.g., one mole of AP-MgO adsorbs about one mole of CH;CHO at room
temperature. Activated carbon (both treated and untreated) and commercial MgO
could not adsorb appreciable amounts of CH3CHO. It was found that even on com-
paction of AP-MgO fine powder into pellets (pressure = 4000 psi), the efficiency of
CH3CHO adsorption was affected only by a small magnitude; more than 85% of
adsorption efficiency was retained. Also, on exposure to air and water, the adsorption
efficiencies of the metal-oxide nanoparticles were retained. These excellent properties
are beneficial for the purpose of their application. Fourier transform IR (FTIR) studies
have proven that the adsorbed acetaldehyde is destroyed irreversibly, and a multilayer
dissociative adsorption takes place on the surface of AP-MgO and AP-Al,O3. It was
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Figure 14.9. Adsorption of acetaldehyde on AP-MgO and other adsorbents. Reprinted from
Ref. 50 with permission.
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also found that other common organic chemicals, such as acetone, ammonia, and
methanol, also adsorb well on metal-oxide nanoparticles (e.g., AP-MgO).

14.3.4. Adsorption of Halogens and Use of the
Metal-Oxide—Halogen Adducts

Large amounts of halogens (e.g., Cla, Bry, I, etc.) adsorb on nanoparticles of metal
oxides (51). Halogens have been used as disinfectants (e.g., as bactericides) for quite
a long time. However, in their free form, the use of halogens is limited because they
are gases, toxic, and corrosive. Nanoscale metal oxides form stable solid adducts with
halogens such as Cl,, Bry, I, and even inter-halogen compounds such as IC1 and IBr
(51). The nanoscale oxides also have good capacities for adsorbing halogens; e.g.,
AP-MgO can adsorb about 7 wt% chlorine, about 18 wt% bromine, and about 20 wt%
iodine. The commercial MgO sample, on the other hand, adsorbs only about 1 wt%
of these halogens. The commercial oxides cannot hold halogens even for a week, but
the metal-oxide nanoparticles can retain the halogens for weeks or even months. By
Raman spectroscopic studies, the strength of adsorption between the halogens and the
oxide surface has been shown to be stronger in the case of nanoscale-oxide—halogen
adducts compared with the corresponding adducts prepared from commercial metal
oxides. The X-X (X = halogen) band positions are shifted by a larger magnitude
compared with the band positions for free halogens in the case of nanoscale-oxide—
halogen adducts (51). The halogen molecules in the adsorbed state are chemically
more reactive than in the gas phase; i.e., adsorption makes the X—X bond weaker.
The nanoscale-oxide—halogen adducts possess excellent bactericidal properties; e.g.,
AP-MgO-Cl; can kill bacteria, spores, and other toxins (52).

14.4. CHEMICALLY MODIFIED NANOSTRUCTURED
METAL OXIDES AS ADSORBENTS

Numerous possibilities exist for the chemical modification of the nanostructured metal
oxides, e.g., by incorporating other metal ions during the synthesis (modified aerogel
process) or afterward. The modification can be done for a particular application in
mind. Recently, it has been demonstrated that silver-incorporated nanoscale aluminum
oxide can adsorb thiophene and related molecules from a pentane solution at room
temperature (53). Removal of thiophene and other sulfur-containing compounds
from commercial fuels is of great recent scientific interest. The modified nanos-
tructured aluminum oxide was prepared by impregnating silver acetyl acetonate on
nanoparticles of aluminum oxide (AP-Al,O3). Incorporation of soft Lewis acid sites
(e.g., silver ion) was found to be necessary for the adsorption of thiophene-related
molecules. The silver impregnated nanoscale aluminum oxide (Ag—AP-Al,0O3) has
10 times more capacity compared with that of activated carbon; Ag—AP-Al,O3
has a capacity of ~0.022 mmol/g for thiophene, whereas activated carbon has only
about 0.002 mmol/g thiophene, under the same conditions. The silver impregnated
commercial aluminum oxide, also prepared under similar conditions, did not perform
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well toward thiophene adsorption. The modified adsorbent Ag—AP-Al, O3 retains its
adsorption properties even after compaction, and it can be used after regeneration by
heating in air at modest temperatures (170-250 °C). Detailed characterization studies
have indicated that the active site in silver impregnated nanostructured Al,O3 is the
Ag™ ion coordinated to a carbonate ion. The silver ions exist in the form of 8-Ag,CO3,
which is stabilized on the surface of Al,O3, and Ag nanoparticles are not responsible
for the adsorption of thiophene molecules.

14.5. MISCELLANEOUS ADSORBENTS BASED ON
NANOSTRUCTURED METAL OXIDES

Nanoparticles of MgO (AP-MgO) have also been reported to be a good destructive
adsorbent for dehydrochlorination of 1-chlorobutane, and the products of the reaction
are butene and HCl (54). MgO is converted into MgCl, during the process, however,
because MgCl, by itself is a good catalyst, the reaction continues. The effect of
pelletization on the destructive adsorption has also been studied. Due to diffusion
limitations, the reactant (1-chlorobutane) could not diffuse into the pellets all the
way. The initially formed MgCl, blocks the pores in the pellet, and MgCl, forms a
layer on the outside of the pellet. It was found that the MgO layer inside the pellet
does not contribute to the dehydrochlorination.

A composite adsorbent, prepared by the sol-gel method, and based on nano-
structured SiO,-TiO, (TiO; loading ~13%) has been shown to be effective for the
removal of elemental mercury vapor (55). Mercury has a significant environmental
and health impact, and its safe removal is of great interest. The composite adsorbs
mercury by a synergistic adsorption and photo-catalytic oxidation under ultraviolet
(UV) light. The capacity of the adsorbent was found to be about 1500 ug of Hg
per gram of the adsorbent. The UV-light photocatalytic oxidation activates the TiO»
surface, thereby enhancing the absorption capacity, and hence, there was no need for
continuous UV light irradiation. The composite adsorbent could be easily regenerated
by rinsing with an acid.

Nanocrystalline MgO (crystallite size ~12-23 nm and surface area ~107 m?/g),
prepared by a combustion synthesis using magnesium nitrate and glycine, has been
shown to be effective in removing fluoride ions from drinking water (56). The
adsorption efficiency was found to be close to about 90%, and the adsorbent can be
regenerated by NaOH treatment. Mehrotra et al. found that nanocrystalline alkaline-
earth oxides (MgO, CaO, and Al,O3) prepared by the sol-gel process behave as better
adsorbents for air purification compared with activated carbon (57). The adsorption of
aldehydes and ketones was found to proceed by the dissociation of organic molecules
in which the carbonyl oxygen is coordinated to the metal cation and the hydrogen from
the aldehyde group transfers to oxygen ion on the surface of oxide. Also these authors
have found that hydrolyzing a hetero-bimetallic alkoxide [e.g., Mg(Al(isoprop)s):]
yields a more uniform structure compared with hydrolyzing individual alkoxides.
Adsorption of heavy metal ions such as Pb’t on nanocrystalline y-Fe,O3 and
y-Fe>O3-thiourea complex composite has been reported by Mallikarjuna et al. (58).
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It was found that the efficiency of the former adsorbent toward lead adsorption is
about 15%, whereas for the latter, it is about 50%. Nanocomposites based on silica
and iron(Ill) oxide, prepared by the sol-gel process, has been used for the removal
of toxic As (V) ions from aqueous solutions (59). It was found that the presence of
magnetic field affects the adsorption process.

14.6. CONCLUSIONS

Nanoscale metal oxides offer unique and novel opportunities for applications based
on adsorption. They behave as destructive adsorbents for acid gases, polar organo-
phosphorus compounds, chlorocarbons, indoor air pollutants, and even CWAs. The
destructive adsorption reactions can be carried out at ambient conditions or at mod-
erately high temperatures. The nanoparticles of metal oxides serve as effective
adsorbents due to the following reasons:

(1) They possess high surface areas and have a large surface-to-bulk ratio compared
with conventional oxides;

(2) they have unusual shape and high number of reactive edges, corners, and defect
sites that impart a higher surface reactivity;

(3) properties such as Lewis acidity and Lewis basicity can be tailored for a specific
application; and

(4) nanostructured metal oxides can be pelletized while maintaining the high
surface areas of the fine powders.

Thus, nanoscale metal oxides represent a new family of porous inorganic sorbents
that exhibit unusual adsorption properties. These porous metal oxides can adsorb
halogens, and the halogen adducts exhibit bactericidal and sporicidal properties. A
great deal of fundamental and applied research is yet to be carried out in this very
promising and interesting area, e.g.,

(1) desulfurization of commercial fuels (1); the Environmental Protection Agency
(EPA) requires that the sulfur level in commercial gasoline and diesel fuels
be reduced to about ~15ppm from current levels of few hundreds of ppm.
Gasoline is the most convenient fuel for fuel cell, but it must have less than
1-ppm level of sulfur to avoid platinum catalyst poisoning. Currently available
adsorbents cannot meet this goal, and a breakthrough is needed in these cases.

(2) There is a need to invent new adsorbents for CO, capture and sequestration in
the generation of power (60); nanostructured metal oxides can be explored for
this purpose.

(3) Other applications that remain to be explored are NO, removal, CO removal
from Hj, and CH4 for storage on-board. Nanostructured metal oxides are
novel promising materials, and serious research efforts can bring remarkable
breakthroughs in technologies based on adsorption.



408 ADSORBENTS
REFERENCES

(1) Yang, R.T. Adsorbents: Fundamentals and Applications; Wiley-Interscience: New Jersey,
2003.

(2) Klabunde, K.J. (Editor); Nanoscale Materials in Chemistry; Wiley-Interscience:
New York, 2001.

(3) Klabunde, K.J. Free Atoms, Clusters, and Nanoscale Particles; Academic Press:
San Diego, CA, 1994.

(4) Steigerwald, M.L.; Brus, L.E. Acc. Chem. Res. 1990, 23, 183-188.
(5) Koper, O.B.; Lagadic, L.; Volodin, A.; Klabunde, K.J. Chem. Mater. 1997, 9, 2468-2480.

(6) Morrish, A.H.; Haneda, K.; Zhou, X.Z. In Nanophase Materials, Synthesis, Properties,
Applications; Hadijipanyis, G.C.; Seigel, R.-W. (Editors); Kluwer Academic Publications:
London, 1994; 515-536.

(7) Lindsay, D.M.; Wang, Y.; George, T.F. J. Cluster Sci. 1990, 1, 107-126.

(8) Andres, R.P.; Averback, R.S.; Brown, W.L.; Brus, L.E.; Goodard III, W.A.; Kaldor, A.;
Louie, S.G.; Moskovits, M.; Peercy, P.S.; Riley, S.J.; Siegel, R.-W.; Spaepen, F.; Wang, Y.
J. Mater. Res. 1989, 4, 704-736.

(9) Klabunde, K.J.; Stark, J.V.; Koper, O.; Mohs, C.; Park, D.G.; Decker, S.; Jiang, Y.;
Lagadic, L.; Zhang, D. J. Phys. Chem. 1996, 100, 12142-12153.

(10) Ranjit, K.T.; Medine, G.; Jeevanandam, P.; Martyanov, I.N.; Klabunde, K.J. In
Environmental Catalysis; Grassian, V.H. (Editor); CRC Press: Boca Raton, FL, 2005;
391-420.

(11) Koper, O.; Li, Y.X.; Klabunde, K.J. Chem. Mater. 1993, 5, 500-505.

(12) Carnes, C.L.; Stipp, J.; Klabunde, K.J.; Bonevich, J. Langmuir 2002, 18, 1352—-1359.

(13) Medine, G.M.; Zaikovski, V.; Klabunde, K.J. J. Mater. Chem. 2004, 14, 757-763.

(14) Carnes, C.L.; Kapoor, P.N.; Klabunde, K.J. Chem. Mater. 2002, 14, 2922-2929.

(15) Stark, J.V.; Park, D.G.; Lagadic, I.; Klabunde, K.J. Chem. Mater. 1996, 8, 1904-1912.

(16) Stark, J.V.; Klabunde, K.J. Chem. Mater. 1996, 8, 1913-1918.

(17) Koper, O.; Lagadic, L.; Klabunde, K.J. Chem. Mater. 1997, 9, 838-848.

(18) Li, Y.X.; Klabunde, K.J. Langmuir 1991, 7, 1388-1393.

(19) Li, Y.X.; Koper, O.; Atteya, M.; Klabunde, K.J. Chem. Mater. 1992, 4, 323-330.

(20) Richards, R.; Li, W.; Decker, S.; Davidson, C.; Koper, O.; Zaikovski, V.; Volodin, A.;
Rieker, T.; Klabunde, K.J. J. Am. Chem. Soc. 2000, 122, 4921-4925.

(21) Lucas, E.; Decker, S.; Khaleel, A.; Seitz, A.; Fultz, S.; Ponce, A.; Li, W.; Carnes, C.;
Klabunde, K.J. Chem. Eur. J. 2001, 7, 2505-2510.

(22) Itoh, H.; Utamapanya, S.; Stark, J.; Klabunde, K.J.; Schlup, J.R. Chem. Mater. 1993, 5,
71-77.

(23) Kistner, S.S. J. Phys. Chem. 1932, 36, 52-64.
(24) Teichner, S.J. Aerogels; Springer-Verlag: Berlin, 1985; 225.

(25) Diao, Y.; Walawender, W.P.; Sorenson, C.M.; Klabunde, K.J.; Ricker, T. Chem. Mater.
2002, /14, 362-368.

(26) Utamapanya, S.; Klabunde, K.J.; Schlup, J.R. Chem. Mater. 1991, 3, 175-181.
(27) Chi,Y.; Chaung, S.S. J. Phys. Chem. B 2000, 104, 4673-4683.



REFERENCES 409

(28) Medine, G.M. Ph.D. Thesis, Manhattan, KS: Department of Chemistry, Kansas State
University, 2004.

(29) Bedilo, A.E; Sigel, M.J.; Koper, O.B.; Melgunov, M.; Klabunde, K.J. J. Mater. Chem.
2002, 12, 3599-3604.

(30) Heroux, D.S.; Volodin, A.M.; Zaikovski, V.I.; Chesnokov, V.V.; Bedilo, A.F.; Klabunde,
K.J. J. Phys. Chem. B 2004, 108, 3140-3144.

(31) Medine, G.M.; Klabunde, K.J.; Zaikovskii, V. J. Nanopart. Res. 2002, 4, 357-366.

(32) Klabunde, K.J.; Koper, O.; Khaleel, A. U.S. Patent 6093236, 2001.

(33) Rajagopalan, S.; Koper, O.; Decker, S.; Klabunde, K.J. Chem. Eur. J. 2002, 8, 2602-2607.

(34) Yang, Y.C. Acc. Chem. Res. 1999, 32, 109-115.

(35) Yang, Y.C.; Baker, J.A.; Ward, J.R. Chem. Rev. 1992, 92, 1729-1743.

(36) Yang, Y.C. Chem. Ind. 1995, 9, 334-337.

(37) Yang, Y.C.; Szafraniec, L.L.; Beaudry, W.T.; Ward, J.R. J. Org. Chem. 1988, 53,
3293-3297.

(38) Zhou, X.L.; Sun, Z.J.; White, JM. J. Vac. Sci. Technol. A 1993, 11, 2110-2116.

(39) Franklin, T.C.; Nnodimele, R.; Kerimo, J. J. Electrochem. Soc. 1993, 140, 2145-2150.

(40) Kilbame, II, J.J.; Jackowski, K. J. Chem. Technol. Biotechnol. 1996, 65, 370-374.

(41) Klabunde, K.J.; Medine, G.; Bedilo, A.; Stoimenov, P.; Heroux, D. ACS Symp. Ser. 2005,

890, 272-276.

(42) Wagner, G.W.; Procell, L.R.; Koper, O.B.; Klabunde, K.J. ACS Symp. Ser. 2005, 891,
139-152.

(43) Wagner, G.W.; Bartram, P.W.; Koper, O.; Klabunde, K.J. J. Phys. Chem. B 1999, 103,
3225-3228.

(44) Wagner, G.W.; Procell, L.R.; O’Connor, R.J.; Munavalli, S.; Carnes, C.L.; Kapoor, P.N.;
Klabunde, K.J. J. Am. Chem. Soc. 2001, 123, 1636—1644.

(45) Wagner, G.W.; Koper, O.; Lucas, E.; Decker, S.; Klabunde, K.J. J. Phys. Chem. B 2000,
104, 5118-5123.

(46) Koper, O.; Klabunde, K.J. Chem. Mater. 1997, 9, 2481-2485.

(47) Decker, S.P.; Klabunde, J.S.; Khaleel, A.; Klabunde, K.J. Environ. Sci. Technol. 2002, 36,
762-768.

(48) Li, Y.X.; Li, H.; Klabunde, K.J. Environ. Sci. Technol. 1994, 28, 1248-1253.

(49) Decker, S.; Klabunde, K.J. J. Am. Chem. Soc. 1996, 118, 12465-12466.

(50) Khaleel, A.; Kapoor, P.N.; Klabunde, K.J. Nanostruct. Mater. 1999, 11, 459—468.

(51) Stoimenov, P.K.; Zaikovski, V.; Klabunde, K.J. J. Am. Chem. Soc. 2003, 125,
12907-12913.

(52) Stoimenov, P.K.; Klinger, R.L.; Marchin, G.L.; Klabunde, K.J. Langmuir 2002, 18,
6679-6686.

(53) Jeevanandam, P.; Klabunde, K.J.; Tetzler, S.H. Micropor. Mesopor. Mater. 20058, 79,
101-110.

(54) Gupta, P.P;; Hohn, K.L.; Erickson, L.E.; Klabunde, K.J.; Bedilo, A.F. AICHE J. 2004, 50,
3195-3205.

(55) Pitoniak, E.; Wu, C.; Londeree, D.; Mazyck, D.; Bonzongo, J.; Powers, K.; Sigmund, W.
J. Nanopart. Res. 2003, 5, 281-292.



410 ADSORBENTS

(56) Nagappa, B.; Chandrappa, G.T. Trans. Ind. Ceram. Soc. 2005, 64, 87-93.
(57) Singh, A.; Mehrotra, R.C. Chemtracts 2001, 14, 659-661.
(58) Mallikarjuna, N.N.; Ventataram, A. Talanta 2003, 60, 139-147.

(59) Peleanu, 1.; Zaharescu, M.; Rau, I.; Crisan, M.; Jitianu, A.; Meghea, A. Separation Sci.
Technol. 2002, 37, 3693-3701.

(60) Noble, R.D.; Agrawal, R. Ind. Eng. Chem. Res. 2005, 44, 2887-2892.



I CHAPTER 15

Gas Sensors

DOINA LUTIC and MEHRI SANATI
School of Technology and Design, Véxjo University, 35195 Vaxj6, Sweden

ANITA LLOYD SPETZ
S-SENCE and Div. of Applied Physics, Linképing University, 58183 Linkdping, Sweden

15.1. INTRODUCTION

Detection of various species in gas mixtures, in order to evaluate the impact of these
species on the quality of the product or on their effect on the environment (odors,
toxic species etc.), is a challenging subject. A practical approach can be achieved by
using so-called “chemical sensors.” A chemical sensor consists of a system, including
a sensitive layer, called a receptor, and a device that transforms the atomic scale
interaction into a mechanical or electrical response called a transducer. The receptor
interacts with the sensed molecules by physical adsorption or by weak chemisorption
often followed by chemical reactions like combustion. These phenomena occur at the
molecular or atomic level. The transducer functioning is especially dependent on the
microstructure of the sensor surface (1,2).

The interaction between molecules from a fluid (gas or liquid) phase and the
receptor results in a change of the physical properties of the receptor, such as electron
density, optical properties, mass, or temperature. The most common sensor systems
contains metallic oxides as receptors and deal with the changes that occur during the
interaction of a gas with a solid surface at the level of its electronic charge density
and charge carrier mobility. The sensing layer is deposited on the surface of an elec-
tronic device (most common a resistor or a solid electrolyte, but it may also be a
capacitor, diode, transistor or resonator) and the interaction with the gas changes its
function (1,2).

One of the main problems involved in the research of chemical sensors is the high
number of parameters—hundreds—that interfere during the measurement. The main
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effects that must be considered in evaluating a chemical sensor are as follows (3):

The lack of specificity for a given chemical species.

* The cross-sensitivity, meaning that the signal from one species can change if this
is in a mixture with other compounds.

* The great temperature dependence, because both adsorption and chemical
reactions are widely influenced by the temperature.

* The “memory effect” of the sensor, meaning modification of the signal after a

certain period of use and hence the need for frequent recalibration.

Drift problems after long-term use, i.e., rather low stability in time.

The response of a sensor to chemical compounds can be expressed in various
ways (4):

« The difference between the value of the sensor signal in the absence and presence
of the sensed species.

 The ratio between the values of the sensor signal in the absence and presence of
the species to be detected.

 The derivative of the initial change of the signal due to a chemical species.
» The integral change of the signal due to a chemical species.

15.2. METAL-OXIDE-GAS INTERACTIONS

15.2.1. The Effect of Metal-Oxide—Gas Interactions

The role of metal oxides as sensing layers in transducers is closely related to the spe-
cific interaction between the oxide-based sensor surface and the gas to be measured.
Some changes in the electronic structure can also occur in the bulk phase. The param-
eters that change in most cases in sensor signals are an electric measure reflected into
the following (5):

1. The changes of the electrical resistance (or conductivity) values of the semi-
conductor layer (5,6), as a function of the oxygen partial pressure at the sensor surface,
are used to measure its value when using tin or titanium oxides. A tin or titanium-based
sensor usually consists of a thick film deposited on a ceramic tube, heated by a coil
inserted inside it. The temperature range for sensing gases is 150-500 °C, because
the metallic oxides are insulators rather than semiconductors at low temperatures (7)
and the chemisorption is an activated process, which can be assimilated to a chemical
reaction. The sensors have to be stabilized before measuring the gases by heating in
an oxygen-containing atmosphere for a certain time before sensing. When the sensor
detects reducing (combustible) gas, the resistance across the tin oxide decreases in
accordance with the measured gas concentration. The chemical reactions involved in
the sensing process assume the possibility of SnO; reducing to SnO in the presence
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of reducing detected species (8,9):

SnO; + CO — SnO + CO, 15.1)
SnO + 1/20, — SnO, (15.2)

The presence of these reactions is confirmed by slow oxidation of CO on SnO;
even in the absence of oxygen in the gas phase (8). However, adsorption of oxygen
and formation of oxygen ions through uptake of electrons from the surface layer of
SnO; forming a depletion layer in the surface of the SnO» grains also occurs (10). In
the case of TiO,, the exposure to hydrogen and hydrogen-containing gases at elevated
temperatures produce oxygen vacancies, which are known as donors and act as oxygen
adsorption sites.

2. The voltage changes when oxygen crosses a semiconducting zirconia layer
and can be used to measure oxygen pressure. The oxygen vacancies associated with
the presence of the trivalent dopants in the framework of the tetravalent zirconium
ion allow the molecular oxygen to be adsorbed as an O~ ion at temperatures above
300 °C, using a pair of electrons of the zirconium atom (5,8):

Od(aas) + 46~ —> 207 (15.3)

(electrolyte)

The O%~ ions thus formed are mobile and can move in the solid structure, which acts
as a solid electrolyte. The O?~ ions formed at one face of the zirconia layer circulate
to the opposite face, where they are neutralized and desorbed as O, molecules.

2027

(electrolyte)

— OZ(gas) +4e” (15.4)

The oxygen transfer is accompanied by production of an electromotive voltage
U, which can be measured. There is a direct proportionality between the developed
voltage and the oxygen partial pressure at the two sides of the zirconia layer. This
makes it possible to use the zirconia cell as a potentiometric device (Figure 15.1a)
(5,11,12).

Zirconium oxide doped with yttrium oxide can be used as an “oxygen pump”
in order to measure its concentration in a gas flow. If a current is applied between
the two sides of the layer, the circulation of the 02~ ions is stimulated and a current
intensity can be measured. This current intensity is a measure of the amount of oxygen
transported through the layer. This device allows the oxygen concentration to be
measured by an amperometric method (8).

Maskel (12) reviewed the zirconia-based sensors, indicating that this material can
be used in thick or in thin sensitive layers. A pump-gauge sensor manufactured by
two-twin zirconia layers separated by a gold seal and leaving a void volume between
the oxide sheets is presented in Figure 15.1b.
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Figure 15.1. (a) Linear oxygen sensor layout. (b) Linear oxygen sensor layout with a diffusion
limiting hole into the cavity. Reprinted from Refs. 5 and 12 with kind permission from Elsevier.

The access of oxygen in the inner volume is possible by a laser-made drill. The
device allows simultaneous use of the oxygen-pumping cell and the electromotive
force measuring device. The validity of the Nernst Eq. 15.1 giving the correlation
between the electromotive force E and the pressures outside ( p1) and inside ( p2) the
cell was confirmed by experimental data:

RT
E=—m (15.1)
4F P2

where R is the universal gas constant and F is the Faraday number.

3. The sensors made by materials for which a catalytic interaction occurs with the
gas to be dosed involve measuring a certain gas by the changes that occur in the
surface layer charge, as a consequence of the chemical reaction or by correlating
the chemical reaction heat with the changes of the electrical resistance values (5).

In addition, similar phenomena as in the case of zirconia occur at the interface
between a semiconductor oxide, a metal, and a gas phase. This kind of structure is
called “triple-phase boundary.” The oxygen adsorption takes place on the sites (*)
situated at the interface of metal and oxide (Reaction 15.5), the metal also being
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the source for the electrons necessary to transform oxygen into O"~ ions (n = 0.5,
1 or 2). Several oxygen anions were identified on the solid surfaces, as O, Og_,
and O?~. The first two species have an electrophilic character, whereas the latest is
nucleophilic. The nature of the adsorbed species is essential in defining the mechanism
of interaction with the gas species to be detected (13,14).

The anionic oxygen species then diffuses through the semiconductor oxide layer,
using the oxygen vacancies existing in the layer (V) (Reaction 15.6). If a reducing
species (carbon monoxide, hydrocarbon species) also exists in the gas phase, it could
react with the oxygen, either with the adsorbed species or with the anion species
(Reactions 15.7 and 15.8). The oxygen adsorption can thus define the baseline for a
sensor, whereas the modifications in the surface electrical charge associated with the
decrease of the amount of adsorbed oxygen (or the increase of the electron density,
due to oxygen chemical transformation into products) may be used for measuring the
reducing gases. The chemical reactions involved in this case are as follows:

O (gas) + 2" <—> 20(aas) (15.5)
Otuds) +V +2¢7 <= O ciolyie) + (15.6)
CO(gas) + Oads) < COx(gas) (15.7)
CO2(gas) + Oferectrotyte) <> CO2ats) +V +2e” (15.8)

The reactions (Reaction 15.6) and (Reaction 15.8), which occur simultaneously, are
cathodic and anodic reactions. The sensor output signal will therefore register a sum
between the contribution of oxygen adsorption and of CO oxidation. The sensitivity
and selectivity of the sensor are defined by the nature of the metal and oxide joining in
the triple phase boundary. Other reducing gases like hydrogen and ammonia interact
with the zirconia in a similar way as CO. Decomposition of the gases preferably
occurs on dopants like Pt, Pd, or Au followed by spillover of hydrogen atoms to the
metal oxide. The role of dopants is further described below (15-17).

To detect an oxidizing species, the mechanism of detection must take into account
different reactions and elementary processes. Nitrogen oxides, NO, and NO,, are
often simultaneously present in, e.g., exhaust gases from cars and flue gases from the
combustion in boilers. The former acts as reducing agent, whereas the latter is oxidant
in a gas mixture containing oxygen. The following reactions have been proposed to
describe the detection mechanism:

NO + 0;: Oy + 4e~ —> 20>~ (15.9)
NO 4 0?>~ —> NO; + 2¢~ (15.10)
NO; + 0;: NO3 + 2~ —> NO + 0>~ (15.11)

202 — 0y +4de” (15.12)
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Another hypothesis considers that NO; can easily dissociate at the surface of tin
oxide and that its detection mechanism is essentially identical to that of NO (5).

A thin film of InyO3-SnO; (1:1 molar ratio) prepared by the sol-gel technique
(18) deposited by spin coating was used as sensor for NO,, because the thin film
containing both chemical species is more conductive than either of the two species.
This is due to the replacement or to the interstitial insertion of an In3* by an Sn** ion,
which delivers an extra electron that improves the conductivity and to the increase of
the number and the dispersity of oxygen vacancies in the crystal lattice. The exposure
of the sensor samples to NO; decreased the conductivity value, due to the capture of
the electrons from the conduction band. Exposing the sensor to NO, containing gas
causes the conductivity to decrease steeply, whereas recovering occurs relatively fast
after circulating a flow of air over the sensor surface. The sensor response depends
to a large extent on the value of the temperature. The sensitivity, measured in terms
of Iir/Igas, Teaches the maximum value at 250 °C on each of the simple oxides, but
also on the mixed oxide. In this case, the response is much higher than with either of
the simple oxides; see Figure 15.2 (18).

The narrow temperature range where the sensitivity of the mixed-oxide sensor is
very high must be associated with the optimal adsorption conditions for oxygen and
the detected species. It can be seen from Figure 15.2 that the mixed sensor follows
the same behavior as SnO», even if the structure determined by X-ray diffraction is
that of InpO3 and the sensitivity of indium oxide decreases with temperature.

The detection mechanisms on the two oxide surfaces are different to a certain
extent. Both oxides contain on the surface certain amounts of anionic vacancies V¢,
and partially reduced cations, In>* and Sn?*. They act as basic adsorption sites for
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Figure 15.2. The response versus temperature to NO; of InpO3—-SnO; as compared with the
single materials. Reprinted from Ref. 18 with kind permission from Elsevier.
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NO,, which can react with the sensor surface as follows:

NO»(gas) + In** —> (In** — NOj(aag) —> (In** = Opy) + NO(gas) ~ (15.13)
NO(gas) + In** —> (In** — NOags)) —> (In*" — 01 ) + $Noeasy  (15.14)

NO2(gas) + Sn*" —> S — NOZ a4)

(15.15)
On tin oxide, this reaction has a strong competition by two oxygen atoms adsorbed
as O;(ads) and its dissociation state, O(;ds). These species are serious competitors on

adsorption sites for NO3, which could instead be oxidized to NO5 :
NOa(gas) + Ofyg) — NOjq) (15.16)

As the basic character of indium oxide is stronger, the NO, adsorption is
dominating, whereas on SnO;, the reaction between NO, and O(_ads) is by far preferred.

Atlow temperatures, the role of the basic character of the surface is more important,
so the sensitivity of InyO3 is increased, whereas at higher temperatures, the role of
catalytic reaction increases. In the case of mixed oxide, the high activity is supposed
to be based on a synergetic effect of the good conductivity due to association of the
two metallic species and to the higher global dispersity and high defect density.

4. The role of the noble metal additives on the sensor surfaces can be explained
in terms of electronic changes occurring in the oxide superficial charge distribution
or by the chemical influence (catalytic reactions promoted by the dopants) (15). In
the first case, the reaction with the gas to be detected takes place on the metallic
cluster and the metal-oxide support has only the role of a transducer. In the second
case, the semiconductor acts as a chemical catalyst and the role of the doping metal
consists in increasing the reaction rate of the detected gas molecules. The dopants
act as adsorption sites for the species to be detected. They then migrate to the oxide
surface in a “spillover” process. Usually platinum acts as catalyst, whereas metals
as palladium are related to the electronic mechanism. These mechanisms are closely
related to the interaction between the gas and the dopants, or the oxide and the dopants.
In practice, doping leads to both metallic clusters and noble metals in ionic state, the
latter being predominant. The affirmation is sustained by the large increase of the value
of the electrical resistance of SnO;, when synthesized by precipitation of SnCly with
ammonia and simultaneously doped by soluble sources of Pt, Pd, and Au. It can be
explained by the fact that the noble metals are highly dispersed on SnO» grains and act
as oxygen O2~ adsorption sites, capturing thus the superficial electrons responsible
for conduction. The sensitivities to CO and CHy, in terms of (Rg — Rco)/Rco and
(Ro — Rch,)/RcH,, differ as a function of the metallic dopants and dry or humid air. If
the influence of the first two parameters on the sensitivity due to peculiar interactions
is easily anticipated, the large differences brought by the presence of water vapor
in the air are less expected. The presence of water strongly influences the sensor
properties of the Pt- and Pd-containing layers and has practically no influence on the
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Au-containing sensor. Pt and Pd exist in the metallic state, but also as ions, whereas
gold is mostly metallic. The water seems to be involved in activating some adsorption
sites and deactivating others, because the temperature for the maximum sensitivity is
different for dry or humid air.

The same group (19) investigated in detail the sensor properties of Pd/SnO; for
methane, propane, and toluene in dry and humid air, by designing an equipment
able to monitor the composition of the gas flow that has passed over the sensor.
The three hydrocarbons were converted into carbon dioxide and water based on
the stoichiometric ratios between hydrocarbons and oxygen in the gas flow. The
oxygen demands for the oxidation of the three species were, in molar ratios, 9,
5, and 2. The sensitivity was highest for the toluene and decreased in the order
toluene > propane > methane, inversely to that expected if the oxygen adsorption
step would be a limiting step. The results in terms of sensitivity indicate that the
necessity of oxygen for the total combustion is not a limiting factor. The presence
of water vapor in the gas influences to a large extent the sensitivity, most probably
because of its competitive adsorption on the same sites as hydrocarbons on the sensor
surface.

An ingenious device was designed and tested by Ozawa et al. (16) based on adsorp-
tion and catalytic reactions on the sensor surface, following the procurement of a very
effective and fast sensor for fire alarm. The main organic compounds that appear when
afire is started, as shown by simulation of a fire and analysis by a GC-MS, were proved
to be 5-methyl-2-furaldehyde, furfural, benzene, and toluene. The active surface of the
sensor, consisting of Pd-impregnated alumina, was intermittently heated, 0.4 s “ON”
and 9.6 s “OFF”. During the “OFF” period, the organic compounds adsorb on the sensor
surface and are combusted during the “ON” period. The combustion step develops a
very sharp and high signal after about 100 ms, and then a flat signal due to burning of
the organic material arriving on the surface during the remaining 0.3 s before the heat
is switched “OFF’. During the “OFF” period, the signal is null. The time chosen for
the “OFF” state was determined experimentally, in order to obtain the highest output
during the “ON” time. The sensitivity of this device to 5-methyl-2-furaldehyde and
furfural is extremely high.

Recently Koziej et al. (20) investigated the detection mechanism involved in
sensing propane by thick-layer tin-oxide based sensors. This investigation was
performed by simultaneous diffuse reflectance infrared Fourier-transformed spec-
troscopy (DRIFT) during the catalytic conversion and resistance measurements,
carried on in a specially developed setup. They concluded that propane was dissoci-
ated into H and *C3Hj7 radicals on adjacent acid—base sites Sn*t—02~, not to other
intermediates as propene or acetone, as it could have been assumed. Subsequently,
the propyl radicals reacted with the molecular oxygen ions O, to give formate and
acetate ions, which were then oxidized to CO,.

15.2.2. Role of the Layer Structure

The optimization of the sensitive layer can be achieved by the so-called structural
engineering of metal-oxide films (21). The enhancement of the layer properties refers
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to parameters such as gas response and speed of response, selectivity, and stability.
These challenges can be reached by searching the best technological methods for
doping the metallic oxide as well as for fine-tuning the crystallites morphology. As
the sensing properties are directly related to the accessibility of the adsorption sites
by the species in the measured gas, the optimization of the solid must take into
account that the gas molecules must reach the sites as easily as possible. It means that
the more easily available adsorption sites the surface offers, the larger the sensing
potential of the surface will be. The morphology of the solid is defined by a series
of parameters such as film thickness and porosity, crystallite size, shape, and their
microscopic structure, the space orientation of the crystallite planes, and the amount,
positioning, and bounding nature of the dopants. This fact requires consideration of
the following:

* During grain growth, the geometric shape changes from spherulites of nanometer
range size to different polygonal faceted shapes, at the micrometer range size.

» Most sites participating in adsorption are situated on the external surface; this
is why it is important to know whether crystallites are arranged in an ordered
or disordered manner, whether there are intergrowth of crystals with changes of
the growing main direction, or whether there are inter-grain contacts.

» Every crystallographic plane has its combination of surface electron parameters,
including surface electron density, levels of electron energy, availability of the
surface for adsorption—desorption processes, the energy state of the surface, and
the concentration of adsorption sites.

The surface defects or bulk defects (dopants) induce partial control in the growing
process as well as in promoting adsorption.

It is well known from the theory of heterogeneous catalysis that the best positions
that favor the adsorption process are in places where the local irregularity is high,
namely, corners, edges, and plane break offs, sites with abnormal electronic density
in comparison with the bulk. The experimental approaches proved that the most
efficient sites for gas adsorption are the boundaries between the oxide grains, the
so-call “necks” between two neighboring crystallites (22). The sensitivity of SnO;
was proven to reach a maximum for a particle size close to 6 nm, when prepared by a
hydrothermal procedure followed by calcination (23). At this size, on the one hand,
the specific surface area is higher than in the case of larger particles, and on the other
hand, the area cannot any longer be considered as a flat surface, but the curvature
of the surface should be taken into account. This fact requires consideration of the
fact that the density of defect sites on the surface increases to a large extent. These
defects are usually strong reactive sites and enhance the overall surface reactivity. This
behavior is effective in thick films as well as in thin films (24). Korotcenkov et al.
(25) consider that a polycrystalline film of particles could be schematically presented
as an equivalent circuit, in which the small grains, the inter-grain contacts, and the
agglomerated and the inter-agglomerate contacts are resistors alternatively bounded
in series or in parallel (Figure 15.3) (21).
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Agglomerates

Figure 15.3. Schematic representation of a metal-oxide film as serial and parallel resistors;
Rp—resistance of grains; Ryg—resistance of agglomerates R,;-,—resistance of interagglom-
erate contacts; and R.—resistance of intergrain contacts. Reprinted from Ref. 21 with kind
permission of Elsevier.

This approach allows putting into evidence that the porosity of the agglomerates
and the gas-sensing matrix play an important role in the overall value of the layer
resistance. The low gas permeability of agglomerates increases the influence of inter-
agglomerate contacts, which do not interact with the gas to be detected. The use of
small-sized crystallites in a sensor is areliable way to achieve maximum gas sensitivity
and fast response. At the same time, excessive decreasing of the grain size and the
increase of the layer thickness lead to a lower penetration depth for the gas, due to
the decrease of the porosity of the layer.

Korotcenkov et al. (26,27) showed that the crystal growth direction of the SnO; and
Iny O3 has an important influence on the sensing properties of the layer. In equilibrium
conditions, the crystals grow in the direction of the face with the highest growing
energy and consequently adjacent faces appear. Comparison between two samples
of SnO; obtained in equilibrium and nonequilibrium conditions in the detection of
CO in wet and dry air outlined different sensitivities as a function of the predomi-
nant growing direction of the crystals. Water adsorption is possible on oxygen sites
from faces of the less stable crystals, and the sensitivity of the samples prepared in
nonequilibrium conditions to CO is much higher. The following reactions can explain
the experimentally observed increasing of the conductance due to a release of free
electrons:

H,0 + (Sn)0”;, —> (SnOH) ™ + (Ouqs )™V~ (n =1 0r2) (15.17)
COgas + O;is —> COz +e¢e~ (15.18)

COgas + (SNOH) ™ + (OyqsH) "™V~ — COz + Hy0 + ne™ + (Sn)0y. (15.19)

ads

Sasahara et al. (28) prepared sensors for toluene sensing by a screen-printing
technique of Pd-impregnated mesoporous silicas as catalytic sensing layer, using
the same quality silicas as references. The original silica has sharp and uniform-sized
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cylindric pores of 2.2 nm diameter and specific surfaces between 666 and 1502 m?g~!,
whereas after impregnation and calcination, the values decreased between 19 and
897 ng_l. The highest response of the sensor in terms of (V; — V,)/V, (Vg and
V, being the output voltages) was obtained on the higher surface area material, as
expected.

Xuetal. (29) and Sberveglieri (30) showed that not only the chemical composition,
but also the preparation methods have an important influence on the sensing properties
of the layer. Xu et al. prepared a series of sensors based on tungsten oxide promoted
with molybdenum oxide. The layer was prepared by impregnation of tungsten pow-
der with molybdenum salt, painting of the tungsten oxide layer with molybdenum
oxide, and vapor deposition of molybdenum oxide on tungsten oxide. The electrical
resistance of the layers was measured in ammonia and an ammonia + NO containing
mixture in 2% oxygen and nitrogen. The measurements showed that the sensitivity to
5-ppm ammonia in the O, + N> mixture was the same regardless of the preparation
method. In contrast, the sample prepared by the evaporation method was more than
two-folds more sensitive to ammonia, when 100-ppm NO was added to the tested gas.
This behavior is supposed to be due to formation of new sites for ammonia sensing
and to the poisoning of the sensing sites for NO by the MoOs3 doping. The hypothesis
is supported by the SEM images, showing that the MoOj3 is standing as fine fibers on
the WO3 grains.

Stankova et al. (31) underline the role of the morphology of tungsten oxides on
the sensing properties to ammonia, ethanol, and nitrogen dioxide. An increase of the
annealing temperature deepens the roughness profile of the surface, as atomic force
microscopy investigations showed. There is a close relationship between the surface
irregularities and sensitivity potential of the surface to the gases, more obvious in the
case of ethanol.

The n-type semiconductor oxides were also find to be suitable for the detection of
oxidizing species such as O3, Clp, and NO; (32). Indium oxide doped with Ce, Sn,
Ni, Fe, and MoOs give good results in the concentration range from 1 to 10000 ppb,
depending to a high extent on the dopants nature. These gases induce an increase
of the resistance, due to electron capture, whereas the species are adsorbed. The
nanocrystalline films have a better behavior than the thick films. The sensing mech-
anism is related to the adsorption that can occur with or without dissociation of the
O3 molecule:

03 + ¢~ —> Ogugs + Oy (15.20)
03 +¢ —> 05 (15.21)

The XPS investigations indicate the first dissociation mode as more consistent.

15.2.3. Influence of the Chemical Composition of the Layer

As the interaction between the gas and the sensor receptor occurs at a microscopic
level, recent development of nanotechnology plays an important role in obtaining gas
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sensors (33). The nature of the particle distribution in the layer defines the transducer,
which is responsible for transforming the interaction into measurable electrical sig-
nals. The chemical and structural stability of the layer depends to a big extent on its
chemical composition. The maximum response rate will be given by the minimum
agglomeration of the particles (21).

The mixed oxides used for sensors can be grouped in three categories, as
follows (34):

* Chemical Well-Defined Compounds: A distinctive chemical species is formed
by reaction between two simple oxides:

7Zn0O 4+ SnO; —> ZnSnO3 or ZnySnOy4 (15.22)
CdO + SnOy — CdSnO4 (15.23)
CdO + InpO3 — CdInyO4 (15.29)
SnOy + WO3 —> a-SnWO4 (15.25)

* Solid Solutions: TiO,—SnO;.
* Mechanical Mixtures: TiO,—WO3.

Researchers (21,35) indicate that the sensor performances improve significantly
when binary oxides or complex multicomponent materials are used instead of simple
oxides. Moreover, inclusion of catalytically active elements (noble metals or other
transition metals) and even inert impurities can have a favorable effect on sensor
performance. The role of the impurities can be extremely diverse, from favoring the
formation of and/or stabilizing of a certain phase, the size of the crystallites and
their growth direction, acting as catalytic promoters, favoring the occurrence of the
proper valence state of the receptor, the electronic state of the surface, the surface
potential, and the interparticle geometrical and energy barriers. The effects on sensor
properties concern changes of concentration of charge carriers, chemical and physical
concentration of metal-oxide matrix, and electronic and physical-chemical properties
of the surface etc.

The electronic structure of the multicomponent oxides changes the bulk electronic
structure, band gap, Fermi level position, and transport properties especially in the
first two cases above, whereas the changes in the surface properties mainly occurs at
the boundaries between grains of different chemical composition. These phenomena
are directly involved in the sensing mechanism.

The influence of doping on electrical properties of tin oxide was investigated by
Szczuko et al. (36). The doping with In, Sn, and Nb was performed by the wet method,
and the surface composition was analyzed by XPS. A 5% mole ratio was found to be
the maximum ratio of enrichment of the surface in dopants species; over this limit,
a second phase appears. Concentrations of dopants of 0.1-10% lead to an important
decrease of crystallite size from 220 nm for pure SnO; to 50 nm in the case of In and
Sb and to 30 nm in the case of the sample doped with 0.1-2%Nb. The effect of the
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Figure 15.4. The influence of an SnO; film by the doping concentration of In, Sb, Nb on
(a) the resistivity and (b) the crystalline size. Reprinted from Ref. 36 with kind permission of
Elsevier.

doping on the resistivity was very different from one dopant to another; a decrease in
size also reduces the resistivity in the case of Nb and In-doped SnO,, whereas doping
with Sb led to resistivity increase; see Figure 15.4 (36).

Doping the thin (30-40 nm) SnO; film with Ag and Pd nanoclusters by succes-
sive ionic layer deposition (SILD) leads to an important increase of the response to
0.1-0.5% H; and CO sensing using air as a reference gas 5-10 times in comparison
with pure SnO; film (25,37). The measurements were done in terms of resistance
changes, and the results were strongly dependent on the operating temperature,
number of deposition cycles, and nature of dopants.

Timmer et al. (38) reviewed information about the ammonia-sensing sensors. The
ammonia molecules are chemisorbed, and the electron pair from the nitrogen atom
increases the conductance of the layer. Wang et al. (39) investigated the sensing
properties of a large number of WOj3 sensors doped with alkali metals, earth metals,
and along series of transitional and f-block metals in the Periodic Table. Some dopants
increase to a large extent the sensitivity to NHs (Gd, La, Fr, Si, Y, Ti), whereas others
decrease and even cancel the sensing properties (Li, Na, Rb, Cs, Pb, Ba).

The selective detection performances of CO in a gas atmosphere containing Hj
was investigated by Yamaura et al. (40) on simple oxide-based sensors, prepared by
the hydrolysis and screen-printing method (41,42). From 24 different oxides, the best
behavior regarding the CO sensing properties was noticed for Inp,O3, SnO,, Fe; 03,
7Zn0, Y703, and TiO;. To test the cross-sensitivity in the presence of H», the indium
oxide was doped with alkali metals, earth metals, and a long series of transition metals.
In terms of sensitivity to CO, important increases in sensitivity were noticed for Na-,
K-, and Rb-doped films, whereas the other species had no effect or even significantly
decreased the sensitivity. When a mixture of CO and H, was used as a test gas, the
sensitivity increased almost nine times for the Rb-doped sensor, whereas Na, K, Ca,
Y, Mo, and Sm increased almost four times and the other dopants had negligible
effect.
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Vaishnav et al. (43,44) investigated the indium—tin-oxide sensors for the detection
of inferior alcohols, methanol, and ethanol. The catalytic properties of the indium-tin
surface could be improved by deposition of a thin layer (10 wm) of supplementary
catalytic material on the sensing layer. The nature of this supplementary layer was
Cu, MgO, or CaO in the case of methanol and MgO for ethanol.

The first step in the methanol catalytic conversion routes involved in the detection
can occur by its oxidation to formaldehyde by reaction with O™ or to formic acid by
reaction with O species adsorbed on the surface:

CH30H + 0~ —> CH,O + HyO + ¢~ (15.26)
CH30H + O; —> HCOOH + H0 + ¢~ (15.27)

The oxygen chemisorption, which forms these two ion species, is associated with
the presence of copper.

In the case of ethanol, a net difference can occur if the catalytic sites on the surface
are acidic or basic (either O™ and O, can participate in the reaction):

CH3—CH;—OH gas) + O3, —> H2C=CH; + H20 + €™ (on acid sites) (15.28)

CH3—CH—OH gas) + O,, 4, —> CH3—CH=0 + H;0 + e (on basic sites)
(15.29)

The electrons released in these reactions result in the decrease of the electrical
resistance value of the surface. The maximum sensitivity of the sensors occurs at
the optimal catalytic reaction temperatures, about 625 K for methanol and 723 K for
ethanol, respectively.

Dutta and De Lucia (45) briefly reviewed the role of some additives in the sensing
layer on its stabilization. Ten percent lanthanum mixed with the anatase phase of TiO»
leads to preserving this polymorphic form even up to 800 °C, avoiding the transforma-
tion to rutile. This material is suited for preparing sensors for CO detection, by adding
CuO or Au. The sensitivity of Au—LayO3-TiO; was remarkable at temperatures up
to 600 °C. The explanation consists in the ability of Au to adsorb CO, whereas TiO»
acts as an adsorbed oxygen species reservoir.

Setkus et al. (46) investigated the kinetics of the sensor response as a function
of the nature of the dopants on the CO and H, sensing properties of tin-oxide thin-
film sensors modified with metallic impurities. The response time of a sensor is the
time duration to reach 90% of the total sensor response. The tin-oxide sensors were
doped with Pt, Mo, W, and Ag. All dopants modified both the sensor sensitivity, due
to their specific catalytic action, and the transient of the response. Kinetic models
were elaborated for the reactions involved in the sensors’ response, and the kinetic
parameters were determined from experimental data. Important modifications appear
in the values of the adsorption coefficients and in the probability of bimolecular
interaction between adsorbed oxygen and the detected species. The metallic layer
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of dopants has very little influence on the adsorption of hydrogen, and it is a clear
disadvantage for the adsorption of CO. Regarding the reaction rate, Pt and W greatly
increase the probability of CO to participate in a bimolecular interaction, whereas all
metals are favorable for a H, bimolecular reaction.

15.3. DETECTION PRINCIPLES

The sensing properties are based on changes in measurable electrical properties of
the sensor in the presence of certain gas species. The changing of the properties is
associated with chemical interactions that occur at atomic level.

A receptor is generally a solid layer with specific sites at atomic level on its surface.
Changes occur in contact with a gas as a consequence of interactions by physical
adsorption or chemisorption. For oxide-based sensors, the interaction changes several
physical parameters such as electrical charge, polarizability, heat generation, potential
changes, resonating frequency, or optical properties. The depth of the charge layer L,
is defined by the Debye length (7):

Lq = (kTe/q*n)'/? (15.2)

where k, T, ¢, ¢, and n are the Boltzmann constant, absolute temperature, dielectric
constant, electron charge, and charge-carrier concentration, respectively.

The interaction occurring at the molecular level of the receptor is transformed
in a measurable output signal by a transducer. The transducer refers then to the
receptor microstructure, because it has an essential influence on the output signal.
The operation mode of the output signal can be different, depending on the output
measure that have been chosen: electrical resistance changes, capacitance changes,
FET diode, and transistor voltage signals, thermovoltage, and oscillation frequency
change due to mass changes; see Figure 15.5 (10).

There is a tight link among the nature of receptor, the transducer structure, and the
operation mode. According to the changes of physical properties, the following types
of sensor systems can be developed (1,2,4):

1. Based on changes of electrical resistance or impedance—thick-film metal-oxide
sensors, thin-film metal-oxide sensors on interdigitated electrodes, conducting
polymers.

2. Changes of electrical current—amperometric and potentiometric sensors.

3. Changes of electrical capacitance—metal-oxide semiconductor capacitors or
plate capacitors.

4. Changes of work function or polarization—field effect transistors (FET).
5. Changes of mass—bulk or surface acoustic wave resonators.
6. Changes of temperature—pellistors, thermistors, thermopiles.
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Figure 15.5. Some examples of different principles of metal oxides as sensing material.
Reprinted from Ref. 10 with kind permission of Elsevier.

7. Changes of optical adsorption or reflection due to changes in refractive index,
optical layer thickness—optical sensors.

8. Changes in incidence angle for the start of a surface plasmon due to changes in
refractive index—SPR sensors.

For the oxide-based sensors, the modification of the electrical properties of the
layer is the most widely used in evaluation of the interaction with a gas. The main
parameters for describing a chemical sensor are as follows: the detection mechanism,
the sensitivity profile, its concentration range, the speed of response, the operation
temperature, and its lifetime.

15.3.1. Conductivity Measuring Sensors

The type of gas sensors that are by far the most widely used are based on the
fact that the resistivity of a conductor is a measure of the mobile charge carriers
in the surface region of the device. A wide variety of resistive gas sensors have been
designed and tested. Many sensors are already commercially applied, and consider-
able research work has been focused to tin oxide, which has proved to be a good sensor
material.

Lee et al. (47) used for detection of isobutane a sensor having sensing layers on
both sides of an alumina plate. On one side, a layer of In,O3 doped with tin oxide was
deposited, and on the other side, an alumina layer doped with platinum was deposited.
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Under each sensitive layer, a conductive platinum layer was sputtered. This platinum
layer has a triple role: acts as a heater, as a resistor for a measuring system, and has
a catalytic effect in combustible gas sensing at high gas concentrations. The proper
conductivity and maximum sensitivity for detection of 1% butane in air was achieved
when the In—-Sn layer was between 12% and 16% Sn. The Pt-based sensor worked on
the principle of a combustible catalytic sensor mechanism. The heat emerged when
the gas burned on the sensor surface, and led to a linear increase of output voltage
with a rate of 0.153 mV /ppm up to 1.5% butane; then a portion of nonlinear increase
follows up to 3% butane, and finally a slight slower linear increase appears up to 10%
butane.

The so-called “sensitivity model for the equilibrium state,” consisting of an analysis
of the transient responses after a steep change between two equilibrium states was
used by Setkus (48) to analyze the SnO sensor behavior in CO sensing. In princi-
ple, the method considers the elementary steps involved in the catalytic reaction for
elaborating a kinetic model, and then it compares the results issued from this model
with those from an experimental approach. The working principle of the transducer
is the modification of electrical resistance when the catalytic reaction takes place. In
oxygen-rich atmosphere, the chemisorbed oxygen acts as trap for the bulk electrons
on the surface of the solid. Any change in the oxygen coverage due to oxidation
reactions will be reflected in changes of the electrical resistance of the layer. Setkus
considers in elaboration of the modeling that the catalytic reaction occurs via a classic
Langmuir-Hinshelwood mechanism, meaning that both initial species (oxygen and
CO) react from adsorbed state on the solid and that the reaction product is immediately
desorbed from the surface, delivering the sites to resume the cycle. The mathemat-
ical model gives the expression of a ratio between the actual electrical resistance
and the initial resistance. The expression is deduced in the conditions of reaching
the catalytic reaction equilibrium, as a function of time; the kinetic constants of the
elementary steps; adsorption and desorption coefficients; the height of the potential
barrier at the boundaries; and the elementary charge. For an 80—120-nm-thick sensing
layer made by 8-nm-sized particles, the experimental results fitted excellently with
the mathematical model.

On a porous ceramic body sensor based on semiconducting oxides such as SnO»,
Zn0O, and Fe;03, heated between 300 and 700 °C, the adsorption of oxygen seems
to take place in the neck region between the grains (33). As electrons are requested
for oxygen adsorption, a simultaneous accumulation of negative charge occurs at the
surface of the grains, whereas a complementary positive charge called the depletion
layer appears in the oxide layer. The negative charge makes the surface attractive
for reducing gases as hydrogen or carbon monoxide, which react with the adsorbed
oxygen, which follows by an increase of the conductivity of the layer (33).

The resistance changes occurring in semiconductive oxides as a consequence of
the interaction with different gases were investigated by Williams (49) on oxides with
different character, n or p-type. The chromia-titania (1-45% Ti) increases its resistance
even to traces of reducing gases; and thus, it can be classified as a p-type oxide. It
responds to CO, volatile organic compounds, H,S, NH3. Indium, tin, tungsten, and
molybdenum form n-type oxides, which increase the resistance in the presence of
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ozone, chlorine, and nitrogen dioxide. In the case of indium and molybdenum oxides,
the sensitivity to reducing gases is explained by oxygen vacancies, which offers a
flexible behavior.

15.3.2. lon Conductor Sensors

Miura et al. (50) made a classification of the types of potential devices based on a solid
electrolyte used for sensing redox gases. According to his concept, three main groups
of sensors can be defined, namely, equilibrium potential, electrochemical pumping
current, and mixed potential.

The first category deals with sensors in which electrochemical reversible reactions
are involved and in which the sensing electrode is assisted by a reference electrode.
For example, the yttria stabilized zirconia works on the basis of the reaction:

0y +4e~ = 20>~ (15.30)

In the case of its use as an electrochemical pump, the reduction takes place after the
diffusion of the ions through the electrolyte layer, by the contribution of an applied
potential.

The mixed-potential electrodes are characterized by allowing occurrence of
oxidation and reduction reactions at the same time, by the contribution of specific
sites. This concept was first introduced to explain the zirconia sensors non-nernstian
behavior of an oxygen sensor in the mixture of air and fuel. An electrochemical cell
including yttria stabilized zirconia (YSZ) should be defined as air, Pt | YSZ | Pt, and
CO + air.

The catalytic effect of platinum makes the oxidation of CO possible, by a purely
chemical reaction:

CO' + 10, — €O, (15.31)

0}, CO’, and CO), denote oxygen in the neighborhood of a three-phase boundary.
The catodic reaction is

O, + 4~ —> 20*~ (15.32)

and the corresponding electrochemical cell: P(,, Pt|YSZ|Pt, Poy (P, being the
partial pressure of Oj after the reaction). CO can also participate directly in the
electrochemical oxidation:

CO' + 0> — COj +2¢~ (15.33)

and the corresponding electrochemical cell is P’CO, Pt|YSZ|Pt, Po>. The two-
electrochemical reactions form a distinct cell. The simultaneous progresses of these
reactions determine the non-nernstian response of the YSZ.

The mixed-potential type gas sensors find application in the design of gas sensors
for species such as CO, NO,, H,, H,S, NHj3, and hydrocarbons (51).
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15.3.3. Field-Effect Sensors

Lundstrom et al. invented the field-effect sensors about 30 years ago (52). They experi-
enced that metal-insulator—semiconductor field-effect transistors having a palladium
gate could be used as hydrogen sensors. The field effect involves devices like capac-
itors, diodes, and transistors (53). A schematic representation of these devices is
presented in Figure 15.6.

The capacitor consists of a semiconductor with an ohmic contact on the one side
and an insulator layer on the other side. On the insulator material, a catalytic, mostly
porous layer, e.g., of Pt, Pd, Rh, and RuO, is applied as a gate contact together
with a thick metallic contact, which allows the bonding. For example, in a hydrogen
or hydrocarbon gas environment, the hydrogen-containing molecules dissociate on
the catalytic metal sites and hydrogen atoms spill over to the insulator and adsorb
predominantly as OH groups. This was recently investigated by DRIFT spectroscopy
using model surfaces of Pt- or Ir-impregnated SiO, powder. Clear evidences for
OH groups and even eventually OH;‘ groups were found on the SiO; sites during
hydrogen and ammonia exposure in air (54,55). The OH groups on the insulator form
apolarized layer that will introduce an electric field in the insulator, and for a positively
biased n-type semiconductor, the depletion area will increase; the OH groups act as an
extra-applied positive voltage. Thus, the polarization of the insulator surface causes a
voltage shift of the capacitance versus voltage curve, proportional to the concentration
of hydrogen. For the sensing of other gases, e.g., ammonia, the presence of triple-
phase boundaries, where gas, metal, and insulator are all in contact, are necessary to
obtain dissociation of the molecule in such a way that hydrogen atoms are released
to the insulator to form the polarized layer in the same way as for hydrogen (56-61).

For the Schottky diode used as a gas sensor, an interfacial layer of a thin insulator
is shown to be advantageous for the gas response (62,63). The thin insulator also is the
weak part of the device, easily destroyed because current flows through the insulator

Insulator Catalytic
Catalytic Catalytic . material
material material Drain Source

Insulator

Insulator

Semiconductor

Semiconductor Semiconductor

Capacitor Schottky diode Field effect transistor

Figure 15.6. Schematic picture of FET devices, capacitor, Schottky diode, and transistor. The
catalytic gate material turns the devices into gas sensors. See color insert.
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during the operation. The field-effect transistor combines in an advantageous manner
the properties of the capacitor, with a thicker and more stable insulator and the simple
electric circuitry for operating the diode (53). The working principle is the same for
all three devices, hydrogen or hydrogen-containing molecules dissociate on the gate
material, and the dissociated hydrogen atoms diffuse to the metal-oxide interface
and form a polarized layer as described above. The sensor signal is the voltage at a
constant current, and the polarization of the metal insulator interface shows up as a
voltage change in the signal (Figure 15.7) (64). This shift is thus a measure of the
intensity of the interaction between the gas and the catalytic surface, proportional to
the ratio of reducing to oxidizing species (65).

Salomonsson et al. (66—68) investigated the sensing properties of a silicon carbide-
based field-effect capacitor prepared by deposition of ruthenium oxide or ruthenium
nanoparticles as the gate material. The insulator layer on top of the silicon carbide is
a stack about 80 nm thick of silicon dioxide and then silicon nitride that is densified,
resulting in a top layer of silicon oxide. The sensing layer was deposited by drop-
ping a RuO, or Ru suspension on the substrate surface, followed by annealing.
The sheet resistance of the annealed RuO; layer was investigated between room
temperature up to 500 °C in air; the values are comprised between 7 and 14 Q /cm?.
The gas sensitivity of the MISiC capacitor was tested for hydrogen, carbon monoxide,
nitrogen oxide, propene, and ammonia diluted in air. The voltage shift depends on
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Figure 15.7. 1I-V characteristics for a MISiC sensor working as a diode. Reprinted from Ref. 64
with the permission of Elsevier.
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Figure 15.8. Response patterns in terms of voltage shifts of RuO;/SiOy/SizNg4/
Si0, /4H-SiC capacitive sensors at 400 °C to different gases. Reprinted from Ref. 66 with
the permission of Elsevier.

the sensing material, the temperature, the nature of the gas, and its concentration
(Figure 15.8) (56). It is interesting to consider the fact that in the case with nanopar-
ticles used as a gate material in a FET device, it is the charging of the gate material
that will introduce the sensor response. This should be compared with, e.g., the
measurements of resistivity changes introduced by the gas interaction. The most
information will of course be obtained from a multicomponent device, where both
the field effect from the charging of the gases and the resistivity changes are measured
simultaneously (61).

Abom et al. (69) used capacitor-type MIS field-effect sensors with SnO», SiO»,
and Al, O3 as catalytic material for the detection of hydrogen, ammonia, propene, and
acetaldehyde. A platinum layer, 8 nm, was deposited on the insulator layer prior to an
oxide deposition. The properties of the layer in terms of chemical composition were
determined by AES spectra. The morphology revealed by SEM showed that the oxide
layer up to about 56 nm allows a certain fraction of the Pt porous layer on the surface to
remain uncovered by the oxide. The catalytic effect of platinum on the gas interaction
is essential to achieve detection of the species at hand. For SnO; layers thicker than
56 nm, the shift voltage is null, indicating that the access of molecules to the platinum
is mandatory and that the reactions involved in sensing occur at metal-oxide grain
boundaries. A new series of sensors was prepared, with a thicker, more dense, Pt layer
(60nm) deposited on top of the 8-nm layer before oxide deposition. The SnO, and
Si0O; layers, less than 56 nm in thickness, deposited on this thicker platinum layer
gave better responses to ammonia than the Pt layer alone. This outlines the role played
in the sensing in terms of both the role of the catalytic platinum metal and the role
of the oxide in oxygen and hydrogen adsorption. These results were confirmed in a
new setup of experiments with thin or thick Pt films, cosputtered Pt and SiO,, and
overlayers of SiO; (69).
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Inspired by the results above, cosputtered films of SiO, /Pt or Ir were successfully
processed and tested as sensing materials for reducing gases like NH3, Hy, and propene
in SiC-based FET devices (70). It was also shown that a cosputtered film of Ir and SiO,
increased the long-term stability as tested at 500 °C in hydrogen/oxygen intermittent
pulses (71).

15.4. PROCESSING OF METAL OXIDES AS SENSING LAYERS

As the sensing mechanism is controlled at the nanoscale level, the use of nanoparti-
cles in sensor technology can bring benefits in the “four S” requirements: sensitivity,
selectivity, stability, and speed of response (72). The wide use of sensors nowa-
days based on nanoparticles supports the special importance that we pay to their
synthesis methods. Nevertheless, a distinctive problem consists in their deposition
on the active substrate area, in order to give a sensor device. The adherence of the
nanoparticles on the substrate is a key step in preparation of a chemical sensor based
on oxides.

15.4.1. Nanoparticle Synthesis

The preparation of oxide nanoparticles for use in sensor manufacturing involves
fulfilling some requirements: control of particle size, obtaining a narrow size dis-
tribution, even monodispersity if possible, passivation of the surface, and control of
particle shape (33). Achievement of these demands must also take into account the
possible degradation of the synthesized materials, which should be avoided. For appli-
cations in sensors, the nanoparticle grain density should be high enough to display a
maximum number of grain boundaries, but not too dense, in order to avoid the effect
of slow diffusion of molecules to the interaction sites.

The synthesis of nanoparticles can be performed in gas or liquid phase. The
synthesis of solids in wet medium can be accomplished by precipitation, sol-gel
transformation, and wet impregnation.

The precipitation method is the extremely simple liquid-phase method and based
on the formation of a solid when the concentration of a species in a solvent exceeds the
solubility limit. The quality of the product obtained by precipitation depends on the
conditions for precipitation: purity of the initial reagents and nature of impurities, the
values of the concentrations of the solutions used as reagents, the pH value, the rate of
reagents added, temperature, stirring regime, maturation time, temperature, and so on.
The choice of the precipitation conditions involves knowledge about the nucleation
and growth process, whose rates will to a large extent have an impact on product quality
(compositional homogeneity, uniformity of shape and size, crystallinity, etc.) (73).

A widely used wet synthesis method is the sol-gel method. It consists of the
controlled transformation of a precursor (usually a salt of metal or metalloid element)
in a solid phase, by the intermediate formation of a sol (a colloidal solution), then by
its transformation in gel, and finally by obtaining a solid product. The formation of sol
is generally the result of the salt hydrolysis, in adequate conditions of pH, salt/solvent
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ratio, and sometimes use of a catalyst (74,75) resulting in oligomeric species. The sol
can be transformed in gel, precipitated, or deposited on solid surfaces as a thin film.
Transformation in gel is in fact a condensation of the oligomers, in which the solvent
is included in large spaces delimited by polymeric species formed by condensation.
The gel is then transformed into a solid by evaporation or extraction of the solvent.
In most cases, the condensation begins before the hydrolysis ends. The equilibrium
between these steps is tuned by the choice of composition and operating conditions.
The gel can be transformed into powders, fibers, coatings, monoliths, or solids with
ordered pore structure, depending on the conditions chosen for solvent elimination
(heating and/or vacuum treatment, solvent extraction, etc.). The method is widely
used for production of metal oxides and ceramic powders (76), by including more
than one species in the initial solution. Activation is generally the next step, made by
calcination at proper temperatures.

An alternative method for doping the solid can be wet impregnation, which can be
performed either on the as-synthesised initial solid or on the calcined form (73).

The complexity of the process and the high number of variables interfering in the
synthesis makes control of the chemical purity of the product and the nature of the
crystalline phases obtained by wet synthesis a difficult task.

The nanoparticle powder needs then to be deposited in a stable manner on the sensor
surface. The simplest technique to do this is the so-called “screen printing.” It consists
in preparing a paste by mixing the nanoparticle powder with a solvent or a polymer
solution and by applying it on the surface by the use of a mask. The stabilization of
the solid deposited by screen-printing is achieved by thermal treatments (26,39).

Gas-phase synthesis of particles is usually a continuous process. Several groups
of methods can be involved in nanoparticle processing. For oxide nanoparticles, the
most widely used methods include physical vapor deposition (PVD), chemical vapor
deposition (CVD), and aerosol processing (76). The aerosol synthesizing can in turn
be achieved by a wide choice of methods, one of which can include the so-called
“homogeneous nucleation in the gas phase,” achievable by several various heating
and evaporation methods involving physical and chemical reactions (furnace flow-
type reactors, laser reactors, flame reactors, plasma reactors, and sputtering), the
electrospray techniques, and the homogeneous nucleation in aerosol droplets (spray
conversion technique) (33).

Some of these techniques are extremely sophisticated and costly, whereas others
are extremely simple and easy to perform. Which one should be chosen depends on
the nature of the product. The gas-phase processing may give better results in terms of
some parameters: The purity of the product can be higher, because the use of solvent is
avoided (even in the water, traces of minerals can be found). The aerosol processes can
lead to complex chemical structures useful in producing multicomponent materials.
The product quality is more easily controlled in terms of particle size, crystallinity,
agglomeration, porosity, chemical homogeneity, and stoichiometry, by adjusting the
process parameters or by adding extra processing steps as sintering or size fractioning.
The aerosol processing is much cheaper than vacuum synthesis and faster in terms of
deposition rate. The chemical segregation in the aerosol droplet is minimized, because
the formed phases have to stay within the particle.
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Comini et al. (72) investigated the sensor qualities of SnO, nanobelts, synthesized
in the vapor phase, by oxidation of Sn vapors. The vapors were obtained by the
decomposition of SnO at 800—-1000 °C:

2S00 —> Sn (1) + SnO, (15.34)

then transported by an argon flow, condensed on a substrate as micron-size droplets,
then oxidized by an oxygen flow:

Sn 4+ 0, —> SnO, (15.35)

The layer was tested as gas sensor for CO, NO», and ethanol. The maximum sensitivity
was achieved at 300-350 °C, a value that assures a convenient amount of oxygen
adsorbed on the surface that can act as an oxidizing agent. The sensor responses, in
terms of relative variation of the conductance, are much higher than in the case of
SnO; layers (200% for 30-ppm CO at 350 °C, 900% for 200-ppb NO, at 300 °C, and
2500% for 10-ppm ethanol at 350 °C).

15.4.2. Deposition of Particles by Aerosol Technology

The deposition of the oxide particles on the substrate surface in order to obtain a
sensitive layer is sometimes a challenging task. The stable deposition of particles on
a substrate is an essential step to realize a high-quality sensor.

If the active layer is formed by nanoparticles obtained by aerosol technology, the
deposition techniques are specific for this method. A reference book on the subject
(77) indicates that the immobilization of particles on the surface is connected with the
concept of adhesion of solid from aerosol at the surface of the substrate. The adhesion
can be achieved by several methods such as diffusion, thermal precipitation, inertial
impact, and deposition in electric fields.

The adhesion on the surface is governed by van der Waals type, electrostatic,
and forces associated with surface tension. These forces depend on the deposited
particles (chemical composition, size, shape, “age” etc.), the nature of the surface
(chemical composition, roughness, electrical properties), and the operating conditions
(temperature, aerosol velocity, humidity, duration of contact, etc.).

The van der Waals forces are long-range acting and relatively weak in intensity.
Nevertheless, the asperities present on the substrate surface can create good contact
with particles, and through thermal treatments, chemical reactions can occur in solid
state, thus fixing strongly the particles on the surface; the step is named annealing.
Kennedy et al. (78) emphasized that this step is essential to form the conducting
necks between single particles, avoiding the growth of their initial sizes. The extent
of structure transformation is controlled by temperature and annealing time.

The deposition by diffusion results in particles that stick to the solid surface, as a
result of the collision between the particles and the solid. The diffusion of particles
to the wall is due to the particle concentration gradient, taking into account that



15.4. PROCESSING OF METAL OXIDES AS SENSING LAYERS 435

once stuck on the surface, the particle concentration in the aerosol in the layer next
to the surface becomes zero. The deposition by diffusion is the method most used
(21,25-27,79) in deposition of sensitive thin layers.

Thermophoresis is another phenomenon that can occur in the aerosol as an effect
of temperature. A force associated with the temperature gradient acts on the particle,
forcing it to move in order to decrease the temperature. When a cold surface is put in
contact with a warm gas, thermophoresis favors the particle deposition on the surface.

The deposition by impact is based on the different behavior of the solid particles
and the gas molecules, when the aerosol flow is passed through a nozzle and the jet
is directed to a flat plate that deflects the flow to form a 90° bend to the streamlines.
The solid particles have higher inertia and collide with the substrate surface and get
stuck on it, whereas the gas easily changes direction.

Electric fields can be used in deposition of particles either by spraying ions in
the region of particle formation and growth (corona discharge) or by attracting the
ionized particles to electrodes. The corona effect also reduces the possible residence
time in the high-temperature region in the furnaces, thus better controlling their size
uniformity (80-83). The electrically charged particles can be deposited in a very
convenient way by applying an electric field to direct them to the substrate surface.
Kruis et al. (84) used a neutralizer containing a radioactive source to charge particles
smaller than 20 nm. The particles were deposited on the substrate by applying a 5-kV
voltage. Chen et al. (85) showed that a rigorous control of a particle move could be
achieved by a proper choice of the deposition area design, the flow value, and the
applied voltage value. The deposition parameters were defined by Deppert et al. (86):
the bias voltage, inlet configuration, distance susceptor-inlet, aerosol flow, particle
size, and the substrate temperature. The method was used by Kennedy et al. for
the deposition of SnO; nanoparticles for sensors (78). Gourari et al. (87) prepared
tin-manganese oxide-based sensors for hydrogen sensing by electrostatic deposition,
applying a 10-kV voltage between the substrate and the needle used for spraying the
precursor solutions. At a substrate temperature of 400 °C and a solution concentration
between 1072 and 10~ mol L~!, aggregates of grains were formed in the range of
1-10 pwm. The sensor was sensitive for hydrogen concentrations higher than 800 ppm
in nitrogen, and the best response was noticed between 350 °C and 400 °C. In terms of
chemical composition of the sensing layer, the optimal SnO /Mn,O3 ratio was 10/1.

15.4.3. More Methods for Synthesizing of Metal-Oxide Layers

Two more methods used especially for processing of catalytic metal-oxide layers for
sensors are reviewed here.

The rheotaxial growth and thermal oxidation (RGTO), very advantageous to obtain
sensor materials, was developed by Sberveglieri (30) and then used by many authors
(88-90) to obtain thin-oxide films of one or more oxides.

The technique consists of a two-step process: First, a metallic thin film is deposited
on a substrate maintained at a temperature slightly higher than the metal melting
point, and then an oxidation step transforms the metal into an oxide. Almost spher-
ical droplets, isolated from each other, compose the metallic layer. The oxidation
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step performed on this layer preserves the granular structure, but the increase in film
thickness with 30-40% creates connections between agglomerates, so-called “necks,”
associated with the sensing active sites of the material. The structure of the material
is spongy, a fact that gives a high surface-to-volume ratio, which is favorable for gas
sensors. More than one metal can be used at a time to give a better sensor. Radecka
et al. (89) investigated the properties of Sn—Ti mixed oxides (5% Ti), obtained by
oxidation at 450-800 °C for 18 hours, for methane and hydrogen sensing at concen-
trations between 0 and 1000 ppm. The sensitivity was expressed in terms of a relative
change in electrical conductance. The layers had a good sensitivity to both reducing
species. The crystalline nature of the material was confirmed by X-ray diffraction,
and the uniform grain size was confirmed by scanning electron microscopy.

Szuber et al. (90) showed that the droplet size during the RGTO depends on the
chemical nature of the substrate and performed a study to determine the optimal
substrate temperature in order to obtain a maximum surface coverage; for SnO;, the
value was 265 °C. In what concerns the sensor properties, the sensor response to
NO; depended severely on the measurement temperature. For concentrations of NO2
between 50 and 200 ppm in synthetic air, the optimal value was 200 °C. Itis interesting
to note that the value of the substrate temperature during deposition of the sensing layer
also had an important effect on the sensitivity. At lower measurement temperature,
the samples prepared at a higher substrate temperature exhibited a higher response.

Comini et al. (88) prepared sensors by two successive RGTO depositions. They
deposited a first layer of tungsten and molybdenum (8/2 weight ratio) on the substrate
by sputtering and oxidized it in humid air to obtain a porous oxide with a discontinuous
structure that is, presumably, with a high resistivity. This layer was used as a template
for a SnO; sensing layer, obtained by the RGTO technique, using different times for
the droplet deposition step, between 30 and 130 minutes. The conductivity of the
samples deposited on the WO3—MoOj3 layer increased by more than one order of
magnitude as compared with the pure SnO», most probably due to the improvement
of the connections between the grains in the film. These sensors were tested for
conductivity and for the sensitivity to CO, in dry and humid air. The SnO, layer
deposited by RGTO on WO3-MoO3 was more sensitive to CO than those of pure
SnOy, and the response is better for the layer obtained with a longer droplet duration.

The spray pyrolysis was widely used by Korotcenkov et al. (25,76,91-94) to obtain
sensors with a different composition of the layer. The parameters that influence the
growth rate and the deposition process are as follows: the substrate temperature, the
input pressure of the carrier gas, the reactor design and working parameters (tempera-
ture, flowing regime, geometry, etc.), the distance between the exit from the nebulizer
and the substrate, the precursor nature, the stability and concentration, and the time
of spraying. The crystallite sizes are generally in the order of tens of nanometer. The
maximum gas sensitivity was obtained for layers made by small crystallite sizes.
The external forms of nanocrystals can be pyramids, bipyramids, and prisms. The
deposited layer varies from some tens of nanometers to some hundreds of nano-
meters. Due to the more dense packing in a layer containing more than one statistical
monolayer of particles, the resistance values of the layer decrease with thickness.
For a SnO», film used for sensing hydrogen, the resistance value of a 15-35-nm film
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decreased with more than one order of magnitude in the presence of 2% Hj in air as
compared with air (79,91). The pyrolysis temperature has a strong influence on the
particle morphology and sensing properties; the general behavior indicates that the
particle size increases with temperature, and the sensitivity to gas decreases. The mea-
surement temperature is also an important factor that influences the sensitivity. For a
constant layer thickness, the response normally increases, up to a certain temperature
limit, which depends on the preparation conditions, and then the response decreases
again when the temperature increases further. The thickness of the layer also influ-
ences the sensitivity, but a general correlation is difficult to make. The most porous
films were obtained for pyrolysis temperatures between 400 and 450 °C and the layer
thickness was between 20 and 170 nm.

The InyOs-based thin films manufactured by spray pyrolysis have a columnar
structure, with almost parallel crystallites, generating a layer of about 200 nm thick-
ness (25,92). The size of the primary particles depends to an important extent on the
pyrolysis temperature. The sensing properties are displayed to reducing gases such
as hydrogen and CO. The gas response increases slowly with the layer thickness. A
detailed study on the influence of the thermal annealing process on the indium oxide
stability (94) indicates an important increase of the grain size, especially in the case of
particles obtained at higher pyrolysis temperatures. The response to reducing gases is
not influenced by the crystallite size, whereas the exposure to oxidant gases (ozone)
indicates a sharp decrease of the gas response with layer thickness.

15.5. PRACTICAL DEVICES AND COMMERCIAL APPLICATIONS

In this section, the most widely applied types of practical devices will be briefly
exposed. To analyze complex mixtures of gases, advanced multiple sensor designs
are suggested.

The metal-oxide resistive gas sensor design has turned from ceramic based on a
thick catalytic layer (Figaro type) (95) to thin films. The modalities to improve the
sensor fabrication process include development of new material systems, enhancing
the fabrication process and manufacturing of “smart sensors,” equipped with signal
conditioning and filtration modules. The use of thin films as sensing materials brings
important improvements of the sensitivity of the sensors.

Even though three working principles, resistors, diodes, and capacitors, of metal-
oxide sensors are used to characterize these devices (96), resistors are almost
exclusively used in commercial applications. The differences among the three devices
concern the measured characteristics during interaction with the gas (see Figure 15.9)
(96). In the case of resistors, the dependence between the voltage and the current inten-
sity is linear and the slope depends on the charge-carrier density, which is directly
related to the measured gas pressure. In the diode case, the I-U characteristic curve
is displaced to a lower voltage value in the presence of a measured (reducing) gas.
As the metal-oxide material exhibits semiconducting properties, the gas (oxidizing)
interaction with the sensing surface introduces a depletion layer, which varies in size
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Figure 15.9. The resistor, diode, and capacitor device layout are used to investigate the elec-
trical characteristics of metal oxide sensors. Reprinted from Ref. 96 with kind permission of
Elsevier.

depending on nature and concentration of the gas, which is analyzed. Due to this also,
the capacitive properties of a metal-oxide device will give information.

The yttria-stabilized zirconia (YSZ)-based solid electrolyte device is an oxygen
ion conducting material used to measure excess or lack of oxygen in its simplest
version (11). Several advanced modifications of this sensor have created, for example,
alinear oxygen sensor and sensors for nitrogen oxides. Some of these will be described
here.

Szabo and Dutta (97) used a special design of the sensor and of the entire mounting
for detection of NO, NOj, and their mixture. As sensing elements, they used chromium
(III) oxide deposited on YSZ with a special shape (a single closed-end tube with a
platinum reference electrode painted inside, near to the closed bottom). The gas to be
analyzed was passed through a catalytic bed based on platinum deposited on zeolite
Y previous to the analysis, in order to convert the NO to NO». The catalyst allowed
attaining a conversion degree very close to the thermodynamic predictions. The value
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of the electromotive force (EMF) developed by the sensing process depended to a large
extent on the temperature and on the nature of the nitrogen oxide. As expected from the
electrochemical reactions involved in the sensing mechanism, the values of the EMF
decreased in the case of NO with respect to the baseline registered in a N + 3%0;
mixture, whereas in the case of NO,, the values increased. In fact, logarithmic-type
dependencies were found for the EMF 500 °C and for nitrogen oxide concentrations
between 0 and 1000 ppm:

EMFyo, = —72.5 + 16.31n[NO,] (15.36)
EMFyno = —32.3 — 2.6In[NO] (15.37)

The mixtures of NO and NO, in different ratios led to an EMF intermediate between
those of pure gases. This behavior is typical for mixed potential type sensors (27).
The catalytic conversion of the gases prior to analysis led to essentially the same
sensor response for all ratios between the two gases, indicating that the equilibrium
was reached between the analyzed species during the contact with the catalyst. The
sensor measurements performed on NO- and NO;-containing gas flows at tempera-
tures between 400 °C and 700 °C showed practically identical EMF values for both
gases, for all ratios between the two species.

This association between catalytic conversion and gas sensing can be useful in
simultaneous sensing of NO, and CO. The Cr,O3 proved to be very sensitive to CO
at concentrations of 0—1000 ppm. However, the catalytic converter totally transforms
CO into CO», as confirmed by measurements. If a gas flow containing a nitrogen
oxide and CO mixture is catalytically converted, the response of NO, + CO is the
same as for only NO,. This allows measurement of 200—1000-ppm NO, with this
system independent of CO concentration.

The most widely practical applications of the metal-oxide chemical sensors
concern:

1. A device, which starts an alarm when a toxic or dangerous gas species is present
in the atmosphere surrounding the sensor.

2. Monitoring the composition of the exhaust gases from energy plants or of
automotive exhaust gases and optimizing the combustion in order to minimize
the level of pollutants emitted to the environment.

3. Evaluation the degree of pollution in the atmosphere by detecting gases such as
ammonia and volatile organic compounds at very low concentrations in the air.

4. Sensing complex mixtures of scented substances in gas or liquid phase by
instruments known as “electronic noses and tongues” (98). These devices find
wide applications in the food and beverage industries.

The combustion control is nowadays a very important task, because the negative
effects of gases such as CO, NOy, and unburned hydrocarbons on the environment
are well known (4). The control involves the development of sensitive and specific
sensors for these species and correlating the information with a selective catalytic
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converter in a closed-loop control. The information from the sensor can be used to
regulate the air-to-fuel ratio in order to minimize the amounts of unwanted and toxic
gas compounds. As the nitrogen oxides come from the reaction between atmospheric
nitrogen and oxygen at elevated temperatures in excess oxygen introduced to assure
complete oxidation of hydrocarbons, establishing a stoichiometric ratio between the
fuel and the air should be ideal. At the same time, a good regulation of the combustion
should decrease the fuel consumption, thus minimizing the CO; emissions. At this
composition ratio, the conversion efficiency of a catalyst employed to eliminate the
toxic gases reaches a maximum. The sensor for this kind of systems should work at
a gas composition close to the stoichiometric ratio between oxygen and fuel.

A typical example is the exhaust gas from automotives, which usually contains
oxygen, hydrocarbons, carbon monoxide, hydrogen, and nitrogen monoxide. On the
sensor surface, due to its catalytic potential, a series of reactions can occur:

2CO 4+ 0, — 2CO,

CO+H;0 — COz + Hp

2NO + 2CO — N, +2CO»

2NO + 2H; — N3 + 2H,0

2NO; +4CO — N + 2H,0

2NO + 2H; — N3 + 2H,0

C.Hy + (x + y/4)03 —> xCO; + y/2H,0

(2x + y/2)NO + CyHy —> xCO; + y/2H20 + (x + y/4)N,

A complex indicator named the “lambda value” is defined by the ratio between the
air-to-fuel mass ratio in the cylinder (real system) and at stochiometry (99):

(Mair/ mfuel)engine

(Mg / Mfyel )stoichiometric

The information from the sensors is processed in a control unit that controls the
air-to-fuel ratio. In practice, the oxygen-to-fuel ratio is allowed to oscillate around the
stochiometric value, which increases further both the lifetime and the efficiency of
the catalytic converter. The commercial lambda sensors currently used in automotive
applications are based on oxygen-ion conducting YSZ.

Several lambda sensor configurations are developed today (100):

* As planar potentiometric sensors, based on the solid electrolyte properties of the
zirconia, which remain electronically insulating. The potential difference over
a ZrO» layer is directly related to the difference in oxygen concentration at the
two sides of the zirconia layer.
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* As oxygen pumping sensors, at temperatures above 600 °C, the transport of
oxygen ions through the electrolyte can occur. The transport develops a pumping
voltage proportional to the oxygen concentration gradient through the zirconia
layer.

» Asadual cell with wide-range oxygen concentration sensing, made by a pumping
cell and a sensing cell, separated by a porous diffusion barrier.

Resistive-type sensors based on semiconducting metal oxide, reflecting in
their electrical conductivity the equilibrium between the oxygen partial pres-
sure in the measured gas and their bulk stoichiometry at temperatures above
700°C.

Franciosoetal. (101) manufactured a lambda sensor based on titania, relying on the
change of the semiconductor resistance with oxygen partial pressure. The material was
prepared by the sol-gel method and deposited on alumina substrates. The dependence
of electrical resistance on the logarithm of the oxygen partial pressure was found to
be linear for temperatures values of 400 °C, 500 °C, and 600 °C. A sudden increase
of the resistance of the layer occurred between A values of 1 and 1.1. For complex
gas mixtures containing oxygen, carbon dioxide, nitrogen, monoxide, nitrogen, and
methane, in ratios close to those in real exhaust mixtures, the resistance increased
three times in a very narrow A region close to 1.

Grilli et al. propose an YSZ sensor doped with tungsten oxide (102) as a pollutant
detector at high temperatures. An optimal temperature value of 600 °C was found for
the sensing of CO and NO; in the case of WO3 prepared by thermal decomposition
of ammonium tungstenate, whereas an optimum at 550 °C was noticed for the dopant
powder prepared by precipitation. The tests performed with these sensors in exhaust
gases of an engine bench test (103) showed good correlation with the results obtained
using lambda sensors.

The monitoring of the environment quality can be performed by oxide-based chem-
ical sensors. Indoor and outdoor air quality (104,105) control was performed by
detection of volatile organic compounds (106,107) and emissions from wastewater
treatment plants (108).

The typical indoor air contaminants are aldehydes, ozone, nitrogen dioxide, carbon
monoxide, radon, solid particles, sulphur dioxide, lead, and water vapor (104). As,
for example, water interferes in both NO; and CO detection and the discrimination
between the different target species is achieved by using data processing and pat-
tern recognition algorithms, which rely on the distinct response patterns provided
by a sensor array. For CO detection, a SnO; + SiO» + Au sensor material was used,
whereas for NO, detection, the SnO; + Au was preferred. The detection limits were
5Sppm for CO and 20 ppm for NO; and saturation occurred for NO; at about 100
ppm. These values are lower than the indoor threshold values, which after 8 hours
of exposure were 9 ppm for CO and 53 ppm for NO, respectively. This means that
these sensors exhibit excellent responses for indoor air monitoring. Furthermore, tests
over a longer time period showed that the sensitivity was maintained for as long as
45 days. A certain drift with time is noticed, however, for both gases.
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The outdoor air quality can be monitored by the same kind of sensors for detection
and measurement of CO, NO;, NO, and O3 (105). The target detection limits of 3, 50,
100, and 20 ppm, respectively, were fulfilled by the recent research on SnO, sensors
obtained by nanoparticle processing, allowing measurement ranges of up to 3, 15,
100, and 15 ppm, respectively.

The presence of volatile organic compounds in air can be monitored by the use
of an SnO»-based sensor array, one with undoped oxide and others with Pd, Pt, and
Au doping (106). The data acquisition system is designed to measure the responses
with eight sensors at a time. The organic compounds used for tests were 2-propanol,
methanol, acetone, ethyl-methyl-ketone, hexane, benzene, and xylene. The different
sensitivity to these species exhibited by the four types of sensors allows data proces-
sing to evaluate the contribution of each species in the system and thus monitoring
the global composition of the analyzed gas mixture.

The applications of sensors in the food industry are a subject of great interest,
because aroma is a specific quality indicator in this field. Flavor is generated by com-
binations of a big number of chemical compounds in certain ratios. For example,
coffee aroma is made up of several hundreds of different molecules. The func-
tion of an electronic nose is based on the sensitivity of an array of semi-selective
sensors, giving similar response patterns for similar aroma (so-called “aroma finger-
prints”) and different patterns for different aroma. The interaction between the array
of sensors and the chemical species generates a series of signals that are pro-
cessed by a computer connected online. The software contributes a specific pattern
recognition program.

The results for expressing the composition of these complex mixtures are
presented as graphical dependences in the form of “principal component analysis”
(PCA) performed on normalized matrix of responses. In an array of “m” sensors, the
sensitivity of a sensor *j” to a component “i” in a mixture can be expressed by the
relation (109):

L |Gvap - Gair|
Y min(Gvaps Gair)

where Gyap and Gy;r are the conductance values after vapour exposure and in air
respectively.
The normalized sensitivity in an individual sensor array is

Sij
sz=1 Sij

Sy =

The results are presented in planar plots having in abscissa the PC1 component and

in the ordinate the PC2 or PC3. The “maps” thus obtained consist in areas with more

or less grouped points corresponding to one chemical compound, each one being

obtained with one of the sensors used in the measurement device. A typical graphic
representation for such an analysis is shown in the Figure 15.10 (110).

Metal-oxide sensor manufacturing was used for very different kinds of product

analysis: milk and cheese (110-113), wine (114), vegetable oils (115,116), coffee
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Figure 15.10. PCA plot of the detection of some solvents by an array of metal-oxide sensors.
Reprinted from Ref. 110 with kind permission of Elsevier.

(117), or pharmaceutical oral solutions (118). Schaller et al. (119) and Ampuero and
Bosset (120) review some food applications of the electronic nose in which metal
oxides have been used as sensing layer.

15.6. CONCLUSIONS

The use of oxide nanomaterials in sensor manufacturing is a subject with a high
scientific and practical impact, due to the wide range of possibilities displayed by the
layer to interact with the molecules to be detected and measured from a gas mixture.
The adsorption and the catalytic type interaction between the measured gas and the
sensitive oxide layer can be fine-tuned by the proper choice of the chemical nature
and the microscopic structure of the layer, the appropriate dopants, the stabilizing
treatments, and so on. The modalities to disseminate the results are also multiple:
electrical resistance measurements, ion conductivity through the solids, and field
effects.

The main commercial applications are nowadays the environment monitoring and
food quality analysis.
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16.1. INTRODUCTION

Nanostructured metal-oxide films formed by an assembly of nanoparticles sintered
over a conducting substrate provide a large internal area that can realize different
functionalities. Titanium dioxide and several other metal-oxides nanostructures (e.g.,
Zn0, SnO3, and Nb,Os) have the advantage of easy processing and low production
cost and have the potential to replace existing devices based on more expensive
technologies and to give rise to new applications. In recent years, such nanostructures
have been amply investigated for several applications, such as dye-sensitized solar
cells (DSC) (1) photoelectrochromic windows (2) and electrical paint displays (3),
and protein immobilization (4).

The most intensively investigated metal-oxide nanostructured device is the DSC,
which was discovered in 1991 by Michael Griitzel (1). The DSC is formed with a net-
work of TiO; nanoparticles sensitized to the solar spectrum with a monolayer of dye
molecules and a redox electrolyte (5-8). Overall, 11% efficiency of sunlight energy
conversion to electricity has been achieved in DSCs (6) but their large-scale produc-
tion has not yet been reached mainly due to technical problems such as evaporation of
the liquid ionic conductor. The DSC has also paved the way for several applications of
metal-oxide nanomaterials in other devices based on similar principles of operation.
Examples are solid-state nanostructured solar cells (9), electrochromic devices for
displays (10), ultraviolet light-emitting diodes (LEDs) (11), and nanostructured WO3
and Fe; O3 electrodes for hydrogen production by photocatalytic splitting of water
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(12,13). Energy storage devices such as batteries and supercapacitors can also benefit
in many respects from nanostructuring (14).

In this chapter, we will review the main characteristics of operation of these nano-
structured devices and the results that have been achieved so far. We will consider
several topics related to device operation: the characteristics of carrier transport in
mesoscopic metal-oxide films, the means of coating and functionalizing the surface,
and the requirements of electrolytes and/or organic hole conductors that are usu-
ally employed for forming heterojunctions with nanostructured semiconductors. We
will also highlight the physical properties of spatially regular nanostructures that are
expected to give rise to new classes of devices. Quantum dots are small nanocrys-
talline particles where the strong confinement of the electron wave function provides
discrete valence and conduction energy levels. The electrical and optical properties
of quantum dots can be modified by controlling their dimension. Quantum dots can
be assembled in highly ordered structures known as quantum dot solids, which may
find, in the long term, applications in opto-electronic switches, LEDs, lasers, and
solar cells (15,16). Carbon nanotubes, discovered in 1991, have become a milestone
in nanomaterials research. Several types of oxidic nanowires are accessible now (17)
and have attracted wide scientific and technological interest because of their novel
structures and their potential applications in luminiscent devices and solar cells as
well as in future nanoelectronic components, such as field-effect transistors (FETs),
crossed junctions, and actuators.

16.2. GENERAL FEATURES OF NANOSTRUCTURED
PHOTO-ELECTRONIC AND ELECTROCHEMICAL DEVICES

The fundamental structure of a nanostructured device is shown in Figure 16.1.
Semiconductor nanoparticles can be prepared by wet chemical methods that lead
to colloidal nanocrystals present in dispersion. The colloidal nanocrystals are usually
deposited, e.g., by screen printing, onto a glass or flexible plastic support covered
with a conducting layer. The film is thermally treated to form an electronically con-
nected array of nanoparticles. The nanostructured film is filled with an ionic conductor
or hole-conducting medium that is contacted with a counterelectrode. The global
structure of the device consists of interpenetrating bicontinuous phases in which
the simultaneous transport of several carriers in the different phases and interfacial
processes must be optimized.

Electrons can be injected or extracted from the nanoparticulate film by external
contact through the conductive support. Therefore, the whole internal area of the
nanoparticulate network is electronically addressable from the substrate. This very
large active area for device function that is obtained by a relatively simple preparation
route is a main advantage of using metal-oxide nanomaterials for electronic and
electrochemical devices. In photonic applications, the conducting substrate must be
optically transparent, so that typically a thin-layer transparent conducting oxide (TCO)
such as indium-doped tin oxide or fluor-doped tin oxide over glass is used.
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Figure 16.1. Scheme of an electroactive device formed by a nanoparticulate metal-oxide film
and counterelectrode joined by an ionic conductor. Dark arrows indicate electrons pathways
in the particulate network and in the external circuit, whereas the light arrow indicates ionic
transport in the voids of the network up to the counterelectrode.

Although electrons move across the metal-oxide nanoparticulate network, the dis-
placement of other charge carriers is needed in the medium filling the voids in the
nanostructure of Figure 16.1, i.e., the ionic conductor that is addressed from the coun-
terelectrode. Liquid electrolytes have the advantages that they immediately form a
perfect electric junction in the internal surface, and that they provide a large ionic
conductivity and wide potential window of stability. However, liquid electrolytes
require efficient sealing, which is a major drawback for the long-term operation of
devices. In general, an all solid-state construction is preferable with solid electrolytes
that allow for more compact and mechanically flexible device designs. Organic con-
ductors are convenient media for hole conduction and heterojunction formation in
nanostructured devices, because they can be deposited in solution form and fill the
pores homogeneously. However, the carrier mobilities are much lower than in inor-
ganic semiconductors or liquid electrolytes. Recently, room-temperature ionic liquids
have emerged as an excellent medium for ionic carrier in nanostructured devices
(18,19), because they are nonvolatile and nonflammable, have high thermal stability,
and show excellent electrochemical properties, namely, high ionic conductivity and
wide potential windows of operation.

Metal-oxide nanoparticles are usually not intentionally doped and are therefore
insulating. The high electronic conductivity required for addressing the internal sur-
face from the substrate is obtained by the injection of electrons in the nanoparticles.
These electrons may be electrically injected from the substrate or photogenerated
in the nanoparticles surface by sensitizers such as organic dyes or quantum dots
(20). (Doping of wide band gap metal-oxide nanoparticles for the sensitization to
the visible spectrum has yielded so far very limited success; see below.) As a result
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the electron density varies by many orders of magnitude during device operation
(see Figure 16.8). Consequently, a large density of negative charge is created in the
nanoparticulate network, and in order to preserve overall charge neutrallity, the same
amount of positive charge must occur in the surface of the nanoparticles, as it is
suggested in Figure 16.2a. In many cases, to facilitate electron accumulation and
transport by preserving the charge neutrality in the system is a primary function of
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Figure 16.2. (a) Electron energy diagram of a nanostructured metal-oxide electrode in contact
with a redox electrolyte (or hole conducting medium), illustrating the electrochemical potential
of electrons Ef;, (Fermi level) when a potential V is applied to the substrate, and assuming
that conduction band energy (E.) remains stationary with respect to the redox level, Ereqox-
(b) The equivalent circuit (transmission line model) for a small periodic ac perturbation, which
contains the transport resistance along the metal-oxide nanoparticles, rq; the resistance in the
hole/ion conducting medium, r;; the charge transfer resistance at the metal-oxide/electrolyte
interface, r3; and the capacitance for charge accumulation in the metal-oxide particles and/or
surface, c3. (¢) Distribution of electrons injected in the nanostructured film from the substrate,
for the case in which the diffusion length is much larger than the nanoparticulate film thickness,
L, > L, and for the opposite case, L, < L, as indicated. ng is the equilibrium concentration.
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the medium that fills the pores. Positive carriers in the ionic medium should have a
sufficiently high mobility not to limit the displacement of the electrons in the nano-
structure. In addition, the average size of inorganic semiconductor units should be
smaller (in the 10-nm range) than the Debye length, so that no internal electrical
fields are built into one compact unit (21). In contrast to bulk semiconductors that
show a spatial variation of energy levels in the space-charge region in the surface, in
nanostructured networks filled with a conductive medium, there is no internal spatial
distribution of the conduction band level in individual nanoparticles, and the whole
nanostructure can be treated with a homogenous distribution of energy levels.

Let us discuss specific functions of carriers in some nanostructured devices with
the configuration of Figure 16.1:

(a) Charge Separation. In DSC, positive and negative carriers are created by
sunlight in the molecules adsorbed at the nanoparticles surface. Electrons are
injected in the metal-oxide nanoparticles and travel all the way to the substrate.
Meanwhile, a conjugated carrier travels in the medium filling the pores toward
the counterelectrode. This second carrier may be a redox ion that reacts at
the counterelectrode. It may be also an electronic carrier in an inorganic or
organic hole conductor. The net effect of the overall process is the collection
of a negative carrier at the substrate of the nanoparticulate film and a positive
carrier at the counterelectrode.

(b) Charge Recombination. In the LEDs, electrons are injected from the sub-
strate of the nanoparticulate film (the cathode) and holes are injected from
the electrode contacting the other medium (the anode). Both carriers should
travel in their respective media and meet at the surface of the nanostructure to
recombine radiatively emitting light.

(c) Charge Accumulation. By modifying the carrier density in the nanostructure,
the chemical potential of such a carrier is changed significantly. With accu-
mulated charge, the device can supply a voltage and an electric current when
the external circuit is connected to some load. This is the basic principle of
operation of intercalation batteries and electrochemical supercapacitors (22).

A useful scheme for describing the transport and charge-transfer properties in
nanostructured devices is the transmission line model shown in Figure 16.2. This
model has been developed (23-25) for the interpretation of impedance spectroscopy
results and has found wide application for understanding and characterizing the
properties of electrochemical nanostructured devices (26-30) and DSC (31-33).

In the representation of Figure 16.2a, it is assumed that the medium filling the voids
in the nanostructure possesses a large conductivity and a large carrier density (e.g.,
a liquid electrolyte). For this reason, the Fermi level/redox potential in the hole-
conducting medium will not be significantly changed when the potential between
the contacts is modified. The variation of potential mostly causes a displacement
of the Fermi level (EF,) inside the metal-oxide nanostructure, from the equilibrium
value, which equals the redox potential of the electrolyte, Erg = Eredox, toward the
conduction band. The gradient of the Fermi level indicates the direction of electron
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diffusion. The electron density decreases with the distance from the substrate due to
charge transfer events from the semiconductor to acceptor species in solution.

In the transmission line model of Figure 16.2b there are different processes repre-
sented. In general the resistances describe carrier flux with respect to a difference of
electrochemical potential, whereas capacitors represent carrier storage. The longitu-
dinal resistance r; relates the local carrier flux to the variation of Ef, with distance
in the nanoparticulate structure, and it corresponds to the transport resistance; i.e., it
is the inverse of the electronic conductivity (25). Similarly, , describes the transport
or carriers in the ion- or hole-conducting medium. In the situation indicated above
for a liquid electrolyte, r» will be very low and provides no limitation for the device
operation; however, in the case of organic conductors, r; cannot be neglected. The
resistance r3 describes the carrier flux by charge-transfer between the two phases
and corresponds to recombination flux in DSC. Properties of the capacitance of the
nanostructured network will be commented on in the next section.

In the characteristic structure of the transmission line of Figure 16.2b, the trans-
port resistances, distributed in the spatial direction of each transport channel, are
continuously interrupted by interphase elements r3c¢3. This combination represents
the physical current flow; i.e., a carrier in the nanoparticle has a probability to move
forward or to drop in the electrolyte. For the efficient operation of a device, the differ-
ent elements governing transport and recombination must be correctly tailored and
balanced. For example, in the presence of a large recombination flux (low r3 and low
conductivity (large ry), carriers injected from the TCO will not move far from the
substrate, and in this case, a large part of the device will not be operative.

Two main time constants describe more precisely such characteristics of a device:
the lifetime of the carriers 7, and the transit time over the film thickness L. If the
carrier diffusion coefficient is D,,, the transit time is (up to a numerical constant of
order 1)

L2

= — 16.1
Tyr D, ( )

The relationship between the time constants can be written as

Ttr

L 2
: :(L—) (16.2)

in terms of the diffusion length, which is defined as

L, =Dyt (16.3)

When the quotient in Eq. 16.2 is <1, the carriers have time to travel the entire
thickness of the layer before recombining, which is an essential requirement for
efficient solar cells. The diffusion length also gives a measure of the extent of the
penetration of the carriers that are voltage-injected at the boundary of the layer.
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Figure 16.2¢ indicates two extreme situations. The right boundary is considered com-
pletely blocking. In the case when the diffusion length is much larger than the film
thickness, the carriers are nearly homogeneously distributed in the available volume.
On the other hand in the high-reactivity case L,, < L, the carrier concentration decays
rapidly close to the injecting boundary of the porous structure.

16.3. MEASUREMENT TECHNIQUES FOR CHARACTERIZATION
OF NANOSTRUCTURED PHOTO-ELECTRONIC AND
ELECTROCHEMICAL DEVICES

The most basic characteristic of a solar cell is the steady-state performance given by
the current density-potential curve at fixed incident illumination. This curve gives the
main parameters determining the solar cell performance: the short-circuit photocur-
rent (), the open-circuit potential (V,.), and the fill factor (FF), which describes the
quality of the diode behavior of the solar cell and determines the power output of the
solar cell at the point of maximum power operation. Steady-state characteristics are
obviuosly important for the performance of other devices such as LEDs. However, it is
usually difficult to extract detailed device properties only from steady-state measure-
ments. There are two main issues for investigation: (/) The determination of quantities
such as the diffusion coefficient and the lifetime of the different carriers, which gov-
ern the fundamental electronic processes occurring in the device function. These time
constants are also crucial characteristics for devices that require fast switching or
fast power supply, such as elecrical paint displays and supercapacitors, respectively.
(2) The separation of different effects in the global device response, for their sepa-
rate optimization. These two issues can be addressed with a range of measurement
methods in combination with rational variation of the device components.

The time constants mentioned above are obtained by specific small perturbation
kinetic techniques that do not modify the steady state over which they are mea-
sured. Examples of the techniques are intensity modulated photocurrent spectroscopy
(IMPS) (34-38) intensity modulated photovoltage spectroscopy (IMVS) (39), and
small amplitude time transients (40—44).

The electrochemical impedance spectroscopy (24,31-33,45-47) measurement of
nanostructured devices has the advantage of providing a determination of the time
constants as well as spectrally separating different internal contributions of the overall
device operation. However, when different processes are acting in combination in a
nanostructured device, the interpretation of impedance spectroscopy results requires
appropriate models for extracting the relevant information. As an important exam-
ple, we discuss the impedance model of diffusion and reaction of the carriers in
nanostructured electrodes, which has the following expression (24):

RiR 1/2
Z= (—1 +ilew3> Coth[(wa/w1)1/2(1 +ia)/w3)1/2] (16.4)
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where o is the angular frequency of the perturbation. In Eq. 16.4, we use the total
resistances for transport Ry = Lr and recombination R3 = r3/L, and the character-
istic frequencies w; = ttjl =1/R1C3 and w3 = T{] = 1/R3C3, where C3 = L¢3 is
the total capacitance. Equation 16.2 can be restated as

Ri _ w3 (LY (16.5)
R3 w1 L, .

The impedance pattern of Figure 16.3a corresponds to the case R <« R3; i.e., the
transport (diffusion) resistance is much lower than the recombination resistance. In
this case, which indicates a large diffusion length, the impedance spectra show a small
feature at high frequency that is the Warburg (diffusion) impedance, with an inclination
of 45°; see Figure 16.3a. At lower frequencies, a large arc is obtained, which is due to
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Figure 16.3. (@) Simulation of the diffusion-recombination impedance with reflecting bound-
ary condition. Parameters are R| = 102 Q/sz,R3 =103 Q/cm2 andCy, =5 x 1070 F/cmz.
Shown are the frequencies in Hertz at selected points, the characteristic frequency of
the low frequency arc (31.8 Hz, square point), related to the angular frequency w3, the
low-frequency resistance, and the characteristic frequency of the turnover from Warburg behav-
ior to low-frequency recombination arc (318 Hz, square point), related to the angular frequency
1. (b) Shows an enlargement of (a). (c) The case R| = R3. (d) The case R3 < Rj.
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the combination of charge-transfer resistance and capacitance. In contrast, in the high-
reactivity case, R3 < Ry, or in other words, L, < L, the impedance pattern changes
to that of Figure 16.3d, which is known as the Gerisher impedance. Figure 16.3b
shows the spectral shape obtained in the transition between the two previous extreme
situations; i.e., L, ~ L.

A representative measurement of impedance spectroscopy of nanostructured TiO;
electrodes is shown in Figure 16.4 (48). The impedance pattern of Figure 16.3a is
well realized, indicating that electron transport across the film length is faster than the
rate of recombination. From such spectra, the different time constants t, and 7 can
be obtained and the electron conductivity and diffusion coefficient. These quantities
have been systematically determined as a function of bias potential (26,31).

It is interesting to mention the impedance behavior of nanostructured films in
which there is no charge-transfer at all. This occurs in an inert electrolyte that realizes
charge shielding but lacks any electron acceptors, which is a fundamental requirement
of several capacitive devices such as Li-batteries and supercapacitors. The model
obtained with R3 — oo in Eq. 16.4 is shown in Figure 16.5. The impedance of
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Figure 16.4. Impedance spectroscopy of a 8-pum-thick film of nanostructured TiO, (10-nm
nanoparticles anatase) in aqueous solution at pH 2, with —0.250'V bias potential vs. Ag/AgCl
under UV illumination. The line is a fit to the model of Eq. 16.4 (48).
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unreactive porous electrodes shown in Figure 16.5 is characterized by a capacitive
domain at low frequencies and a “Warburg” part at high frequencies that relates to the
transport of the species flowing in the nanostructure (or in the electrolyte) in order to
charge the whole film. For a perfect capacitor in the transverse branch, the impedance
reduces to the classic transmission line of de Levie (49) for porous electrodes (50).
But the capacitive response in many real systems does not show a perfect capacitor
and is better described by a constant phase element (CPE) (51,52), with admittance

3 = @)’ g3 =03/L (16.6)

Equation 16.6 reduces to the perfect capacitor in the particular case y3 = 1. In general,
the CPE in the transverse element of the transmission line changes the slopes of the
Warburg and capacitive lines of the impedance spectra, depending on the extent that
the exponent y departs from the value of 1 of the ideal capacitor (23). The deviations
from the ideal model in the low- and high-frequency lines have a common origin
in the dispersive element Q3, as seen in the example of Figure 16.5 for y3 = 0.8.
Hence, the slopes are related by the high-frequency line having an exponent y3/2,
whereas the low-frequency line is the full CPE; i.e., the latter exponent doubles
the former one, as discussed in Ref. 23. This means that even in the presence of
frequency dispersion, the behavior of a porous electrode can be spectrally recognized
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Figure 16.5. Simulation of the impedance spectra for the transmission line model indicated in
the scheme with Ry =20, 03 = 5mFs!=73, and two values of the CPE exponent y3 as
indicated in the left diagram. Also indicated in the right diagram is the inclination of the low-
and high-frequency lines, in radians.
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by impedance measurements. An experimental instance of frequency dispersion can
be observed in the less than 45° inclination of the spectrum of Figure 16.4 at high
frequency, and another case is discussed below in Figure 16.16.

The spectra of the type of Figure 16.5 are very well realized in carbonaceous super-
capacitors, for example (53). Independently of the presence of frequency dispersion,
the spectra of Figure 16.5 indicate important limitations for nanostructured devices
with large charge storage and fast transient response demands. In these devices, the
amount of energy storage is governed by the total capacitance that is C3 = Lc3. If
the specific capacitance of nanoparticles c3 has been optimized, increasing the device
capacitance requires increasing film thickness. However, one must take into account
the charging region in the frequency domain that is observed in Figure 16.5 with
the inclination < /4. This region is onset at times shorter than 7, = L?/D. There-
fore, increasing the film capacitance with larger thickness has the adverse effect of
increasing (quadratically) the operation time of the device. Even if a highly conduct-
ing porous medium is used (such as carbon nanoparticles), the transient response will
be governed by electrolyte diffusion coefficient. As an example, D = 107> cm?s~!
and L = 10 wm gives a limitation of ¢ = 0.1 s for device operation.

In the situations discussed so far, we have focused on diffusive transport of carriers,
granted that a large conductivity that anihilates any local space charge and shields
electrical fields is available in at least one of the interpenetrating bicontinuous phases.
Let us mention the other limiting case, consisting of basically insulating phases where
carriers can be injected by suitable contacts. In the absence of intrinsic conductivity,
application of a voltage requires the injected carriers to redistribute themselves to
maintain a local field that drives the transport (usually by predominant drift mecha-
nism). This is the space-charge-limited current transport (54) that is typically found,
for example, in organic LEDs (55) and in some organic solar cells (56).

It is important to recognize that nanostructured devices are characterized by the
abundance of interfaces of different kinds, which must be controlled for facilitat-
ing the proper device function. In particular, nanostructured solar cells are usually
largely determined by the competition of kinetics of charge transfer at several inter-
faces (57), which governs the selectivity of contacts that is required in photovoltaic
devices (17,58). The main (and larger) interface is that between the nanostructured
metal oxide and the ionic/hole conductor, as it has already been described in terms
of the resistance R3 above. This interface is crucial for the diode characteristic of
the solar cells (47) and usually receives a great deal of attention when material and
device properties are selected. However, additional contacts should be correctly engi-
neered to avoid unwanted resistances or internal short-circuits. Figure 16.6 shows as
an example of additional impedances that may occur in the model of Figure 16.2b
(59). Z. is an impedance at the electron injecting/extracting contact, which is deter-
mined by the interfacial barrier formed between the metal oxide and the conductive
substrate. It is usually desired that this interface forms an ohmic contact in which
Zc:1 = 0 (short-circuit in Figure 16.2b) so that dissipative losses are avoided in
device operation. Figure 16.6 also shows the impedance between the substrate and
the ionic/hole-conducting medium. Ideally one usually needs this impedance to be
totally blocking for electron transfer, i.e., Z,, — 0o (open-circuit in Figure 16.2b),
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metal oxide channel

electrolyte channel electrolyte/Pt

Figure 16.6. Transmission line equivalent circuit model, based in Figure 16.2b, and show-
ing in addition the impedance at the metal oxide/subtrate interface, Z.1, the impedance at
the electrolyte/substrate interface, Z.,, and the impedance at the electrolyte/counterelectrode
interface, Z.3.

to avoid the metal-oxide nanostructure from becoming short-circuited by the direct
electronic pathway between the two external contacts across the ionic conductor. In
DSC with an organic hole conductor the reactivity of the substrate is large and it
must be pretreated with a thin metal-oxide layer that blocks the charge transfer to
the hole-conducting medium while maintaining good electron—injection properties
toward the nanoparticles. Finally, a resistance Z.3 relates to the facility of charge
transfer at the counterelectrode. In summary, it should be appreciated that the proper
device function requires the materials determining the three contact impedances in
Figure 16.6 to be treated for reducing the equivalent circuit of Figure 16.6 to that of
Figure 16.2b, which drives the current through the nanostructure area without side
effects. We should also mention that in large area devices with a transparent conduct-
ing substrate, the transport of electric current along the TCO substrate often introduces
major resistive losses.

Let us describe other techniques that provide relevant characteristics of the
metal-oxide nanostructured films. The electrochemical transistor configuration,
(Figure 16.7a) uses a conducting substrate that is divided into two separated regions,
bridged by the nanostructured film (60), and allows us to determine the electronic
conductivity as a function of electrode potential. The two regions of the conducting
substrate can be controlled as an independent working electrode, so that the Fermi
level in the film can be governed with a bias U; = U, (Figure 16.7b) while maintain-
ing a small potential difference between the two sides, AU = U, — Uy, which causes
a current flow AJ between WE; and WE, that enables us to measure the electronic
conductivity o. This method has been applied in several metal-oxide nanostructured
films (60-63).

Figure 16.8 shows the nine-order-of-magnitude change of the electronic conduc-
tivity of nanocrystalline TiO; films immersed in solution when the Fermi level is
displaced toward the conduction band. This figure illustrates the global transforma-
tion from insulator to conductor of the films by external potentiostatic control that is a
genuine effect of the nanocrystalline structure, in comparison with the bulk material
counterpart, which conductivity can only change in the surface.

Next we consider the special features of the capacitance of nanocrystalline films
and its relationship to the density of states (DOS) (64). There are two main basic
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Figure 16.7. (a) Electrochemical transistor measurement configuration. The conducting sub-
strate over which the film is deposited is divided in two regions, separated by an insulating gap.
The separated regions serve as two working electrodes WE| and WE,. (b) Equivalent circuit
of the electrochemical transistor configuration. When WE; and WE, are shorted the film can
be operated as in normal electrochemical cell with potential Up;,s. The two working electrodes
can also be operated independently with potentials U; and Uy with respect to the reference
electrode (RE). CE is the counter electrode.

mechanisms of accumulating charge with respect to voltage in electrochemical sys-
tems. The first one is that occurring in a standard dielectric capacitor where energy is
stored in the electrical field, related to spatial charge separation. This capacitance is
ubiquituous at interfaces with space charge such as Schottky barriers and Hemlholtz
layers. In the other mechanism, which is predominant in many nanostructured and
intercalation systems, the energy storage is associated with a change of the chemical
potential of the accumulated species. When a voltage variation dV is applied to the
conductive substrate of a nanostructured metal-oxide film, and the Fermi level is

102

o electrochemical transistor

o impedance spectroscopy
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Figure 16.8. Electronic conductivity in nanostructured TiO, electrodes in solution at pH 2
as a function of the electrode potential, obtained by two different measurement methods as
indicated (60).
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displaced homogeneously in the film as dEf, = —gdV (where ¢ is the elementary
charge), the electron density changes by a quantity dn. The electrochemical capac-
itance (per unit volume) relates the change of concentration of electrons n to the
change of electrochemical potential:

dn
dEFn

C.=gq (16.7)

Assuming that the conduction band potential is stationary, the Fermi level inside
the TiO, nanostructure is displaced toward the conduction band; i.e., the change of
electrochemical potential implies a change of the chemical potential of electrons:
dEF, = du,. Equation 16.7 gives a purely chemical capacitance (64). If g(E) is the
DOS in the band gap, the chemical capacitance is obtained integrating all contributions
of occupied states:

C,= ZJ' g(E) dE 16.8)
. —00 ( dEpy (

where f is the Fermi-Dirac distribution. To a good approximation near room
temperature (65), Eq. 16.8 takes the form

Cu(Ern) = ¢* 8(Ern) (16.9)

It is therefore found that the chemical capacitance is proportional to the DOS. The
interpretation of Eq. 16.9 is that the extent of charging related to the perturbation
dV corresponds to filling a slice of traps at the Fermi level. A common finding in
nanostructured TiO; is an exponential distribution of localized states in the band gap
as described by the expression:

(E _E“)} (16.10)

§(E) = L exp [
kpTo kpTo

Here Np is the total density and Ty is a parameter with temperature units that

determines the depth of the distribution.

One convenient method of measuring the chemical capacitance is the standard
cyclic voltammetry technique (CV) (66), which monitors the current injected in the
film as the potential varies at a constant speed, s = dV /dt. The electronic current
flowing into a unit volume is

dn 5 dn dV

i = g = < _sc 16.11
T=7C T GEp ar M (16.1D)

Hence, C, (EF,) is measured directly by cyclic voltammetry. Figure 16.9¢ illus-
trates that the shape of a CV reveals directly the shape of the exponential DOS of
Eq. 16.10.
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Figure 16.9. The left column shows the schematic energy diagram of a nanostructured semi-
conductor under application of a potential that rises homogeneously the Fermi level in the film
for the case of (a) stationary energy levels and (b) shift of the energy levels by modification
of the Helmhotz potential at the nanoparticles surface during electron injection. The right col-
umn shows the corresponding CVs for an exponential distribution of band gap states in the
nanoparticles.

Limitations by transport that cause the film to depart from equilibrium during the
measurement distort the shape of CV along the voltage axis, whereas the presence of
cathodic charge transfer makes the anodic (positive current) peak much smaller than
the cathodic (negative current) one (66). However, the quasi-equilibrium condition of
the film can be recognized by an invariant shape of the CVs at different scan rate and
a current that is proportional to s.

The CV method has been applied in several works for obtaining detailed informa-
tion of nanostructured TiO, energy levels under different surface treatments (45,67)
or electrolytes (68). This method is also important for studying the redox proper-
ties of organic molecules attached in the TiO; surface, as in the case of viologen
molecules (27) and proteins (4,69). Provided that there is fast electron exchange
between the semiconductor and the attached species, the functionalized electrode
will show an excess of capacitance in the CV corresponding to the redox capacitance
of the molecular species, in comparison with the bare TiO» electrode.

It has already been discussed that for maintaining charge neutrality into a nano-
structured film, it is required that the increasing electron charge in the nanoparticles be
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accompanied by a positive ion charge at the semiconductor/electrolyte interface. As
shown in Figure 16.9b, surface charging at increasing electron density in the nanopar-
ticulate network changes the potential difference in the Helmholtz layer, producing
an upward shift of the semiconductor energy levels (70). The combined effect of
electron accumulation and partial band unpinning can be accounted for by a constant
Helmholtz capacitance Cy connected in series to the chemical capacitance C, so that
the total electrochemical capacitance becomes

c= (C;l Jrcgl)_1 (16.12)

Hence, when the exponentially increasing C,, becomes larger than Cy, the CV
flattens to a constant value (Figure 16.9d), in consonance with the fact that the band
shifts simultaneously with the displacement of the Fermi level, with a smaller rate of
gain of electron density in the nanostructure.

16.4. DYE-SENSITIZED SOLAR CELLS

Since the first reports (1) of 1991, a major scientific and technical research effort has
been devoted to the DSC (see Refs. 5-8), which now constitutes a credible chemical
alternative to the already established silicon and thin-film photovoltaic technologies.
In addition, the research on DSC has revealed many important general aspects of the
principles of operation of nanostructured devices. In the following, we revise some
properties of the DSC that have emerged from the research. Related devices will be
described in the next section.

The main electronic processes occurring in a DSC are shown schematically in
an energy diagram in Figure 16.10. The initial step of operation is the excitation
of the dye molecules by absorption of sunlight. Ruthenium polypyridyl complexes
have proved to be the most efficient TiO; sensitizers, with the cis-Rul,(SCN),
(L =2,2"-bipyridyl-4,4’-dicarboxylic acid) dye (N3 dye) demonstrating incident
photon-to-electron conversion efficiencies (IPCEs) of up to 85% in the spectral region
400-800 nm corresponding to almost unity quantum yield (electrons per absorbed
photon). The next steps produce the separation of the excitation of the dye into carri-
ers in the different transport materials: the injection of an electron from a photoexcited
dye to the conduction band of the TiO», and the transfer of an electron from the ionic
conductor to the dye (71). The former process is usually completed within 200 ps, and
the latter, the regeneration of the oxidized dye, is completed within the nanosecond
time scale. When the charge carriers have been transferred to the separate electron
and ionic/hole-conducting media, they propagate in their respective media toward
the outer contacts. Electron transfer at the TiO, /TCO interface is not thought to be
a significant limiting factor in the DSC. On the other hand, the oxidized form of the
redox carrier must be reduced at the counterelectrode, usually Pt-catalized TCO, as
shown by the element Z.3 in the equivalent circuit of Figure 16.6.
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Figure 16.10. Schematic energy drawing of the electron (arrows) and hole (dashed arrows)
transfer processes at the metal-oxide/dye layer/hole transport material in a DSC. The gray
boxes indicate available electronic states, Epq is the dark Fermi level, Ef;, is the Fermi level
of electrons accumulated in TiO, nanoparticles, and E. is the lower edge of the metal-oxide
conduction band. (1) Photoexcitation. (2) Electron injection from lowest unoccupied molecular
orbital (LUMO) of the dye to metal-oxide conduction band levels. (3) Electron diffusion in
metal-oxide nanostructure. (4) Electron extraction at the TCO. (5) Hole transfer from highest
occupied molecular orbital (HOMO) of the dye to hole transport material (HTM) HOMO. (6)
Hole diffusion in HTM. (7) Electron transfer from the Pt counterelectrode to the oxidized ionic
species, or to HTM HOMO. (8) Electron transfer from metal oxide to dye HOMO and to (a)
HTM.

Nanostructured TiO, used in DSC is typically composed of anatase particles pre-
pared by the hydrothermal method (63). They exhibit predominantly a bipyramidal
shape, the exposed facets having (101) orientation, which is the lowest energy surface
of anatase. The density of electronic states (DOS) in these nanostructures has been
investigated using a variety of methods: cyclic voltammetry, as described above (66),
impedance spectroscopy (31), voltage-decay charge-extraction method (72,73), and
potential step-current integration (chronoamperometry) (63,74). All of these methods
are based on the determination of the chemical capacitance. The results (31,66,72-74)
agree in the existence of an exponential distribution of band gap states in nanostruc-
tured TiO», which is indicated in Figure 16.115. However, the origin of such band gap
states, and the influence of the surrounding media in the energetics of the electrons,
remains unclear.

Let us look in more detail at the electronic processes occurring in the TiO;
nanoparticle in the operation of the solar cell, following the schematic diagram of
Figure 16.11a. Electrons photoinjected from the surface sensitizer accumulate in the
TiO; nanostructure. Therefore, the electrochemical potential of the electrons in the
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Figure 16.11. (a) Schematic energy diagram of electronic processes in a TiO nanoparticle
in a dye-sensitized solar cell. Erg shows the position of the Fermi level in the dark, which
is equilibrated with the redox potential (Eregox) of the iodide/triodide couple. Ef;, is the
quasi-Fermi level of electrons accumulated in the nanoparticles, and E. is the conduction
band energy. The shaded region indicates the band gap states that are occupied with electrons
(zero-temperature approximation of Fermi—Dirac distribution). The arrows show a sequence of
processes in the following order: thermal promotion of an electron from a band gap localized
state in the bulk of the nanoparticle, to the conduction band; electron diffusion in the conduction
band states; trapping of an electron in a surface state; electron transfer from the surface state to
the acceptor triiodide ions in solution, which form a distribution with an effective gaussian
density of states, indicated in the right, with halfwidth A, the reorganization energy (75).
(b) Quantitative diagram of the thermal occupation at temperature 7 = 300K (thick line)
of an exponential DOS in the bandgap (thin line) with 7/Ty = 0.25, as determined by the
Fermi-Dirac distribution function (dashed line).

TiO, nanoparticles (the quasi-Fermi level, Er,) increases. At open-circuit conditions,
provided that there is sufficient electronic conductivity (produced by the injected
electrons themselves, Figure 16.8), the Fermi level tends to be homogeneous in the
nanostructure, and it produces an increase of the potential at the substrate, which
is the photovoltage V,., typically 0.8 V. The number of electrons, determining the
photovoltage, is established by dynamic equilibrium between the rate of gain of elec-
trons (photoinjection) and the rate of their loss, which is caused by charge transfer at
the surface of the nanoparticles.

The role of the redox mediator in the photovoltaic process is to reduce the oxidized
dye, but the oxidized component of the redox couple (/5) is present in the pores and
is able to accept electrons from the TiO,. In addition some injected electrons return
to the oxidized dye molecules before they can be regenerated by the ionic conductor.
These two charge transfer processes constitute the electron recombination in the DSC.
Itis important to recognize that the efficiency of the DSC relies on a strong differential
kinetics of the redox couple at two interfaces (57). The transfer of electrons in the TiOy
to oxidized ionic species must be slow, to facilitate electron storage, whereas electron
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transfer to the same species should be very fast at the counterelectrode, avoiding the
requirement of a significant overpotential for drawing current (typically 15 mA cm™2)
from the cell under solar illumination. In Figure 16.11a, the recombination process
is suggested for an electron that is trapped at a surface state in the band gap and
subsequently is transferred to the fluctuating energy levels of the oxidized species in
the electrolyte, following the Marcus—Gerisher model for electron transfer, as applied
to DSC (75-77).

As the operation of the DSC is largely governed by the relative rates of several
charge transfer steps, the energetics of the metal-oxide nanoparticle, relative to the
molecular species in the surface and in solution, must be carefully controlled. There are
several ways to modify the position of the semiconductor energy levels. Because there
is no internal bandbending in individual nanoparticles (21), modifying the potential
difference at the oxide/electrolyte interface globally displaces the energy levels sug-
gested in Figure 16.11a with respect to the redox potential Ereqox. An upward shift (to
more negative potentials) of the energy levels in the semiconductor in the equilibrium
condition of the solar cell, produces and increase of V,,., because at the same electron
density the EF, lies higher up, with respect to Erdox- These shifts can be achieved
with agents such as 4-tert-butylpyridine (TBP) or ammonia that depronotate the TiO;
surface (39). The TiO; energy levels can also be controlled by adsorption of a series of
organic molecules with different dipole moments. The change of the conduction band
position is illustrated by the displacement of the conductivity plot along the poten-
tial axis shown in Figure 16.12 when different molecular modificants are attached to
the TiO; surface (78). Incidentally this plot shows the sensitivity of the conductivity
measurement, described in Figure 16.7, to the changes of the TiO; surface, an effect
that can be used for sensing as commented later on. In the DSC, a negative shift of
the conduction band, however, hampers electron injection from the excited sensitizer
(79), and it has been found that increasing the V, by these means usually produces a
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Figure 16.12. Conductivity plot of a bare, mesoporous TiO; film and molecular modified
films with electrochemical deposited 4-methoxybenzenediazonium tetrafluoroborate (oab) and
4-cyanobenzenediazonium tetrafluoroborate (cab). Adapted from Ref. 78 with permission.
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decrease of the photocurrent (39). In addition to these modifications, a light-induced
shift of the conduction band at high electron density is possible as discussed before
in Figure 16.9b.

Another route for improving the photovoltage in a DSC is to block the trans-
ference of the photoinjected electrons to the acceptor species in solution, provided
that the blocking agents do not significantly decrease electron injection from the dye
molecules. This involves the introduction of an insulating layer in the TiO, surface that
is exposed to the solvent (80), which faces the complexity of mutual effects between
the insulating layer and the dye, or with absorbants (e.g., amphiphilic molecules con-
taining carboxylic or phosphonic end groups) that form a more compact monolayer,
comprising the dye and coadsorbent, than the dye monolayer alone (81). Recently,
it was found (45) that the coadsorption of 4-guanidinobutyric acid with the K-19
sensitizer (Ru (4,4'-dicarboxylic acid-2,2'-bipyridine) (4,4’-bis(p-hexyloxystyryl)-
2,2-bipyridine)(NCS);) remarkably increases the photovoltage, by a simultaneous
shift of the TiO, conduction band and blocking of the recombination, without suffer-
ing significant decrease of the photocurrent. It has also been observed that one factor
controlling the charge recombination dynamics in DSC is the spatial separation of
the dye cation HOMO from the TiO; surface (82).

Composite material nanoporous electrodes formed by two materials that differ by
their conduction band potential have been tested to improve the DSC performance
(74,83-89). Arranging these materials in the correct geometry is expected to drive the
electrons in the direction of the material having the lower conduction band. A coated
matrix design, denoted as core shell, is achieved by the use of ultra-thin (<1 nm)
conformal coating layers deposited onto the surface on the syntered nanocrystalline
metal-oxide films. This design ensures free electron diffusion to the current collec-
tor by avoiding the introduction of energy barriers (the more negative material) in
the transport pathways to the current collector. It has been found that the coating
may have several different effects. For example, Nb,Os coat, whose conduction band
potential is 100 mV negative than that of the TiO, core particles, primarily forms of
a “kinetic barrier” for recombination (84). On the other hand, SrTiO3, that should
form a 200-mV barrier on TiO;, produces a shift of the conduction band of the core
TiO, as a consequence of surface dipole generated at the TiO,/SrTiO3 interface,
and consequently, the open-circuit photovoltage increases, whereas the short-circuit
photocurrent decreases (86). It has been suggested that barrier coatings with high
points of zero charge (basic coatings) are most effective for the retardation of the
recombination dynamics (74). Impedance spectroscopy of Al,O3-coated TiO; films
showed that the thin alumina layer mainly passivates the surface states in the TiO;
and therefore reduces the recombination rate (90). Transient photovoltage (PV) spec-
troscopy results also (91) show that ultra-thin alumina layers prevent the formation
of defects at the TiO, surface (91). It was found that the PV signal increases already
at photon energies above 1eV for the uncoated TiO», indicating strong absorption
at defect states, whereas the TiO,/Al,O3 films show PV signal only above 3.1¢V,
the band gap of TiO,. The authors suggested (91) that the alumina stabilizes the
chemical potential of oxygen at the surface. Recently, Zaban et al. (92) analyzed a
new type of high-surface-area TiO; electrode for DSCs, consisting of a transparent
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conductive nanoporous matrix that is coated with a thin layer of TiO,. This design
ensures a several nanometer distance between the TiO,—electrolyte interface and the
current collector throughout the nanoporous electrode, in contrast to several microns
associated with the standard electrode. However, it was found that the photovoltaic
performance of a TiO; coating thinner than 6 nm is rather inefficient (92).

The short-circuit photocurrent in a DSC is a central device parameter that depends
mainly on two factors: light harvesting/electron injection and electron transport,
provided that electrolyte processes are not limiting the DSC operation.

Strategies have been developed for improving the DSC conversion efficiencies by
increasing the light harvesting, especially in the low-energy (red and near-IR) region
of the solar spectrum. Dye molecules with high red absorbance have poor injection
yields because of the low-lying excited state (LUMO). Increasing the thickness of
the film beyond 10 wm in order to increase the absorbance in the red results in an
increase in the electron transport length and the recombination rate, thereby decreas-
ing the photocurrent. Furthermore, conventional nanocrystalline TiO, films formed
by 10-30-nm nanoparticles are poor light-scatterers. The addition of 4-5-pm-thick
light scattering layers of 400—nm TiO, particles to the conventional nanocrystalline
layer enhances light harvesting in the red and near-IR spectral region by enhancing
the scattering of light (93-95). TiO; photonic crystals and disordered scattering tita-
nia inverse opal structures have also been exploited to increase the light conversion
efficiency of DSC, improving the conversion efficiency in the spectral range of 600—
800 nm (96,97). A theoretical analysis shows improved photocurrent efficiency due
to the mirror behavior of the colloidal superlattice (98).

Electron transport in DSC is driven mainly by diffusion, due to the effective elec-
trolyte shielding of space charge. Detailed information on the physical parameters
related to transport in DSCs has been obtained using small perturbation techniques
at a fixed steady state such as IMPS (38,39) and impedance spectroscopy (26,31,90).
It was found that both the effective electron diffusivity D,, and the effective elec-
tron lifetime t, (75,99) that are measured become a function of the steady state
(34,38,43,67,75,100-104). This has usually been considered an effect of the dis-
tribution of band gap electronic states that influence the time constants. Variations
of both diffusion coefficient and lifetime were attributed to the statistics of elec-
trons in the material, which deviates from dilution, as described by thermodynamic
factors (105).

The simplest approach to take trapping into account is the classic multiple trap-
ping (MT) framework (106—109), which has been applied to DSC by several authors
(34,38,110-112). In this approach, transport through extended states is slowed down
by trapping—detrapping events, whereas direct hopping between localized states is
neglected. Electronic states are composed of a transport level (usually identified with
the lower edge of the conduction band) at the energy level E,., with a diffusion coef-
ficient Dy, and a density of localized states g(E) distributed in the band gap. The
total electron density is n = n, + np, i.e., the sum of electron densities in conduction
band (with an effective DOS N.) and localized states. The mobility decreases rapidly
below the level E. defining the transport states, so that the motion of a bound electron
is limited by the rate of thermal excitations to E > E,. The varying D,, in this model
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was recognized as a chemical diffusion coefficient (112,113) that is given by

on,
D, = ( )Do (16.13)

8I’lL

The prefactor in Eq. 16.13 is the relationship of free to a trapped number of elec-
trons for a small variation of the Fermi level. This prefactor describes the delay of
response of the chemical diffusion coefficient, with respect to the free electrons diffu-
sion coefficient, by the trapping and detrapping process (105,114). The calculation of
the chemical diffusion coefficient for an exponential distribution gives an exponential
dependence on the Fermi-level position as follows (112,113):

D, = Nelo (Epn — E¢) ! ! D (16.14)
= ex —E)|——— .
=N P TR T T ket )70

The functional dependence in Eq. 16.14 is a consequence of the exponential vari-
ation of the time constant for detrapping when the Fermi level scans the band gap in
Figure 16.11.

To illustrate the connection between the DOS and the measured electron diffusion
coefficient, we show in Figure 16.13 the chemical capacitance C;, and the chemical
diffusion coefficient D,,, obtained by impedance spectroscopy for three DSCs con-
taining different species in the electrolyte (31). The two elements C,, and D, show
exponential dependencies in the potential, in agreement with Egs. 16.9, 16.10, and
16.14. Furthermore, for the different cells, these parameters display a global shift in
the voltage axis for the different surface treatments, which demonstrates the global
displacement of the TiO; energy levels in the energy axis, caused by the absorption of
the indicated species, in the same way as in Figure 16.12. Fitting the capacitance of the
reference cell, containing Lil electrolyte, in Figure 16.13a4, in the intermediate domain
where the chemical capacitance is observed separately from other capacitive contribu-
tions, kpTp = 62 mV corresponding to 7 /Ty = 0.42 at T = 300K is obtained. This
predicts an exponent kg7 /(1 — T /Ty) = 44mV for the voltage-dependence of the
chemical diffusion coefficient, and this in fact is the value obtained in Figure 16.13b.
Therefore, the MT gives a consistent description of the observed features of electron
transport and accumulation in anatase-TiO, DSC. However, the free electron dis-
placement in the conduction band/transport level, predicted by the model when the
Fermi level raises to fill most of the traps, has not been separately observed, possibly
due to the difficulty of measuring at such negative potential by the bandshift induced
by electron charging.

The measurement of the electron lifetime determines the time for the system to
recover equilibrium under a small perturbation of the steady state, by removal of
the excess carriers by recombination (99). In DSC, the lifetime can be determined
by monitoring directly the variation of the position of the Fermi level with time
(open-circuit photovoltage decay technique) (75,99). Assuming a process of trapping—
detrapping in the bulk of a nanoparticle, and injection to the electrolyte from a single
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Figure 16.13. Parameters resulting from fit of experimental impedance spectroscopy spec-
tra of three DSCs at different bias potentials in the dark (31). The electrolyte composition in
the reference cell is 0.5M Lil, 0.05M I, 0.5 1-methylbenzimidazole (MBI) in 3-methoxypro-
pionitrile (3-MPN). The second cell has 0.5M Nal instead of Lil, and the third cell has no
MBI. (a) Capacitance of the cell without the contribution of the platinum counterelectrode
capacitance. (b) Chemical diffusion coefficient of electrons. The lines are fits to the multiple
trapping/exponential distribution (characteristic temperature 7) model, and the parameters
resulting from fits are indicated. T is the actual temperature of the cell, assumed 300K; 7’
is the effective temperature obtained from the slope of the plots as indicated. Adapted from
Ref. 31 with permission.

(conduction band) energy level, the time constant for the decay takes the form (99)

9
m=<”>m (16.15)

ane

where 1,0 is the lifetime of the electron in the (conduction band) injection level.
Equation 16.15 predicts an exponential dependence of the lifetime with the Fermi
level that is indeed found in many reports (38,39,115). It is observed in Egs. 16.13
and 16.15 that the factors (dng/on.) in D, and t, compensate when forming the
diffusion length from measured quantities. The result is a constant

L, =+/Dyt, =/ DoTyo (16.16)
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The meaning of the compensation is clear when we note that the origin of the
factor (dny,/dn.) lies in carrier equilibration in the energy space, both for chemical
diffusion coefficient in MT (D,,) and for measured lifetime (z,,). Peter et al. (38,115)
and Nakade et al. (43) have reported for DSCs the compensating behavior indicated
in Eq. 16.16.

Measurements of the electron lifetime over a more extended voltage domain, indi-
cated in Figure 16.14, show a more complex picture. In the important domain of
the solar cell operation between 0.6 and 0.8V, the lifetime depends exponentially
on the potential, in agreement with the previously mentioned results. However, at
lower potentials, there is a strong variation, and at higher potentials, the lifetime
becomes constant. This behavior indicates a combination of several processes that
govern electron recombination in DSC (75-77).

Besides the energy disorder that has been already emphasized for describing the
diffusion coefficient, the extent of geometry disorder has been recognized as an impor-
tant property of the nanocrystalline TiO» electrodes in DSC, due to the influence on
long-range paths for electron transport (116,117). Geometrical disorder may become
significant for open structures of the nanoparticulate network, owing to the exis-
tence of highly branched nanoparticle structures that influence electron transport
dynamics. For example, for compact TiO; films (40% porosity) used in DSC, the
average coordination number is about 6.6, whereas for open-structured films (80%
porosity), the average number of particle interconnections is as low as 2.8 (116).
Therefore, when increasing the porosity, the fraction of terminating particles (dead
ends) in the TiO; film increases markedly, and this has the effect of increasing the
average number of particles visited by electrons by 10-fold (117). Figure 16.15 shows
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Figure 16.14. Electron lifetime determined from the decay of the cell potential in a DSC after
application of a negative bias (>—1.2 V) in the dark. The line corresponds to the fit to a model
that uses the quasi-static approximation for trapping in the bulk and a combination of charge
transfer processes through conduction band and surface states. Adapted from Ref. 75 with
permission.
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the reported (44) evolution of the diffusion coefficient of electrons in nanostructured
TiO3, as a function of the excess porosity above the critical value for transport. Sam-
ples of different porosity are achieved by consecutive pressing the TiO; film, from
7 to 4 pm thickness. Using this method of changing the film thickness, the energy
distribution and trapping factors are not significantly dependent on sample porosity.
Therefore, the results show a change of the diffusion coefficient that is due to the
geometrical effect of the coordination between nanoparticles. The power law behav-
ior with porosity obtained in Figure 16.15 is related to electron diffusion along the
percolation cluster in the nanoparticulate network as first suggested by Jao van de
Lagemaat et al. (116,117).

Microscopic simulation using Monte-Carlo methods based on the continuous time
random walk (CTRW) model has been applied to provide a detailed description
of electron trapping dynamics in DSC (116-120). Simulations have described the
results of fast optical pump-probe experiments that monitor the decay of the pho-
toinduced dye cation excited by a laser pulse (121-123). Recently CTRW methods
have provided valuable insights into the short-range diffusion and charge separation
in dye-sensitized nanoscale TiO, layers measured by surface photovoltage transients
(125,126).

Hole or ion conduction in the medium filling the pores can be realized in different
configurations. The 11% conversion efficiency has been reached with the N3 dye, and
a liquid electrolyte with iodine/iodide redox couples with a film thickness of over
15 wm. However, the long-term containment at elevated temperatures of the volatile
solvent mixture employed remains a major challenge. Therefore, there has been an
extensive quest for a solid or quasi-solid medium for replacing the volatile electrolyte
while maintaining good performance of the DSC. Several options for the ionic/hole
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Figure 16.15. Plot of the effective (chemical) diffusion coefficient of electrons, obtained from
transient photocurrents, as a function of the porosity of TiO, layers. The critical porosity was
set to 0.76. Reused from Ref. 44 with permission.
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transport material have been investigated (127):

* Inorganic p-type semiconductors (128).

* Organic hole-transport materials (HTM) such as spiro-OMeTAD (2,2'7,7'-tet-
rakis(N,N-di-p-methoxyphenyl-amine)-9,9’-spiro-bifluorene) (71,104,129,130).

 Polymer electrolytes.

* Ionic liquid conductors (19,131-133).

It seems that the 15 /I™ couple is unique in providing the strong kinetic asym-
metry of recombination/regeneration reactions that gives so far the highest efficieny
in DSC (57). Organic hole conductors generally exhibit lower differential kinetics
than I3 /I” couple and therefore provide a poorer performance of the solar cell.
Room-temperature ionic liquids (RTILs) are solvent free redox systems with high
stability and negligible vapor pressure, which are considered a key element for prac-
tical applications of the DSC (134,135). The very high density of ions present in
these RTILs seems to facilitate the effective screening of the electric charges that
are produced under illumination in the mesoporous films (127). DSC using RTIL
have shown practical efficiencies in the range 6—7% and an improved stability at
high temperatures. The limitation of the slow diffusion of iodide redox species in
the viscous RTIL is currently being addressed by the development of novel sen-
sitizers with an increased optical cross section allowing thinner TiO, films to be
employed (95).

Complete models of the DSC have been developed based on porous battery theory
(136,137), considering mass transport in the electrolyte (131,138—142), higher order
recombination mechanisms (143) and the porosity effect (144). These methods allow
the simulation of the photovoltaic performance of the DSC but involve a multitude
of effects and complex calculation. Although V,. and I, can be separately related to
basic processes of the DSC, as discussed, the understanding of the diode characteris-
tics, i.e., the FF, which is critical for device performance, has so far not been described
in a simplified framework.

All-solid solar cells based on nanostructured or highly structured metal-oxide mate-
rials have been developed in different configurations (9,145-148), either with a thin
light-absorber layer or with an absorber/hole transport material embedded in the
nanostructured metal oxide. A nanocomposite solar cell, based on interpenetrating
networks of TiO; and CulnS,, has provided the highest energy conversion efficiency,
of around 5%, of this type of solar cells (149).

16.5. NANOSTRUCTURED PHOTO-ELECTROCHEMICAL AND
ELECTROCHEMICAL DEVICES BASED ON METAL-OXIDE
NANOPARTICLES

The photocatalytic splitting of water into hydrogen and oxygen using solar light is a
potentially clean and renewable source for hydrogen fuel. There has been extensive
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investigation into metal-oxide semiconductors such as TiO,, WOj3, and Fe, O3, which
can be used as photoanodes (12,13,150). The extension of the absorption of TiO; to
the visible spectrum of the solar spectrum, by doping with carbon, nitrogen, or sulfur
(151,152), has stimulated great interest, but the use of such materials has provided
low conversion efficiencies so far. Nanoparticulate WO3 electrodes exhibit larger
photocurrents under solar illumination (12,150), due to the band gap energy of 2.5eV
that extends the photoresponse of WOj3 electrode into the blue part of the visible
spectrum up to 500 nm. The photoelectrochemical behavior of nanostructured TiO;
and WO3 electrodes, concerning the photooxidation of organic compounds in water,
has been studied in a number of works (153-159). The company Hydrogen Solar
Ltd, UK, is trying to implement a tandem cell for the cleavage of water to hydrogen
and oxygen by visible light based on work by M. Gritzel and J. Augustynski. The
photoactive material in the top cell is a semiconducting oxide that absorbs the blue
and green part of the solar emission spectrum and generates oxygen and protons from
water with the energy collected. The not absorbed yellow and red light transmits the
top cell and enters a DSC (157).

Electrochromism is a reversible process inducing optical transitions in a material
via an electrochemical reaction (160). Electrochromism is of importance for applica-
tions in information displays with optical memory, smart windows, and anti-dazzling
rear view mirrors for cars with variable reflectance. The most studied electrochromic
material is WO3, which turns from transparent to dark blue upon insertion of H, Li, and
other guest atoms. Smart windows with switchable glazing allow dynamic control of
solar energy gain, adapting the window optical properties to changing environmental
conditions. Especially in temperate zone climates, solar radiation in summer condi-
tions imposes an unwanted heat load on buildings, whereas passive heating by solar
radiation is welcome in winter (161). One limitation of WO3 intercalation films for
implementation of a glass window with variable optical properties in a large scale is the
requirement of external power sources to change the transmittance. To remove this lim-
itation, self-powered smart windows combining a DSC with an WO3 electrochromic
layer counterelectrode have been suggested (2). A switchable photoelectrochromic
device has been realized consisting on a dye-covered nanoporous TiO; layer, which
is situated on a nanoporous WO3 electrochromic layer (162—-164). The layers can
be kept thin, so that they are transparent. The transmittance of the device decreases
when illuminated and can be increased under short-circuit conditions. Therefore, no
external voltage source is needed to color/bleach the photoelectrochromic device.

Another approach to electrochromic devices that has proved successful for electri-
cal displays applications was originally developed by M. Gritzel and D. Fitzmaurice
(10). It consists of nanocrystalline TiO» films derivatized with a redox active molecule,
such as a viologen endowed with an anchoring group to attach it firmly to the TiO;
surface. Viologens (e.g., 1,1’-disubstituted 4,4’-bipyridinium dications) work as redox
chromophores. The first reduction of the viologen dication is highly reversible and
leads to the formation of the intensely deep blue-colored radical cation. The devices
present rapid switching between the bleached and the colored states, high contrast
ratios, and good cycling stability (27,165-169), due to the amplification of the opti-
cal phenomena by the high surface area of the nanocrystalline support, and fast
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interfacial electron transfer between the nanocrystalline oxide and the adsorbed mod-
ifier. Photoelectrochemical studies have shown (27) that the electronic charging of
the semiconductor nanostructure is the key factor mediating between the electrode
potential and coloration of the molecular monolayers anchored on the semiconduc-
tor surface. Displays based in this technology are close to commercialization by the
company NTera, which announced in 2006 the successful production of working
prototypes featuring the world’s highest resolution naturally reflective electronic dis-
plays and plans to produce a high-contrast, monochromatic display that can replace
the simple liquid crystal displays used in clocks, thermostats, and many other devices.

The optical and visible-sensitizing functions of molecular layers absorbed onto
nanocrystalline metal oxides have been widely exploited in DSC and electrochromics,
as commented above. Recently a new approach has been taken toward electric
and electro-optic devices formed by molecular functionalized mesoscopic oxides,
such as sensors and switchable molecular electronics, in which the molecular layer
adsorbed in the surface serves instead as an electron or hole transport relay (170-
174). It was shown that the molecular layer can be charged from the conductive
substrate either with electrons or holes, depending on the applied bias potential
(171,172). Figure 16.16 shows impedance spectroscopy results of mesoscopic Al,O3
and TiO, networks, covered with a monolayer of Ru-complex cis-RuLL’'(NCS);
(L =2,2"-bipyridyl-4,4’-dicarboxylic acid, L" = 4, 4’-dinonyl-2,2"-bipyridyl) (Z907)
(30). The results display the behavior of the model of Figure 16.5, at potentials in
which injection of carriers in the respective semiconductor networks is forbidden.
These results therefore show the injection, transport, and accumulation of elec-
trons and holes in the molecular layers covering the surface of the mesoscopic
oxides (30).

TiO, is biocompatible and combines selectively with some groups of biomolecules.
Nanocrystalline TiO; has been employed for the immobilization of biomolecules
(4,69,175), both for studying protein electrochemistry and for developing electro-
chemical biosensors, i.e., analytical devices consisting of a biological recognition
element attached to the nanostructured TiO, that serves as a transduction element,
relating the concentration of an analyte to a measurable response (176).

The conductivity of nanostructured TiO; in the gas phase (177-180) and as a
function of ambient humidity has been described (181). The group of J. Augustynski
has developed nanoparticles of semiconducting metallic oxides employed in gas
sensors able to detect nitrogen oxides, carbon monoxide, and hydrocarbons. These
nanocrystalline oxides (not disclosed, but apparently comprising WO3 nanoparticles)
are used by the Company MicroChemical Systems for manufacturing gas sensors
for the automotive industry. The two types of microsensors measure changes in
the electrical resistance of nanocrystalline films induced by road gas pollutants,
resulting in improved sensitivity and response time of the microsensors fabricated
by MicroChemical Systems, which has already delivered such microsensors in large
quantities to car makers.

The use of nanosized positive or negative electrode materials (vs. Li) for Li
batteries (14,182) offers attractive electrochemical characteristics over classic bulk
materials, including very short diffusion length, low charge transfer resistance due
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Figure 16.16. Experimental impedance plots of Z907-derivatized mesoscopic TiO, and
Al>O3. Reprinted from Ref. 30 with permission.

to the high surface area of the active mass (182) and a better accommodation of
the materials strains associated with the lithium insertion/extraction. The active
material /electrolyte interface can be improved by acting on the current collector sur-
face. Nano-architectured current collectors offer higher contact area than conventional
2D-substrate. As a result, for an equivalent thickness, the amount of active material
is much higher on a nanostructured current collector. However, an adverse effect in
primary nanoparticles is the possibility of increasing side reactions with the elec-
trolyte, while the Li-reaction may be enhanced (183). TiO, nanotubes or nanowires
have shown excellent Li-intercalation charge capacity and cyclability (184,185). The
Li™T intercalation renders the nanowires simultaneously electronically and ionically
conducting (185). As in other devices commented on, the electrolyte is a crucial ele-
ment in Li-batteries. It has been found that the addition of nanoparticle fillers, such
as Al O3 or TiO3, increases several fold the conductivity of polymer electrolytes at
60-80°C, and prevents crystallization at room temperature (186).

Supercapacitors are high-power density devices that can be coupled with batteries
to provide peak power and can replace batteries for memory backup. High-surface-
area carbon-based materials are widely used for electrochemical double-layer
supercapacitors. A nanostructured LisTisO1; has been developed as a negative elec-
trode material suitable for use with activated carbon-positive electrodes (187,188).
The combined effect of a high output voltage and an anode of greater specific
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capacity results in higher energy densities than carbon/carbon supercapacitors, while
maintaining a high-power density and robustness.

16.6. ORDERED NANOPARTICULATE STRUCTURES

Quantum dots are nanocrystals of size roughly between 1 and 10 nm. In these crystals,
the electron wave functions are delocalized in the limited space of the nanocrystal,
and the electronic orbital has the same symmetry as in a conventional atom. The
strong quantum confinement implies that insulating nanocrystals have a set of discrete
atom-like valence and conduction energy levels. Their separation as well as the optical
gap between the lowest conduction level and the highest valence level increases as
the nanocrystal size decreases. Accordingly, electronic and electrooptic properties of
quantum dots can be tailored by the dimensions.

Colloidal nanocrystals can be considered as building blocks for larger arqui-
tectures. Nanocrystals with a narrow size dispersion can be assembled into two-
dimensional or three-dimensional ordered arrays, which are termed nanocrystal
superlattices, nanocrystal solids, or quantum dot solids. The particles are charac-
terized by an inorganic core and stabilized by an organic surfactant, and both the core
and the surfactant have a role in determining the superlattice crystallographic sym-
metry. As both the preparation of nanocrystals and the ordered assemblies is versatile,
there is currently great interest in the investigation of the properties of the quantum
dot solids (15,16,189).

The collective properties of electrons injected in a superlattice depend on individual
electronic levels for a quantum dot, on the degree of electronic coupling between the
dots, and on Coulomb interactions, both for multiple electrons in a quantum dot and in
neighbor dots (16). Assemblies of quantum dots deposited on a conducting substrate,
and filled with an ionic medium, allow the injection of a single kind of carrier in the
superlattice. The Coulomb energy of electrons in a dot is considerably reduced by
screening with electrolyte ions, as commented in connection to Figures 16.1 and 16.2.
The energy for addition of electrons to a quantum dot contains several contributions
(190,191): the self-energy of the electron interacting with its image charge at the
surface of the particle (192); the electrostatic interactions, which are screened by
the external medium; and the exchange energy. Characteristic capacitance spectra
showing consecutive charging of different discrete energy levels have been reported
for assemblies of CdSe (193,194) and ZnO colloids (195).

An ordered array of quantum dots could give rise to long-range coherent transport
in delocalized bands, provided that sufficient electronic coupling exists between the
same orbitals in neighbor dots. However, several factors lead to localization of car-
riers in the quantum dots (189). Colloidal nanoparticles prepared by wet chemical
methods fluctuate in size. As the electronic response of an individual particle is deter-
mined by its size, there is some inherent disorder in an array of quantum dots, which
produces a dispersion of the energy levels (189). Dispersion of energy levels can be
also caused by a fluctuation of chemical composition (e.g., electronic surface states).
The difference between energy levels in different quantum dots makes tunneling of
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electrons between quantum dots more difficult. Moreover, such dispersion leads to
the random scattering of electronic waves. Thus, dispersion of quantum dots sizes
and fluctuation of the chemical composition produce Anderson localization. Disorder
in the spatial distribution of quantum dots also contributes to localization (196). The
Coulomb repulsion between two electrons (holes) sitting on the same quantum dot
introduces an energy gap between occupied and empty states (Hubbard insulator).
Several characteristic phenomena for transport in disordered semiconductors have
been reported in arrays of quantum dots, such as metal-insulator transitions (15,197)
and Mott-like conduction gaps (62,196), the variable range hopping (VRH) transport,
(198) temperature scaling in current-potential curves (199), and percolation thresh-
olds depending on disorder (200). Experimental studies of arrays of monodisperse
ZnO quantum dots, charge-compensated in electrolyte solution, have been reported
(195,201,202). The influence of size dispersion over collective transport properties in
these systems has been examined theoretically (203).

Ordered mesoporous materials with periodicity on an optical length scale can lead
to materials that exhibit a full photonic band gap, i.e., a wavelength band in which
photon propagation is forbidden (204). These photonic materials can be integrated
into substrates of technological interest (205), and can be used in applications in which
the manipulation of the flow of visible and near-IR light is required, as commented
before for improving light-harvesting in DSC. TiO; is an attractive material for the
fabrication of photonic band gap materials, especially the inverse opal, air spheres
in TiO, matrix, due to the high refractive index, and good transparency of TiO, for
the visible light. Inverse titania opal photonic crystals have shown how to effectively
control the spontaneous emission from semiconductor quantum dots embedded in the
photonic crystal (206). In these experiments, the crystal lattice parameter could be
used to enhance the delay of the decay rates of light emission from the quantum dots.
Dye-sensitized and solid-state solar cells have been fabricated on microporous titania
inverse opal structures (207,208). The electrochemical behavior of these structures
under Li intercalation was investigated (209).

16.7. NANOWIRES AND NANOTUBES

Nanowires and nanotubes are drawing tremendous attention due to their potential
applications in various nanoscale devices. Among the oxide materials, those hav-
ing a bulk crystalline structure in the form of layers or ribbons can be more easily
induced to grow in the form of rods or tubes with a high aspect ratio and nanometric
dimensions (17).

ZnO nanostructures such as nanowires, nanotubes, and nanorings have been grown
successfully via a variety of methods, including chemical vapor deposition, thermal
evaporation, and electrodeposition (210). Zinc oxide is a nontoxic n-type semiconduc-
tor that has favorable band energies for forming heterojunctions with hole-conducting
polymers and can be grown as nanorod arrays with the appropriate dimensions for
efficient nanorod-hole conductor devices. Vertically aligned ZnO nanorods, formed
by electrodeposition on a transparent conducting oxide, have attracted much attention
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for applications in UV-optoelectronic devices such as light emitting diodes (11). Due
to its near-cylindrical geometry and large refractive index, ZnO nanowire/nanorod
is a natural candidate for optical waveguide and for optical resonant cavities that
facilitate lasing in well-aligned ZnO nanowires (211).

With respect to solar cells based on nanoparticulate metal oxides, nanowire struc-
tures have the advantage of providing long and uninterrupted paths for electron
transport while maintaining a high area density (212-214). ZnO nanowires have
been used to form high heterojunction area solar cells (9,147,212,215); in particular,
CdSe-sensitized CuSCN/nanowire ZnO heterojunctions have shown an encouraging
photovoltaic performance (9). There has been recent progress in obtaining highly
ordered transparent TiO, nanotube arrays for DSC with high electron lifetimes and
excellent pathways for electron percolation (216). Carbon-doped TiO; (TiO2_,C,)
nanotube arrays have also shown high photocurrent densities and more efficient water
splitting under visible-light illumination than TiO, nanoparticles (217).

Recent literature results (218-220) have demonstrated that V oxides, such as V,Os,
can be produced in the form of nanowires by means of different techniques, i.e., by
hydrothermal, sol-gel, sol electrophoretic, or sol electrochemical deposition. V,0s5
nanowires have many intrinsic merits, such as a uniform geometric cross section of
1.5nm x 10nm and several micrometer length, which are important in nanofunc-
tional materials. The heterojunction of V05 nanowires with carbon nanotube,
field-effect transistors, and actuators as artificial muscles have been demonstrated
as feasible electronic components (221). The fibers show a double layer structure,
with each layer consisting of two V,0Os sheets. A V,05 fiber is composed of only
four atomic layers of vanadium, which therefore represents a wire with a thickness
of molecular dimension. The conductivity of one V,0Os5 fiber was estimated to be
~0.5 S/cm at room temperature (220). The electrochemical Li-intercalation behavior
of nanoscale V,05 was found to depend markedly on the morphology and defect
structure (222).

Nanowires and nanotubes are also encouraging structures for chemical and bio-
logical sensors in which detection can be monitored electrically and/or optically. For
example, when helium gas is absorbed physically into the interlayer or on the surface
of soft V205 nanowires, it is possible to detect the helium gas from the variation of
conductance through the nanowires (223). With molecular receptors or a selective
membrane for the analyte of interest, the binding of a charged species to the surface
of a nanowire or nanotube can lead to depletion or accumulation of carriers in the
“bulk” of the nanometer diameter structure and increase sensitivity to the point that
single-molecule detection is possible (224).
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17.1. INTRODUCTION: SCOPE OF THE REVIEW

Photo-induced processes are studied in several industrial-oriented applications, which
have been developed since their first descriptions in the scientific literature. Despite
the difference in character and utilization, all photo-induced processes have the same
origin. A semiconductor can be excited by light energy higher than the band gap
inducing the formation of energy-rich electron-hole pairs. Chapter 16 describes the
use of this energy in photovoltaic, photoelectrical, and photoelectrochemical devices,
whereas here we will undertake its study in the photo-catalysis field. By photo-
catalysis, it is commonly understood to be any chemical process catalyzed by a solid
where the external energy source is an electromagnetic field with wavenumbers in
the ultraviolet (UV)-visible range (1-6).

Customarily, photo-catalysts are solid oxide semiconductors, particularly TiO»-
anatase, but recent progress has expanded the chemical nature of photo-active systems
by including (oxy)sulfides and (oxy)nitrides, doped-zeolites, and molecular entities
embodied in zeotypes. As most of these catalysts have been specifically devised for
application under sunlight, here we will differentiate between UV- and visible-active
systems. This is, of course, a phenomenological way to classify photo-catalysts, but
it appears most convenient from the point of view of enhancing new contributions to
this work-field, not covered by previous reviews (1-6). Section 17.2 also includes a
description of the reaction mechanism of photo-catalytic processes. Photo-catalysis is
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mainly involved in three areas concerning organic synthesis, degradation of pollutants
and special reactions, like HyOreduction or N, fixation. All photo-induced chemical
processes have in common the so-called “initial” steps, which include the absorption
of light, diffusion, and trapping of charge and fate (recombination or phase transfer to
the gas/liquid media) of charge carriers (7,8). These steps will be briefly introduced in
Section 17.2 although the main point here, e.g., the influence of the nanostructure on
such elemental steps, will be covered in the final part of this chapter. In any case, the
main aim in describing reaction mechanisms in Section 17.2 is to give a glimpse
into the potential chemistry evolving from solid surfaces under light activation.
Section 17.3 will briefly discuss the field of potential assisted photo-catalysis.

The main subject of this review is, as mentioned, the study of the effect of the
nanostructure on the photo-catalytic system; the world around this topic will be cov-
ered in Section 17.4 of this chapter. As an introduction, we will briefly discuss the
structural and electronic properties of the solid catalysts influenced by size. As such
properties have been thoroughly examined in Chapters 1 to 14, here we will summa-
rize the specific points of interest for photo-catalysts. The review will continue by
analyzing the influence of the nanostructure in the above-mentioned “initial steps”
of the photo-catalytic reactions and finish by giving an overview of the most signifi-
cant catalytic measurements as a function of primary particle size and morphological
properties of nanostructured photo-catalysts.

17.2. GENERAL VIEW OF PHOTO-CATALYTIC SYSTEMS

When light with a characteristic wavelength in the energy range of interest for photo-
catalysis interacts with a solid, both absorption and scattering phenomena occur
concomitantly (9). Combined analysis of optical data obtained in transmittance and
reflectance can be worked out to obtain a reasonable approximation to the absorp-
tion and scattering coefficients (10). Because the UV-vis wavelengths (550-300 nm)
characteristic of excitation sources used in photo-catalytic processes are significantly
larger than the primary size of nanosolids, ca. 10 nm, the radiation field response
to the particle aggregates (with a characteristic dimension called secondary particle
size) and scattering events is dominated by this morphological characteristic of the
solid photo-catalyst (11). Absorption of light is obviously the initial step occurring on
all photo-active systems used in catalysis. However, optical measurements in photo-
active oxides prove that scattering is the dominant phenomenon and that absorption
can occur after multiple scattering events, conditioning by reaction geometry (10),
indicating that there is not an easy way to measure quantum yields (reaction rate per
rate of absorbed photon). Additionally, quantum yields are spectral-dependent and
are therefore specific for the excitation light source (with most of the times having
several excitation lines) (12).

Solid semiconductors are characterized by the existence of a forbidden gap between
the valence and the conduction band. As described, the process of photo-catalysis is
relatively simple; is initiated by the absorption of a photon with energy equal to or
greater than the band gap of the semiconductor (e.g., 3.2 eV for TiO;), producing a
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charge carrier pair, that is an electron-hole (¢~ /h™) pair. Photo-catalytic semicon-
ductors are typically oxides, TiO2, ZnO, WO3, CeO,, or A,B,O;, but also sulfides,
MoS;, WS,, or BiS,, or nitrides, TaN,, SiN,, or GeN,. These pure phases are fre-
quently doped with a hetero-atom, whether this is a cation or an anion, forming a
solid solution, put in intimate contact with another semiconductor phase, or with
ions or metals deposited on its surface. Thus, due to the band energy configuration of
most used semiconductors, photo-excitation always requires photons with wavelength
below ca. 550 nm and is typically in the UV- and/or visible spectral ranges. The cor-
responding systems working under UV-excitation will be detailed in Section 17.2.1,
whereas those used under visible-light excitation will be covered in Section 17.2.2.

Upon irradiation, a photo-inducted process would thus take place. This will consist
in the promotion of one valence band electron to the conduction band, leaving a hole in
the valence band. Therefore, an electron-hole pair (exciton) is created with lifetimes in
the femptosecond regime, which might undergo charge transfer to adsorbed species
on the semiconductor surface by forming radicals that oxidize organic chemicals,
or reduce metal species. Obviously, charge carriers may be involved in chemical
reactions but also can recombine producing energy. Recombination is in fact the most
likely process and can have a radiative or nonradiative nature (1,2,7,8). Basically,
before an energy exchange with adsorbed species or a certain recombination steps
can occur, the charge carriers would suffer trapping processes (1,2,7,8). Defects can
capture such electrons and holes, by acting as electron (or hole) traps, through the
following process:

D't +e, — pU=b+ electron trapping 17.1)

D't +hf, — prth+ hole trapping 17.2)

If the pair D" /D"~D+ is located below the conduction band edge (E.;) and
the energy level for D"+ /D"+D+ above the valence edge (E,p), the trapping of
electron and holes would take place, affecting the lifetimes of charge carriers. The
first/second pair originates the so-called donor/acceptor electronic levels. Defects
can have a punctual nature, being intrinsic (like oxygen vacancies in nanostructured
reducible oxides) or extrinsic (like dopants or impurities), or being line or plane
defects. Their situation at the surface or the bulk of the material is critical as only
the former can be involved in chemical reactions, being the latter mainly involved
in recombination processes. The exact degree of localization of charge trapping in
a defect is not known, but the terminology adopted discriminates between strongly
localized, called deep traps, or shallow ones. Their energy characteristics are not
well defined but should allow phenomenological differentiation between two main
groups: shallow traps that exchange charge carriers with conduction/valence band
species under thermal excitation at room temperature and deep traps that may not
have this possibility or be strongly limited (1,2,7,8). The nature of trapping centers
and main physicochemical characteristics have been analyzed in Chapters 5 and 6 of
this book and will be briefly detailed for the most interesting photo-semiconductors
in Section 17.4.1.
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Within this situation, upon irradiation, the following electronic processes would
take place: charge generation, charge trapping-charge release, recombination, and
interfacial transfer (see detailed discussion in Section 17.4). The mechanisms for
these electronic processes in a semiconductor are summarized in Scheme 17.1.

Photo-catalysis is mainly involved in three research areas, which are summarized
in the following list:

* Organic synthesis:
Partial oxidation of linear and cyclic hydrocarbons
 Degradation of pollutants
Mineralization of organic compounds
Disinfection/destruction of biological materials
Detoxification of inorganic compounds and removal of ions
* Special reactions
Photo-fixation of nitrogen
Photo-reduction of CO; to organic compounds
Photo-splitting of water to produce Hj

EQUATION ELECTRONIC STEPS

TiO, +hv —>egg + hjp charge generation

M™ 4 hy > M@V 4 o)
M"™ + hy— MO gt
Tit* 4 egy > Ti* charge trapping
M"™ tegp — MUY
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Scheme 17.1.
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17.2.1. UV-Active Systems

As described, the process of photo-catalysis is relatively simple. Light energy
from ultraviolet radiation (light) produces a charge carrier pair. Thus, due to the
band energy configuration of most used semiconductors, UV-photo-excitation always
requires photons of below 390 nm. Basically, the result of this energy change with
chemical meaning is the formation of holes in the surface, and free electrons that are
now available to form hydroxide (~OH), or other radicals, which can oxidize organic
chemicals, or reduce metal species.

Semiconductors with photo-catalytic activity might show specific electronic,
structural, surface, and morphologic features. A good photocatalyst should be

(1) photoactive,

(2) able to absorb visible and/or UV light,

(3) chemically and biologically inert and photostable,
(4) inexpensive, and

(5) nontoxic.

TiO3, ZnO, SrTiO3, CeO,, WO3, Fe; 03, CdS, and ZnS can act as photo-active mate-
rial for redox processes due to their electronic structure, which is characterized by a
filled valence band and an empty conduction band. Among these possible semiconduc-
tors, TiO; is the most used photo-catalytic material that fulfils all of these requirements
and exhibits adequate conversion values (13). However, despite the high conversion
values obtained for TiO,, the calculated quantum yield for the studied reactions is
appreciably low (less than 10% for most degradation processes) (14).

From the available semiconductors, ZnO is generally unstable in illuminated
aqueous solutions, especially at low pH values. In liquid-phase photo-reactions, the
photo-corrosion of ZnO is complete at pH lower than 4. The formation of Zn>™ is
attributed to the oxidation of ZnO by hj‘b (15). This phenomenon is considered as one
of the main reasons resulting in the decrease of ZnO photo-catalytic activity in aqueous
solutions (16,17). However, for applications in gas phase, this disadvantage should
not exist (18). WO3, like TiO;, was found to be stable toward photo-corrosion. Even
though it is reported to be a good candidate for oxygen evolution, the possibility of
using this semiconductor for hydrogen evolution was attempted and succeeded (19).
WOj3 absorbs only a portion of the visible radiation. Nevertheless, its absorption in the
visible region could be increased by doping with transition metal ions. WO3, although
useful in the visible range, is generally less photo-catalytically active than TiO; (20).
CeO» is an inexpensive and relatively harmless material that presents several char-
acteristics that could be potentially advantageous for photo-catalytical applications,
such as its stability and strong absorption under UV-illumination. Among others, CdS,
7ZnS, and iron oxides have been also tested (21-24).

The structural, electronic, and surface features play an important role in photo-
catalytic applications. Although for heterogeneous catalysis, surface area is one of
the conditioning characteristic of the catalysts, in the case of heterogeneous photo-
catalysis, the activity is not necessary dependent on this feature, but on the availability
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of the active sites (25,26). Nevertheless, a large surface area can be determinant in cer-
tain photo-catalytic reactions in which the increase of the adsorption leads to enhance
the reaction rate (27-29). However, it is also well known that materials presenting high
values of surface area and porosity also exhibit a highly defective structure. A capital
point is the presence of OH™ groups as they could have a significant contribution
to the phase stability in the nanometer range (30,31) as well as define the acid/base
character of the solid. The existence of crystalline defects like vacancies and/or low
coordination centers in the structure turns detrimental for the photo-efficiency of the
semiconductor, because they favor the electron-hole recombination (32,33). Crystal-
lite size and concomitant phenomena (defects) are also determinant parameters to be
considered (34-36). Nanosized semiconductors exhibit pronounced size effects on
its electronic structure and related optical properties. These aspects will be detailed
at length in Section 17.4.

Structural and electronic characteristics of the material also appear to be deter-
minant. This is the case of ZnO and especially TiO,. Monodispersed ZnO particles
with well-defined morphological characteristics, such as spherical, ellipsoidal, needle,
prismatic, and rod-like shapes have been obtained by means of different synthetic
methods (37-40). It has been reported that the photo-catalytic activity of ZnO par-
ticles should strongly depend on the particle morphologies on which the specified
crystal faces expose. This decisive difference in morphology probably influences the
photo-catalytic activity because the exposed crystal faces or the ratios among exposed
crystal faces are noticeably different for the ZnO particles composed with different
crystallite forms (41,42).

TiO; occurs in nature in three crystallographic phases: rutile, anatase, and brookite,
with the anatase the most commonly employed in photo-catalytic applications
(6,13,43). Anatase is the polymorph of TiO; less thermodynamically stable, although
from energy calculations this phase appears as the more likely phase when the grain
size is around 10 nm (44). The crystalline structure can be described of terms TiOg
octahedral chains differing by the distortion of each octahedron and the assembly pat-
tern of octahedra chains. The Ti—Ti distances in the anatase structure are greater than in
rutile, whereas Ti—O distances are shorter (45). These structural differences cause dif-
ferent mass densities and lead to a different electronic structure of the bands. Anatase
phase is 9% less dense than rutile, presenting more pronounced localization of the Ti
3d states, and therefore, a narrower 3d band can be found in the anatase phase. Also
the O 2p-Ti 3d hybridation is different in the two structures (more covalent mixing
in the rutile), with anatase exhibiting a valence and conduction band with more pro-
nounced O 2p-Ti 3d characters, respectively (46). These different structural features
are presumably responsible for the difference in the mobility of charge carriers.

Although the anatase—TiO; presents the higher photoactivities reported (47), com-
mercial Degussa P25, which has a mixture of anatase and rutile in a ratio 80:20, is
one of the best TiO, photo-catalysts and frequently used as a reference. The rela-
tionship between the crystal structure of this commercial TiO and its notably higher
photo-efficiencies is still controversial. Bickely et al. reported a model based on
anatase—rutile mixture and a fraction of amorphous phase (48). The anatase—rutile
coexistence would lead to a synergetic effect between the two phases that improves
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the photoactivity of TiO,, as has been reported by several authors for anatase—rutile
mixtures prepared by different methods (49-51). This junction effect has been also
described for the mixture anatase—brookite, which presents a high activity in gas-phase
methanol photo-oxidation (52).

It is still necessary to develop a photo-catalytic system with improved structural
or morphological properties that improve the charge separation and diffusion to the
surface. Additionally, for liquid-phase photo-degradation processes, another require-
ment of the new photo-catalysts should be the ease to be separated from the reaction
solution, a requisite of great importance for practical applications. Many efforts are
actually performing in order to improve these two operational factors by the opti-
mization of the catalyst features; crystal and electronic structure, surface acidity,
smaller particle size, use of dopants (to extend the absorption range) and support
materials, and/or designing immobilized photo-catalyst in different materials (glass,
quartz, steel, membranes, fibers) (53-58) able to be used in liquid- and gas-phase
configuration reactors.

17.2.1.1. Transition Metal Doping Another way to improve the efficiency of
the photo-catalytic process is by doping with a metal ion the semiconductor photo-
catalyst structure. Doping with suitable transition metal ions may allow extending
the light absorption of large band gap semiconductors to the visible region (59).
Additionally to the absorption spectrum expansion, doping with certain transition
ions could act in certain cases as electron/hole trappers, leading to an increase of the
charge carrier lifetimes and therefore avoiding the recombination processes (60—63).
This occurs through the following process:

M" +e, — M DT electron trapping 17.3)

M" +hf, — MtDhF hole trapping 17.4)

If the pair M"+ /M *~D7 is located below the conduction band edge (E.;) and the
energy level for M+ /M @+ D+ above the valence edge (E,3), the trapping of electron
and holes would take place, affecting the lifetimes of charge carriers.

Itis clear that the photo-reactivities of doped semiconductors widely varies depend-
ing on the specific dopant considered. The origin of these photo-reactivities is clearly
related to the efficiencies of the doping centers in trapping charge carriers and inter-
ceding in the interfacial transfer. Trapping either an electron or hole alone is ineffective
for photo-degradation because immobilized charge species quickly recombines with
a mobile counterpart (62).

The effect of doping a photo-catalytically active semiconductor is therefore a
multifaceted problem, and the modifications induced in the photoactivity might be
explained by the sum of changes occurring in the semiconductor matrix. Conse-
quently, the relative efficiency of a metal ion dopant will depend on whether it serves
as a mediator of interfacial charge transfer or as a recombination center. The ability
of a doping ion to function as an effective trap is related to several factors, as the
dopant concentration, its energy level within the semiconductor lattice, their d or f
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electronic configuration, the distribution within the particles, or the electron donor
concentration. From literature review, an optimum doping content clearly exists for
each selected dopant. In this sense Pleskov (64) reported that the value of the space
charge region potential for the efficient separation of electron-hole pairs might be
not lower than 0.2 eV. However, Pleskov theory is not applicable to nanostructured
materials.

It is reported that doping quantum-sized TiO, with transition metal ions as Fe3*,
Mo+, Ru3t, Os3F, Re3t, V4, and Rh3* enhances the photo-reactivity and reduc-
tion processes (62). On the contrary, some authors state that the presence of a foreign
metal species as Cr>" is generally detrimental for the degradation of organic species
in aqueous systems, although it accelerates the photo-reduction (65). Many examples
indicate that the doping effect on TiO, photo-activity can be beneficial or detrimental
for the same doping ion. Thus, although Gritzel et al. (66) found an inhibition of the
electron-hole recombination on Mo’ and V>* doped TiO, based on EPR measure-
ments, Luo et al. reported a significant diminution of the photo-activity for similar
doped systems (67). Mu et al. (68) reported that doping with trivalent or pentavalent
metal ions was detrimental for the photo-catalytic reactivity, whereas Karakitsou et al.
(69) showed that doping with cations with valence higher than that of Ti*+ enhanced
its photo-activity. Recently, lanthanide rare earth cations, such as La**, Ce*+, Nd3+,
and Gd*>*, have been used for TiO, doping, leading to an increasing in the photo-
activity values (70-73). By comparing the ionic radii of such cations with Ti**, it
is clear that the incorporation of dopant cation into the TiO, matrix is not feasible.
On the contrary, it could be possible that the Ti** ion might substitute for lanthanide
ions in the lattice of the lanthanide oxide. As far as it concerns to lanthanide doping,
it appears that dopant exhibiting half-filled electronic configuration induces higher
photoactivity values (Gd**). The particular stability of such electronic configuration
is well known. Thus, when dopant cation traps photo-excited electrons, the half-filled
electronic configuration is shattered, decreasing its stability. In this situation, trapped
electrons could easily be transferred to the oxygen molecule adsorbed in the surface
as cation returns to the initial stable electronic situation. Within this scheme, it is
clear that an enhancement in the charge transfer as well as an efficient separation of
electrons and holes lead to a significant improvement in the photo-catalytic efficiency.

Special attention might be paid to iron doped TiO; due to the following attractive
aspects:

(1) Iron(IIT) doped TiO, had been reported to enhance the lifetime of electron-hole
pairs from nanosecond for naked TiO; colloids to minutes and even hours (74).

(2) It clearly enhances the absorption in the visible range.

(3) Ithas been proved for special photo-reactions of great interest as water splitting,
N> photoreduction to ammonia, or oxidation reactions (75).

From the results reported about this system, it is clear that the deep knowledge of the
structural features of this doped system is critical to understand its photo-catalytic
behavior. In this sense, the role of iron dopant in TiO; is controversial. Some authors
pointed that Fe3t centers behave as electron/hole recombination centers (76-78),
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whereas some others postulated that its role is to perform the electron-hole separa-
tion, enhancing the photo-catalytic activity. As mentioned, the structural situation of
a doped system drives its reactivity, and consequently, the preparation of iron—TiO;
turns crucial. Aspects such as phase composition, solubility, location, and dispersion of
iron in the different phases greatly vary in the specimens, depending on the preparation
technique. Iron cations can be located substitutionally on the TiO, matrix because its
ionic radius is similar to Ti**, however, depending on the preparation method, the iron
doped system could form mixed oxides with other than anatase structure. Recombi-
nation processes can be the dominant route when the doping cation forms segregated
phases (78). On the other hand, it is also known that the presence of iron in TiO;
would catalyze the anatase to rutile transformation (79), leading to a diminution of its
photo-catalytic activity. The enhancement of photo-activity is likely linked to an opti-
mum iron loading (generally low concentrations <1%). Regarding the origin of the
photo-activity in these doped systems, it may be assumed that the iron doped system
would give rise to a charge transfer transition from Fe3T to Ti** levels (d—d tran-
sition 2T2g — ZAzg,z Tig), creating new electronic levels within the TiO2 band gap
(bathocromic shift) (Figure 17.1). An additional charge transfer transition that would
take place could be via the conduction band from one metal dopant to another identi-
cal center physically separated from the former (Fe3™ + Fe} ™ — Fel* 4 Fel™). As
a result, formally, Fe** centers formally can act as electron and hole trapping cen-
ters (80). Bahnemann et al. (81) also describe a mechanism in which shallow trapping
of the photo-electron by Fe3* followed by rapid iron-catalyzed transfer of the elec-
tron to molecular oxygen is suggested as a tentative explanation for the enhancement
of photo-catalytic activity by the Fe3*-dopant. However, there must be a compro-
mise between the carrier trap and recombination processes balanced by the amount
of dopant (75).

Interesting results are reported by Arafia et al. for carboxylic acid photo-
degradation using Fe** doped TiO; (82,83). In this case, surface iron in the TiO,
participates in the photo-catalytic mechanism in a unexpected way. It seems that
during photo-oxidation of the organic acid, Fe progresses toward solution by the for-
mation of a Fe>* complex. This iron complex is readily oxidized to CO, and Fe>*
species in solution. At this situation, would Fe?* returns to its starting location at the
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Figure 17.1. Schematic view of Fe role on Ti—Fe photocatalysts.
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surface acting as a hole trapping center (Fe?* 4 h* — Fel). Therefore, the het-
erogeneity of the photo-catalytic process would be doubtful, and an homogeneous
photo-catalytic process would be considered.

As has been stated, the photo-physical mechanism of doped semiconductors is still
controversial. In fact it is also reported that in same cases, the doping element acts as
impurity, favoring the recombination by creation of structural defects (34). These
contradictory results emerge because different doping methods leads to different
morphological and crystalline situation in the doped photocatalyst. TiO> can be
substitutionally or interstitially doped with different cations, forming a solid solution
or a mixture of oxides. All metal dopants are conveniently substituted into TiO; lattice
if their ionic radii are identical or nearly identical to that of the Ti** cation. Thus,
the electronic diagram of the doped semiconductors will depend on the structural
situation achieved.

17.2.1.2. Metal Coating Deposition of noble metals (NM) as Pt, Au, Ag, Pd, Rh,
Ru, or Ir on semiconductor surface has also been considered to improve the photo-
catalytic efficiency (84-89). As the photo-generated holes can react with adsorbed
species, the electrons might be accumulated on the semiconductor particles, leading
to an increase of the recombination process. To avoid this electron excess, oxygen
is frequently used as electron scavenger. A similar role could be fulfilled by metal
deposits acting as electron trapping. This way it is possible to enhance the charge
carrier separation after photo-excitation. In the case of TiO, (properly an n-type
semiconductor), a Schottky barrier is formed at the interface between TiO, and NM
(Pt forms the highest barrier). A migration of the photo-generated electrons takes place
toward NM deposited particles, leading to an electron-hole separation state (85,90).
Moreover, the deposition of noble metal increases the electron transfer rate to oxygen
and thereby the quantum yield. The basic principle is depicted in Figure 17.2.

To quantify the improvement achieved by the incorporation of the metal particle,
Lee et al. (4) defined the enhancement factor (E-factor) for the photoprocess as

rate of process with NM
E-factor = - (17.1)
rate of process without NM

Using this comparative parameter, they summarize some reactions improved by
the deposition of Pt and Pd in several TiO, photo-catalysts. In most systems described,
the NM loading on the semiconductor is invariable ca.1% w/w. Therefore, a higher
amount of metal deposits leads to a decrease in the photo-efficiency of the reaction
due to the electron-hole recombination enhancement or a UV shielding effect by the
particles deposited, limiting the amount of light reaching the photo-catalyst. From the
summarized results reported by Lee et al. arises that the enhancement of platinization
is not always present. The nature of the pollutant to be photo-degraded is determinant
in the effectiveness. Other parameters regarding the photo-catalyst are also decisive
as the source and history of the semiconductor or the deposition method used. In this
sense, E-factors reported are normally in the range 2—4. The large variation in the
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Figure 17.2. Schematic view of the charge separation process on NM/TiO; systems.

enhancement factor might be attributed to a combination of several parameters of the
overall process.

17.2.1.3. Composite Photo-Catalytic Systems

17.2.1.3.1. Mixed Oxides and Heterojunctions To enhance the efficiency of
photo-catalytic process, a number of composite systems formed by two or more
different metal oxides has been reported. Mixed oxides and heterojunction composites
systems have been presented as interesting alternatives to a single semiconductor
photocatalyst.

Mixed oxides composed by a photoactive semiconductor dispersed on inert
supports such as SiO3 (91-93), Al,O3 (94), or ZrO, (95-97) as well as mixed oxides
have also attracted interest in photocatalytic applications. A special case that will be
discussed latter would be dispersion of the photo-active semiconductor on zeolite-like
supports. The main scope of supporting the photo-catalyst on these supports is the
stabilization of the structure and surface area. The increasing in the surface area and
porosity values has a direct influence in the adsorptive properties of the photo-catalytic
system. Thus, the dispersion of TiO; on silica supports reveals a certain stabilization
of the anatase phase (91).

The mixture of two semiconductors, forming an electronic heterojunction, pro-
vides an approach to achieve a more efficient electronic process upon photo-induction
(charge separation, an increased lifetime of the charge carriers, and an enhanced inter-
facial transfer to adsorbed substrates) (98—102). As these two semiconductors exhibit
different energy levels for their corresponding conduction and valence bands, and
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therefore different band gap values, a synergetic effect in the photo-catalytic process
would take place. Serpone et al. (98) first reported the special interaction between
two photoactive semiconductors and the resulting interparticle electron transfer (IET)
with the subsequent enhancement of the reductive properties of titania. This syner-
getic effect in the photoinduction could be considered in two ways, depending on the
band gap values of the coupled semiconductors.

(1) Only one semiconductor undergoes in the photo-excitation, and the second is
not photoactive (103). Depending of the relative values of band gap and the
excitation energy, only one semiconductor would exhibit photoinduction. This
is the case of Sn0,-TiO2 (E, = 3.9 vs. E, = 3.2 ¢V, respectively) composite
photo-catalysts when illuminated with UV light. It may be assumed that in this
case, the photo-active semiconductor in a heterojunction system may act as
similarly as a photosensitizer, but with the advantage that the driving force for
the electron injection may be optimized through confinement effects (104).

(2) The two semiconductors experiment photo-excitation upon illumination (105).
When band gap values are similar, or the photo-excitation energy is enough to
promote electrons from the valence band in both systems, e.g., ZnO-TiO, or
Zn0O-Sn0O; (106).

17.2.1.3.2. Polyoxometalates The early transition metals (V, Nb, Ta, Mo, W)
in their highest oxidation states can form metal-oxygen cluster anions, commonly
referred to as polyoxoanions or polyoxometalates (POMs) (107). POMs could be
classified in the following groups (108):

(/) isopoly compounds of the general formula, M,O,_,, produced by acid con-
densation of pure MoO,—4 or WO;—4. The typical examples were Mo70¢—24
(or W706-24) and W9O4—32;

(2) heteropoly compounds of the general formula A;M,O,—, produced by acid
condensation of the mixed solution of MoO,—4 or WO,—4 and a heteroatom,
A (A =P, Si, As, Fe, Co, etc.), for instance, Keggin ion, PW,03_49, and
Wells—Dawson ion, P, W13O¢—¢2;

(3) mixed heteropoly compounds that contain various ratios of Mo and W arising
from a solution that contains both MoO,—4 or WO;,—4 and a heteroatom, e.g.,
PryWi5M0306—62;

(4) Transition metal substituted POM (TMSP) produced by removing of M—O
moieties from the saturated POM and replaced by transition metals with a
varied of ligands, e.g., [PW11039Mn(H20)]6_.

POMs are efficient oxidants, exhibiting fast reversible multielectron redox trans-
formations under mild conditions. They have several features in common with
semiconductor metal-oxide clusters and can be considered as the analogous of the
latter. Both classes of materials are constituted by d° transition-metals and oxide ions
and exhibit similar electronic attributes, including well-defined HOMO-LUMO gaps
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(similar to semiconductor band gaps). The gaps inhibit the recombination of electrons
and holes that are generated by the irradiation of the surface of the photo-catalysts with
the light energy higher than the band gaps. Recently the ability of POM as electron
acceptor has been applied to photo-catalytic systems, by adsorbing the POM species
on to the semiconductor as polyoxometalate clusters (109—-111), or even hybrid com-
pounds consisting in an organic sensitizer molecule and a polyoxometalate unit (112).
By accepting the photo-generated electrons from the semiconductor, these systems
are able to retard the recombination process.

17.2.1.4. Adsorbent Supported Photo-Catalysts We have already described
composite photo-catalytic systems mixed oxides. The improvement of these systems
is referred in terms of the enhancement of the pollutant adsorption by an increment of
the surface area and porosity. Recently, many attempts have been reported to develop
photo-catalysts with special adsorptive properties. This is achieved by combining a
photo-active material with specific adsorbents with mesoporous, microporous, or pil-
lared structures such as activated carbon (113—117), clays (118,119), molecular sieves
(120), or zeolites (121,122). The principle of the photocatalytic enhancement is based
on the physicochemical adsorption of the pollutant or reaction intermediates in the
inert adsorbent followed by the photo-catalytic process on the active site incorporated
in the adsorbent matrix.

Among the mentioned supports, active carbon is the stronger adsorbent, with the
TiO, /C system the most studied one in either liquid- and gas-phase reactions. Carbon—
TiO; can form different composites: titanium dioxide loaded on the activated carbon,
and carbon coating the TiO; surface. In all cases, the enhancement of the photo-
catalytic activity of TiO, /C systems is explained by a synergetic effect between carbon
and the photo-active species. Optimum adsorption strength is needed to improve the
photo-activity. Structurally, a significant stabilization of the anatase phase is also
observed. Surface modification as increasing of surface area and acidity are also
reported (123,124). Additionally, in liquid-phase reactions, filtration seems to be aided
because the decantability of photo-catalyst suspension is improved (114,115).

Zeolites and molecular sieves are inorganic materials characterized by a charac-
teristic porosity and crystallinity, capable of complexing or adsorbing small- and
medium-sized organic molecules. Just in the case of zeolites and molecular sieves,
in addition to the adsorption enhancement, a shape selectivity of the substrate and
products must be taken into consideration. In this sense, for liquid-phase reactions,
it has been found that the hydrophobic-hydrophilic nature of catalysts significantly
influences the catalytic reactivity and selectivity. Furthermore, the encapsulation of
the photo-active semiconductor into heterogeneous zeolites or molecular sieves of
high surface area would be effective in increasing the number of surface active sites
due to the dispersion of the active species within the matrix structure and would
produce quantum size effects.

Within this group, TiO,—zeolite systems have been broadly studied. In this sense,
it has been found that the control of both the dispersed state of TiO, and the porosity
of the zeolite is important to improve the adsorption and catalytic activity (122).
Titanium dioxide species anchored within the cavities or framework of the zeolite
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have revealed a unique local structure. Thus, from XANES spectra, it has been
reported that Ti-species present a tetrahedral coordination instead of the typical
octahedral coordination of TiO, (125,126). In this regard, the preparation method
decisively influences the coordination state of Ti within the zeolite structure. Thus,
in Ti-exchanged Y-zeolite, highly dispersed tetrahedral Ti-oxide species are found;
meanwhile Ti-impregnated Y-zeolite involves the octahedrally coordinated Ti-oxide
species. Highly dispersed TiO4 species within the zeolite structure has been proposed
to exhibit much higher and exceptional photocatalytic activity as compared with
powdered TiO;, especially on the decomposition of NO toward N and O, or even
for the CO, reduction to form CH30OH and CHy (127,128). For this later reaction,
it has been found that Ti-8 zeolite catalyst having hydrophilic properties exhibited
higher reactivity than hydrophobic Ti- 8, attributed to formation of the charge-transfer
excited complexes, (Ti>t—O7)*. A charge transfer from the electron-trapped center
(Ti**) into the 7 -antibonding orbital of NO and electron transfer from the p-bonding
orbital of another NO into the trapped hole center (O™) simultaneously occurs, leading
to the decomposition of two NO molecules. On the other hand, a high selectivity for
the formation of CH3OH was observed on the Ti- 8 catalyst having hydrophobic prop-
erties. Therefore, the hydrophilic—hydrophobic properties of these zeolites seem to be
the controlling factor in the reactivity and selectivity for the photo-catalytic reduction
of CO, with HO (129).

Molecular sieves are mesoporous materials possessing large surface areas that can
be used for harvesting light. The introduction of Ti-oxide species into the frameworks
of mesoporous silicas has been found to provide highly efficient photo-catalysts. The
channeling structure as well as the hydrophobic—hydrophilic character are the key
features controlling their photo-catalytic activity. One example of the porous control
of the photo-activity was provided by Yamashita et al. (130). Among the studied
mesoporous silicas employed as TiO» support, the higher reactivity and higher selec-
tivity for the formation of CH3OH observed with the Ti-MCM-48 zeolite than with
any other catalysts TS-1 has a smaller pore size (ca. 5.7A) and a three-dimensional
channel structure; Ti-MCM-41 has a large pore size (>20A) but one-dimensional
channel structure; as Ti-MCM-48 has both a large pore size (>20A) and three-
dimensional channels. A combined contribution of the high dispersion state of the
Ti-oxide species and large pore size having a three-dimensional channel structure
was proposed.

Similarly, TiO, supported on pillared clays (mica, montmorillonite, and saponite)
has also attracted much attention as a new type of photo-catalyst, because its superior
adsorption property accelerates photo-catalytic reactions (131,132). TiO,-pillared
clay has a mesoporous structure due to its small TiO, particles, which are located as
pillars between silicate layers, and it shows high adsorption ability due to its large
specific surface area. As known, the interlayer surfaces of the pillared clay generally
exhibit a hydrophobic character (133), which can be controlled by selection of raw
clay. This constitutes an advantage to adsorb and enrich diluted hydrophobic organic
compounds in water as toluene or trichloroethylene (134,135). In addition, it also
shows photo-catalytic activity owing to nanosized pillars of TiO;.



17.2. GENERAL VIEW OF PHOTO-CATALYTIC SYSTEMS 505

17.2.1.5. Immobilized Photo-Catalytic Systems Currently, most research
in photo-catalysis is still devoted to powdered semiconductor catalyst. However, for
any practical device, immobilized catalysts are preferred in liquid-phase reactions to
avoid a costly separation step necessary after the reaction (136). Additionally, as the
photo-catalyst dosage is increased to increase the conversion rates in liquid phases,
the high turbidity created can decrease the depth of light penetration (137). Although
immobilized systems have the problem that they are difficult to scale and most often
have low interfacial surface areas, they exhibit interesting results in both liquid-phase
and gas-phase applications. The following considerations might be taken into account
when designing a photo-catalytic application using immobilized photo-catalysts:

(1) the exposed surface area can be considerably smaller than in the case of
suspensions;

(2) support might be an inert with respect to the reaction media;

(3) a good adherence might be achieved to avoid abrasion and the loss of active
mass;

(4) structural and surface interaction between the support and the immobilized
semiconductor should be positive, or at least might produce a minimal decrease
of the photo-catalyst performance.

Supports can be coated with photo-active films by different processes widely described
in the literature, such as, chemical vapor deposition, physical vapor deposition,
sputtering, electrophoretic deposition, and dip- and spin-coating with the desired
suspensions. Generally speaking, vapor methods (CVD and PVD) need instrumen-
tal setup capable to control pressure and temperature, and therefore, their initial and
running costs are normally high and the size of the substrate is limited. In this sense,
the sol-gel methods of preparing films on the substrates have many advantages over
other methods such as chemical vapor deposition, plasma spraying, anodization, and
thermal oxidation.

On the other hand, the selection of the support material is critical because it
directly affects the activity, homogeneity, and adhesion to the surface (138). Materials
like ceramics tiles, paper, glass, fibreglass, and stainless steel have been employed,
and other materials are currently being developed for possible future photo-catalytic
applications. In the support choice, the possibility of introduction of foreign cationic
impurities (Si*t, Na™, Cr**, Fe3T) might be taken into account as a consequence
of the thermal treatment applied for the enhancement of the adhesion, because these
impurities would increase the electron-hole recombination processes (139).

Depending on its physical configuration, immobilized photo-catalytic systems can
be divided in two groups: those photo-catalytic systems dispersed or embedded into
a monolith acting as support, prepared by extrusion of a paste containing the photo-
catalyst precursor together with natural silicates (140,141), and those disposed in
films (137,142). However, most studied systems for photo-catalytic applications are
those disposed in thin-film structures.
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Within this configuration of thin film, it has been revealed that it should pay special
attention to specific parameters that affect to the final photo-catalytic activity of the
system. It is well known that the photo-catalytic activity of TiO, thin films strongly
depends on the preparing method and post-deposition treatments, because they give
decisive influence on the chemical and physical properties of TiO; included in the
films. Therefore, it is necessary to choose adequate processing conditions to fabricate
highly active photo-catalytic thin films (143). Thus, it has been pointed out that film
thickness, porosity, and surface structure are crucial features to be considered in the
immobilized photo-catalytic systems (144—-146). Films with thickness smaller than
the space charge layer have showed a larger photo-current than films with thickness
larger than the space charge layer. The increase in photo-current is due to the effec-
tive electron-hole separation throughout the whole film thickness and the reduction
of bulk recombination. Aggregation of TiO, particles in the interior region of thick
films causes a decrease in the number of active sites and an increase in opacity and
light scattering. Porosity and surface area also directly control the photo-activity of
films. An appropriate roughness, and consequently high surface area and porosity,
is proved to be beneficial for the enhancement of photo-activity of films (147-149).
Finally, the selection of the film support is also of great significance. As mentioned,
there is a great variety of support materials studied in photo-catalysis. The support
choice is conditioned by its costs and its transparency to radiation. It is also worthy
to note that in addition to the incorporation of impurities, the possible structural and
electronic interactions between the coating and the support will affect the final photo-
catalytic activity. Thus, in the case of TiO;, the anatase—rutile transition temperature
is found to be increased when TiO, is coating a glass support (borosilicate, ITO)
(150) or stainless steel (151). Lassaletta et al. (152) describe the chemical interaction
between TiO, and SiO, from the support by the formation of Si—O-Ti bondings.
These bondings would induce a tetrahedral environment of Ti at the interface leading
to a diminution of the electron mobility, and an increment of the band gap due to
quantum effects.

17.2.2. Visible-Active Systems

Visible-light-driven photo-catalytic technology has attracted much attention and been
widely studied, with the final aim of efficiently converting solar light energy into useful
chemical energy. The effective utilization of the solar energy will lead to promising
solutions not only for energy issues due to the exhaustion of natural energy sources
but also for the many problems caused by environmental pollution. Semiconductor
photo-catalysis is one of the most efficient technologies to eliminate undesired chem-
ical substances for environmental conservation and to split water for green-energy
hydrogen production (153—155). The development of new photo-catalytic materials
seems to be a main research target in this field. In this sense, many efforts have been
paid in recent years to develop new types of photo-catalyst materials active under
sunlight mainly based on oxide semiconductors (154—157), which will be reviewed
in this section.
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The most viable nanoparticles for photo-catalysis are titanium dioxide, in its
anatase phase, because of its high oxidative power, photo-stability, low cost, and
nontoxicity (see Section 17.2.2) (2). Unfortunately, because of its large band gap of
3.2¢eV, it can be activated only under UV light irradiation of wavelength less than
387 nm (158). UV light constitutes only a small fraction (5%) of the solar spectrum,
so any improvement of the photocatalytic efficiency of TiO» by shifting its optical
response to the visible range will have a profound positive effect. An important option
to enhance the photo-response of titania consists of favoring the crystallization of other
TiO, polymorphs, which have been described as susceptible materials to absorb visi-
ble radiation. The ab initio investigation of the electronic and optical properties of
fluorite- and pyrite-type TiO; indicates that such cubic phases have important optical
absorptive transitions in the region of the visible light. This fact is explained by the
existence of a large amount of localized Ti d states at the bottom of the conduction
band (159). On the other side, the rutile phase has a narrower band gap (3.0eV)
than anatase (3.2eV) and hence should be easily shifted to the visible light region
by suitable modification. The major obstacle for using rutile TiO, resides on the
high calcination temperature necessary to synthesize it, which usually is obtained by
calcining anatase samples. Controlling the synthesis method, it is possible to obtain
an optimal rutile sample whose modification by sulfate promotion furthers the visi-
ble absorption (160). SOif-promoted titania incorporates the sulfate species into the
TiOy network and occupies oxygen sites to form Ti—S bonds. The sulfur 3p states
combine with the original titania valence band and contribute to the increased width
of VB; this effect produces the decreasing of the band gap and consequently the visi-
ble absorption. Nevertheless, the main number of attempts dedicated to TiO; with the
goal of improving their optical absorption and photo-catalytic performances is mainly
focused on anatase modification (126,161). In this sense, the literature describes as
the most feasible modifications processes such as doping (cationic or anionic), metal
deposition, and surface sensitization (6,126), which will be described subsequently.

17.2.2.1. Anion and Cation Doping The cation doping has been described
in Section 17.2.1.1 to explain its relevance in the UV-active systems. Nevertheless,
doping the semiconductor with various transition metal ions may also lead to an
enhanced photo-efficiency of the systems using solar irradiation, increasing the semi-
conductor efficiencies in the range 20-30% (6,126,162). Metal doping influences the
photo-reactivity of TiO; by acting as electron or hole traps and by altering the e~ /h™
pair recombination rate (see Figure 17.1). Metal incorporation introduces new energy
levels in the titania band gap (163). These energy levels induce the red shift in the band
gap transition and the visible light absorption through a charge transfer between the
dopant and the semiconductor bands or through a d—d transition in the crystal field.
The photo-physical mechanism of doped semiconductors is not always understood.
Among others, unsolved problems related to the surface structure and to the contri-
bution of the charge carrier dynamics are the main reasons for the complex study. All
of these factors are the main cause for the controversy found in the literature con-
cerning the doping effect. The transition metal ions more studied for titania doping
are W (161,164), V (165), Fe (166), Cr (167,168), Au (169), and Mo (63,170) also,
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some studies exist in which the dopant agent are no transition cations such as earth
alkaline metals (171) or even Bi (172). Their contribution on photo-catalytic activity
under visible light is mainly related to the recombination rate (63), which in some
cases is a positive effect, but in other cases, although the metal provokes an extension
of absorption in the visible region, it does not enhance the photo-catalytic activity
mainly focused on degradation reactions (62).

One new approach to induce visible light activated TiO, photo-catalysts is by
doping with anions, such as N3—, C*, and S*~, or halides (F~,CI~,Br—,17) (163).
It is suggested that these species substitute the oxygen lattice on TiO; and lead to a
band gap narrowing, resulting in high visible absorption. Many works described the
enhanced photo-catalytic properties of titania by nitrogen doping (173—-176), although
special care must be taken on the synthesis method (177-179). The nitrogen doping of
TiO, was expected as a method for narrowing the band gap by changing the valence
band structure without a change in the position of conduction band. Nevertheless,
an open question in this approach is to know how the absorption shift occurs. The
theory suggests that the narrowing of the band gap is due to mixing the N 2p and
O 2p states (155,180), which identified the dominant transitions at the absorption
edge from those from N 2py to Ti dyy, instead of from O 2ppy as occurred in TiOy
(181). Nevertheless, Irie et al. (182) suggest that the N 2p levels are separated (not
mixed) from the valence band (formed by O 2p states), forming an isolated narrow
band responsible for the visible light sensitivity of the oxynitride powders. On the
other hand, some authors suggest that the N doping of TiO; is similar in properties
to impurity sensitization (183). In this sense, the doped nitrogen exists as NO, and no
Ti—-N bonding is formed, contrary to the other cases where N is located at lattice O
sites. Furthermore, doping with nitrogen not only modifies the electronic properties of
titania but also can induce the formation of oxygen-defect sites (184). These species
influence the photo-catalytic activity of N-doped TiO; because it can act as charge
trapping centers; more details about this fact will be described in Section 17.4.

Coke-containing titanium dioxide is also active under visible radiation, showing a
band gap narrowing comparable with the value observed for nitrogen-doped titania
(185). However, the activity of TiC,O2_1 /2y is quietly lower than nitrogen doped sys-
tems probably due to the location of the valence band, the upper level of the BV shifts
toward negative potentials, and thus, the oxidation power can decrease considerably
(186). The characterization performed by density functional theory (DFT) methods
suggests that carbon atoms substitute the oxygen sites, without structural changes,
yielding a visible light response due to the appearance of an unoccupied impurity
state occurring in the band gap. The consequently photo-catalytic activity depends
on the oxygen vacancies formed during carbon doping because these defects fill the
in-gap impurity states by emitting electrons inhibiting the photo-catalytic reaction
(187). The synthesis method can also influence the TiO, band gap narrowing, which
makes it possible to obtain systems with an optical gap of 2.32eV (188) and 2.0eV
(189) by thermal treatment in air.

Other anionic dopants have been studied to enhance the photocatalytic activity of
TiO, with visible light, as sulphur (190,191) and some halides (192—-194). Although
S has a larger ionic radius compared with N or C atoms, it has been possible to
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synthesize titanium oxysulfide where S bonds to Ti by substitution at O sites. Different
band calculations indicate that the S 3p states mix with the valence band of TiO»
increasing the width of the VB itself. This results in a decrease in the band gap energy
and consequently leads to the photon-to-carrier conversion in the visible light region
(195,196). A promoting effect on the photo-catalytic activity was also found in F-
doped titania (192,193). Fluoride has been described as a substitutional component
in TiO, especially at low concentrations (197). It has been described that F presence
enhances the photo-catalytic performance by reduction of the recombination rate of
the photo-generated charge carriers (198). This behavior is favored by the fact that
the ionic radius of F~ ion is close to that of O?~ ion. Thus, an appropriate amount
of F~ doping can fill the oxygen vacancies decreasing the recombination process
(192,199). At this point, relevant to mention is a recent report that describes the iodine-
doped titania as a novel visible-light photo-catalyst. Iodine incorporation causes an
absorption in the visible light range with a red shift in the band gap transition (194).

These studies demonstrate that the doping process can provide an effective modifi-
cation of the electronic structure of TiO; for the visible light absorption. The literature
also shows the use of two dopants as another strategy to extend the visible response
of titania samples (163). Recent works analyze the TiO, codoping process, showing
optimum visible response with two different nonmetalic dopants, such as N/F (200)
or N/C (201), with mixed metallic and nonmetallic dopants, such as La/N (202), or
with different metal atoms, such as Sb/Cr (203).

17.2.2.2. Metal Deposition Metal coating has been described as an enhanced
method to improve the photo-catalytic efficiency of a semiconductor under UV light
(see Section 17.2.1.2.). The principal mechanism, described in Figure 17.2, consists
of the photo-generated electron migration to the metal where it becomes trapped,
avoiding the recombination process and favoring the hole diffusion to the surface (2).
The utilization of these novel semiconductors under visible radiation has received
some attraction, although their optimization must be investigated (4). One of the
most popular metal coating systems has been Pt/TiO,, which shows high conver-
sion rates for different photo-catalytic reactions under UV light (see references from
Section 17.2.1.2.). When this system is employed under solar or visible radiation, its
efficiency is poor, as showed for the solar hydrogen production reported by Arakawa
et al. (204). Better results have been recently obtained by Ag-deposited TiO; cata-
lysts for the photo-catalytic degradation of rhodamine B under visible light (205).
Compared with the pure TiO,, the Ag-coated TiO, exhibits a significant increase in
the photo-degradation rate, which results in an optimum Ag content (2%) to achieve
the highest photo-efficiency. The authors suggest that Ag deposition enhances the
photo-reaction according to the cooperative effects of three mechanisms. The first one
supposes that Ag nanoparticles act as electron traps, enhancing the electron-hole sep-
aration and the subsequent transfer of the trapped electron to the surface. The second
one considers the dye adsorption because the number of adsorbed molecules increases
when titania is coated with silver. Thus, the presence of these molecules at the surface
improves the photo-excited electron transfer from the visible-light sensitized dye to
the conduction band and subsequently increasing the electron transfer to the surface.
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The last mechanism involved is the plasmon-induced charge separation, which also
has been described for Au-coated TiO» systems (206). This mechanism supposes that
the visible light generates the photo-excited state of the metal nanoparticles based on
the surface plasmon resonance. Then the photo-excited electrons are injected into the
TiO; bulk improving the electron-hole separation (205). Simultaneously, the oxidized
metal nanoparticles take electrons from a donor in the solution.

Other possible way to obtain a visible light sensitized photo-catalyst consists of
TiO, impregnation with platinum group metal chlorides (4). Kisch et al. (207,208)
studied TiO, impregnated with chlorides of Pt(IV), Pd(II), and Rh(III) for visible
photo-degradation of 4-clorophenol, describing the TiO;-chloroplatinate as the sam-
ple most active. The Pt complex is electronically excited by the absorption of visible
light and undergoes homolytic cleavage of a Pt—Cl bond to generate intermediates
of Pt(IIT) and an adsorbed chlorine atom. The former species injects an electron into
the conduction band of the semiconductor, which subsequently reduces oxygen to
superoxide and, eventually, leads to the generation of a hydroxyl radical, which both
with the adsorbed chlorine atoms are assumed to oxidize the reactant. The complex
content dependence was also investigated. A maximum rate was described around 3%,
followed by a decrease at a higher platinum amount assigned tentatively to increas-
ing Pt—Pt interactions (209). Gold and rhodium chlorides have also been described
as sensitizers that operate via a mechanism similar to that indicated for platinum
complex (209). These metal complexes suffer the problem of a slow but, ultimately
limiting, photoinstability. Therefore, although metal coating has attracted a great deal
of attention, its future as a route to sensitizing photo-catalytic reactions with visible
light must be investigated.

17.2.2.3. Visible Light Sensitizers The solar energy improvement has moti-
vated other fields of research, which consists of TiO, photosensitization by combining
them with organic (210) and inorganic dyes (211-214) as well as with narrow
band gap semiconductors (215). Dye-sensitized nanocrystalline TiO> promises to
approach in the development of visible light responsive catalysts. Various photo-
sensitizing dyes have been investigated (204,216). Gritzel et al. reported different dyes
based on ruthenium complexes, such as (cis-di(thiocyanato)-N, N-bis(2,2’-bipyridyl
dicarboxylate) Ru(Il) and the “black dye” based on the trithiocyanato—ruthenium
complex (211,214,217,218). Other charge transfer complexes capable of absorbing
strongly in the visible spectrum have been formed on the TiO; surface after adsorp-
tion of transition metal cyanides, such as [(Fe/Ru/ 0s)L(CN)6]*~, ReIH(CN)‘;*, or
[(W/Mo)V(CN)g]*~ (219). Reviewing the literature, the sensitizers of preferred
choice are transition metal complexes derived from polypyridines (Ru(I)) (221-223),
porphiryns, or phtalocyanines [Zn(II), Mg(Il), AI(IIT)] as ligands.

In these systems, the dyes absorb visible light to form electronically excited states.
From these states, electrons are injected into the conduction band of the semiconductor
producing the visible photo-response of the catalyst. To work effectively, the excited
state of the sensitizer needs to be located above the bottom of the semiconductor
conduction band (224). A strong interaction between sensitizer and semiconductor is
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also required to have a fast and efficient electron injection. Consequently, the resulting
effects of sensitization are

(1) the increasing of the efficiency of the excitation process, and

(2) the expansion of the absorption spectrum of the semiconductor through the
excitation of the sensitizer. However, synthesis of these dyes involves several
steps that increase their cost, and their thermal and photo-chemical stability is
poor (162).

For these reasons, the attempts in photo-catalysis have been focused to replace the
dye as sensitizer materials by semiconductor nanoparticles. More details about these
sensitizers can be found in Chapter 16.

The association of TiO, with other semiconductors, possessing different energy
levels from their corresponding conduction and valence bands, can enhance its photo-
catalytic activity by increasing the charge separation. Two different cases can be
distinguished, as described in Section 17.2.1.3 for UV-active systems: First, only one
semiconductor is illuminated and the second is nonactivated; or second, both are
illuminated. A proper placement of the individual semiconductors (e.g., convenient
energy levels of the coupled photo-catalyst) and optimal thickness of the covering
semiconductor are crucial for efficient charge separation. Undoubtedly, the geom-
etry of particles, surface texture, and particle size also plays a significant role in
the interparticle electron transfer (6). Different semiconductors have been studied to
improve the solar absorption of titania, basically focused on metal chalcogenides.
BiyS3 is a promising candidate material because it has a fundamental absorption
edge close to 800 nm. Different works have been made to control the synthesis of the
sulphide nanoparticles and their interaction with titanium oxide, focusing on the par-
ticle distribution and tuning the conduction band as required (225). It is possible to
obtain optimum BiyS3/TiO; systems by a direct mixture of both semiconductors
showing visible photo-degradation of different contaminants. Nevertheless, when
the heterojunction is made by a precipitation method, no degradation is detected,
which is attributed to titania covering by Bi»S3 films (100). CdS is also an important
semiconductor owing to its unique electronic and optical properties and its potential
applications in solar energy conversion and heterogeneous photocatalysis (226). The
interaction CdS/TiO; yields optimum photo-catalytic activities under visible radia-
tion. CdS can absorb visible light and generate electrons and holes. These electrons
are injected into the conduction band of the TiO; particles where they can react with
the surface reactants (228). These systems have been employed in different photo-
catalytic reactions, such as contaminant photo-degradation (100) or water splitting
(229). For many years, Mo and W dichalcogenides have been studied as potential
electrodes for electrochemical solar conversion (230). However, the heterojunction
of these semiconductors with titania has not been explored in detail because their
conduction band energy levels are more negative than that of TiO,. This means that
the electrons cannot be transferred from them to TiO; energy levels. Even so, it has
been reported that these chalcogenides exhibit quantum confinement effects, which
increase their band gaps (231-233). This alternation allows employing MoS, and
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WS, as photo-sensitizers for visible light. In this sense, Ho et al. (234) described
MoS; and WS, nanocluster sensitized TiO; as an active photo-catalyst for the photo-
degradation of contaminants under visible light. As described, the photo-generated
electrons formed in MS; are transferred from the CB of chalcogenide into TiO, where
they are accumulated at the lower lying CB of TiO, while holes accumulate at the
VB of WS5.

Although less studied, HyO» has been described as a visible surface sensitizer
that provides a novel approach for utilization of solar light to photo-degrade different
pollutants (163). H>O> can form complexes with valance-unfilled Ti(IV) on titania
surface, exhibiting visible absorption. This light absorption produces photo-generated
electrons that are transferred from the surface complexes to the CB of TiO;, forming
*OOH or *OH radicals that can produce the photo-oxidation of organic contaminants.

17.2.2.4. Titania Supported The synthesis and optimization of nanosized TiO;
particles dispersed in porous supports have received attention to find new materials
that can operate under visible light irradiation (162). The use of zeolites to improve
the photo-efficiency of titania under UV light has been detailed in Section 17.2.1.4.
These UV-active Ti/zeolites systems are not effective under visible light, but the metal
implantation method enhances the visible absorption. In this sense, V-ion-implanted
Ti/zeolites appears as optimum visible-photo-catalysts that led to high yield for
decomposition reactions (235). In these systems, titanium oxide species are local-
ized in tetrahedral coordination within the zeolite frameworks forming the Ti-O-V
linkage with implanted V ions. This junction leads to the modification of the electronic
properties of Ti-oxide species and enables the absorption of visible light to initiate
reactions (236).

17.2.2.5. Metalates The strategies described in the literature to enhance the visi-
ble light absorption are focused on the modification of the conduction bands of stable
oxide semiconductors. In general, these oxides are based on metal cations with d°
or d'° configurations. The CB is formed by the empty orbitals of the metal cations
(LUMOs), whereas the VB is based on Oy, orbitals. A way to modify the band gap
consists of creating an electron donor level or a new valence band, which are effects
described in the section above for the titania doping process. A new valence band
could be also performed, employing elements with orbitals other than Oy; in this
sense, different metalates, described as A;B,O;, have been studied as optimal mate-
rials for visible light absorption. The development of these materials is influenced by
their photo-catalytic applications, with photo-degradation reactions and water split-
ting being the most common (43,154). Both types of reactions need semiconductors
with an adequate band gap, but the last one is also important for the potentials of
the conduction and valence bands; the bottom level of the CB must be more negative
than the reduction potential of HT /H,, whereas the top level of the VB must be more
positive than the oxidation potential of the O /H>O (153,237). In this sense, different
AB,0; systems have been studied to obtain useful photo-catalysts for an optimum
solar enhancement.

The presence of cations such as Bi3*, In**, Sn?* (s configuration), or Ag™ (d'°
configuration) in an oxide system manages to elevate the valence band by means of the
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combination of their respective orbitals with the O, orbital from the oxygen, narrow-
ing the band gap of the semiconductor. In this way, oxides such as BiVO4, BioWOg,
AgNbO3, and InMOy4 (V, Nb, Ta) have been described as potential photo-catalysts for
water splitting under visible radiation (153,154,238-243). The conducting properties
of these materials depend on their electronic properties; as an example, it has been
reported that the introduction of s orbital components increases the charge mobility
and, at the same time, tunes the relative positions of CB and VB for InMOy4 systems
(244). On the other side, the relevance of the structural properties is mainly due to
the complex structures that these materials present, such as perovskites, scheelites, or
spinels (245). The existence of chains or layers constituted by MOg octahedron favors
the formation of a narrow conduction band and the delocalization of the charge carri-
ers (246-248). As occurred in the case of TiO», the photo-response of these materials
could be enhanced by the doping process choosing as dopants metal cations (246,249—
251) or, even, some anions as nitrogen (252,253). Likewise, it has been confirmed
that AMOy solids (M = Cr (254,255), Mo (256) , W (240,257,258); A =Ag, Bi, Pb,
Sr, Ba) present optimum band gaps with related potentials to the reduction-oxidation
of the water. Some A, B, O, have been reported as an effective photo-catalyst for con-
taminant degradation; important to mention are CaBi;O4 (259), Caln;O4 (260-262),
or BiyWOg (263), based on the modification of the valence band by ns> orbitals.
Nevertheless, these materials present an important difficulty that consists of their low
surface area and high particle size, mainly due to the synthesis method employed for
their preparation that requires high temperatures. For this reason, important efforts
are being performed to optimize the properties of these metalates to improve their
photo-efficiency under visible light.

17.2.2.6. Oxynitrides, Nitrides, and Chalcogenides Most semiconductors
employed in photo-catalytic reactions under solar irradiations are based on oxide
compounds, just as has been described up to now. Nevertheless, other materials have
been described as efficient semiconductors for photo-catalytic applications. Recently,
(oxy)nitrides containing Ti** or Ta>*, such as LaTiO;N (264,265), MTaO,N (266),
TaON (267-270), and TazNs5 (271,272), have been reported as potential visible-
light-driven photo-catalysts. These systems have small band gap energies (e.g., TaON:
2.5eV,MTaO;N: 2.5-2.0eV, TazN5: 2.05 eV) and absorb visible light at wavelengths
500-630 nm via the Ny, orbitals of the top of the valence bands (273). The chalco-
genides have also been studied as new visible-light-driven photo-catalysts, mainly
based on MoS,, ZnS, and CdS semiconductors (232-276). These sulphides have
narrow band gaps that are suitable for photo-catalytic reactions. However, they usu-
ally have poor thermal and chemical stability. For this reason, some efforts have
been focused on developing an optimum chalcogenides photo-catalyst, obtaining
satisfactory results with metal doped systems, such as Ni-ZnS (154,277).

17.2.3. Mechanism of Photo-Reactions: Liquid and Gas Phase

As can be inferred, heterogeneous photo-catalysis is a process in which a combination
of photo-chemistry and catalysis is operable and implies that light and catalyst are
necessary to bring out a chemical reaction. In this section, we attempt to illustrate
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possible photo-chemical phenomena that might be considered and that make possible
the photo-catalytic reaction at the semiconductor interface. Thus, the primary steps
involve the formation of the conduction band electrons and valence band holes and
migration to the oxide surface. When carriers reach the surface, they can be ultimately
tapped by intrinsic subsurface energy traps for holes and surface traps for electrons.
Interfacial transfer lead to the final photo-reaction, oxidation in the case of hole
transfer, and reduction in the case of electron transfer (278,279).

o+ (Redz)ags —> (Ox2)ads 17.5)
e” + (Ox1)ads —> (Red|)ads (17.6)

Moreover, the secondary steps would also involve the reaction with chemisorbed
O, and/or OH™ /H,0O molecules to generate a reactive oxygen species, such as O2' ™,
HOO* and OH" radicals that will promote oxidative photo-reactions. In most exper-
iments and applications with semiconductor photo-catalysis, oxygen is present and
acts as an electron acceptor; thus, the formation of these radicals is aided. These
oxygen species exhibit significantly high oxidant power, which can attack organic
pollutants and lead to their partial or complete degradation. In addition to oxygen
radicals, H>O; can also be obtained from two different pathways in aerated aqueous
solutions by means of photo-generated electrons and holes. This simple description
of the chemical features in fact turns to a complicated concurrence of simultaneous
reactions that drive the final photo-activity.

The simplified pathway for the photo-catalytic degradation of organic pollutant
can be summarized as follows:

Organic pollutant 4+ TiOy + hv —> CO7 + HyO + mineral acid 17.7)

However, the detailed mechanism of the photocatalytic process is still not com-
pletely clear, particularly that concerning in the initial steps involved in the reaction
of reactive oxygen species and the organic molecules. A simple summary of the
secondary reaction steps could be as shown in Table 17.1.

TABLE 17.1. Surface Reactions Occurring in Photo-Catalytic Processes.

Surface Reactions Involving Holes Surface Reactions Involving Electrons

Oy +e” — =05

—OH™ +h™ — —OH' —0;" +H' — HOO
—H,0 +ht — —OH' + HT —05" 4+ 2HT - Hy0,
2H,0 + 2kt — Hy0, + 2HT —0;" +e” — —05~

H>Oy + ¢~ — 20H"
H;0, + —OH* — HOO* + H,O
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Regarding the oxidizing species (radical species versus hole), it has been stated
that there are chemical evidences that both contribute to similar oxidation pathways.
In this sense, for the photo-oxidation of phenol, the same intermediates have been
detected by considering direct hole oxidation or radical oxidation (280).

A complete description of the photo-oxidation pathway for organic compounds
is significantly complex. Detailed description of several pollutant photo-degradation
in the presence of TiO; as catalysts has been reported by some authors (281-285).
Commonly, the first step consists of the initial radical attack to the organic compound
leading to double bond breaking, by means of electrophilic attack. Thus, in the case
of aromatic molecules, the hydroxylation of the ring would lead to quinone and
hydroquinone molecules. Following this scheme, further hydroxylation of formed
intermediate molecules would lead to aliphatic intermediates.

On the basis of the photo-chemical processes described, various factors can affect
the photocatalytic reaction rates in liquid-phase reactions. For example, the pH of the
solution determines the surface charge on the semiconductor and the speciation of the
substrate to be transformed. As it can be inferred from the above reaction schemes,
the surface density of OH has an important role in the efficiency of the photo-catalytic
process and strongly affects the rate of the oxygen evolution.

On the other hand, adsorption processes seem to have a particular importance
because photo-catalytic reactions originate in the interface. It is logical to expect that
the rate of pollutant degradation will be related to the adsorbed substrate concentra-
tion. Thus, the nature of substrate and its ability to be adsorbed clearly determine the
photocatalytic efficiency (286). In this sense, Tanaka et al. found that the adsorption of
dyes on TiO, was an important factor determining the final degradation rate (287). The
kinetic regime depends on the substrate concentration, showing, in most cases, a Lang-
muirian behavior. Nevertheless, certain gas—solid adsorption—desorption equilibrium
could be described by the Henry type relation, for which the initial photo-degradation
rate was proportional to the square root of the adsorbed substrate concentration (288).

The photonic flux is also important because an excess of light promotes a faster
electron-hole recombination. Ollis et al. (289) reported the effect of light inten-
sity and stated that, at low intensities, the rate increased linearly with photon flux.
At intermediate intensities, the rate depended on the square root of light intensity.
And at high light intensities, the rate is independent of light intensity. Furthermore,
Brusa et al. (290) recently reported that for the photocatalytic TiO, oxidation of
cyclohexane, product selectivity and total efficiency of mono-oxygenated products
critically depend on the irradiation conditions.

Particularly in gas-phase photo-reactions, the main factors affecting the
photo-catalytic activity are reaction temperature, the presence of water, and the
strong adsorption of intermediates, byproducts that could lead to the practical catalyst
deactivation.

Temperature is one important factor in gas—solid heterogeneous photo-catalytic
reactions. In the case of photo-catalytic oxidation applications in water, the narrow
temperature range, which can be selected, can be a serious drawback, but in gas-phase
applications, the operational range is wider. Catalytic oxidation with high yields is
possible today at temperatures as low as 150 °C. High temperatures generally lead
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to higher rates because they provoke a more frequent collision between the substrate
and the semiconductor. Generally speaking, an increase in the reaction temperature
leads to an enhancement of the reaction rates, except for the photo-generation of
electron-hole pairs (291). Thus, it has been reported that photo-catalytic degradation
of trichloroethylene and methanol was more effective at a moderate temperature
than at higher temperatures (292). Complete mineralization of trichloroethylene is
significantly improved by increasing temperature up to a temperature limit of 125 °C
using a TiO,—monolith type photo-catalyst (293). Adsorption/desorption limitation
during the photo-catalytic oxidation at temperatures above 125 °C is assumed to be
the reason of the degradation drop above this temperature. At low temperature, the
product desorption can be the rate-limiting (294) step; in contrast, adsorption of
reactant would be the rate determining step at high temperature (292). Therefore, a
compromise situation might be achieved in each specific case.

For gas-phase photo-degradation reaction, the substrate adsorption process is
critical, and it has been reported to strongly depend on the relative humidity (295,296).
The influence of water vapor on the photo-oxidation is complex because water plays
an important role in the formation of the active species. In certain cases, the presence
of water could be beneficial; meanwhile, in other cases, it has been reported to be
detrimental. In general, it is assumed that water vapor has two different roles. At low
humidity levels, water seems to aide to keep constant oxidation rates by the reposi-
tion of the surface hydroxyl groups exhausted during reaction. On the contrary, high
concentrations of water vapor occur, a competition between water and an organic
pollutant substrate for active sites would take place, and a significant decrease in the
adsorbed substrate clearly influences the final photocatalytic degradation rate (297).
Furthermore, the recombination process could also be favored by the presence of
adsorbed water (298). However, as stated, a certain degree of humidity is required to
keep the catalyst surface hydroxylation (295,299).

Deactivation processes seem to be more important in gas-phase reactions than in
liquid phase. Some intermediates such as carboxylic acid formed during the photo-
degradation of the organic pollutant can be chemisorbed at the active sites, leading to
a progressive photo-catalyst deactivation. Up to date, there have been a few reports
concerning the origin of the often observed decline in the photo-catalytic reactivity
of TiO, photo-catalysts in both aqueous and gas-phase reaction systems (298,300—
302). Cunningham et al. (303) reported this deactivation process in the gas-phase
photo-catalytic reactions, pointing out three possible causes:

(I) the active site blocking by CO, as well as other carbonaceous deposit
adsorption,

(2) the large consumption of the surface oxygen species, and
(3) the irreversible dehydroxylation of the surface.

17.2.4. Mechanism of Photo-Reactions: Disinfection

There are many circumstances in which it is necessary or desirable to remove or
kill micro-organisms found in water, air, on surfaces, or even in a biological host.
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Actually, the processes for pathogenic organism removing represent a top priority.
Disinfection is required for water human consumption or in medical facilities in which
biological contamination might be prevented. In this sense, many authors have shown
the ability of the photo-catalytic process as a germicide method. By contrast to photo-
catalytic processes, the water disinfection by UV light has been intensively studied
for many years (304), and mechanisms of UV action and subsequent dark repair of
cells has been proposed (305). Different mechanisms involved in the bactericidal
action of TiO, photo-catalysis have been described (306,307), some of which were
reviewed by Blake et al. (309). Results from the above studies suggest that the cell
membrane is the primary site of reactive photo-generated oxygen species attack.
Oxidative attack of the cell membrane leads to lipid peroxidation. The combination of
cell membrane damage, and further oxidative attack of internal cellular components,
ultimately results in cell death.

Photo-catalytic methods are unique in having several modes of action that can be
brought to bear on disinfection. The target of disinfection processes are pathogenic
organisms, including viruses, bacteria, fungi, protozoa, and algae. Ireland et al. (310)
were the first to report inactivation of micro-organisms in waters using TiO» as a photo-
catalyst. Further studies reported the photo-catalytic inactivation of bacteria such as
Escherichia coli, Bacillus pumilus, Salmonella typhimurium, Serratia marcescens,
Pseudomonas stutzeri, Staphyloccus aureus, Streptococcus mutants, Lactobacillus
acidophilus, Streptococcus rattus, Actinomyces viscosus, Streptococcus sobrinus,
Bacillus subtilis, spores of Clostridium perfringens, as well as lactobacillus phage
PL-1, poliovirus, phage Q, and phage MS-2, virus (309). When water samples were
irradiated with a UV-lamp (300—400 nm) in the presence of a semiconductor, a rapid
cell death was observed. This effect was attributed to the generation of the strong oxi-
dant OH" radicals (311). Therefore, the conjunction of UV-light and a photo-active
semiconductor were essential for the effective bacterial deactivation (312,313). The
mechanism leading to the cell death is not yet fully understood. For a cell or virus in
contact with TiO surface, there may be a direct electron or hole transfer to the micro-
organism or one of its components. Additionally, if TiO, particles have adequate
size, they may penetrate into the cell and these processes could occur in the interior.
The first proposed mechanism implies the oxidation of the intracellular coenzyme
A, inhibiting the cellular living. On the contrary, it has also been proposed that cell
death takes place by cell wall harm. This wall damage, followed by cytoplasmic mem-
brane damage, leads to a direct intracellular attack as the sequence of events when
micro-organisms undergo TiO, photo-catalytic attack. After eliminating the protec-
tion of the cell wall, the oxidative damage takes place on the underlying cytoplasmic
membrane (314,315).

Many parameters are affecting the photo-catalytic disinfection process. In addition
to the well-known operational parameters that influence the photo-catalytic process
(pollutant concentration, pH, catalyst loading, ionic strength, photon flux, etc.) (283),
photo-catalytic disinfection is affected by some others factors. Concerning photo-
catalytic degradation of micro-organisms, Rincon et al. described the influence of
several parameters on the photo-catalytic disinfection of water using TiO» as a photo-
catalyst (316-318). They evaluated parameters such as light intensity, periodicity of
irradiation, temperature, turbidity, and the amount of suspended and fixed catalyst.
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Furthermore, the sensitivity of micro-organism to photo-catalytic treatment is clearly
influenced by the chemical and microbiological characteristics of waters.

Bacterial reactivation after a photo-catalytic process is a serious problem that
must be taken into account (319). In this sense, the rate of bacterial reactivation after
photo-treatment is probably influenced by the generation of bioavailable organic and
inorganic intermediates generated during photo-catalytic treatment and depends on
the chemical characteristics of water. Illumination time is one of the most affecting
parameters related to complete micro-organism inactivation. In this sense, it has been
reported that in same cases, long irradiation time is required (316,320), whereas
in some other cases, intermittent illumination is required. As a consequence, the
effective disinfection time required for total inactivation of a micro-organism should
be determined for the evaluation of the effectiveness of photo-catalytic disinfection
to assure no regrowth process.

As mentioned, turbidity, caused by the presence of particulate matter, is an impor-
tant parameter that affects negatively on the bacterial inactivation rate. This diminution
in the disinfection process can be explained in different terms such as bacterial growth
stimulation, oxygen diminution, competition of organic particles toward OH radical,
or diminution of light penetration (316).

In the same way, temperature greatly influences photo-catalytic disinfection pro-
cesses. Thus, micro-organism elimination by photo-catalysis is notably susceptible
to this parameter, and narrow temperature ranges must be set to perform the best
photo-catalytic disinfection rates. Additionally a critical temperature range exists for
each kind of micro-organism that depends at the same time on other factors such as
cell concentration or their physiological conditions.

Thus, the real application of photo-catalytic disinfection is limited by the above
described factors, including long irradiation times to achieve safe inactivation rates
and bacterial reappearance. From these considerations, the photo-catalytic inactiva-
tion of micro-organism is restricted to small volumes of water with a low microbial
contamination.

17.3. POTENTIAL ASSISTED PHOTO-CATALYSIS

As stated in this chapter, photo-catalytic systems based on solid suspensions of semi-
conductor catalyst need a separation step at the end of the degradation process. To
overcome this problem, immobilized systems have been proposed. However, in such
systems, an additional diffusional limitation of reactives and products at the surface
clearly leads to low quantum efficiency for the generation of surface hydroxyl groups.
Low photocatalytic efficiency is therefore caused by a highest recombination rate with
respect to charge transfer processes.

The first approach to enhance the efficiency of the photo-catalytic process is
therefore the scavenging of photo-generated charge carriers and the enhancement
of charge transfer of electrons and holes to their respective acceptors. Minimizing
the recombination implies the increase of carrier availability for both oxidation and
reduction processes that take place spatially separated at the surface. Thus, under this
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point of view, electrically assisted photo-catalysis combines the advantages of photo-
catalysis and electro-catalysis. Electrochemically assisted photo-catalysis is a kind
of photo-electrochemical combined technology that could improve the efficiency of
photo-catalysis through an extra electric field. This concept of achieving charge sep-
aration in a semiconductor system with an electrochemical bias was first introduced
by Honda and Fujishima (321). Using a single-crystal TiO,, they were able to carry
out the photo-electrolysis of water under the influence of an anodic bias.

Schematically, in the electrochemically assisted photo-catalytic degradation pro-
cess, photo-generated electrons are driven out through an external circuit by the
application of an electric field. Thus, oxidation and reduction reactions would take
place at different electrodes of this photo-electrochemical device (Figure 17.3).
Consequently, due to the electron scavenging process, the photo-reduction reaction
will occur with lower activation energy and as a result the photo-oxidation rate will
increase.

When the potential is modified externally, the electron concentration at the surface
is also changed with respect to the equilibrium situation. For an n-type semiconductor,
the electron density at the surface increases as applied potential is more negative than
the flat band potential (U ). At the same time, the spatial charge region also varies
with the applied potential.
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Figure 17.3. Reaction scheme of a typical potential-assisted photo-catalytic process. See
color insert.



520 NANOSTRUCTURED OXIDES IN PHOTO-CATALYSIS

TABLE 17.2. Initial Steps of an Organic Molecule
Photo-Catalytic Degradation Mechanism.

TiOy + hv — b, + e, v =k

—OH™ + i, - —OH’ vy = ky(~OH) (i)
—OH* +e¢_, — —OH~ v3 = k3(—OH")(e,;)
—OH'+R — —OH™ + Rt va = kg (R)(—OH")
R+, > R* vs = ks(R) (1)
Rt — e, + R v = ke(R*T)

Rt +e, >R v7 =k7(R*)(e )

In a photo-electrochemical cell, in the absence of direct reactions between the
oxidant and the organic substrate to be degraded (typical photo-catalysis process),
the photo-current provides a direct measurement of the reaction rate (322). For each
hole transferred in the semiconductor interface, an electron driving by the electric
circuit must exist. For a typical photo-catalytic mechanism, the steps in Table 17.2
would be considered:

Thus, for a kinetic study of the reaction, the different step rates can be deduced:

d(h)/dt = vi —v2 — vs (17.2)
d(e_)/dt = —ILp;/(FA) + v — v3 4 v6 — v7 (17.3)
dR'+)/dt = v4 +v5s —vg — V7 (17.4)
d(OH')/dt = vy — v3 — v4 (17.5)

where I, is the photocurrent intensity, F' is the Faraday constant, and A is the
electrode area. At this point, we may suppose that the electroneutrality condition
is achieved immediately d(h:“h) /dt = d(e_,)/dt, and therefore, photo-current in a
photo-electrocatalytical process can be defined in terms of partial reaction rates:

Ip—h=U2+U5—v3+v6—v7 (17.6)
F-A '

As can be inferred from this expression, measured photo-current gives direct
access to the photo-assisted process that is taking place. In practice, in a photo-
electrochemical experiment, it is possible to measure separately the oxidation and
reduction rates by means of the anodic and cathodic polarization curves. It can be
stated that for the anodic polarization curve, a great dependence with illumination
exists. On the contrary, cathodic curves do not experiment with this dependence. By
combining the polarization curves, it is possible to determine the operational potential
for which electron and hole flows are identical.

The efficiency of the photo-electrocatalytic devices for the degradation of
organic pollutants has been demonstrated in recent contributions (323-327). Photo-
electrochemically active semiconductor film devices have been prepared from



17.4. EFFECTS RELATED TO SIZE 521

colloidal ZnO, TiO;, SnO,, and WO3 (324). Alternatively, other systems include
coupled semiconductors SnO>—TiO (328) and recently TiO;-based nanotubes (329)
or single wall carbon nanotube films (330).

A special case to be considered is the application of photo-electrocatalytic
devices for solar hydrogen production. Efficient hydrogen production by photo-
electrochemical water splitting from sunlight is considered an important milestone
in energy production since the work of Fujishima and Honda. Despite decades of
research, today’s best photo-electrocatalytic systems suffer from limitations that pre-
vent their incorporation into the commercial energy market: Efficient material systems
are typically expensive or unstable, whereas inexpensive and robust alternatives do
not have adequate efficiency (331). However, some references make this objective
a possible target within this hopeful field (332). In this sense, from literature data,
efficiency values near 2% have been reported leading to average hydrogen evolutions
of 400-700 pmol/h. A wide range of semiconductor materials has been proposed for
such photo-electrochemical cells, including metal oxides, perovskites, and pyrochlore
structures. Although these low hydrogen production efficiencies are reported, the
growing number of studied systems opens up interesting possibilities in this field.

17.4. EFFECTS RELATED TO SIZE

The influence of the particle size over the photo-reactivity of semiconductors has been
studied by several researches, with contradictory results (1). Some authors described
that the quantum yield increases when the particle size decreases. This effect could
be related to the increased surface area of the smaller diameter particles or to the
enhanced redox potential of the conduction band electron, and may be due to the
concentration of unsaturated surface sites (27,333). Nevertheless, other researchers
described the inverse effect. They speculate that the quantum yield increases as par-
ticle size increases because the electron-hole recombination rates at the surface are
slower due to the enhance separation of the photo-generated chargers (334). Also,
this effect could be due to surface speciation and surface defect density, which are
highly related to the preparation method (335,336). More recent studies suggest the
existence of an optimum particle size for photo-catalytic reactions, due to competing
effects of effective particle size on light absorption and scattering efficiency, charge-
carrier dynamics, and surface area, which will be described at length in Section 17.4.3
(33,337). Before such section, Section 17.4.1 will give an overview of the structural
and electronic properties of solid oxides of interest to explain photo-catalytic activ-
ity and Section 17.4.2 will describe results concerning the influence of size on the
so-called “initial processes,” e.g., the common steps to all photo-chemical reactions.

17.4.1. Effects on Structural and Electronic Properties

Structural and electronic properties of solid semiconductors have been thoroughly
examined in Chapters 1 to 14, so in this section, we will just give a brief overview,
including the specific points of interest for photo-catalysts.
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17.4.1.1. Structural Effects Particle size holds a high influence over the struc-
tural properties of any material, e.g., its lattice symmetry and cell parameters. As
described in Chapters 1 and 5, when the particle size decreases, the number of surface
and interface atoms increases, generating strain/stress and structural perturbations,
highly linked to the method used for synthesizing the solid (sol-gel process, hydro-
thermal synthesis, gas-phase thermal decomposition, etc.) (338). These modifications
can lead to solids with different reactivity.

The structural effects with high influence over photo-catalysts are the crystalline
phase, the nature and number of defect centers, and the surface chemical state. The
importance of the defect centers is due to their behavior as trapping (electron or hole) or
recombination centers, influencing the separation charge step. The surface chemical
state is also important, because it influences charge transfer to molecules and the
efficiency of photo-generated electrons and holes. We dedicate this section to describe
the defects intimately linked to the particle-size effect, their nature, properties, and
their influence on photo-reactions.

17.4.1.1.1. Nature of Defect Centers The size effect on the structure and sta-
bility of a particle is related to the energy balance between the surface and the bulk.
The bulk structure of oxides is shaped by a close packing of the ion. Assuming
thermodynamic control when the particle grows, the bulk structure extends by the
lowest energy direction, creating surfaces that tend to minimize the surface energy by
ion rearrangement or surface relaxation. This behavior causes structural differences
between the bulk and the surface (339). When a nanosized solid is shaped, most ions
are located at surface with unsatisfied coordination (340). Controlling the prepara-
tion method (reducing hydration and protonation effects), the energy minimization is
reached by surface reconstruction, which increases the density of edges/corners and
provides an increasing number of surface sites with respect to ideal-bulk terminology
(341). The stability of a nanoparticle is also controlled by its stoichiometry, which
can differ from the bulk to the surface. Metal-oxide nanoparticles usually present the
metal ions with its maxima coordination, whereas the oxygen ions are located at the
surface (339), typically in the form of hydroxyl groups, although the existence of
bulk nonstoichiometries has sometimes been described (342). These effects produce
the presence of defect sites in the nanoparticle surface that differs from those sited at
the bulk.

The presence of defect sites and its difference between surface and bulk pos-
sess a relevant influence on the photo-induced processes that take place during a
photo-catalytic reaction on a nanosized photo-catalyst. As described before, the photo-
catalytic reaction began when a semiconductor is irradiated with photons whose
energy is equal to or greater than its band gap energy (Ejy > Eband gap). l€ading to cre-
ation within the bulk of electron-hole pairs, which dissociate into free photo-electrons
in the conduction band and photo-holes in the valence band. In the absence of scav-
engers, the energy is dissipated by recombination processes. If a suitable scavenger
or surface defect state is available to trap the photo-generated charges, the recombi-
nation process is prevented and subsequent redox reactions may occur (1,343). It is
in the charge trapping processes where the structural effects caused by the size effect
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TABLE 17.3. Classification of Crystal Defects.

Type of Defect

Point defect Interstitial atoms

Frenkel and Schottky defects
Line defect Edge dislocation

Screw dislocation
Plane defect Lineage boundary

Grain boundary

Stacking fault

present their main influence. The main imperfections or defects detected in crystals
are extensively described in crystallographic literature (344,345), and their presence
in the main photo-catalytic materials will be described in Table 17.3.

As mentioned, a titanium dioxide semiconductor has been described as an ideal
photo-catalyst due to their chemical stability, nontoxicity, and high photo-catalytic
reactivity in the elimination of pollutants in air and water (126). The structural stud-
ies of the titanium—oxygen system show a phase diagram constituted by many stable
phases (TiO», Ti» O3, TizOs5, and TiO>_, Magnéli phases) with a high diversity of
structures. These phases show a high reducibility and oxygen mobility. The bulk
reduction causes the formation of bulk defects such as doubly charged oxygen vacan-
cies, Ti3t or Ti*t interstitials, and planar defects (342,346). The formation of these
defects depends on the preparation method, from variables as temperature or pressure,
complicating the analysis of the dominant defect.

The study of the surface defects in the anatase is not a simple one. The principal
difficulty resides in the growth of adequate crystallites for analyzing the face ther-
modynamically stable. This fact is mainly governed by the synthesis method and the
particle size effect. Different thermodynamic studies described the anatase phase as
unstable compared with the rutile phase as bulk materials. Nevertheless, when the
surface contribution to the energy is significant, the stability of the phases varies. To
this respect, the thermodynamic work reported by Zhang et al. (340) shows that for
particle sizes close to 14 nm, the free energy of rutile is higher than that of anatase,
from which the anatase phase becomes more stable than the rutile phase. The authors
indicate the higher rutile energy as a consequence of the higher unsatisfied charge
densities at surface, which causes a higher surface-free energy. The study of the
surface energy from the relaxed structures reveals its influence on the nanoparticle
structure, although it also shows that the difference in stability between anatase and
rutile phases is very small (347). Concerning the stability of nanophases, the work
published by Li et al. can also be mentioned in which they demonstrate that the nature
and stability of TiO; nanoparticles depend on additional factors such as the surface
hydration controlled by the preparation method, with it being possible to synthesize
stable rutile nanoparticles (31,348). Likewise, a recent work from Zhang et al. (349)
provides instructions for preparing nanosized titania of a desired phase and of even
mixed phases.
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Several authors have analyzed the dominant faces present in anatase nanoparticles,
establishing that the (101) surface is the most stable face, with smaller dominance of
(001) surfaces (350). The (101) surface is very corrugated and shows O-Ti—O double
chains along the [010] direction. This chains are connected by bridging oxygens,
which also form rows along the same direction, creating a saw-tooth profile perpendic-
ular to the [010] direction. This surface presents both fivefold- and sixfold-coordinated
titanium atoms as well as twofold- and threefold-coordinated oxygens. The studies
performed over the (001) surface only reveal the presence of fivefold-coordinated tita-
nium atoms, next to twofold- and threefold-coordinated oxygen atoms (347,351,352).
The presence of uncoordinated species at both surfaces can give rise to different crys-
tal imperfections during the TiO, preparation process, with the most common as
follows: step edges, line defects, impurities, and point defects, as the oxygen vacan-
cies (342,346). Although much advanced research has been performed to learn about
the bulk and surface of TiO; nanoparticles, contradictory results exist in the literature,
among them, not alone as for the defects present in both but also concerning their
role on the photo-catalytic activity (353). In this sense, special attention will be lent
in the following section on the photo-catalytic behavior of titania defects.

In a more or less general view of photo-catalytic systems, we have described
the efforts performed in the last seven years to enhance the photo-catalytic activity
of semiconductors, which have mainly focused on the development of new capable
materials to take advantage of the sunlight. One way to improve the efficiency of the
photo-catalytic process consists of doping the photo-catalyst with suitable metal ions
as described in detail in Sections 17.2.1.1 and 17.2.2.1. Some authors have reported
a negative effect (80,354,355), but other researchers have described some metal-
doped TiO, (Fe3t, Mo’T, Rut, V4*, or Rh3*) as efficient photo-catalysts, with
higher quantum yields than the pure titania (62,356). The metal-doped TiO; solids
whose structural characteristics have been studied in more detail have been iron- and
tungsten-doped TiO», lending special care on the particle size effect.

Iron-doped TiO; can form stable titanium—iron solid solutions, Fe, TiOy, with iron
percents lesser than 5%. When these phases are formed, the iron ions are inserted into
the titania structure and are located at interstitial sites or occupy some Ti** positions.
The doping effect produces the formation of cationic vacancies, demonstrated by
Rietveld refinement, whose concentration depends on the iron percent and the tem-
perature of the synthesis treatment. The stability of these titanium lattice defects is
explained by compensation for the extra hydroxyl ions present in the structure, indi-
cated another time the influence of the synthesis process over the structural properties
of nano-photo-catalysts (357).

The structural effect of the tungsten-doping into the anatase structure of nanoparti-
cles has also been analyzed to understand its contribution over the TiO; photo-catalytic
activity. W-doped TiO; forms mixed metal oxide, Tij—, WO, with the 20% being
the solubility limit of W in the anatase network (161). The tungsten atoms occupy
substitutional positions in anatase structure with the presence of cationic vacancies at
their first cation—cation distance. The presence of vacancies was confirmed by EXAFS
and Raman analysis to satisfy electroneutrality requirements. The W /Ti substitution
and the cationic vacancies modify the anatase structural properties; the structure is
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distorted at a local level around W/Ti centers, and the lattice cell parameters are
changed. The tungsten incorporation also affects the particle size, which decreases
when the W content increases, probably ascribable to a limited stability of the mixed
oxide nanoparticle with respect to the single oxide nanoparticle (358).

17.4.1.1.2. Defect Centers for Electron and Hole Trapping The photo-catalytic
process comprises a complex mechanism that begins with the absorption of photons
by the photo-catalyst and follows with the generation of electron-hole pairs. These
photo-generated charges can recombine rapidly in the bulk although it is also possible
to transfer to the semiconductor surface, where they can react with chemisorbed
molecules or obviously recombine between them. The structural defects can act as
trapping centers, with an important factor being their location, because the defects
present at the surface could be involved in chemical reactions while the bulk defects are
involved in recombination process. The small size of nanoparticles can also contribute
to the recombination of the trapped charges themselves, due to the spatial proximity
of the surface trapping centers. They are attracted by electrostatic forces, avoiding the
stabilization of charge separation. To comprehend the behavior of trapping centers
and to find the manner to block the recombination process, some works have analyzed
the nature and properties of electron and hole trapping sites, with TiO; being the more
studied semiconductor (8).

Electron and hole trapping sites have been investigated by several spectroscopic
techniques. EPR has been extensively used because it provides information about the
molecular environment and the electronic structure of paramagnetic intermediates
in electron transfer reactions. The electron trapping centers detected in TiO; semi-
conductor are Ti*t ions and oxide vacancies (8,359). The Ti** ions can be divided
in two types of trapping sites: one of them located inside the nanoparticle and the
other present at the surface (7). The bulk Ti** ions (defect sites) can interact with
the photo-generated electron giving rise to Ti>t center formation, which has been
assigned by different authors as an interstitial ion. On the other side, the surface Ti**
ions can trap the electrons when hole scavengers are present in the reaction medium,
generating octahedral Ti3* surface sites (8,360). Recently Hurum et al. (361) have
identified a new trapping site specific to Degussa P25 titania, assigned to distorted
four-coordinated interfacial sites. These data indicate that in this photo-catalyst, there
are two different kinds of electron surface trapping sites: the anatase surface sites and
the interfacial sites.

In many cases, titanium dioxide is prepared from titanium oxo-hydroxide by dif-
ferent techniques (sol-gel, hydrothermal, etc.). The presence of hydroxyl groups at
TiO; surface has been studied to elucidate their influence over the electronic pro-
cesses that take place during the photo-catalytic reaction. Some researchers have
suggested that these surface hydroxyls, formed by the synthesis process, can be
part of electron traps. Szczepankiewcz et al. (362) propose that photo-excited elec-
trons are trapped at the surface as a Ti**—OH “complex.” The formation of these
species is facilitated by the ability of hydroxyl groups to dissipate the resulting energy
through O-H related vibrations. The authors analyzed by infrared spectroscopy the



526 NANOSTRUCTURED OXIDES IN PHOTO-CATALYSIS

electrons in the free state and both the electron trapping and the annihilation pro-
cesses. The formation of these new hydroxylated species is described by the following
scheme:

Ti"V—OH + ¢, — Ti""~OH 17.8)
Ti"'-OH + 1!, — Ti'"V—OH (17.9)

The photo-generated electron is trapped at the hydroxylated surface titania
Ti**—OH (Reaction 17.8), remaining in the particle in absence of a reducible species,
although eventually is annihilated with an available hole (Reaction 17.9) (362-364).
These Ti3T—OH species have also been detected when the titania activity was stud-
ied in the presence of water. In this case, their formation is attributed both to the
electron trapping in Ti**—OH groups and to water dissociation at oxygen vacancies
(365). These hydroxylated species suffer the Stark effect. The infrared studies show
that the intensities of surface hydroxyl stretching bands are sensitive to electric fields
caused by trapped charge carriers (366). This indicates, on the other hand, a strong
localization of the trapped charge carrier.

As indicated, the oxygen vacancies (Ti3+V,Ti**t) have also been described as
electron trapping centers, both located at the bulk or at the surface of nanoparticles,
whose behavior is described as follows: V2 + e, = V& (8,367-369). The ionized
oxygen vacancy formed (V) can subsequently interact with a valence hole band,
yielding typically radiative recombination processes (80).

The study concerning hole trapping centers is more complex. The literature shows
certain controversy about the nature of hole traps, mainly due to its dependence
on the semiconductor surface properties. Because in an n-type semiconductor, as
TiO,, the holes are dominantly localized at the nanoparticle surface, their interaction
with trapping centers depends on factors such as the synthesis method, the surface
treatment, or its modification (8,359). Some reports assume that the photo-generated
holes are trapped by surface hydroxyl groups, yielding hydroxyl radicals that were
detected by the EPR technique (370-372).

+
LTiIV—OZ_ —TiIV—OHJ +ht — LTiIV—OZ_ —TiIV—'OHJ (17.10)

Nevertheless, Howe and Gritzel (373) detected by the same characterization tech-
nique a different signal assigned to the hole localized on the lattice oxygen atoms
located not on the surface, but on the immediate subsurface layer of the hydrated
anatase, yielding the following structure:

+
LTiIV—OZ_ —TiIV—OHJ +hY, — LTiIV—O‘_—TiIV—OHJ 17.11)

Other researchers proposed that the holes produced by irradiation of titanium
dioxide move to the surface, where they are trapped on oxygen radicals that are
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covalently bounded to Ti** ions (374):
{TiIV—Oz_ —TiIV—OHJ +ht — LTiW—OZ_ —TiIV—OH'J +HY (1712

More recently, Nakamura et al. have explained the dependence of the hole reactivity
with the crystal-face (375). When a photo-generated hole reaches the surface, it can be
trapped there, resulting in a surface trapped hole, named STH. The authors determine
that the behavior of these STH depends on the crystal faces of rutile TiO,. The (100)
face poses its STH at the bottom of atomic grooves, covered by Ti—OH groups. Thus,
these STH at this face are stable and can be accumulated in TiO, nanoparticles. The
accumulation of these species can produce a high concentration of photo-generated
electrons that can react with the STH by a radiative recombination, as it is indicated
subsequently, being detected by using the photo-luminescence technique:

[Ti-O-Til, + A, —> [Ti-O- - - Ti]] (STH) 17.13)
[Ti-O---Til} + e —> hv (17.14)

On the other hand, the (110) face is exposed directly to the environment, and
the STH formed can interact with HyO or OH adsorbed at surface, giving rise to a
new surface species. The difference between this situation and that mentioned can
be observed by using photo-luminescence, because in the previous case, a radiative
recombination was produced:

[Ti~O-Til, + A, —> [Ti-O- - - Til; (STH) (17.15)
[Ti-O- - - Til| + H,0/OH — [Ti-O" HO-Ti], + H' 17.16)

Similar experiments performed with ZnO as photo-catalyst show the same behavior
just described for a TiO, semiconductor. Hydrated groups covering the surface of
ZnO are trapping sites for the photo-generated holes, yielding radicals as follows:
Zn—0 + h:rb — Zn''O" (374).

The presence of the charge trapping sites in TiO, nanoparticles is therefore related
to the surface properties. It has been described that the surface modification of
nanoparticles can result either in the formation of a new trapping sites or in the
elimination of some trapping sites present in the surface. As shown, these surface
species can trap holes yielding HO;;, and consequently free hydroxyl radicals, which
can dimerize to form peroxide (373). There is abundant literature documenting the
formation of hydroxyl radicals in photolysis of TiO, (372,373,376,377); many of
those works study the hydroxyl formation by EPR using, as an example, nitroxide
spin traps and nitroxyl radicals in their detection (372).

HOugs + hv+b - HO;lds - Ho%ree (17.17)
2HO;,,, — Hy0, (17.18)
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The importance of adsorbed species has been described by Chen et al. to explain the
photo-catalytic activity of nanocrystalline anatase (378). They described the surface
oxygen vacancies (Ti>*V,Ti*t) as the sites where the oxygen is adsorbed, yielding
to superoxide species O, (346), as well as ones where the photo-generated elec-
trons are trapped. Then, if a nanocrystalline TiO, contains a high amount of defects
at the surface, it would present a good photo-catalytic activity. During the photo-
catalytic reaction, along the transfer of photo-generated electrons at the intersurface
of TiO,, the holes are accumulated gradually, increasing the probability of electron-
hole recombination, and thus, the catalytic activity falls. However, the presence of
surface OH species can avoid the recombination process because these species act as
hole trapping sites. The authors detailed the existence of a Ti>*/OH optimum ratio
for an effective photo-catalyst, with the value 1 being the best for its photo-catalytic
study.

Other adsorbed species have also been described as charge trapping sites. Alcohols
(ROH) and alkoxy (ROOH) groups have been described as hole trapping centers when
they are anchored to the nanoparticle surface (376,379,380). In this way, an important
survey has been performed by Shkrob et al. (380) analyzing the influence of different
chemisorbed polyhydroxylated compounds (C2—Cg polyols) produces. They suggest
that the polyol chemisorption involves an octahedrally coordinated Ti atom that is
chelated by neighboring hydroxyl groups of the ligand. These binding sites serve
as trapping sites for the photo-generated holes. The resulting trapped hole transfers
a C-H proton to the environment, yielding a relatively stable titanium-bound-olyl
radical Ti'¥—O—C*—RR’. These polyols complexes can compete for the hole both with
surface defects and with electrons just because their reaction time (<100fs) is not
so far from the indicated hole scavengers. On the other side, important to mention
is the behavior of the oxygen adsorbed as an electron trapping center. The influence
of the adsorbed oxygen on the photo-catalytic activity has been extensively study
and can be summarized in the scheme shows below. First of all, the photo-generated
electron is transferred and stabilized on the adsorbed oxygen, which is reduced to a
superoxide radical ion (Reaction 17.19) (359,373,381). This radical can also capture
protons, when available, generating O, H radicals (Reaction 17.20) or can be oxidized
by other photo-generated electron yielding peroxide radicals (Reaction 17.21) (373).
These resulting trapped electrons can be involved in the photo-catalytic reaction,
usually increasing the effectiveness of the photo-catalyst:

O2, + e — Oy, (17.19)
0y, T H" — HOy (17.20)

— — o—
Ozads + er Ozads

17.21)

The study of metal-doped TiO; photo-catalysts has demonstrated that dopant ions
can be involucrated in electron and hole trapping processes. The influence of these
species over the photo-catalytic activity depends on the nature and concentration of
the dopant agent, as have been described in previous sections. The presence of metal
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ions in titania does not modify significantly the valence band edge of anatase; instead,
it introduces new energy levels from the transition metal ions into the band gap of
TiO; and/or modify the bottom of the conduction band (62). The energy levels created
by the metal ion doping act as electron or hole trapping sites. When the energy level
lies below but near the conduction band edge, it traps the excited electron, but when
the energy level is above the valence band edge, th