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ABSTRACT

THE EFFECT OF OXIDATION AND SUPPORT ON TIO,(110)-SUPPORTED
PDy (N=1-7) CLUSTERS

By S. Vincent Ong, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree

of Doctor of Philosophy in Chemistry at Virginia Commonwealth University.

Virginia Commonwealth University, 2011.

Director: Shiv N. Khanna, Commonwealth Professor, Department of Physics

First principles theoretical studies based on a gradient-corrected density functional
approach have been carried out on the atomic and electronic properties and oxidation
of Pd,, (n=1-7) clusters supported on the TiO5(110) surface. The studies are aimed
to address some of the fundamental issues related to the properties of supported Pd,,
clusters used as catalysts in oxidation reactions. Of those issues are the following:
What are the atomic structures of Pd,, clusters on the TiO, surface? Upon oxidation,
do O atoms from a dissociated Oy molecule spill over onto the underlying TiO4 sup-
port? How strongly does spillover oxygen bind? What is the microscopic mechanism
for the experimentally observed strong metal support interaction (SMSI) state where

the Pd catalyst becomes encapsulated by the surface? Is this related to spillover



oxygen? How do the properties of the Pd,, clusters change when the TiO, surface is
marked with oxygen vacancies?

As will be shown, the ground state geometries of supported Pd,, clusters are driven
by competing effects including intra-cluster interactions favoring compact structures
and cluster support interactions favoring geometries that flatten out in the TiO5(110)
surface channel. When exposed to Os, a single Pd atom only activates the O-O bond
while all other clusters energetically favor a broken O-O bond. For Pd, Oy (n=2-7),
while one O is adsorbed on the Pd,, cluster, the second O spills over to a lattice Ti
site binding at the Pd-Ti interface. The binding strength of these spillover atoms is
calculated to be surprisingly high, which is identified to be a result of long-range ionic
interactions between Pd and spilled over oxygen. When oxygen spills onto lattice Ti
sites, composite TiO motifs are formed that can exchange sites with Pd atoms with
a minimal energy, opening the pathway for Ti migration and strong metal support
interactions. For the TiO, surface with oxygen vacancies, clusters bound at the
vacancy site possess atomic and electronic properties that resemble bulk palladium.
The theoretical findings are compared with recent experiments and are believed to
provide insight toward developing a fundamental understanding of supported Pd,,

clusters as oxidation catalysts.
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1. Introduction

1.1 Size Matters

The foundations of nanoscience are rooted in the idea that “size matters”. Many
physical and chemical properties of materials have a dependence on size, which can
roughly be grouped into three regimes. Towards one extreme, the bulk limit is ap-
proached and constitutes the most traditionally studied size regime. A decrease in
size leads to a scaling regime where some properties scale in proportion to a materials
dimensions (e.g., melting temperature of gold nanoparticle).! Finally, the smallest
regime is approached as the dimensions are confined to within a few nanometers.
These “materials” can be considered “particles” as their dimensionality is reduced to
zero. The dimensionality is considered zero because the typical length scales that are
critically associated to certain physical properties (e.g., mean free path of an electron)
exceed all three dimensions of the particle, giving rise to unexpected phenomenon.
In the gas phase, these particles are referred to as clusters, consisting of anywhere
between 2-100 atoms. In this cluster regime, the physical and chemical properties
have a fascinating behavior and change erratically with size, shape, charge state, and
composition.?® Their properties can no longer be described within the classical laws
of physics as their nature is dominated by quantum effects. To this end, classical
physics can be said to lose its power of predictability, inviting new rules and models

to be established.



Such models are aimed at explaining the unusual properties of clusters, whether it
pertains to a cluster’s stability, reactivity, electronic, optical, or magnetic properties.
Perhaps the most prominent model that holds the power of predicting stability of
clusters is the jellium model. This model shows that the electronic states in small,
symmetric metal clusters bunch into electronic shells much in the same way as atoms,
and that clusters with filled shells exhibit enhanced energetic and chemical stability.
The jellium model explains why the compact Alj; cluster, for example, shows en-
hanced stability and a resiliency to react with oxygen, while the removal of just a
single atom leads to an Alj, cluster that is highly reactive with oxygen.®” The unique
behavior is even more exemplified when considering bulk aluminum’s extremely high
exothermicity toward oxide formation.® Another example is the unusual magnetic
properties that clusters have been shown to possess. Elements known to be non-
magnetic in the bulk phase (e.g., bulk rhodium), possess strong magnetic moments
that vary considerably with size.®

The implications of research in cluster science extend far beyond establishing a set
of rules that predict the stability or magnetic moments of small gas phase particles.
Clusters can also be used as model systems to elucidate the details of otherwise
complex phenomenon, for example catalytic reactions. In regards to reactivity, the
size, charge state, stoichiometry, and active sites of a catalyst are among the factors
shown to have a critical effect on its activity.!®!? These factors all depend on the
atomic, electronic, and magnetic structure of the catalyst. Because clusters consist of
a countable number of atoms, identifying the critical factors that control reactivity is
a manageable task. The understanding gained by identifying these factors can then be
related back to the realistic catalytic systems for further optimization and design.!?
Traditionally, clusters have been studied in the gas phase.'* " However, advances

in phosphate and thiolate chemistry have led to ligand-stabilized clusters, which can



be immersed in solutions.®2! Even solid phase materials have been synthesized by
exploiting the superatomic-like nature of stable clusters and assembling them as the
building blocks in so-called “cluster assembled materials”.?223 Lastly, with the advent
of modern surface science techniques such as ultra high vacuum (UHV) technology,
clusters can now be supported and stabilized on solid surfaces in highly controlled

environments where their properties can be probed.?42

1.2 Supported Clusters

Transitioning from gas phase to supported clusters introduces an entirely new realm
of important factors. For instance, where do the clusters bind and in what atomic
arrangement? How do the clusters interact with the support and does this modify
their electronic properties? For supported metal clusters, these questions pertain to
understanding metal growth on a surface, which has fundamental implications in a
variety of industrial applications. In the semiconductor industry, the challenge to
epitaxially grow thin metal films on oxide supports requires a rigorous understanding
of the physical and chemical interactions that take place between metal and support.
In heterogeneous catalysis, efforts are aimed at reducing the size of supported metal
clusters in an attempt to maximize the surface-to-volume ratio of the catalyst and
identify the most reactive species. Yet, an ever-prominent obstacle to these efforts
is that clusters are thermodynamically driven to aggregate at elevated temperatures,
and upon aggregation the catalytic activity decreases as the exposed active surface of
the metal catalyst is also decreased. A first step towards maximizing catalytic activity
is to understand how clusters configure on the support. For example, understanding
whether a vapor-deposited metal prefers to form a second layer of atoms or contribute

to a monolayer instead yields insight on cluster nucleation and growth. In a supported



cluster study, this translates to determining the cluster size at which the transition
to three-dimensionality occurs. Supported metal clusters, starting as small as two
atoms, represents the ideal template to study this since the transition from 2D to 3D
may likely occur at small sizes. Many supported cluster studies employ metal oxide
surfaces as the support because they are typically non-reactive with the clusters. This
means the clusters are in fact on the surface and typically with a high dispersion.
In most cases, details of the interfacial reactions between cluster and oxide support
lack a fundamental understanding. This includes charge transfer either to or from the
supported cluster and the effect of the support on the cluster’s atomic configuration.
Out of all oxide surfaces, rutile TiO5(110) is the most studied;?® and the properties
of a wide range of sizes of Pt, Au, and Ag clusters on TiOy have previously been

2731 However, the scientific literature for Pd,, clusters on TiO, is mainly

investigated.
limited to single atoms and dimers.??3* It should be noted that theoretical studies
on supported Pdg and Pd;3 have been reported, but fail to provide a comprehensive
view as only the gas phase cluster geometries were considered.3?

In addition to bare cluster binding at a support, the chemical and physical factors
that control the oxidation of supported clusters are not fully understood. Knowledge
of these factors is required for the development of catalysts that can act in oxidation
reactions (e.g., oxidation of CO), especially when considering that most oxidation
reactions proceed via the initial oxidation by O,. Characterizing the oxidation prop-
erties is of key importance because of the critical relationship known to exist between
the catalytic efficiency of oxidation reactions and the strength to which atomic oxy-
gen binds to the metal surface. This relationship, an example of Sabatier’s principle,
states that a certain range of metal-oxygen binding energies optimizes the catalytic
activity. For CO, oxidation, this range of binding energies is roughly around 3.3 to

4.0 eV, as can be seen in Figure 1.1.3% At energies above that range, a stable oxide
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Figure 1.1: Relationship between rate of CO oxidation W, and metal oxygen
bond energy Ej;_o. Figure based on data from Santra et al. where T = 793 K,
Pos = Pco = 1077 Torr.36

phase is thermodynamically preferred (e.g., Ru and Ni). At binding energies below
that range, binding between the metal and oxygen is not strong enough to break the
O-0 bond, leaving oxygen in its molecular form (e.g., Ag and Au). Several platinum
group metals (e.g., Pt, Pd, Rh, and Ir) bind to oxygen in this optimal range, making
them suitable catalysts for CO oxidation.?%

Depositing clusters on a support in sub-monolayer concentrations introduces ad-
ditional factors. Gaseous Oy and CO can now adsorb not only at the cluster site,
but also directly on the support or even at the cluster support interface. Further,
the TiO, surface is known to be reactive toward O, when surface defects are present,
further increasing the complexity of the situation.3”3® An O, molecule dissociated
at a TiOy surface defect site can now leave single oxygen adatoms on the surface,
which may be mobile on the surface provided sufficient temperatures to overcome
diffusion barriers, an observation supported by experiments.3%3? On the other hand,
even if adsorbent molecules initially bind directly at the cluster site, mobility on the

cluster surface may lead to so-called “spillover” mode binding. Such effects have



been observed for palladium nanoparticles supported on rutile TiOy that undergo
an oxidation at high temperatures, where O, dissociatively adsorbs at the palladium
surface and either one or both of the dissociated O atoms “spills over” to the titania
support.?? This highlights one of the unique features of supported cluster catalysis,
especially in comparison to catalysis by a bulk metal surface. Figure 1.1 indicates
that a metal with too low of a metal-oxygen binding energy cannot oxidize CO be-
cause it does not dissociate Os in the first place. If oxidation by a supported Pd,
cluster results in spillover oxygen atoms, this may provide opportunities to have lower
binding energies than possible with bulk surfaces. Thus, efforts to design a supported
cluster catalyst can be directed at decreasing the binding strength of the spillover
oxygen.

Another issue arises when considering the strong interactions that can take place
between cluster and support. Such interactions have been reported to modify the
chemisorption properties of certain metal particles on oxide supports after they un-
dergo a high temperature reduction.?*? These strong interactions lead to what is
referred to as “strong metal support interaction” (SMSI) state, and have been re-
ported for a variety of metal-support systems including Pd/TiO,.**% The effect,
initially reported in 1978 by Tauster, is known to reduce the supported metal’s ca-
pacity to sorb (adsorb and absorb) gaseous molecules such as Hy and Oy.%! This was
originally reported with regards to the implications in Hy chemisorption saturation
experiments, which were commonly performed for supported metal systems to provide
a quantitative measurement of exposed metal surface.*®> However, modern research
efforts are aimed toward providing insight to the nature of these interactions, specifi-
cally in determining why the sorption properties are reduced. Current models suggest
the supported particle is either encapsulated by or forms an inter-metallic alloy with

atoms of the underlying titania support.**+4%47 It has been proposed that the oxy-



gen spillover phenomenon and SMSI effect are somehow related, yet a molecular-level
depiction is lacking in the literature to draw conclusive evidence connecting the two. 8

Major advancements in experimental and theoretical techniques now permit ac-
curate studies on supported cluster systems with an unprecedented level of control.
Combined with UHV technology, mass-selected cluster deposition techniques can be
employed to achieve narrow particle size distributions of supported metal clusters.
Such experiments truly characterize the size dependent nature of supported clusters
and can be performed in parallel with a variety of experimental techniques such as: X-
ray Photoelectron Spectroscopy (XPS), Scanning Tunneling Microscopy (STM), and
Ton Scattering Spectroscopy (ISS) among many others. 24254953 This functionality is
complemented by advances in computational techniques that allow for accurate sim-
ulation of surfaces with supercells containing hundreds to thousands of atoms. And
with the accurate representation of surfaces, the atomic, electronic, and magnetic
properties of clusters bound to those surfaces can be accurately probed by theoretical
techniques. Together, the advances in experiments and theory provide the means for
developing a microscopic understanding of the underlying processes.

Within this PhD, state-of-the-art electronic structure calculations have been per-
formed to study these interactions of palladium clusters on a titanium dioxide surface.
The goal is to identify the nature of cluster-support interactions on both the perfect,
single crystal surface as well as the surface marked with oxygen vacancy defects. The
primary motivation behind the latter is to provide an accurate representation of the
experimental surface, where 7-12% of the surface unit cells are known to contain
bridging oxygen vacancies.?®%* The specific issues of interest in the present studies

are the following:



What are the atomic structures of the deposited clusters and how do the struc-

tures evolve with size?

How strongly do the clusters bind to the surfaces and how is the support per-

turbed by the deposited cluster?

What is the electronic and magnetic structure of the deposited cluster and how

are they controlled by the support?

How mobile are single Pd atoms on oxide surfaces, and does this mobility pro-

mote the nucleation and growth of larger clusters?

Considering that the TiO4 surfaces are often marked by oxygen vacancies, how
do the clusters bind to these vacancies and how do the vacancies control their

electronic character?

For oxidation reactions, how does the addition of oxygen modify the cluster

behavior and how strongly are the oxygen atoms bound to the cluster?

The oxidation reactions are governed by the binding energy of oxygen to the
surface. One way to accomplish this is to enhance coverage. How does the

binding energy evolve with oxygen coverage?

Many catalytic reactions involve charging of clusters during the oxidation /reduction

process. How does the support change the charged state of the cluster?

The Pd,, clusters lead to a splitting of an Oy molecule into two O atoms. Do
the O atoms stay on the Pd,, cluster or are some of them “spilled over” to the

TiO4 substrate?

What are the microscopic mechanisms leading to strong metal support interac-

tions and what motifs are likely to initiate such effects?



The present work is a part of the Multi University Research Initiative (MURI)
effort supported by the Air Force Office of Scientific Research (AFOSR) for the devel-
opment of novel palladium catalysts in fuels, propulsion, and other applications. The
MURI effort combines the theoretical work performed within this PhD at Virginia
Commonwealth University with experimental efforts at Pennsylvania State Univer-
sity, Princeton University, University of Utah, and University of Southern California.
The specific interest in palladium as a catalyst is due to its short fuel ignition delay
times and the possibility of reducing the ignition temperature during the catalytic
combustion of methane.? The fundamental studies of this PhD on the size-dependent
properties of Pd, clusters on rutile TiO, are in direct correspondence to the UHV,
soft-landing cluster deposition experiments by the group of Anderson.%%5" Similar
studies of Pd, clusters supported on alumina/NiAl(110) have previously been re-

58,59

ported within the collaboration, and the results are referred to throughout the

chapters in this thesis.

1.3 Organization of this Thesis

The overall objective of this thesis is to provide the reader with an understanding
of how Pd,, clusters interact with the support and the oxidation properties of the
supported Pd,, clusters. Since this is a theoretical study based on Density Functional
Theory, the numerical methods used to calculate the properties of supported clusters
is overviewed. This is followed by a description of the computational methodology,
which was written with the intent for an incoming graduate student familiar with
DFT to be able to reproduce this work and extend the project further. The results
chapters begin with an introduction to the TiO, surface, with an emphasis on the

surface properties as calculated within DFT. Additionally, the calculated properties



for free (gas phase) Pd,, clusters are presented. The remaining chapters (Chapters 4
thru 7) are purposely ordered to build certain concepts that are referred back to in
the chapters that follow. Each of these chapters has been written up as an article that
has either been accepted for publication or is in the process of publication. Chapter
4 uses the Pdy cluster as a template to introduce the nature of adsorbate-induced
reconstructions on the TiO, surface, as well as oxygen induced reconstructions that
the Pd,, clusters undergo upon oxidation. The study reported in Chapter 5 uses a
single PAO molecule on the TiO, surface as a model system to introduce the long range
interactions that are shown to take place between Pd and O as they are separated to
long distances. This chapter directly addresses the oxygen spillover binding modes
and the implications that they may have in the SMSI effect. The remaining two
chapters refer back to the results from the previous ones to present the stability and
oxidation properties of Pd,, clusters on the perfect (Chapter 6) and reduced (Chapter
7) TiO, surface. Supplemental calculations were performed for the results of select

chapters, and for the sake of clarity and flow, are reported in the Appendices.
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2. Numerical Methods

2.1 Introduction

This chapter is intended to provide a brief overview of the theoretical methods used
within this PhD, namely those based on Density Functional Theory (DFT). The fol-
lowing sections begin with quantum mechanics and statistical mechanics to introduce
the two theorems proposed by Hohenberg and Kohn, and the methods by Kohn and

Sham that led to the formulation of DFT.

2.2 Background

2.2.1 Quantum Mechanics

The ultimate goal of most electronic structure calculations, such as those performed

within this PhD, is to solve the time-independent Schrodinger equation,
HU = EV, (2.1)

a second order partial differential equation, which can be solved to obtain the wave-
functions ¥; and allowed energy levels F; associated with the it state of a particular

system. When applied to the motion of interacting nuclei and electrons, the Hamil-
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tonian operator H adopts the form,

Ze? 1 e? YAVA G
B zme; Z|r—R1] §;M_Z2MI Z|RI—RJ|
(2.2)
where the lower and upper case subscripts denote electron and nuclei indices, re-
spectively. The terms of this general Hamiltonian operator as they appear in Equa-
tion 2.2 represent the following: electron kinetic energy, electron-nuclei Coulomb po-
tential, electron-electron Coulomb potential, nuclei kinetic energy, and nuclei-nuclei
Coulomb potential. Additional terms, related to magnetic or electric fields for exam-
ple, may also be added to the Hamiltonian. It is useful to know that “zero energy”
refers to all particles infinitely away from each other (all Coulomb terms go to zero)
and not moving (all kinetic terms go to zero). For this reason, total energy calcula-
tions of chemically bound systems should always result in negative energies.

The wavefunction ¥ of the system depends on 3N spatial coordinates of the elec-
trons, N spin coordinates of the electrons, and 3M spatial coordinates of the nuclei;
N and M are the total number of electrons and nuclei in the system, respectively.
This makes Schrodinger’s equation a partial differential equation in 4N+3M coor-
dinates and impossible to solve, analytically, for systems containing more than one
electron. Several approximations can be applied to simplify solving of the equation.
The first accounts for the significant difference between the masses of electrons and
nuclei (the mass of the lightest nuclei being about 1800 times larger than the mass
of an electron), and considers the electrons moving in a field of fixed, or clamped,
nuclei. This is referred to as the Born-Oppenheimer approximation,® and the fourth
term of Equation 2.2 is removed as the movement of nuclei. For fixed nuclei the fifth

term simply becomes a constant. Equation 2.2 can now be reduced to the electronic
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Hamiltonian operator,

i Ze? 1 e? A N ~
eec = 5 — =T 1% e ‘/667 2.3
l Qmezz: Z |r _R]| 2; |I‘i—I'j| + N + ( )

which operates on only the electronic wave function ¥, to get the electronic energies
Eee. The total energy of the system is simply the sum of the electronic energy and

that constant nuclear repulsion energy term

AYA
nuc = Z RI J; (24)
2 [Ri— gl
The electronic wavefunction,
\I}elec - qjelec(fh 527 ooy fN)7 (25)

is a function of spatial (7;) and spin (s;) coordinates, collectively grouped as (Z;), and
the square of the wavefunction gives the probability density of finding the electrons
in state ¥ = 71, 7s,...Zny. The property that electrons are indistinguishable from
each other requires that a probability density must not change if the position of two

electrons (i and j) are switched. That is,

—

|\I/(fl,fg7 ...,fi,fj, ...,fN>|2 = |\I’(fl7fg, ...,fj,fi, ...,.TN)|2. (26)

The mathematical constraint required for this to be true is that these two wave-
functions can differ at most by a complex number €. Electrons, being fermions

(particles with spin 1/2), have anti-symmetric wavefunctions, meaning that a change
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in the state of two electrons requires a sign change in the wavefunction. That is,
V(T Zay .., Tiy T,y ooy Ty) = —V(X, Xo,y ..o, T, Ty ooy T). (2.7)

This antisymmetry principle is what enforces the Pauli exclusion principle, which

states that no two electrons can occupy the same state.

2.2.2 Variational Principle

The first step towards finding a solution to Schrédinger’s equation is to set up the
Hamiltonian for the system. By close inspection of the electronic Hamiltonian in
Equation 2.3, this requires the knowledge of only the number of electrons in the
system and the position and charge of the nuclei. The other terms, such as the
kinetic energy of the electrons (T') and electron-electron Coulomb potential (V,.), are
independent of the particular molecule of interest. The second step is to obtain the
wavefunctions V¥;, and subsequently the corresponding allowed energies F; for the
Hamiltonian. Of course, it is this step which poses the most prominent challenge
of quantum mechanics since no analytic method of solving Schrodinger’s equation
exists, at least for systems containing more than one electron. However, several
methods to determine the wavefunctions have been proposed, the most prominent of

which invokes the variational principle. From quantum mechanics, we know that the

expectation value of any observable O requires the integration over all coordinates,
(0) = / / Vo) O Wrpiditsds..dn = (Voyiat O Vi), (2.8)

where ¥ is normalized, dZdZs...d7y are volume elements, and the rightmost equality

is the integral in Dirac notation. Thus, the total energy of a system is given by
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the expectation value of the Hamiltonian. The variational principle states that the
energy, as determined by the expectation value of the Hamiltonian operator H from
a trail wavefunction W,,;,;, will always be an upper bound to the ground state energy,
and that equality will only hold when the trail wavefunction is identical to the ground

state wavefunction. That is,

<\Ptrial|[:]|\llt7‘ial> = Etrial Z EO - <\IJO|-H|\IIO> (29)

Thus, the ground state wavefunction of the system Wq is approached as the total
energy is lowered, and the energy given by the ground state wavefunction is the
ground state energy FEy. In summary, the ground state total energy is obtained
by a minimization of the total energy, a functional of the wavefunction, which is
the expectation of the Hamiltonian operator integrated over all coordinates in the
wavefunction. The word functional is used in regards to the energy FE[V] being a

function of another function ¥(¥). Conceptually, the variational principle appears as

Ey = min E[¥] = min (U|H|T) = min (U|T + Vi, + V| ). (2.10)

2.2.3 Hartree Fock Approximation

The variational principles provides a mathematical construct that can be used to ob-
tain the ground state wavefunction and ground state energy of the system. However,
in practice, searching over all possible wavefunctions is impossible. The methods by
Hartree and Fock, provide an approximation to the exact wavefunction of a many
electron system that allows for practical utilization of the solving the Schrodinger
equation. In this method, the N electron wavefunction is approximated by a Slater

determinant, an antisymmetrized product of N single electron wavefunctions. The
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Slater determinant, ®gp, is written as a matrix of the form:

xi(@)  xe(®) o xw(dh)
Uy~ gp = \/% alf) ) - (@) (2.11)
X1(Tn) xo(@n) o xn(@n).

The functions y;(#;) are single electron wavefunctions and contain both a spatial
function ¢;(7) and one of two spin functions a(s) or (s). The spin functions must
hold the property of orthonormality, meaning (a|a) = (8|8) = 1, and (o|f8) =
(Bla) = 0. The antisymmetrized nature of the Slater determinant comes from the
property that upon exchanging two rows or two columns, the determinant undergoes
a change in sign. The variational principle within the Hartree-Fock approximation
now appears similar to the leftmost equality of Equation 2.10, except the energy
Ey is now the Hartree-Fock energy, Fyp. The Hartree-Fock energy is obtained by
computing the expectation value of the Hamiltonian given by the Slater determinant
of a system, not the total wavefunction. The Hamiltonian operator, with use of the

Slater determinant, is written as:

N

Epp = (®sp|H|®sp) = > (ilhli) ZZ iljj) — (iglji), (2.12)

7

where

@kl = [ @) {—%v? - Z@} \ald)da, (2.13)

r
4 1A

o . 1 . oo
(iilj) = / / )= (8) P, (2.14)
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and

3170 = [ [ (@@ @) @z, 215

Equation 2.13 is the sum of the electron kinetic energy term and the electron-nuclear
attraction term. Equations 2.14 and 2.15 are the Coulomb and exchange integrals, re-
spectively, and together form the Hartree-Fock potential, Vg, felt by single electron.
The Coulomb term represents the potential experienced by an electron in spin orbital
X; and at position #; due to another electron in spin orbital x; and at position 5, and
the term is integrated over all space. The exchange term arises from the possibility of
an exchange between an electron in spin orbital y; and at position #; and an electron
in spin orbital x; and at position 5. It is important to note that the property of
orthonormality for spin orbitals causes the exchange term to go to zero for electrons
with different spins, meaning that electron exchange only exists for electrons of the
same spin. Lastly, within the Hartree-Fock equations, an electron can interact with
itself when 7 = j in Equation 2.14. However, this unphysical self-interaction term is
cleverly removed, because when ¢ = j the Coulomb and exchange integrals exactly
cancel out. Thus in the Hartree-Fock method, this artificial electron self-interaction
is removed by a mathematical “trick”; but, as will be shown later, self-interaction is
not entirely removed in DFT, and can lead to errors in certain types of calculations.
In summary, the Hartree-Fock approximation provides a practical approach to
solving the Schrodinger equation by using a simplified, yet reasonable, representation
of a given system’s wavefunction. With the implementation of the Slater determinant
and the HF operator, the N electron interaction problem is reduced to N single
electrons interacting in a potential Vgp. Lastly, the HF approach introduces the

nature of the self-consistent field (SCF) approximation as a method for solving the
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HF equations. The overall concept of this technique is to initially guess a set of
orbitals that are used to construct the HF potential, V. The potential is then used
to solve the HF equations to gain a new set of orbitals, which again construct a new
HF potential. This iterative approach is continued until a point where the output
orbitals match (at least to within a certain precision) the input orbitals, and thus
self-consistency is achieved. The SCF method is at the core of Density Functional

Theory, which is introduced in the following sections.

2.3 Density Functional Theory

2.3.1 Introduction

The methods introduced so far provide the mathematical framework to construct a
Hamiltonian from which the ground state wavefunction of a chemical system can be
determined. With the ground state wavefunction one can obtain all the ground state
properties of the system. In practice, using the N electron wavefunction, consisting
of 3N spatial plus N spin coordinates, to solve the Schrédinger equation is highly
complex task and even the simplified techniques of Hartree and Fock are limited to
small molecules. This has led to rethinking of the necessity of the wavefunction W
as the principle variable in solving these equations, and the the following sections
introduce the use of the electron density p(7) as an alternative to the N electron
wavefunction. As will be shown, the electron density can be used to uniquely construct
an external potential which, as discussed in the previous section, can be used to
self-consistently solve the Hartree-Fock equations; and this external potential will
correspond to a unique ground state energy. That is, each electron density yields its

own ground state energy. However, it will also be shown that there is no universal
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functional to compute the total energy from the electron density. The purpose of
DFT is to approximate a method that does.
The electron density is similar to the probability density first shown in Equation

2.7, and is defined by

p(7) —N/.../]Qf(:i’l,:fQ,...,:E’N)FdF, (2.16)

which is the probability of finding the i** electron out of a system of N electrons at
any point in volume dr, where dr’ contains all the volume elements dz';d¥s...dZy. The

electron density holds the property

/ p(F)dF = N, (2.17)

that states upon integration over all the volume elements will result in the total
number of electrons N.

The most famous early example of using the electron density as a principle variable
in determining properties of a species dates back to Thomas and Fermi in 1927.%* The
Thomas-Fermi model used solely the electron density to determine the total energy

of an atom by the equation
1 SN o
Erp[p(F)] = %(SWQ)g/pg(F)dF—Z/@dFJri//Mdﬁd@ (2.18)
12

The first term represents the kinetic energy and is derived from a quantum statistical
treatment of electrons interacting in a uniform, delocalized electron gas. The second
and third terms are the nuclear-electron attraction and electron-electron repulsion
terms, respectively, and are treated by a classical description of interacting charged

particles. Clearly, this third term includes only Coulombic electron-electron repulsion

19



and not electron exchange. Further improvements to the method by Dirac includes

Kplp] =2 (ﬁ) " [ o5isar (2.19)

T

an exchange term,

and its inclusion leads to what is referred to as the Thomas-Fermi-Dirac model.%? The
importance of Equation 2.18 is not in its accuracy in defining the total energy, which
it is not accurate at all.%® The importance is that it uses only the electron density to
do so. One of the major flaws arises from representing the kinetic energy by electrons

interacting in a uniform electron gas.

2.3.2 Hohenberg-Kohn Theorems

The next major cornerstone that used the electron density as the principle variable to
determine the properties of a system came almost 40 years after Thomas-Fermi model
when Hohenberg and Kohn published their two infamous theorems in 1964.%* These
two theorems are central to density functional theory and established the theoretical
framework of modern day efforts that use the electron density to determine properties
of a system. Their first theorem justifies the use of the electron density to uniquely

construct the Hamiltonian operator. As it is stated in their original paper:

The external potential V. (7) is (to within a constant) a unique func-
tional of p(7); since, in turn V. (7) fixes H we see that the full many

particle ground state is a unique functional of p(7).

Their proof showed that two different potentials V,,;(7) and V.

" () cannot produce

the same electron density p(7), which means that the true ground state density p(7)
uniquely defines the external potential V,.(7) (to within a constant). The key here is
that the electron density is now justified as a physically sound parameter in determin-

ing the external potential, which in a Hamiltonian operator for a chemical system,
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would be the electron-Nuclear potential. However, the Hamiltonian contains other
terms (electron kinetic energy and electron-electron repulsion), which Hohenberg and

Kohn proposed are, like V.., also functionals of the electron density. That is,

Fuxlp) = Tlp] + Veelp] = (¥|T + Vee| V), (2.20)

where Fyg is a functional that when operates on the electron density, produces the
expectation value of the kinetic 7" and electron-electron repulsion Ve operators in the
ground state wavefunction. This is followed by a second theorem, which essentially
is the variational principle applied to the Hohenberg-Kohn functional Fy|p], and as

it is written in their original paper, states:

A universal functional for the energy E[p| in terms of the density
p(7) can be defined, valid for any external potential V., (7). For any
particular potential, the exact ground state energy of the system is the
global minimum value of this functional, and the density that minimizes

the functional is the exact ground state density po(7).

The theorems by Hohenberg and Kohn states that the electron density is a physically
sound parameter that can be used in place of the wavefunction to initially construct
the Hamiltonian and arrive at the ground state total energy through the variational
principle. It is important to note however, that the theorems does not explain how
this can be done and how to construct the functional Fy . How to apply the theorems
by Hohenberg and Kohn was not known until a year later in 1965, when Kohn and

65
L,

Sham suggested a method to construct a universal functional,” which can be used

to determine the ground state properties of a system.
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2.3.3 The Kohn-Sham Approach

Density functional theory, as it is known today, holds its practical origins in the
ansatz by Kohn and Sham that the exact calculation of many-body properties can,
in principle, be determined by independent particle methods.% The approach takes
the many-body, interacting-particle system, which is difficult to solve, and replaces it
with an auxiliary system of non-interacting particles. The auxiliary system is made of
single electron orbitals used to construct a Slater determinant, similar to how single
electron wavefunctions were used to construct a Slater determinant in the Hartree-
Fock approach.

As stated earlier, one of the major problems with the Thomas-Fermi approach
was that it poorly represented the kinetic energy. This is particularly because the
electron density is represented by nothing more than a uniform electron gas, and
the kinetic contributions to the electron correlation are neglected. The Kohn-Sham
approach splits the kinetic energy into two terms: one where the exact kinetic energy
of non-interacting electrons is computed (the main contribution to the kinetic en-
ergy), and another where the electron correlation contribution to the kinetic energy
is approximated (a relatively small contribution to the kinetic energy). This non-
interacting, auxiliary system is fictitious, but as it turns out provides a reasonably
accurate method to calculate the kinetic energy.

To actually represent this auxiliary system, a set of single electron orbitals, or
Kohn-Sham orbitals as they are commonly referred to, are used. These single electron

orbitals are used to construct the auxiliary electron density,

Nelec

p=3 lof, (2.21)
=1
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which is operated on by the kinetic energy operator

Nelec

Tlp] = Z (¢

i=1

5V o) (2.22)

to give the exact kinetic energy of a system of non-interacting electrons. This is
the same kinetic energy operator used in the Hartree-Fock method, except here the
Laplace operator V? operates on single electron Kohn-Sham orbitals ¢ () rather than
single electron wavefunctions x;(Z;).

The total energy within the Kohn-Sham approach becomes a functional of the

electron density p and is written as
Exs = Tlpl + Jlp] + Enelp] + Exclpl, (2.23)

where T[p] is the exact kinetic energy of the non-interacting system, and Coulomb

repulsion J[p] is

ZZ//|¢z I - I%( )| didi, (2.24)

and Coulomb Nuclear-electron attraction Ey.[p] is

Enelp Z / Z J6,(7%)P dri (2.25)

The importance here is that, with the exception Exc[p], each of these terms has
an explicit functional form. And that the functional form is dependent on only the
electron density, which is the sum of the single electron orbitals (Equation 2.21). The
three terms J|p|, En¢|p|, and Ex¢[p] of the Kohn-Sham energy now make up a Vg

potential felt by the single electrons, which with the kinetic energy operator, operates
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on the single electron orbitals as an eigenvalue problem:

(—%V2 + Veff(fi)) i = €0;. (226>

Now, solving the Kohn-Sham orbitals is done self-consistently, as in the Hartree-Fock
approximation, since solving the Kohn-Sham equations produces a new V., which
in turn produces a new set of orbitals. The beauty of the Kohn-Sham approach is that
it turned a many-body problem into an independent-particle problem. It did this by
separating the exact kinetic energy for a system of non-interacting particles, and then
putting the remaining contribution to the kinetic energy (as well as contributions
to the potential energy) in the Exc term. This stated, the exchange-correlation
energy is the only remaining term in the Kohn-Sham energy (Equation 2.23) for
which there exists no explicit functional form. Much progress has been made to yield

an approximate form, but modern research efforts are still aimed at improving Exc.

2.3.4 Exchange-Correlation Functionals

Within the DFT framework, most major differences in results stem from the treat-
ment of electron exchange and correlation. Each contribute as separate terms to the
exchange-correlation energy, and within DFT are calculated as a functional of the
electron density at all points in space. A popularly implemented treatment of Exc
is called the Local Density Approximation (LDA), which treats the local electron
density as a slowly varying function that is essentially a homogeneous electron gas.
Recall from the introduction to this section that the Dirac exchange (Equation 2.19)
was an extension to the Thomas-Fermi model and thus pertains to a uniform electron
gas. The LDA method derives its roots from the Dirac exchange, and is calculated by

this same equation. An extension of the LDA method applies for systems open-shell
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systems (systems containing unpaired electrons) and is referred to as the Local Spin
Density Approximation (LSDA). Similar to the Dirac exchange of Equation 2.19, the

LSDA exchange becomes

EPA pa, ps) = —z (;)1/3/ (pi/?’(F) + pé/g(?)) dr, (2.27)
where the subscripts a and  denote the spin-up and spin-down electrons, respectively.
Analytic expressions of the correlation contribution (Eé[S]DA) have been proposed by
a number of groups, but will quickly become cumbersome if discussed here. The reader
is referred to some of the most widely used treatments, such as the one developed by
Vosko, Wilk, and Nusair in 1980 and referred to as the VWN potential. ¢ Despite any
lengthy equations that could be written here, the L[S]DA approach is praised for its
simplicity and inexpensive computational cost, especially in comparison to an exact
calculation of electron exchange (e.g., Hartree exchange).

Improving the accuracy of the LDA method, the Generalized Gradient Approxima-
tion (GGA) formalism is introduced. The GGA method includes not only information
of the electron density p(7) at a particular point in space, but also the gradient of
the electron density between two points V(7). The purpose is to account for the
realistic nature of the true electron density, which is not the homogeneous electron
gas the LDA method approximates it as. Perhaps the most commonly implemented
variation of the GGA method is that implemented by Perdew, Burke, and Ernzerhof
in 1996,%" where the electron exchange energy is defined as a multiplicative factor of
the LDA exchange as

EXPE = BEPAR(2), (2.28)
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where

a
and
Vp
_ ’p4 y (2.30)

Again, for full details of the functional form, the reader is referred to the original
work of the developing authors. 7

One last important aspect of DFT is the manner in which it accounts for elec-
tron self-interaction. Recall that in the Hartree-Fock approximation, the Coulomb
term (Equation 2.14) allowed for electron self-interaction (i.e., when i = j), but that
mathematically this was corrected because the exchange term exactly equaled the
Coulomb term when ¢ = j. In DFT, electron self-interaction is again allowed since
the two electron densities ¢;(7) and ¢;(7) used to compute the Coulomb repulsion
(Equation 2.24) can both be equal when ¢ = j. However, now the exchange term,
which is part in the exchange-correlation functional, is computed entirely separate
from the Coulomb repulsion. So, while most exchange-correlation functionals par-
tially account for the self-interaction, they are not 100% self-interaction free. As

will be discussed in Section 3.2, this drawback of DF'T leads to some intrinsic errors,

especially for narrow d-band metal oxides such as TiO,.%8

2.4 Computational Methodology

Within this PhD, all geometry optimizations and total energy calculations were per-
formed within the GGA formalism as implemented by Perdew, Burke, and Ernzer-
hof.%” The Kohn-Sham equations were solved using the commercial software Vienna

Ab-initio Simulation Package (VASP),% which uses a plane-wave basis set to expand
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the Kohn-Sham orbitals. Because it is unnecessary (and computationally expensive)
to explicitly solve the Kohn-Sham equations for core electrons that are chemically
inert, core-potentials were employed. While in localized basis sets (e.g., Gaussian
type orbitals) the use of core potentials it strictly related to a computational expense
advantage; however, it is necessary to use them with plane-wave basis sets, because
the high density of nodal features at the atomic core would require an infinitely large
basis set. In this PhD, the core potentials are treated by the projector-augmented
wave (PAW) method.™™ With the core electrons accounted for in the PAW poten-
tial, the valence states of Ti, O, and Pd are then described by [Ar] 3p®3d34s', [He]
2522p?, and [Kr] 5s'4d electron configurations, respectively. Geometry optimizations
were performed using the conjugate-gradient algorithm,” and atomic positions were
only considered optimized when all cartesian force components were 0.01 eV/ A or
less. When the conjugate-gradient failed to reach the optimization threshold, the
optimizations were continued using a quasi-Newton algorithm. The actual algorithm
is called the residual minimization method and it is combined with a direct inversion
of the iterative subspace (RMM-DIIS) as proposed by Pulay.™ With a good initial
guess at the atomic positions, the RMM-DIIS algorithm is said to efficiently relax the
atomic positions to their ground state.™

Convergence tests must be performed to determine the completeness of the plane-
wave basis set in representing the single electron Kohn-Sham orbitals. With plane-
wave basis sets, the completeness is determine by the plane wave with the highest
kinetic energy (i.e., kinetic energy cut-off), and governs the inherent accuracy of
the total energy calculation. The computational expense increases drastically with
an increasingly large basis set, hence the goal is to balance the trade-off between
computational expense and inherent accuracy. By performing a series of single-point

calculations on the 1x1 unit cell of bulk TiO,, the kinetic energy cut-off of 400 eV
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was found to provide convergent results. The reader is referred to a report by Hafner
for addtional details on the advantages and uses of a plane-wave basis set.”

Similar to basis set completeness, an increase in mesh size used for Brillouin
zone sampling, at least in principle, provides more accurate results. To this end,
calculations of a mesh consisting of only the I' point, as well as calculations using
a 2x2x1 Monkhorst Pack E—points mesh, were performed. The two mesh sizes were

found to give identical results (to within 0.01 eV). This stated, the Brillouin zone was

sampled at only the I'" point for all calculations.

2.4.1 Analyzing Cluster Support Interactions

For pure (un-oxidized) Pd,, clusters, there are several energetic quantities of interest
to help quantify the interaction with the surface and any structural changes the
cluster undergoes upon adsorption. To analyze the amount of deformation both the
cluster and surface undergo upon adsorption, several single point calculations are
performed where the coordinates are kept in the positions obtained from the surface
optimizations. The energy difference between the ground state free cluster and ground
state supported cluster is the cluster deformation energy Eg.s(cluster), and will be

calculated by the following equation:

Eqes(cluster) = E'(Pd,) — E(Pd,,), (2.31)

where E(Pd,,) is the energy of the free cluster and E’(Pd,,) is the energy of the cluster
in the adsorbed geometry. Likewise, the surface deformation energy Ey.r(surface)

will be evaluated by:

Egef(surface) = E'(TiOy) — E(Ti0,), (2.32)
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where E(Ti0,) and E'(Ti0O;) are the energies of the pure surface and the surface
in cluster-adsorbed geometry, respectively. These deformation energies are associ-
ated with any structural change the cluster undergoes during adsorption, and will be
reported for all cluster sizes.

While deformation energies provide useful information on the structural changes,
the cluster binding energy will provide useful information that will lead directly to
catalytically-relevant information. The binding energy of the Pd cluster to the surface,

Eb gurs 1s given by:

Eysurf = E(Pd,) + E(surf) — E(Pd,/surf), (2.33)

where E(Pd,,), E(surf), E(Pd,/surf) are the energies of the isolated Pd cluster, the
pure surface, and the lowest energy Pd structure adsorbed on the surface, respectively.

Likewise, the oxygen binding energy is given by,

Eyads = E(ads) + E(Pd,,/surf) — E(ads/Pd,/surf), (2.34)

which will be used to calculate the binding energetics of O or Oq. Here, Ej 445 is the

binding energy of the adsorbate molecule (O or O,).

2.4.2 Bader Charge Analysis

A Bader charge analysis were performed to analyze the charge state of all atomic
sites. "® The analysis is performed on the converged electron density calculated within
DFT. The charge state is calculated before and after clusters are adsorbed to have a
reference for comparison. The same applies to before and after oxygen is adsorbed

on the Pd,, cluster. By determining the surfaces which divide local maximum in the
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charge density, atomic sites can be defined. The charge density is then integrated

around the atomic site and assigned to the atom nearest to it.

2.4.3 Total and Projected Density of States

Electronic density of states (DOS) calculations will be performed to analyze the
electronic structure of the cluster and support. The DOS will be calculated self-
consistently as either the total (TDOS) or site-projected (PDOS). The electronic
states will be integrated between a given energy range, which will typically be several
electron-Volts above and below the calculated Fermi energy. For PDOS, the wave-
function character will be calculated at each of the atomic sites and projected onto

spherical harmonics within a given radius for that atomic type.

2.4.4 Nudged Elastic Band (NEB) Calculations

When appropriate, NEB calculations will be performed to determine transition states
and minimum energy reaction pathways for reactions and diffusion profiles. In this
calculation, the atomic positions corresponding to an initial and final state are spec-
ified, and a certain number of reaction steps (referred to as images) represent the
atomic structure at steps along the reaction pathway. The images are optimized
under the constraint that they are attracted to their neighboring images by a pre-
determined force that can be thought of as a mechanical spring. Each image, then,
is optimized to the lowest energy configuration while maintaining a connection be-
tween neighboring images. This determines the reaction pathway, or “band”, that
connects the initial and final states. An odd number of image is used, along with the
constraint that the energy of the center image is maximized in the direction of the

band, but minimized in other directions. This effectively leads to a saddle point in
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the potential energy surface, and the center image then corresponds to the transition

state geometry.
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3. The Bare TiO5(110) Surface and
Free Pd,, Clusters

3.1 Introduction

Titanium dioxide is the most studied single-crystal oxide surface. This is due to its
variety of industrially relevant applications and its common use as a model system to
investigate many basic scientific properties.?® The three most common crystal struc-
tures of TiO, are rutile, anatase, and brookite. The rutile (110) surface is by far the
most commonly studied form of TiOy due primarily to its high surface stability, mak-
ing it a relatively easy surface to experimentally characterize. Further contributing
to its popularity, rutile is a wide band-gap semiconductor, an active photo-catalyst,
a template commonly used to investigate the surface chemistry of small adsorbant
molecules, and a model system ideal for studying metal overlayer growth. Specifi-
cally, the growth of metal overlayers has largely contributed to TiO, surface science
research, and an extensive list of the systems that have been studied has previously
been reviewed.?® The most prominent focus of this list has been on the characteristics
of growth morphology, the extent of epitaxy, and interfacial charge transfer (oxida-
tion/reduction) reactions. Additionally, since certain transition metals supported on
TiOy are found in the strong metal support interaction (SMSI) state upon high tem-

perature reduction, many modern research efforts are aimed at characterizing the
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Figure 3.1: The 1x1 unit cell of bulk rutile TiOy. Red spheres represent oxygen, white
spheres represent titanium.

source of this SMSI state and the effect on the supported metal that result from it.
This is of particular interest for supported catalysts, as the overall nature of the sup-
ported particle surface, including exposed active sites of a supported metal catalyst,
are likely affected.

A ball and stick drawing of the 1x1 unit cell of bulk rutile TiOs is shown in Figure
3.1. Rutile has a tetragonal unit cell with D}}-P4,/mnm symmetry and lattice con-
stants of a = b = 4.584 A and ¢ = 2.953 A. The unit cell consists of two Ti and four O
atoms, and each Ti atom is surrounded by six oxygen atoms in a distorted octahedral
configuration. The sixfold coordination number of Ti arises from four “short” Ti-O
bonds and two “long” Ti-O bonds, which have been experimentally determined to
be 1.944 and 1.988 A, respectively.” Local charge transfer between Ti and O sites
results in formal charge states of +4 and -2, respectively. Charge-charge repulsion
between O atoms is said to be the source of elongation in the longer of the two Ti-O

bonds and is what gives rise to the distorted nature of the octahedral symmetry.™
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Like most metal oxides, bonding within TiOs is partially ionic and partially covalent.

3.2 Theoretical Description

In this section, a discussion of the strengths and shortcomings in describing the atomic
and electronic structure of rutile by DFT is presented. As described in Chapter 2,
the Kohn-Sham equations were solved within the generalized gradient approximation
(GGA) formalism. Within this formalism, the lattice constants were calculated to be
a=4.64 A and ¢ = 2.99 A; and the short and long Ti-O bonds were calculated to
be 1.97 and 2.00 A, respectively. The ground state lattice constant was determined
variationally by performing a series of single-point calculations of the 1x1 unit cell
across a range of lattice constant values. The value with the lowest total energy cor-
responds to the ground state lattice constant. With the lattice constant established,
the atomic positions are then relaxed within a unit cell of fixed dimensions to de-
termine the optimized Ti-O bond lengths. In comparison to the experimental values
reported above, GGA predicts lattice constants and characteristic bond lengths in
good agreement with the known experimental values.

While the atomic structure is predicted with good accuracy, one disadvantage
of treating the exchange-correlation potentials within the GGA formalism is that it
notoriously underestimates the TiO; band gap.”™® This error is implicit in many
density functionals as it pertains to the electron self-interaction that is present in
conventional DFT. This self-interaction results is an overestimated Coulomb repul-
sion between electrons, and thus an increased delocalization. This is particularly
problematic for narrow d-band metal oxides, where d-orbital electrons typically form
a localized set of states. The delocalization directly translates to DFT predicting

a more metallic-like behavior for such systems. For bulk rutile, the result of this
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artifact is a GGA-calculated band gap of about 1.9 €V, about 37% less than the ex-
perimental value of 3.0 eV.8! Two approximation methods that attempt to correct this
self-interaction have been proposed: hybrid functionals®?®#* and the DFT+U approx-
imation.® 87 Hybrid functionals correct the error by mixing a pre-determined amount
of Hartree-Fock exact-exchange with the DFT exchange.®® By including some of the
exact exchange, a solution resembling the Hartree-Fock approximation is approached,
where self-interaction is entirely removed (Section 2.2.3). The improvements in qual-
ity come at an extremely high computational cost as the calculation of exact exchange
is extremely expensive. Further, the method requires parameterization based on em-
pirical data (e.g., experimental TiOs band gap) to determine the amount of mixing
between exact and DFT exchange. Thus, the method is no longer ab initio, and
loses the feature of transferability. Loss of transferability means that the parameters
used to exactly reproduce the band gap in a bulk TiO calculation may not be trans-
ferrable to a calculation when Pd,, clusters are supported on TiOs. Clearly, this is an
undesirable feature.

The second option to correct for self-interaction is the DFT+U approximation,
which can be applied in either the LDA or GGA formalism by adding a Hubbard
U term to the Hamiltonian to artificially increase electron correlation. This method
prevents artificial delocalization of electrons by energetically penalizing the occupa-
tion of a delocalized solution. The calculated effect on the electronic structure is seen
as a shift of unoccupied states to higher energy and thus an increase in the calcu-
lated band gap. The calculated total and projected density of states (DOS) for the
1x1 unit cell of rutile are shown in Figure 3.2 for different values of the Hubbard U
parameter. The valence band below the Fermi level (Ep=0 eV) is primarily com-
posed of O states, and the conduction band above Ep is primarily composed of Ti

states. The DOS plot clearly reflects the ionic nature of TiOy as such an electronic
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Figure 3.2: Total and projected density of states (DOS) plots for the 1x1 rutile unit
cell. Blue lines represent the states projected onto Ti atoms, and the green lines
represent the states projected on the O atoms. The Fermi level has been shifted
to E=0. The atomic positions were optimized for each Hubbard U value, and a
converged 8x8x12 l;—points mesh in the Monkhorst-Pack scheme was used to sample
to the Brillouin zone.

structure is due to charge transfer from Ti to O. Also, the hybridization between Ti
and O states in the valence band is indicative of the partial covalent nature. As the
Hubbard U parameter is increased from 0 to 10 eV, there is clearly a widening of
the band gap (Figure 3.2). Although at a value of U=10 eV the DFT+U approach
correctly matches the experimental band gap, the method has its own set of draw-
backs that become more exaggerated with an increasing U value. First, there is no
universal recipe to constructing a Hubbard U Hamiltonian, so like hybrid functionals

the method is no longer ab-initio. This method requires knowledge of the electronic
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bandstructure in order to construct a Hubbard U Hamiltonian as the choice in the U
value is parameterized by empirical data. Additionally, the computational expense
during geometry optimizations increases as the Hubbard U is known to introduce
multiple local minima in the potential energy surface to which the system can easily

become trapped. 893
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Figure 3.3: Optimized Ti-O bond lengths (left) and lattice constants (right) in A from
DFT+U calculations. Dashed horizontal lines indicate the experimental values, such
as those shown in Figure 3.1.

Lastly, the improvement in calculation of the band gap comes at the expense
of a less accurate description of the atomic structure. Figure 3.3 shows the effect
of Hubbard U on the two characteristic Ti-O bond lengths and lattice constants.
Geometry optimizations for the 1x1 rutile unit cell were performed at each Hubbard
U value. The dashed horizontal lines show the experimental values for each of the four
lengths. Clearly, an increasing Hubbard U value directly leads to a larger deviation
from the experimental bond lengths. It is important to note that these deviations
are substantially worsened in large surface supercell calculations where the atoms are
not confined to the small dimensions of the 1x1 unit cell.

Hybrid functionals are not used in this study as the primary interest is the be-
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havior of supported Pd,, clusters. Previous and recent studied have indicated that
the gradient corrected functionals lead to electronic and magnetic properties of metal
clusters that are in good agreement with observed behaviors. 283134359495 Ag for the
Hubbard U approach, there is clearly a tradeoff between an accurate description of
the electronic band gap and the shortcomings of the method as described above. All
results presented within the chapters of this PhD have been determined without a
Hubbard U term. To examine if the band gap of TiO, would affect any calculated
properties of Pd,, clusters, supplemental calculations were performed with the in-
clusion of U. The reader is referred to the Appendix for details. As shown in the

Appendix, the inclusion of Hubbard U leads to no major differences in the results.

3.3 Periodic Slab Model

To simulate the rutile TiO2(110) surface, a periodic slab with a thickness of four
TiO, trilayers (12 atomic layers) was placed in a periodic supercell. This slab thick-
ness has previously been shown to provide converged atomic adsorption energies,?
and has been adopted as the standard model used in almost all recent TiOs-supported
cluster calculations.3*9"% The slab is shown in Figure 3.4. The surface consists of
two types of Ti and two types of O atoms, which are labeled by their atomic symbol
and coordination number (i.e., Tis. and Tig. for the fivefold and sixfold coordinated
Ti atoms, respectively, and Og. and Og,. for the twofold and threefold coordinated O
atoms, respectively). The top layer is characterized by a “surface channel” formed
by the bridging O,. atoms that extend the furthest out of the (110) direction. The
Tis. atoms form the center of the surface channel.

Because in this study the TiO, surface is used as a support for supported cluster

calculations, a large surface must be used to ensure no lateral interaction between
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Figure 3.4: Ball and stick renderings of the slab model used to represent the rutile
TiO5(110) surface. For clarity, only the top trilayer is shown in (b). The four types
of surface atoms are labeled by their atomic symbol and coordination number.

periodic images of supported species. A 4x2 surface supercell was chosen, which
consists of four unit cells in the [001] and two in the [110] direction. This results in a
supercell with lengths of 13.1 x 11.9 A, and is the default size used in all calculations
within this PhD unless stated otherwise. The slab was separated by a vacuum layer
equivalent to six trilayers (~18 A) in the [110] direction. The large vacuum layer
ensures no “vertical” interaction between periodic images, particularly accounting for
the additional height added by the Pd cluster. During all geometry optimizations, the
top two trilayers were allowed to fully relax, while keeping the bottom two trilayers
frozen in the calculated bulk coordinates. This is referred to as a 4(2) scheme in the
literature as a total of four trilayers are used, two of which are held fixed. Within

this scheme, both the surface and bulk properties of the TiO, support are effectively
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Bond Lengths (A)
Bond Label | Expt. | Theor. | This Work
A 1.85 1.84 1.84
B 2.15 2.04 2.05
C 2.08 2.11 2.12
D 1.90 1.92 1.96
E 1.79 1.82 1.81
F 1.90 1.87 1.86
G 2.00 1.97 1.99
H 2.11 2.19 2.19
J 2.01 2.04 2.05
S K 1.92 1.97 1.98
L 1.89 1.90 1.90

(a) Characteristic bond labels  (b) Bond lengths corresponding to those labeled in part (a)

Figure 3.5: A comparison between the experimentally and previously reported the-
oretical bond lengths and the lengths calculated in this work. Experimental and
theoretical values are those published by Lindsay et al.!% 1.,%
respectively.

and Thompson et a

accounted for. Accounting for the relaxation of surface atoms has previously been
shown to be necessary in predicting the adsorption site of even a single Pd atom."
Because the total energy is known to depend on the size of the supercell, all free
cluster calculations were performed in a supercell with identical dimensions to the
supercell used for the slab.

The optimized bond lengths for the TiO, surface have been verified to be within

100 and

5% agreement of previously reported high resolution LEED-IV experiments
previously published theoretical®® values. The ground state bond lengths, as deter-
mined by the periodic slab model described above, are reported in the table shown

in Figure 3.5(b). The bond labels correspond to those shown for in Figure 3.5(a) for

the four trilayer 1x1 surface.
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3.4 Free Pd, Clusters

The atomic, electronic, and magnetic properties of free Pd,, clusters have been studied

3,9,59,101-104 Thig gection

both theoretically and experimentally by a number of groups.
is intended as a brief review of those studies and the properties of free Pd,, clusters as
determined within the methods used in this PhD. The calculated structures for Pd,,
clusters are shown in Figure 3.6. All sizes, except for the Pd atom, have spin triplet

ground states, in agreement with previous studies. 591027104

2.48 | xi% w@ ﬂ
i v 4

Pd:

‘%\ 2.64 b\?@ 7 i7o

Pds Pd¢ Pd;

Figure 3.6: Ball and stick drawings of ground state free Pd,, clusters. Bond lengths
are in angstroms.

For the Pd atom, the calculated energy difference between the singlet ground state
1S(55%4d!?) and triplet excited state *D(5s'4d?) is 0.90 eV, in good agreement with
the experimental value of 0.82 eV.1% For all other sizes, hybridization between s- and
d- orbitals occurs and gives rise to two phenomenon. The first is a splitting of the

d- orbital electronic states, which depletes otherwise fully occupied d- shell and gives
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rise to the non-zero magnetic moments. The second is the compact structures as
shown in Figure 3.6. The electronic states for the Pd,, clusters are shown in Figures
3.7 through 3.9. At all sizes, hybridization between s- and d- orbitals is clear, and
the contribution by the p- states is rather small. With an increase in cluster size
and the presence of more d- states, hybridization increases and shifts the s- states
to higher binding energies. On the DOS, this is seen as the s- states pushed deeper
below the Fermi energy with increasing size. Approaching the bulk limit, the s- and d-
orbital hybridization will lead to a free electron-like s- band and a [relatively] narrow
d-band. %197 The finite dimensions of clusters spatially confine electrons, forming
discrete states rather than the electronic bands. While adding Pd atoms to a cluster
does introduce more electronic states, the deepening of the s- states occurs to all of
the sizes. This is seen in the DOS plots by comparing Pdy (Figure 3.7(a)), where a
peak in occupied s- states lies between -0.5 eV and the Fermi level, to Pd; (Figure

3.9(b)), where more s- states are present, but all are shifted to -1 eV and below.
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Figure 3.7: Density of states (DOS) plots for free Pdy and Pdj clusters. The top
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4. The Effect of Oxidation on the

Pd, Cluster Geometry

4.1 Introduction

One of the important findings in the numerous experimental and theoretical studies
on the catalysis of free and supported clusters is that, for small clusters, the activity
can change with size and that the activity of free clusters can be radically different
from those of the supported species. These variations are partially rooted in the fact
that the support can alter the geometrical structure of the cluster. Since the elec-
tronic structure is intimately linked to the geometry, the changed geometry can alter
the reactivity. Further, the support can even enhance the activity by modulating
the electronic structure through cluster support interactions. These effects are com-
plemented by the fact that most oxidation reactions proceed via initially adsorbing
oxygen, and that this adsorbed oxygen draws electronic charge from the supported
species. The charging as well as the nature of metal oxygen bond can also affect
the shape and electronic structure of the cluster. Consequently, understanding the
role of support and oxidation on the electronic and geometric structure is vital to
understanding the catalytic process and in designing effective catalysts. To gain an
understanding into the roles and effects that the support and oxygen play, a compre-

hensive study is presented on the oxidation properties of a Pd, cluster supported on
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the rutile TiO5(110) surface.

One of the primary intents of this chapter is to introduce the strong tendency
for oxygen to draw charge and the effect this has on the TiOs-supported Pdy clus-
ter. Additionally, as the adsorption of any species can lead to a deformation to the
local surface structure to which it adsorbs, the nature of Pdy/TiO, interactions is
discussed with an emphasis on the nature of adsorbate induced reconstructions. As
will be shown in this chapter, the Pd, cluster has an energetic preference to undergo a
structural change upon adsorption, and this change modifies the nature of the cluster-
support interaction. The importance of all these effects will be referred back to in
chapters to follow. The overall theme of this chapter is to answer three questions:
(1) What is the ground state structure of unoxidized, supported Pd, and are there
competing geometries that could affect the observed behavior at finite temperatures?
(2) What is the nature of cluster support interactions and do the Pd atoms primarily
interact with the lattice O or the Ti sites? (3) How does the atomic structure change
as successive O atoms are added to the cluster and what electronic features control
the change? The answer to these questions is critical to a microscopic understanding
of the catalytic phenomenon as these processes involve the addition and removal of O
atoms. The emphasis on Pdy is twofold. First, studies on free clusters that indicate
that Pdy is a highly stable species with a tetrahedral structure.? Second, the nature
of the cluster-support interactions (e.g., cluster-induced surface deformations, the na-
ture of charge transfer, trends in cluster binding energies, etc...) should be introduced
in detail before continuing to the following chapters, and as will be shown, the Pdy
cluster is the ideal template for such introduction. Ultimately, understanding the
microscopic mechanism that results in structural changes for such a stable species is

an important problem.
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4.2 Electronic Structure Controls Reactivity

In a recent work, Kaden et al. investigated the CO oxidation by O, by Pd,, clusters
containing between 2-25 atoms supported on the rutile TiO(110) surface.’® The ex-
periments were performed within ultra high vacuum conditions (107'° Torr), and the
objective was to correlate changes in the electronic structure of supported Pd,, clus-
ters with the catalytic production of CO,. In these experiments, Pd,, cluster cations
are mass selected and then deposited on rutile TiO5(110) via soft-landing deposition.
This technique allows for the ultimate control of cluster size distribution, and the
details of the technique can be found in a recent review by Popok et al.'%® Upon de-
position, the clusters are exposed to Oy followed by CO, and the catalytic oxidation
of CO was carried out. The experiments were performed as temperature programmed
reactions (TPR) to determine the activity as a function of increasing temperature.
The catalytic activity of a cluster was determined by measuring the amount of COy
produced per TPR. To relate the cluster activity to the electronic features of the
cluster, Kaden et al. probed the 3d core-level states of the Pd,, clusters through x-ray
photoemission spectroscopy (XPS). Their results showed that the catalytic activity
could be directly correlated with changes in the Pd 3d binding energy. In particular,
clusters where the 3d level was higher than the value corresponding to a simple scaling
with size, showed enhanced activity. The correlation between variations in the shift
in Pd 3d binding energy and the concentration of CO5 can be seen in Figure 4.1(a),
taken from Kaden et al..

The UHV experiments by the Anderson group also implemented Ion Scattering
Spectroscopy (ISS) to probe the morphology of clusters mass-selected and deposited
on the TiOy surface. Their technique is rooted on the premise that it is possible

to determine the relative ratios of exposed surface atoms by measuring the kinetic
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(a) XPS Data and CO4 concentrations (b) Ton scattering spectroscopy results

Figure 4.1: Figure (a) shows Xray photoelectron spectroscopy (XPS) data plotted
with the amount of CO5 produced at each cluster size. Figure (b) shows results from
the ISS experiments from the UHV deposited cluster experiments by the Anderson
group. A typical ISS spectra is shown in the inset. Such a spectra was taken at each
cluster size and used to plot the data in the main portion of the figure, which shows
the ratio of Pd sites to Ti+O sites.
energy of an impinging noble gas ion (e.g., He™ ions) scattered from the Pd/TiOq
surface. Because a collision suffered by the incident He™ ion on a Pd vs. a Ti vs. an
O site will each result in a scattered He™ ion with different outgoing kinetic energy,
the relative ratios of the Het ions with the three different kinetic energies is related
to the concentration of each exposed surface species. Their results suggested that the
clusters containing up to 10 Pd atoms are forming single layer structures and that a
second layer develops as more Pd atoms are added. The planar structure for smaller
species seems puzzling as the ground state atomic configuration of free (gas phase)
Pd,, clusters are all compact structures. Additionally, Pd,, clusters continue to have
compact structures while supported on alumina surface as indicated by recent studies
within the Khanna group.®

A typical ISS spectra is shown in the inset of Figure 4.1(b). The ratio of exposed

Pd to exposed Ti+O sites plotted as a function of size to determine changes in the

cluster morphology. As seen in Figure 4.1(b), there is a decrease in the amount of
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Pd sites exposed beginning at 10 atoms. At this size, the Pd:(Ti+O) ratio decreases
linearly with increasing cluster size and has been interpreted by Kaden et al. as the
formation of a second layer of Pd atoms.®®

All this suggested that there are strong interactions between the palladium clusters
and the TiO4(110) surface that lead to the single layer structures observed in the UHV
experiments. This conclusion is also supported by the earlier studies that observed
Pd particles on TiO, in the SMSI state.*44%4 A microscopic understanding of the

atomic and electronic structure of the deposited clusters is needed to understand these

findings.

4.3 Theoretical Results

Geometry optimizations and total energy calculations have been performed within
this PhD to determine the possibility of a three-dimensional Pdy cluster. The ground
state structure was determined by starting from various initial configurations of the
Pd, at various locations on the TiO, slab, and optimizing the geometry by moving
atoms in the direction that would minimize the forces on the atoms. As palladium
clusters are known to possess finite spin magnetic moments,?!% the ground state
search also included investigation of various spin multiplicities. For determination
of the ground state atomic configuration, the geometry with the lowest total energy
is designated as the most stable. Higher energy isomers, which may co-exist with
the ground state at finite temperatures, are also reported alongside the total energy
relative to the ground state.

The results indicate a tetrahedral ground state for the adsorbed Pd, cluster as
seen in Figure 4.2. The structure (including bond lengths) is nearly unchanged from

the calculated free cluster geometry. The Pdy cluster sits in the surface channel made
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Figure 4.2: Ground state and higher energy isomer ball and stick drawings of the Pd,
cluster on TiO,. The positive and negative numbers in the top portion of the figure
indicate the Bader charge on the Pd and O atoms, while the negative number below
the surface indicates the Bader charge on the entire TiOs slab. The numbers on the
bottom portion of the figure are bond lengths. Coloring scheme: Silver (Pd), Blue
(Ti), and Red (O).

by the bridging Os. atoms that protrude out of the TiO5(110) surface. Three Pd
atoms are directly coordinated to the surface, and the base of the tetrahedral cluster
is centered over a Tis. atom. The surface undergoes a relaxation in which several

surface atoms are displaced from their initial positions. For example, by comparison

with the unreconstructed surface, the Tis. atom protrudes out of the [110] plane
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by a distance of 0.35 A and shifts 0.11 A in the [110] direction, centering directly
beneath the base of the Pd, tetrahedral. The bridging Os. atom nearest to the Pdy
cluster, depicted with a drawn bond in Figure 4.2(a), is tilted towards the channel
by 0.11 A from its initial position. This leaves a Pd-O bond length of 2.15 A on
this side of the cluster, while the two Pd atoms on the other side of the cluster
are each about 2.90 A away from the Og. atoms nearest to them. As the surface
undergoes substantial relaxation, the energy required for the surface deformation was
also calculated. This was done by comparing the total energy of the bare surface
frozen in the atomic positions when the cluster is supported to the total energy of the
relaxed, bare surface (see Equation 2.32 from Section 2.4.1). The calculated surface
deformation energy was 1.27 eV for the ground state supported Pd, cluster. The
ground state has a spin magnetic moment of 2.0 pp that is localized entirely on the
Pd d-states. This indicates that the cluster maintains its free cluster geometry and

spin configuration when deposited on TiO9(110).
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Figure 4.3: Ground state and higher energy isomer ball and stick drawings of the free
(gas phase) Pdy cluster.

The ground state is followed by a pseudo-planar structure, which is only 0.10 eV
above the ground state and is shown in Figure 4.2(b). Within the accuracy of the

density functional approach this energy difference is small, and the pseudo-planar

o1



structure can be considered as an isomer that co-exists with the tetrahedral structure.
This pseudo-planar geometry also sits inside the surface channel; however, this isomer
sits over two protruding Ti atoms. The cluster is partially flattened out on the surface
in comparison to the tetrahedral ground state. This effectively leads to shorter bond
lengths of around 2.23 A between three of the Pd and neighboring O, atom pairs.
The higher coordination between Pd atoms and surface atoms leads to the quenching
of the magnetic moment of the cluster. The small energy difference between pseudo-
planar and compact structure is quite striking for two reasons. First, the calculations
on a free Pdy cluster show that a planar structure is almost 0.85 eV less stable than
the compact structure, as shown in Figure 4.3(b). Second, the Pd, cluster maintains
its compact structure when deposited on an alumina surface.®® What features then
stabilize the planar structure in the present case? What role does the planar structure
play in oxidation reactions?

These questions were answered by investigating the effect of adding an O atom
to the cluster. The focus on Pd, clusters with only a single O atom stems from the
understanding that O-O bonds from adsorbed O, are expected to be activated (if not
completely dissociated) at the Pd surface during oxidation. Adsorption of molecular
oxygen at the Pd(111) surface occurs dissociatively and without an activation bar-
rier.1% The result is two atomically adsorbed O atoms at threefold hollow sites on
the palladium surface.'% Additionally, if an oxidation reaction is to take place (e.g.,
oxidation of carbon monoxide), one of the two O atoms will be removed leaving a
single O atom on the cluster surface. Thus, Pd4O clusters are likely to be stabilized
under typical reaction conditions. To determine the ground state structure, geometry
optimizations for 13 different conformations of an O atom and supported Pdy cluster
were performed. The optimum binding site was found by relaxing the O atom, the

Pdy cluster, and the top two trilayers of the support for all initial binding sites and

52



(a) 0.82 147
+0.43

-0.64 Er1=0.00eV

204A 197A

2.00

2.65A 2.63A

Figure 4.4: Ground state and higher energy isomer ball and stick drawings of the
Pd4O cluster on TiOs.

then comparing the total energies. Initial geometries included O adsorption sites both
on and off the Pdy cluster, and O adsorption on the Pdy cluster was always found
to be more stable. In the free Pdy cluster, an O atom occupies a twofold bridging
site leaving the structure compact. For the supported cluster, the studies indicate
a planar ground state structure with the O atom occupying a threefold hollow site,
shown in Figure 4.4(a). The adsorbed O atom is bonded to three Pd atoms with

an average Pd-O bond length of 2.01 A. Previous work by Todorova et al. indicates
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that this is also the case for the Pd(111) surface, where the O atom from a dissoci-
ated Oy molecule sits at a threefold hollow site with an average Pd-O bond length
of 1.99 A.1% Ag seen in Figure 4.4(a), the Pd, cluster sits in the surface channel
centered over two protruding Ti surface atoms. In comparison to the tetrahedral Pdy
structure, the bond lengths between Pd atoms and the bridging O,. atoms of the
surface are shortened. That is, each of the four Pd atoms is coordinated to a single
bridging oxygen atom, which is canted towards the center of the channel and thus the
Pd, cluster. The calculated surface deformation energy of 2.18 eV indicates a much
stronger surface deformation by the Pd,O cluster compared to Pdy. In the ground
state of the supported Pd,O structure, the adsorbed O is bound to three Pd atoms
with an average Pd-O bond length of 2.01 A. Does the planar structure survive as
more O atoms are added?

To determine the possibility of another structural change, an additional O atom
was added to the cluster. Geometry optimizations were performed using the same
methodology as mentioned above for the single O atom, but by sampling 23 different
conformations of two O atoms and a Pd, cluster. Conformations where one or both
O atoms were adsorbed off the Pd, cluster were also sampled, and the results indicate
a preference for at least one O atom to remain bound exclusively to the Pd, cluster.
It should be noted here, that two supported Pd;Os structures will be discussed. Both
structures represent local minima in the potential energy surface, but one is 0.60 eV
higher in energy than the ground state. The higher energy (less stable) structure
is the lowest energy configuration in which both O atoms remain bound exclusively
to the Pdy cluster, while in the other case one of the two O atoms spills over onto
the TiOs surface. The latter is the calculated absolute ground state geometry, but
the possibility of a high potential energy barrier for oxygen spillover requires both

structures to be considered in detail. In the ground state structure, the Pds motif
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remains planar and adsorbs a single O atom at a threefold hollow site, as in the
case of the supported Pd4O cluster; however, the second O atom spills over to the
neighboring, bare Tis, atom and binds with a Ti-O bond length of 1.72 A and a
Pd-O bond length of 2.18 A. The structure is depicted in Figure 4.5(a). This Tis.
atom is displaced out of the surface by 0.81 A. The resulting surface deformation
energy is 3.56 eV. The case where both O atoms remain bound to the Pd, cluster is
shown in Figure 4.5(b), where the Pdy cluster possesses a pseudo-planar geometry.
One of the O atoms is bound to three Pd sites while the other occupies a twofold
bridge site. In this case, there is very little surface deformation that takes place to
the TiOy support. The calculated surface deformation energy is 0.92 eV, the smallest
deformation energy amongst the cases considered here. Since the ground state Pdy
structure changes with a varying degree of oxidation, one of the central issues is what

controls the geometry and the associated electronic structure changes.

4.4 Strong Metal Support Interactions: Pd-O or
Pd-Ti?

The purpose of this section is to explain the effect of oxidation on the Pd, cluster
and characterize the interactions between the Pd, cluster and the TiO, surface. As
will be shown, these two are interconnected due to the effects of oxidation on the
clusters atomic configuration and thus manner it interacts with the support. One of
the primary results of this section pertains to the “strong metal support interaction”
(SMSI) state and gives a molecular insight to the chemical and physical interactions
that occur between palladium particles and a titania support. With that stated, the

content of this section is first introduced by stating the experimental consensus on
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Figure 4.5: Ground state and higher energy isomer ball and stick drawings of the
Pd;O, cluster on TiOs. The spilled O atom is highlighted in the ground state “oxygen
spillover” geometry.

the SMSI state followed by a discussion of the results reported in the previous section

(Section 4.3).

4.4.1 Experimental Consensus

The first experimental evidence of the strong metal support interaction (SMSI) state
was reported by Tauster in 1978.4! The effect was reported to occur “when some

transition metals, supported on a reducible oxide, are heated in a reducing atmo-
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sphere.” The actual observation was a reduction in the supported transition metal’s
“sorption” (adsorption or absorption) strength of CO, O, and Hy. Why the reduc-
tion is “sorption” strength occurs is still a matter up for debate, however the most

prominent explanations are the following:
1. Strong electronic interactions between metal particle and support

2. Alloy formation between supported metal particle and diffusive metal ions from

the metal-oxide support

3. Encapsulation of the supported metal particle by diffusive metal ions from the

support

Any of these could affect the sorption strength of the supported metal, yet experi-

40,43,44,46,110 47,111,112

mental evidence claiming alloy formation and metal encapsulation
have led to two popular schools of thought and are considered to be the most likely.
Most of the SMSI literature is experimental, particularly with Pd or Pt particles sup-
ported on TiO,, and an atomistic-level depiction of the nature of interactions between
cluster and support is difficult. Specifically, whether supported Pd particles are in-
teracting with Ti or O sites remains a matter of uncertainty.3*339%113 The following

sections are intended to provide a theoretical insight to the atomic-level nature of

these interactions.

4.4.2 Theoretical: Supported Clusters

To examine the nature of bonding and the origin of cluster and surface deformations,
a detailed analysis was performed on the charge transfer, binding energies, and elec-
tronic structure of the clusters and substrate. For the sake of clarity, the Pd4, Pd,0,

and pseudo-planar Pd,O, results are discussed first, while the Pd4O4 structure where
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one oxygen spills over is discussed separately. First, the compact and pseudo-planar
configurations of a Pdy cluster are discussed. For a free Pdy cluster, a planar structure
is almost 0.85 eV higher than the compact geometry as shown in Figure 4.3. In bond-
ing to the surface, however, only the Pd atoms forming the base of the tetrahedral are
bound to the surface O sites. On the other hand, the pseudo-planar structure allows
more coordination between Pd and the surface sites. This stabilizes the planar form
making it only 0.10 eV higher than the compact ground state. An analysis of the
electronic charge redistribution upon adsorption was carried out by a Bader charge
analysis described in Section 2.4.2. Figure 4.2 shows the charges at various atomic
sites with the number below the figure indicating the net charge on the TiO4 surface
(positive numbers indicate charge depletion while negative numbers indicate charge
accumulation). Figure 4.2(a) and (b) show that while the compact Pdy transfers
0.48 e~ to the surface, the pseudo-planar cluster transfers 0.57 e™.

The planar form is really stabilized via the addition of an O atom. In fact,
the cluster reconstructions are driven by the accumulation of charge by adsorbed
oxygen. In the case of Pd4O, by adsorbing at a threefold hollow site the O atom
maximizes wavefunction overlap and accumulates a Bader charge of 0.82 e~ (Figure
4.4(a)). This is the maximum amount of charge gained by the adsorbed O atom
compared to all other sampled Pd;O geometries. In free clusters, the ground state
Pd40 is a tetrahedral Pdy with O bound at a twofold bridging site. Such a structure
for the deposited cluster is 0.41 eV higher in energy and allows only 0.76 e~ to
be accumulated by the O atom (Figure 4.4(b)). In general, the results indicate
that charge accumulation is maximized with a maximum number of Pd-O bonds
and directly leads to the ground state structure, despite a substantial rearrangement
of Pd atoms from their free cluster geometry. The same trend for pseudo-planar

Pd,O4 species is observed. Here, one of the O atoms accumulates 0.86 e~ of charge
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at a threefold hollow site, while at the opposite side of the cluster the second O
atom accumulates 0.80 e~ at a twofold bridging site. The stability of this particular
structure can be described by the following two mechanisms. First, of all the cases
where both O atoms are bound to the Pdy cluster, the pseudo-planar Pd;,Os results in
the maximum charge accumulation by oxygen. Second, the electron accumulation by
the O atoms effectively creates two point charges interacting via a Coulomb potential.
By adsorbing at opposite sides of the cluster with a mediating Pd site, these point
charges are separated by 3.79 A, and the Coulombic repulsion is minimized. Further,
the Pd-O bonds stabilize the structure through polar, covalent interactions. This O-
O separation is believed to play an important role in minimizing the total energy of
the system and is the mechanism that unfolds the Pd, structure into a pseudo-planar
geometry.

It is well known that the metal-O bond strength plays an important role in the
catalytic oxidation of CO.%6 To this end, the binding energy of the O atom to the Pd
cluster was calculated by taking the difference between the total energy of the ground
state oxidized cluster and the sum of total energies of the unoxidized cluster and free
oxygen atom. The results indicate that in the case of Pd,O, the O atom binds with
an energy of 4.98 eV. For pseudo-planar Pd,O,, the second O atom binds with an
energy of 4.33 eV. In the latter case, the reduced oxygen binding energy is due to the
competition of charge accumulation of the two O atoms, effectively weakening each
Pd-O bond. In this respect, it may be interesting to examine if this binding can be
further weakened by additional O, molecules.

Cluster support interactions play an important role in catalysis and this interac-
tion is analyzed next. To estimate the strength of bonding, a comparison between the

total energy of the deposited species and the total energies of the free Pd,O, motifs
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and the free TiO, surface are determined by the following equation:

where (x=0,1,2), and the Pd,O, cluster is considered to bind as a single motif. The
results are reported in Table 4.1. There is a clear correlation between the number of
Pd atoms directly coordinated to the surface and the binding energy, where a rough
binding energy of 0.8 eV per directly coordinated Pd atom is observed. That is, for
Pdy where three atoms directly coordinate to the surface, the cluster binds with an
energy of 2.40 eV, while Pd;4O coordinates with four Pd atoms and binds with 3.21 eV.
The pseudo-planar Pd,;O, structure represents an intermediate case where between
three and four atoms are directly coordinated to the surface, yielding a binding energy
of 3.03 eV. This correlation of binding energy and number of directly coordinated Pd
atoms agrees with results previously shown for Pdg and Pd;3 clusters supported on

1.35

TiO, as reported by Murugan et a and Pdy, supported on TiO, as reported by

San-Miguel et al.?3

Pdy | Pd4O | Pd4Oq
Pd40O, binding energy (eV) 240 | 3.21 3.03
Charge from Pd,0, to surface (e7) | 0.48 | 0.64 | 0.56
Surface deformation energy (eV) | 1.27 | 2.18 | 0.92

Table 4.1: A comparison of the cluster binding energy (Equation 4.1), charge trans-
ferred from the cluster to the surface, and the surface deformation energy for Pdy,
Pd,0O, and pseudo-planar Pd4O, supported clusters.

To further probe the nature of interactions marking the Pdy, adsorbed O, and the
surface sites the total density of states (DOS) and the projected density of electronic
states (PDOS) at various sites of the TiOy and deposited cluster were examined.

Figure 4 shows the total and various local densities of states for Pdy on TiO,, where

the Fermi level has been set to E=0. The sharp peak of O states at about 1.3 eV below
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Figure 4.6: Total and projected density of states for Pd, supported on TiO,. Top
and bottom portions represent the spin up and spin down states, respectively. The
Fermi level has been shifted to E=0. The inset shows the states near Er.
the Fermi level originally makes up the top of the valence states for the TiO, surface.
The insertion of Pd states between this peak and the bottom of the conduction states
reduces the gap. In Figure 5, the DOS for (a) Pd4O and pseudo-planar (b) Pd O,
supported on TiO, is shown. There is a clear mixing of Pd d-states with the states
of adsorbed O near the Fermi level, and an overall metallic character of the system.
As stated earlier, the deposited clusters induce deformations on the TiO, surface.
Here, the deformation is shown to be rooted in the charge transfer between Pd and
Ti+O surface sites, and hence calls attention to the results of the Bader charge
analysis in Figures 4.2(a), 4.4(a), and 4.5(a). The results indicate that the more a

cluster coordinates to the surface, the more charge it transfers to the surface. For
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Figure 4.7: Total and projected density of states for (a) the Pd4O and (b) the Pd4Oq
cluster supported on TiO,.

all three cases, Pd atoms readily donate charge, which is transferred almost entirely
to the Ti and O atoms in the top trilayer of the surface. These atoms are resilient
to a change from their bare surface charge state. This is indicated by a change
in charge state of less than 0.06 e~ for all atoms except the Tis. atoms directly
beneath the Pd cluster. Effectively, the Pd cluster is donating a small amount of
charge to all of the neighboring bridging Os. and in-plane Ogs. atoms, resulting in
the accumulation of charge by Ti atoms as well. The amount of charge accumulated

by these Ti atoms governs the extent of Ti atom displacement and thus governs the
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surface deformation energy. That is, for Pdy, Pd4O, and pseudo-planar Pd,;O, the
two Ti atoms beneath the Pd cluster accumulate a combined 0.15, 0.21, and 0.07 e~
respectively, and are displaced from their original position a combined distance of
0.42, 0.44, and 0.20 A, respectively. By comparing the displacements for all atoms
before and after Pd cluster deposition, the protrusion of these Ti atoms accounts for
almost all of the surface deformation. The mechanism for surface reconstruction can
be understood when taking into account the partially ionic and partially covalent
nature of the Ti-O bonds. The Ti-O bonds are partially ionic, and the accumulation
of charge by Ti results in the weakening of this ionic bond between the Ti atoms and
nearest-neighbor O atoms. Supporting calculations of a free TiO, cluster reinforce
this conclusion. The change in Ti-O bond length was monitored as charge was added
to the system. It was found that the Ti-O bond length increases by 3% upon the
addition of an electron to the TiOq cluster.

Next, the microscopic mechanism of the strong metal support interaction (SMSI)
observed for some transition metals supported on reducible oxides is considered.*!
As indicated above, the Ti sites are displaced from their positions in the lattice by
the charge transfer from lattice O sites, which depends on the degree of coordination
between cluster species and support. In addition, there is minimal interaction between
the Pd and Ti sites. This can be seen from the local density of electronic states at
the Pd, Ti, and O sites shown in Figure 4.8. There is no appreciable mixing between

Ti and Pd states.

4.4.3 Theoretical: Free Clusters

As a further confirmation to this, model electronic structure calculations on a free

Pd-Ti dimer were carried out using the ADF code.!'* The molecule is bound with a
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Figure 4.8: Local density of states for Pd, cluster supported on TiO, highlights the
limited mixing of Pd and Ti states. Only the states of a single Ti, single O, and
single Pd are plotted. The atoms which states are projected are colored in the ball
and stick drawing, and the DOS plot is color coded similarly. The Fermi level has
been shifted to E=0.

binding energy of 3.17 eV and a bond length of 2.20 A. Figure 4.9(a) shows the one-
electron energy levels and molecular orbitals of the PdTi dimer, and one can clearly
identify the bonding orbitals. For instance, there is clearly Pd-Ti orbital overlap with
s-orbital character between -1 and -1.5 eV as shown in the figure. Likewise, the states
at -3 eV show d-orbital bonding between Pd and Ti atoms. Because the interest here
is to know the effect of oxidation on the Pd-Ti bond, the next step is to examine the
changes in bonding when oxygen is present. Figure 4.9(b) shows that in the oxidized
structure, the Pd-Ti bond stretches to 2.66 A, and the molecular orbitals no longer
show any significant Pd-Ti bonds. Note that both O atoms are slightly closer to the

Ti rather than Pd, and close inspection of the molecular orbitals shows Ti-O rather
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Figure 4.9: Electronic states and free cluster geometries of PdTi (left) and PdTiOq
(right). The electronic energy levels and corresponding molecular orbital plots are
shown. The Fermi energy has been shifted to E=0. Silver spheres represent Pd atoms,
blue spheres represent Ti atoms, and red spheres represent O atoms.

than Pd-O orbital overlap. In fact, the electronic state in the spin up channel at -1 eV
shows anti-bonding character between the Pd and the O atom. This model study on
the PdTi dimer is helpful in understanding the cluster-support interactions. In regards
to TiOo-supported Pd clusters, the model study suggests that the Pd-T1i interactions
are weak and have no direct relation to the large displacement of Ti out of the surface.
Instead, the weakened Ti-O ionic interactions, due to Pd-to-O charge transfer, allow
Ti ions to protrude and become mobile. This Pd-to-O charge transfer represents the
first of two mechanisms in which the Ti-O ionic interactions are weakened and Ti
atom surface protrusions occur. The second mechanism is described in the following
paragraph. It should be noted here that in the prototypical case of Pt nanoparticles

supported on TiOy(110), the SMSI state is observed as either encapsulation of Pt or
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the formation of an intermetallic alloy by diffusive Ti ions.*®!! In a similar fashion
to what is described here, an appreciable charge transfer likely occurs between the
near-surface Pt atoms and the surface O,. and Ojs. atoms, which results in similar
weakening the Ti-O bond.

Next, the case for Pd,Oy with oxygen spillover is considered. The O atom that
remains bound to the Pdy cluster accumulates 0.78 e~ of charge, while the spilled O
atom accumulates 0.88 e™. It is visible in Figure 4.5(a) that the Pd atom between the
two adsorbed O atoms is coordinated to both oxygens and hence donates more charge
than the other three Pd atoms. Following the binding energy equation stated earlier
(Equation 4.1), the calculated Pd O binding energy is 3.64 eV. The Tis. surface
atom that the O atom is spilled onto is displaced from its original position by 0.81 A.
The mechanism behind such a large displacement is due to the Tis. atoms tendency
to weaken Ti-O ionic interactions in order to donate charge to the spilled O atom.
Considering the Bader charge of 0.88 e~ on the spilled O atom, one might expect
the Tis. directly beneath it to undergo a dramatic change in charge state. However,
the Bader analysis indicates the Ti atom depletes only 0.07 e~ more than it would in
the bare surface. By undergoing such a large displacement, the Ti atom effectively
de-coordinates from neighboring O atoms, which accumulate charge from the Pd
atoms, and this results in a charge transfer of 0.88 e~ to the spilled O atom. Thus,
the de-coordination of Ti to neighboring O atoms, in order to donate charge to the
spilled O atom, represents a second mechanism of weakening Ti-O ionic interactions.
The existence of oxygen spillover in Pd;Os could also account for recent experimental
findings in the group of Anderson on the catalytic oxidation of CO by TiO5(110)-
supported Pd,, clusters.’® Oxidation of CO at 550 K by the oxidized Pd,, species
generates CO,, but the amount of CO, is much less than to account for the removal of

all O atoms. Yet, the experiments do not see desorption of Oy up until 600 K. Further,
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the ISS experiments indicate that there are no adsorbates left on the Pd,, surface,

suggesting that the remaining O atoms have spilled over onto the TiO5 surface.

4.5 Conclusions

The work presented in this chapter demonstrates that the supported Pdy clusters
on TiO, surface undergo significant geometrical and electronic changes as O atoms
are added to the cluster. For the bare Pd, the studies indicate both compact and
pseudo-planar configurations. It is shown that Pd4O presents a planar structure
while Pd4O, presents two different possibilities, namely a pseudo-planar structure
and oxygen spillover structure. This emphasizes the importance of interpreting ion
scattering spectroscopy results when oxygen may be (and most likely is) present.
For Pd;Os, the studies indicate that the most stable configuration corresponds to a
spillover O that binds to a surface Ti site, and that these findings could account for
some of the recent experimental observations. The studies also indicate a locally stable
pseudo-planar Pd O, structure where both O atoms are bound to the Pd, cluster.
There is significant interaction between the deposited clusters and the substrate, and
structural changes in the deposited clusters can be related to the charging of the O
atoms. Finally, the studies suggest that the microscopic origin of the strong metal
support interaction may lie in two different mechanisms. In both cases, Ti-lattice O
interactions are weakened and Ti atoms are displaced out of the surface. In the first
weakening mechanism, the deposited Pd atoms donate charge to the surrounding
lattice oxygen atoms, while in the second mechanism the Ti donates its charge to
spilled over oxygen. Palladium clusters are important oxidation catalysts and the
ability of the clusters to adapt to the deposited atoms is believed to play an important

role in controlling the reaction barriers.
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5. Enhanced Oxygen Binding
through Surface Mediated Ionic
Bonds

5.1 Introduction

The intent of this chapter is to introduce details of the long range interactions which
are shown to take place on the TiOy surface. The previous chapter showed the
energetic preference for one of two adsorbing O atoms on a Pd, cluster to adsorb in a
spillover mode. Since the oxygen binding energy represents an important parameter
in many catalytic oxidation reactions, the nature of oxygen binding to the Pd/TiO,
system is presented. This chapter presents results on the interaction of a single Pd
atom and a single O atom on TiO, as a model system to discuss these long range
interactions. The results discussed in the present chapter have direct implications in
the chapters to follow.

It has been demonstrated experimentally that single O atoms can be found at Tis.
sites of the clean, stoichiometric TiO4 surface via the dissociative adsorption of Oq at
an oxygen vacancy site of the non-stoichiometric TiO, surface.?® To arrive at such a
state, one O atom from a dissociated O, molecule fills the oxygen vacancy while the

38,115,116 A ¢

other O atom (O,q) adsorbs at a nearby Tis,. site. the results from this
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chapter show, an O,4 atom binds to TiOy weakly, much weaker than the bond strength
of a free O, molecule. This suggests that at temperatures high enough to overcome
diffusion barriers, mobile O,4 atoms can re-combine to form hot O, molecules, which
then undergo molecular desorption from the surface, an observation supported by
experiments at temperatures above 410 K. 17 However, experiments also indicate that
O atoms spilled over from a Pd particle, even farther away from cluster, remain bound
at temperatures beyond that (~550 K).% Since the spillover atoms are primarily
bound to surface Ti sites, it is puzzling that the presence of remote Pd sites can
increase and as will be shown, more than double O binding to the Ti sites compared
to single O atom. The results show that the presence of both spillover oxygen and Pd
on the surface is related to the strong metal support interactions (SMSI). While the
debate continues on whether Pd encapsulation or Pd-Ti alloy formation is the result
of the SMSI effect, there is consensus that diffusive Ti ions are a necessary precursor
to the manifestation of SMSI. Since both Ti and the adsorbed Pd are bound to O
sites by donating charge, they are in positive charge states. Consequently, the Pd-
Ti interactions, if any, are not expected to be strong.3*''3 In regards to SMSI, the
question to be addressed is what initiates the migration of Ti sites to the surface and
close to the Pd locations?

In this chapter a microscopic understanding of these issues is presented by con-
sidering a PdO molecule separated at various distances on a TiO5(110) surface. The
key issue is the increase in binding of both Pd and O atoms when adsorbed as the
PdO molecule in comparison to individual atomic adsorption. The spillover oxygen
corresponds to an O atom bound to the surface Tis. site as in a bare TiO, sur-
face. Consequently, the binding energy of O as the Pd-O distance is increased from
2.00 A (the ground state PdO separation of the deposited molecule) to 5.50 A is ex-

amined. The studies show the existence of an ionic interaction between Pd and O sites
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that is mediated by the lattice and operates even at large separation, thus providing
a microscopic origin of the enhanced binding of the spillover oxygen. Also, these
studies introduce a molecular mechanism that shows a direct correlation between the
presence of spillover oxygen and the SMSI effect by determining the atomic/molecular
rearrangements that are energetically feasible. To this end, the energy involved in
replacing the Pd site by either (1) a Ti atom or (2) a TiO unit consisting of a Ti and
a spilled over O atom is investigated. Surprisingly, the interchange of the Pd and
“TiO” motifs requires the least amount of energy and this is proposed to be related

to the nature and number of valence electrons.

5.2 PdO Molecule on TiO,

First, the binding energies of a single O atom, a single Pd atom, and then a PdO
molecule on the TiO, surface are considered. The studies indicate that when individ-
ually adsorbed, the O and Pd atoms bind to the bare TiO, surface with an energy
of 1.69 eV and 1.52 eV, respectively. Both species interact primarily with a single
surface site. The Pd atom binds directly atop an Og. site, and the O atom binds
directly atop a Tis. site in the center of the TiO, surface channel. To achieve equi-
librium, atoms in the surface layers reconstruct in response to the adsorbing species.
Specifically, adsorption of an O atom induces a protrusion on the lattice Tis, site to
which it adsorbs. The protrusion pushes the Tis. atom out of the surface (surface
normal direction) by a distance 0.82 A, which also increases its bond lengths to the
neighboring lattice O sites. The calculations indicate that by adsorbing at a single
lattice O site, the Pd atom also induces a surface reconstruction, but displacements of
the surface atoms are smaller compared to the case for O adsorption. A Bader charge

analysis shows a charge transfer of 0.24 e~ from Pd to the surface atoms (net charge
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of 4+0.24 e~ on Pd). The binding energy of 1.69 eV for a single O atom is rather
low as should be expected for an O atom on a stoichiometric TiO,, where Ti surface
ions are highly coordinated and thus nearly saturated. Considering the fact that the
calculated binding strength of a free Oy molecule is 5.2 eV, the process where the two
adsorbed O atoms combine to form an Oy molecule and leave the surface is energet-
ically feasible given enough energy to overcome diffusion barriers. (The calculated
binding energy of an O, molecule in DFT in 6.56 eV, and the process where the two
O.q atoms combine to form a molecule and leave the surface remains energetically
feasible.) This is consistent with experiments that indicate that O atoms on a free
TiO, surface do desorb from the surface at finite temperatures. 17

A Bader charge analysis indicates that the O atom accumulates 0.77 e~ of charge.
The accumulation of charge by the O species is expected, but to understand the source
of charge donation, the ionic nature of the TiO, surface should be considered. While
one might expect the majority of charge to be transferred from the Tis. site that
adsorbs the O atom, the results indicate that instead charge is donated collectively
by Ti and O sites in the first two trilayers of the surface. If the Tis. site solely
donated all 0.77 e, it would undergo a dramatic change in charge state that would
likely propagate to neighboring lattice O sites. Here, Tis. decoordinates from the
neighboring O sites by protruding out of the surface. This protrusion increases the
distance between the Tis. atom and its lattice neighbors, allowing for very little change
in charge state of the Ti itself and surrounding lattice O sites. As will be shown later,
the sharing of the donated charge by Ti and O sites occurs in other cases too, and
this can be looked upon as a resiliency of the lattice sites to undergo a change in their
oxidation states.

Now the case of PdO on the TiO, surface is considered. The Pd occupies a site

above three lattice Og, sites, and the O.q4 is bound atop a neighboring Tis,. site. The
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Figure 5.1: Top and side view drawings of the ground state structures for (a) clean,
stoichiometric rutile TiO5(110), (b) a single O atom on TiO,, (c) a single Pd atom on
TiOs, and (d) a supported PdO molecule. For clarity, only the top trilayer of the TiOq
slab is shown. The calculated binding energies are shown to highlight the binding
energy enhancement of one surface species in the presence of the other (see text for
details). The coloring scheme is as follows: lattice Ti (small silver spheres); lattice O
(small red spheres); Pd (large silver spheres); and adsorbed O (green spheres).

bond length of the molecule increases from 1.83 A in a free molecule to 2.00 A for the
adsorbed species. Since the catalytic activity of any oxidation reaction is governed
by the binding energy of the O to the surface, the next step was to determine the
amount of energy required to remove the O atom. The calculations indicate that the
oxygen binding energy (OBE) is increased to 4.46 eV. Recall that a single O atom is
bound by only 1.69 eV to the TiO, surface in the absence of Pd; the increase could be

due to direct, covalent PdO bonding. As a free PAO molecule has a binding energy of
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3.30 eV, the increase in binding could be roughly accounted for by the PdO binding
energy. Such a proposition is consistent with the finding that the energy required
to remove the Pd atom also increases from 1.52 eV for a single Pd atom to 4.29 eV
for the PdO, and the increase in the binding of Pd and O are exactly the same at
2.77 eV. Thus, the presence of an O surface species enhances Pd binding, and likewise
the presence of a Pd surface species enhances O binding. The calculated ground state
structures and corresponding binding energy calculations are summarized in Figure
5.1. Beginning with the clean, stoichiometric TiOq surface (Figure 5.1(a)), two paths
that lead to the PAO/TiOs structure (Figure 5.1(d)) are considered. In one path, Pd
adsorbs on the O-doped TiO, surface (a — b — d), and in the other path, O adsorbs
on the Pd-doped TiO, surface (a — ¢ — d). Since the Pd and O atoms in PdO are
bound by a covalent bond, the next step was to examine whether the binding energy
of O could be altered by increasing the Pd-O separation and thus decreasing direct
orbital overlap.

Free Pd-O Molecule
10 T T T T T

Total Energy (eV)
[\]
T

| | |
1 1.5 2 25 3 35 4

Pd-O Distance (A)

Figure 5.2: Total energy vs. Pd-O separation distance for a free PdO molecule.
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To investigate the origin of the OBE enhancement, the first step was to examine
if the covalent bonding in a free PdO could account for the bonding on surface.
To this end, the change in binding strength as the PdO distance was increased was
investigated. Recall that a free O atom binds only at a Tis. site, and thus the O was
placed on Tis, sites farther from the Pd atom leading to PdO separations of 3.85 A and
5.50 A. Because covalent bonds are highly localized, one would expect that the O
binding energy would drop to its value on a bare surface for larger separation. This
concept is reinforced when considering the interaction energy of a free PdO molecule.
Figure 5.2 is a plot of the total energy of a PdO molecule as a function of Pd-O
separation. The minimum at 1.83 A indicates the ground state bond length of the
molecule, and the tail of the energy curve shows that the PAO molecule is essentially
non-interacting by about 3.5 A. Thus, there should be no more covalent interactions
in a free PAO molecule at such large Pd-O separations. However, the calculations
indicated that in comparison to O individually adsorbed on the bare TiOs surface, the
increase in O binding energy was 1.79 €V even at a separation of 5.50 A. This suggests
that the Pd and O sites are probably bound by interactions that are appreciable at
larger separations. One possibility was to consider an ionic interaction between the
Pd and O sites as Coulomb contributions to the energy, which decrease slowly with
distance (1/r), can be large even at larger separation. Recall that without a Pd
species present an O atom accumulates 0.77 e~ of electronic charge from the surface.
For the ground state configuration of PdO, the studies indicate that the presence of
Pd leads to an O atom accumulating 0.99 e~. What is more interesting is that this
charge is almost entirely donated by the Pd site which is left with an opposite charge
in similar magnitude of +0.96 e~ leaving the underlying surface almost neutral. In
this configuration, Pd-O separation is only 2.00 A, and the overlap of the charge

density and the surface deformations would alter the ionic contribution. One would,
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however, expect Coulomb terms to dominate as PdO is farther separated. To this
end, a comparison between the Coulomb attraction and the calculated enhancement
in oxygen binding energy as a function of Pd-O separation is presented. The results,
which are summarized in Figure 5.3, show three different geometries corresponding
to Pd-O distances of 2.00, 3.85, and 5.50 A. The latter two cases are less stable
configurations compared to the ground state, and the feasibility of long range spillover
will be discussed later. The results indicate that even at large Pd-O distances the
OBE enhancement is substantial. Alongside the OBE enhancement plot are the
magnitudes of the Coulombic potentials calculated for the three Pd-O distances. The
atomic charges used in the Coulomb potential equation were determined by Bader
charge analyses and are shown in the inset above the ball and stick drawings.
Clearly, there is a convergent behavior between the two curves indicating that
at a Pd-O distance of 5.50 A the OBE enhancement is strictly a result of Coulomb
interactions. However, at smaller Pd-O distances two additional factors may affect
the calculated oxygen binding energy, and thus give rise to the shaded region between
the two curves. The first factor, likely to have an impact at only short distances, arises
from the likelihood of chemical bond formation between Pd and O. The second factor
pertains to adsorbate-induced deformations. Recall that each species induces a local
deformation to the surface structure. At large Pd-O separation (e.g., 5.50 A), the O
and Pd induced surface deformations are well separated. Thus, the binding energies
of O and Pd are the sum of: (1) the binding energies in their isolated cases (1.69 eV
and 1.52 eV, respectively) and (2) the Coulomb interaction contribution. When Pd
and O are in close proximity of each other (e.g., 3.85 A or less) the adsorbate-induced
surface deformations are also in close proximity. This results in an O atom bound to
a surface structure that is deformed by Pd adsorption and vice versa. This coupled

with the overlap of charge densities modifies the pure ionic term.
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Figure 5.3: The blue points are the calculated oxygen binding energy (OBE) enhance-
ment over the OBE of a single O atom on the surface (1.69 eV). The dashed, blue
lines are shown only as a visual guide to the eye. The red points are the calculated
electrostatic interactions between the supported Pd and O species, and the red curve
is a least-squares fit of the data. The inset shows side and top views of the geome-
tries with three different Pd-O distances. The inset also shows the calculated atomic
charges on Pd (positive numbers) and O (negative numbers) atoms that were used to
calculate the electrostatic interactions.

This concept is reinforced when considering the energetic cost of deforming the
surface structure. To quantify this energetic cost, Equation 2.32 from Section 2.4.1
is used. The calculated surface deformation for the individually adsorbed O atom is
3.47 eV. The calculated O-induced surface deformation at Pd-O separation of 5.50 A is
3.67 eV, indicating a very similar reconstruction. At Pd-O separations of 3.85 A and
2.00 A, the O-induced deformations are 3.83 eV and 5.04 €V, respectively. Essentially,
the closer the Pd-O distance the more the two species-induced deformations spatially

overlap. The result is a shift in the oxygen binding energy, which gives rise to the

shaded region between the two curves in Figure 5.3. There was some concern as to
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whether the inclusion of a Hubbard U term into the Hamiltonian would change the
results presented here. As shown in Appendix A, upon inclusion of a U term the
results remained qualitatively the same.

As stated earlier, individual Ti and O lattice sites are unlikely to undergo major
changes in charge state. In fact, the adsorbate-induced deformations can be consid-
ered a mechanism to avoid undergoing a major change in charge state. The resiliency
to a change in charge state is further reinforced when considering the charge on the
Pd and O atoms at the three distances of separation. First, recall how the Pd atom
is left in a +0.24 e~ charge state when adsorbed individually. As shown in the inset
of Figure 5.1, in all three cases where O is present the Pd charge is at least +0.84 e™.
The large charge buildup at the Pd site is an effect of two phenomena. First, at the
three Pd-O distances shown here, the O atom accumulates at least 0.81 e™, driven
entirely by its tendency to accumulate electronic charge. Second, because the Ti and
O lattice sites are resilient to undergo a change in charge state, the source of electronic
charge is the Pd atom, even at a distance of 5.50 A. Essentially, the adsorbed O atom
accumulates charge from the Tis,. site to which it binds, leaving the surface layers in a
slightly charged state. However, when Pd is present it serves as the source of charge,
and at all three Pd-O distances it accounts for nearly all of the charge accumulated
by O.

Returning to the idea of long range spillover, it should be noted that oxygen
spillover has been observed by STM imaging at distances up to several nanometers
away from TiO,-supported Pd nanoparticles.'” To investigate the potential barrier
for single O atom diffusion on a surface with Pd present, a climbing image nudged
elastic band (NEB) calculation was performed.'® The reaction path contains the
O atom diffusing from the Tis. site nearest the Pd atom to a neighboring Tis,. site

in the [001] direction. In the NEB calculation, the initial and final configurations
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correspond to structures with Pd-O distances of 2.00 A and 3.85 A, respectively. The
results indicate a maximum potential energy barrier of 1.14 eV for an O atom to cross
over to a neighboring Tis,. site.

In the STM experiments by the Bowker group,*® another important feature is
observed. As oxygen continues to spillover from the Pd nanoparticles to nearby
titania sites, new titania layers form. The titania layer growth occurs fastest near
the Pd particle compared to other parts of the surface indicating oxygen spillover is a
major contributing factor.'Y Growth can even occur in the form of titania overlayers,
leading to surface structures where Pd particles may become encapsulated. 48111112119

While in Chapter 4 the weakening of the ionic contribution of Ti-O surface bonds
is discussed, here using a PAO molecule on the surface gives insight to the molecular
mechanism of how the SMSI state might occur. Specifically, this model system can be
used to understand how a Pd atom might become encapsulated by titania overlayer
growth. Note that Pd encapsulation could be initiated by a Pd atom substituting a
Ti site on the surface. Consequently, the energetic feasibility of exchanging Pd site
with other atoms/motifs on the surface was examined. First, the energetic cost of
an exchange between the Pd and a surface Ti site was considered. The state with
sites exchanged was 1.99 eV less stable than the original configuration. An alternate
possibility was to exchange Pd by another unit. As mentioned before, the addition of
an O atom displaces Tis. surface site beneath it and de-couples it from the surface.
Therefore, a geometry optimization on a configuration where the Pd atom and the
TiO unit were swapped was performed. The two structures are shown in Figure 5.4.
For clarity, red and blue wireframe meshes are drawn as cages surrounding the ball
and stick models of the Pd atom and the TiO unit, respectively. Interestingly, the
total energy of the swapped structure (Figure 5.4(b)) is only 0.29 eV less stable than

the ground state structure (Figure 5.4(a)).
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Figure 5.4: Total (black lines) and projected (colored regions) density of states plots
for geometries where (a) PdO is supported on TiOs and (b) Pd swaps positions with
a neighboring TiO site (i.e., Pd atom encapsulation). For the projected DOS, the red
regions correspond to states of the Pd atom (drawn inside of a red wireframe mesh)
while the blue regions correspond to states of the TiO unit (drawn inside of a blue
wireframe mesh). The Fermi energy (Er) is shifted to 0 eV.

This energy difference is strikingly small, especially when considering such a dras-
tic change in geometry. However, upon further inspection it can be seen that many
of the criteria that defined stability of the ground state structure are still met. First,
the valence electron count at each site remains the same in both cases. Second, the
Ti atom in the TiO unit remains highly coordinated to O sites (three lattice O sites
as well as the single O atom of the TiO unit). Along the ball and stick drawings of
Figure 5.4, the total and projected density of states (DOS) plots are shown. The total
DOS is shown in black outline, while the projected DOS for the Pd atom and TiO,

unit are shown in the red and blue shaded regions, respectively. The insets show an
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expanded view of the region where most of projected states lie. Clearly, the majority
of the Pd and TiO valence states lie within 2 eV below the Fermi level and the total
DOS are similar. All this indicates that the interchange of the TiO and Pd may be
the starting point of the encapsulation of the Pd site.

The low energy cost in interchanging TiO and Pd sites raises an interesting is-
sue. Both TiO and Pd atom have a similar valence pool of 10 valence electrons and
contain d-states. Recent studies indicate that such pairs can exhibit similar elec-
tronic features. 2 For example, Pd™ and ZrO™ with 9 valence electrons have recently
been found to exhibit similar reactivity and fragmentation products when reacted
with CO and ethylene. Theoretical studies indicate that these similarities could be
assigned to the occupation and presence of d-states in the electronic structures of
the two species that have same number of valence electrons.'?® The present studies
indicate that motifs with d-states and with same number of valence electrons seem

to be interchangeable.

5.3 Conclusions

The results of this chapter present studies that indicate that O sites on a TiO4 surface
exhibit enhanced stability in the presence of Pd atoms. For PdO, the Pd donates
a charge that is transferred to the O sites with the underlying surface remaining
almost neutral. These interactions bring out a new class of ionic interactions that are
mediated by the surface and could be classified as surface mediated ionic bonds. In
this case, what is surprising is that TiO, is a well-known semiconductor with a large
band gap of 3.0 eV. Yet, the surface mediates to transfer the charge from Pd to O
even at large separations. This transfer is stimulated by the surface sites that resist

any major change in their oxidation states and hence merely act to help transfer the
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charge. Finally, the studies indicate the energetic cost of interchanging the Pd and
TiO that have similar valence pool is lower than interchanging Pd and Ti. Further
work is needed to develop these findings into useful guiding principles that could

provide insight into the microscopic mechanisms of SMSI.
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6. Adsorption of Pd;,, (n=1-7) on

Stoichiometric TiO9(110)

6.1 Introduction

In this chapter, a systematic study of the atomic, electronic, and magnetic moment of
Pd,, (n=1-7) clusters supported on a TiO, (110) surface is presented. As Pd,, clusters
are oxidation catalysts, the effect of adding one and two O atoms on the electronic and
magnetic character is investigated. These investigations are partly designed to offer
insight not only to the oxidation behavior of supported Pd,, clusters, but also into
the recent experimental observations on the growth characteristics. These include the
STM experiments by Goodman and co-workers on the morphology of clusters on TiO,

121,122 a5 well as UHV experiments by Kaden et al. described in Chapter 4.°°

surfaces
Recall that the ion scattering experiments indicated that clusters containing 4 and 7
atoms were planar while clusters containing more than 10 atoms were bi-planar. The
studies presented within this chapter are directed towards offering a fundamental
insight into some of these experimental findings. The basic issues addressed are
the following: (1) The ground state atomic configurations, electronic structure, and
magnetic properties of the supported palladium clusters and if the clusters containing

10 atoms or less are calculated to be planar. (2) The effect of adding an O atom on the

atomic and electronic structure and the strength of bonding of the O atom. (3) The
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ground state of the clusters with two O atoms and whether both O atoms occupy
sites on the Pd,, clusters or the O atoms spill over to the substrate. The particular
interest in strength of oxygen bonding has direct implications in the efficiency of Pd,,
clusters as oxidation catalysts. The fundamental information gained in this work is
believed to constitute a first step towards developing a coherent picture of the CO
oxidation by Pd,, clusters.

Before discussing the issues fundamental to oxidation and catalysis such as ac-
tive sites and oxygen binding strength, the geometries and binding energies of bare,
supported Pd,, clusters are discussed along with a discussion of the cluster-support
interactions that drive these systems to their lowest total energy. A wide variety of
initial geometries (over 200 unique geometries) were fully optimized to obtain the
equilibrium structures of the TiO5(110)-supported bare and oxidized Pd,, clusters.
The equilibrium structures were found by comparing total energies of all optimized
structures. For each structure spin-polarized calculations were performed to deter-
mine the possibility of Pd,, clusters maintaining their free cluster magnetic spin mo-
ments. The choice of initial Pd cluster geometries included the calculated free cluster
and isomer geometries, and each was sampled at multiple locations on the TiO, slab.
When sampling oxidized cluster geometries, multiple oxygen adsorption sites on both
the calculated ground state as well as energetically close Pd,, cluster geometries were
attempted. To determine whether there is a preference for oxygen to adsorb on the
TiO, slab instead of exclusively on the Pd,, cluster, Ti surface sites were also sampled

for adsorbed oxygen.
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6.2 Cluster Geometries and Binding Sites

First, the Pd atom on the TiOs surface will be discussed, as it is found to form a set
of energetically similar binding sites to which the remaining sizes bind to the surface.
A ball and stick drawing of the rutile TiO2(110) surface model is shown in Figure 6.1

to indicate the possible binding sites for the Pd atom.

[110]

Figure 6.1: Labels for possible binding sites of the 4x2 rutile surface. The two types of
Ti and two types of O atoms are labeled along with six different possible binding sites
(labeled A-E). Sites labeled with the same letter (e.g., Al, A2, A3) are equivalent
by symmetry. The blue spheres represent Ti atoms, and the red spheres represent O
atoms.

The Pd atom favors a binding site in the surface channel directly atop an in-plane
Os, site, which is in agreement with previous theoretical studies.?*'? The Pd atom
also binds to several other sites with a comparable strength. Table 6.2 shows a list of

binding energies for the Pd atom at the sites shown in Figure 6.1. Pd atoms have an

energetic preference to bind with close proximity to lattice O sites rather than lattice
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Site | Binding Energy (eV)
1.48
1.25
1.04
1.52
1.36
1.48

HEHOoOQw >

Table 6.1: List of Pd atom binding energies corresponding to the sites shown in Figure
6.1.

Ti sites. As discussed for the case of Pdy in Chapter 4, this is due to the charge on
each atomic species. Within the lattice, Ti and O sites obtain positive and negative
charge states, respectively, as bonding within the TiOy surface is partially ionic. At
this stoichiometric TiO5 surface, Pd atoms always donate charge to the surface and
as a results are left in a positive charge state.

One of the important issues in characterizing cluster-support interactions pertains
to the mobility of single atoms on the surface. The similar binding energy between
the atop Os. (site D) and hollow Oj. (site A) sites suggests that single Pd atoms
may be mobile along the [001] direction of the TiO, surface. To this end, climbing
image nudged elastic band (NEB)!?* calculations were performed to determine the
diffusion pathways and diffusion barriers of a Pd atom on the surface. The results of
the NEB analysis indicate virtually no diffusion barrier (maximum energy difference
from ground state of only 0.05 eV) to move along the [001] direction. Interestingly, Pd
diffusion is not entirely straight with respect to the surface channel direction. Figure
6.2(a) shows five “snapshots” of the minimum energy diffusion pathway that is curved
towards the center of the channel to maximize Pd-O and minimize Pd-Ti interactions.
This gives further support to the conclusion that Pd atoms prefer interaction with
lattice O rather than lattice Ti sites. The extremely small energy differences of the

five different positions on the surface are likely easily overcome during experiments,
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which occur at finite temperatures.

[001]

(a) Diffusion in surface channel direction (b) Diffusion across surface channel

Figure 6.2: Top and side views of the Pd atom diffusion pathways on the rutile surface
in both the [001] and [110] directions. Each figure contains five “snapshots” of the
climbing image NEB calculation.

Pd atom diffusion across the center of the surface channel is also likely to occur
if the pathway contains Pd diffusion directly over a Tis. hollow site shown in Figure
6.2(b). This diffusion contains virtually no energetic barrier (maximum barrier height
of only 0.08 V). On the other hand, crossing directly over a Tis. atom at the center of
the surface channel, corresponding to pathway A1 — B — A2 from Figure 6.1, requires
an activation energy of 0.27 eV due to direct Pd-Ti interaction. A Pd atom may even
pass between two O, bridging atoms (binding site shown in Figure 2(h)), migrating
to an adjacent TiO, surface channel. Thus, there is a large set of energetically similar
Pd atom binding sites that are most likely to be observed at finite temperatures and

help in the diffusion of the Pd atoms.
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Figure 6.3: Ground state (left column) and near-lying isomers of Pd,, (n=1-7) clusters
supported on the rutile TiO5(110) surface. For clarity, only the top layer of the TiO,
surface is shown. The silver spheres represent Pd atoms, the blue spheres represent
Ti atoms, and the red spheres represent O atoms.
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The ground state geometries and nearest energy isomers were determined by ge-
ometry optimizations of over 50 unique initial starting positions and are depicted
in Figure 6.3. Beside each subfigure, the relative energies and Pd,, cluster binding
energies are reported. Also reported is the charge on the entire Pd,, cluster, which
was determined by a Bader charge analysis. In general, the results indicate that
the ground state Pd,, cluster geometries are driven by either one or both of the two
possible mechanisms: (1) intra cluster Pd-Pd interactions, due to s- and d- orbital
hybridization, which favor close packing and lead to the compact structures of free
Pd, clusters, and (2) cluster-support interactions between Pd and lattice-O sites,
which favor planar arrangements. Many of the clusters undergo only minor changes
from their calculated free cluster geometries.

The calculated ground state structures of Pd, (n=2-7) clusters appear as the
addition of a single Pd atom to the Pd,_; structure along the surface channel [001]
direction. The exception to this trend occurs at n=4,6 where the fourth (sixth)
Pd atom forms (contributes to) a second layer of the cluster. Considering the high
mobility of Pd atoms along the [001] surface direction, these trends suggest cluster

125 (

growth would occur in a Volmer-Weber formation of 3D islands) rather than a

126

Stranski-Krastanow fashion'*® (formation of complete layer before 3D islands). This

result is in agreement with STM experiments in the Goodman group. 121122

As the experiments are carried out at finite temperatures, energetically close-lying
isomers likely coexist with the ground state. Structural isomer geometries that are
close-lying in energy are shown in Figure 6.3(g-1). In general, these isomer geometries
differ only slightly from the ground state structures, and in some cases only a small
Pd-Pd bond length increase (e.g., Pdsy, Pdy, Pds) or change in cluster orientation with
respect to the surface (e.g., Pds) destabilizes the structure. Both of these destabilizing

mechanisms point towards the governing idea that the ground state structure can be
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considered as the balancing of the two competing forces mentioned earlier, namely
Pd-lattice O and Pd-Pd interactions. In regards to cluster growth, knowledge of
whether Pd,, clusters sit in the TiO, surface channel or on top of bridging O atom
rows may elucidate details of previously reported results. Take the ground state
and energetically close-lying isomer Pdy structures, for example. These structures
are shown in Figures 6.3(a) and 6.3(g) and differ by their rotational orientation with
respect to the surface and their Pd-Pd bond lengths of 2.66 A and 2.73 A, respectively.
While both of these bond lengths are slightly longer than the calculated free cluster
bond length of 2.48 A, the Pd-lattice O interactions mentioned above help stabilize
the slightly elongated structures. On the other hand, a Pd, structure that sits on top
of the surfaces bridging O atoms, where both Pd atoms bound to adjacent bridging
Oy, sites (two adjacent F sites from Figure 6.1), causes Pd-Pd separation to reach
2.78 A and is 0.68 eV less stable than the ground state. This behavior is also seen
at larger sizes, and geometry optimizations on Pd,, (n=3-7) cluster structures where
some Pd atoms are bound atop or between two bridging O,. atoms were at least
0.9 eV less stable than their ground states. This result indicates that while single
Pd atoms may bind at bridging O, sites, larger clusters bound at bridging O, sites
forces a large enough separation of Pd atoms to destabilize the structure.
Fundamental to understanding cluster growth on surfaces and available active sites
per cluster is the size at which clusters transition from two- to three-dimensionality.
Recall, the UHV deposited cluster experiments by the Anderson group which imple-
mented lon Scattering Spectroscopy (ISS) to probe the ratio of exposed Pd atoms
with respect to Ti+O surface ions.?® To this end, several geometry optimizations on
planar configurations of the clusters were performed. As seen in Figures 6.3(i-k), the
Pd,, (n=4-6) clusters possess structures where all Pd atoms could possibly be exposed

in an ion scattering experiment. However, truly planar structures, in which all atoms
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are directly coordinated to the surface, were calculated to be highly unstable (at least

0.9 eV higher than their ground states) for sizes n=5-7.

6.3 Spin Excitation Energy
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Figure 6.4: Spin excitation energy for Pd,,/TiO2(110) as a function of cluster size

Unlike the bulk metal, small Pd, clusters have been found to possess finite spin
magnetic moments.®>?!%! Note that in a Pd atom, the 4d shell is completely full and
followed by empty 5s states. The hybridization between s- and d- states in clusters
coupled with a narrow “d-band” stabilizes a magnetic state.'%*'2" Previous studies
have indicated that the spin can have a determining effect on the reactivity with
oxygen. For example, previous studies in the Khanna group have shown that the
reactivity of gas phase Al clusters with an even number of electrons is strongly
correlated to the spin excitation energy from the singlet ground states to the triplet
excited states.!?® This is because the ground state of an O, molecule is a spin triplet

and any weakening of the O-O bond requires filling of the minority spin states that
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form the lowest unoccupied orbitals in the free O, molecule.'?® The present work
shows that the spin moment for the deposited Pd,, clusters is primarily localized on
the Pd sites. It is then interesting to explore if the spin excitation energy that controls
the reactivity of gas phase clusters can also affect the behavior of supported clusters,
where spin exchange may occur at the cluster-support interface. The spin ground
state of the supported clusters varied between spin singlet and spin triplet, thus the
spin excitation energy is calculated as the magnitude of the energy difference between
the two spin states. As shown in Figure 6.4, the highest spin excitation energy of
0.60 eV occurs at Pd;. If the spin excitation energy is a major factor in controlling the
ability of supported clusters to activate an Oy molecule, this may explain the results
from the UHV experiments by the Anderson group that indicate the Pd atom exhibits
the lowest activity for CO oxidation.® The effect of spin excitation on reactivity has
yet to be shown for supported clusters, and requires further experimental verification
before concluding that it is, in fact, a parameter critical in controlling the oxidation

behavior of Pd,, clusters.

6.4 Oxygen Binding Sites and Binding Energies

The focus on Pd,, cluster with a single O atom stems from the understanding that
O-0 bonds from adsorbed O, are expected to be activated at the Pd surface during
oxidation. This concept was first introduced in Chapter 4 and is now discussed for
other cluster sizes. As will be shown for Pd,,Oy (n=2-7) clusters, all ground state
atomic structures have O-O bonds entirely broken, and in many cases at the extrem-
ities of the Pd,, cluster. Additionally, if an oxidation reaction is to take place (e.g.,
oxidation of carbon monoxide), one of the two O atoms may be removed leaving a sin-

gle O atom on the Pd cluster surface. Thus, Pd, O clusters are likely to be stabilized
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under typical reaction conditions. The ground state structures were determined from
over 60 geometry optimizations and the results are summarized in Figure 6.5(a-g).
To account the possibility of an O atom stabilizing a higher energy Pd,, cluster, both
the ground state and higher energy Pd,, motifs were included as initial configurations
in Pd,,O optimizations.

The results indicate that O atoms prefer adsorption at threefold sites where wave-
function overlap and charge accumulation by the adsorbed O are maximized. Clearly,
there is an exception to this trend at smaller sizes Pd,, (n=1-2) which do not contain
threefold sites. For Pd,, the adsorbed O binds at a twofold bridging site and accu-
mulates the least amount of charge in the entire series (Figure 6.5b). For Pd;, an
oxygen spillover geometry, shown in Figure 6.5(a), is strongly preferred (by 1.3 eV)
compared to a geometry where O adsorbs directly atop the Pd atom. The case for
O atom adsorption on Pd; will be discussed in more detail in Section 6.6, where it is
compared to Oy adsorption. For cluster sizes Pd,, (n=3-7), the preference for O atoms
to adsorb at threefold sites is visible in Figures 6.5(c-g). For these structures, the
Pd-adsorbed O bond lengths are always near 1.98 A and thus mimic the Pd-O bond
lengths for O adsorbed on the Pd(111) surface.'® At this distance, three equivalent
Pd-O bond lengths can be formed without substantial deformation to the Pd,, cluster.

Adsorbed O atoms prefer to remain in the center of the TiOq surface channel, as
visible in Figures 6.5(a-g). In other cases, where the O adsorbed close to the bridging
Oy rows (either laterally left or right) the geometries were always less stable than
those with O atoms aligned in the center of the surface channel. As determined by a
Bader charge analysis, the bridging O, lattice sites accumulate charge through the
Ti-O lattice ionic interactions and repel the similarly charged adsorbed O atoms. By
O adsorbing in the center of the surface channel, this repulsion is minimized. The

Pd,,O clusters retain their unoxidized geometries, with the exception of Pd,, which has
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Figure 6.5: Ground state structures of TiOs-supported Pd,O (left column) Pd, O
(right column) where n=1-7. The silver spheres represent Pd atoms and the blue
spheres represent Ti atoms. The adsorbed O atoms are drawn as green spheres to
differentiate from the lattice O atoms (red spheres).
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previously been discussed in detail (Chapter 4). The stabilization of the planar Pd,
structure shown in Figure 6.5(d) is due, in part, to these same repulsive interactions
between surface and adsorbed oxygen. The other factor that contributes to stabilizing
the planar Pdy structure is the opening of a threefold site that is centered in the TiO,
surface channel. For O to adsorb at a threefold site on a tetrahedral Pd, motif, such
as the one shown in Figure 6.3(c), the O atom is bound in close proximity of bridging
Oy, atoms and was calculated to be 0.6 eV less stable than the ground state. This
is indicative of the repulsive interactions that constrain adsorbing O atoms to the
center of the surface channel.

In Figure 6.5, the charge accumulated by the adsorbed O atom and the charge
depleted by the Pd,, cluster is also reported. Clearly, the Pd,, clusters donate more
charge than the O atoms accumulate, indicating that charge is still donated towards
the Ti and O sites of the support. As discussed in Chapter 4, the degree of coordina-
tion between Pd,, cluster and lattice O of the support is correlated to the amount of
charge transferred from to the support. As for charge accumulated by the adsorbed
O atom, the behavior is similar for all sizes except Pd;. For n=2-7, charge is donated
by the O-adsorbing Pd sites, while for Pd; the O accumulates charge from both Pd
and a neighboring Tis. site, which it is also bound to. The spillover fashion that the
O binds to the Pd;/TiOs system with, allows for the maximum amount of charge

(-0.99 e7) to be accumulated.

6.5 Cluster Binding: Stability or Reactivity?

There is a well-known relation between a metal-O bond strength and the metals ability
to perform a catalytic oxidation reaction.*® From an energetic viewpoint, the more

weakly a cluster binds an O atom the more active the cluster should be as a catalyst,
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Figure 6.6: Plots of the (a) Pd,, cluster binding energy to the surface, (b) O binding
energy to the supported Pd,, cluster, (c¢) Pd, cluster deformation energy, and (d) Pd,
cluster surface stability.
as it will lead to CO oxidation to be a more exothermic. In supported clusters, one
question yet to be answered pertains to the relation between metal-O binding energy
and a supported clusters stability on a surface. Would the thermodynamics of an
oxidation reaction favor a cluster that is strongly or weakly bound to the surface?
The plots in Figure 6.6 show the correlation between (a) the unoxidized Pd,,
cluster binding energy to the surface and (b) the O binding strength to the Pd,
cluster. Excluding Pd;, the results indicate that the weakest O binding energy occurs
at Pds, the same size with a peak in Pd,, cluster binding energy. The enhanced binding
of the supported Pdj cluster directly translates to a weaker oxygen binding energy.
The inverse relationship between oxygen binding energy and Pd, cluster binding
energy holds for all sizes but Pd; and Pd;. As already discussed, Pd; is a special
case where the O atom binds differently than all other sizes and the spin excitation

energy may play a major factor. On the other hand, it is quite surprising that the
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trend falls apart at Pd;. This motivates one to rethink the idea of cluster stability
on the surface. In free clusters, the atomization energy of an n-atom cluster is the
energy gained by binding n atoms together and is considered a marker of the inherent
energetic stability of a cluster. In supported clusters, there are two contributions to
stability: the cluster binding energy to the surface Figure 6.6(a) and the intra-cluster
stability, which may can negatively affect a cluster’s inherent stability if a cluster is
deformed upon adsorption. This perturbation is referred to as the cluster deformation
energy and is calculated by Equation 2.31 from Section 2.4.1. The results are shown in
Figure 6.6(c) and reflect the structural deformations that most clusters undergo when
binding to the TiO, surface. The largest deformation occurs at Pd;, where the cluster
undergoes a geometrical deformation that costs 0.83 eV in order to be accommodated
into the TiO, surface channel. This introduces the notion of a supported cluster’s
“surface stability”, calculated as the difference between the Pd,, binding energy and
the Pd,, deformation energy. The surface stability is shown as a function of Pd,
cluster size in Figure 6.6(d) and clearly is inversely related to the oxygen binding
energy. This stated, a cluster’s surface stability can be considered as a lack of affinity
toward O atom binding, but despite a low affinity O adsorption will still take place
because of an O atom’s strong tendency to accumulate charge. Further, the amount
of charge accumulated by O remains relatively constant for the various cluster sizes.
Essentially, charge accumulation by O is inevitable as it drives the system to a lower
total energy, and while the amount of charge transferred is important, it holds a low
critical value in determining how strongly O atom binds to a cluster. A Pd,, cluster’s
surface stability, however, holds high critical value as it is strongly inversely related

to the O atom binding energy.
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6.6 Pd, O, Clusters

The addition of an second O atom to Pd,, O resulting in Pd,, clusters oxidized by two O
atoms leads to intriguing behavior for cluster sizes n=2-7. The ground state structures
are depicted in Figure 6.5(h-n). For all cluster sizes, Pd atoms donate charge while
O atoms accumulate charge. In fact, the accumulation of charge by O atoms governs
the geometries of the Pd, Oy clusters as the two negatively charged O sites try to be
far separated. Recall that for Pd,;O,, the interaction between the O sites leads to
stabilization of a planar Pd, structure with one of the O atoms occupying a position
bound to the cluster while the other O atom locates on a Ti site in a spillover mode.
The analysis of the charge distribution showed how a repulsion between the O sites,
that each accumulate nearly an electron of charge, could account for the structure.
The following paragraphs will show how the accumulation of electronic charge by
oxygen continues to govern the ground state atomic structure at other sizes as well.

Recall the experiments by Kaden et al.,”® which show that a single Pd atom
exhibits the lowest efficiency for oxidation of CO to CO,. The present studies indicate
that of all the cluster sizes considered here the Pd atom is the only case where the
O-0O bond of the absorbed Oy is not broken. The O-O bond length is mildly stretched
from its calculated free molecule bond length of 1.23 A to 1.34 A, however, indicating
a minor activation. So, while the Pd site does activate the O-O bond, there is an
additional barrier for the CO to convert into CO, as it involves breaking the O-O
bond. As previously stated, the single Pd atom also has the highest spin excitation
energy, which suggests that the spin state might be playing a role in low activity.
For sizes n=2-7, on the other hand, both O atoms are well separated and atomic
configurations where O-O bonds were still intact (distance of 1.40 A or less) were

on average 1.79 eV less stable than the ground state. More importantly, for all sizes
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n=2-7, oxygen adsorbs in a spillover geometry. It is important to add that, as shown
in Figure 6.5(1), Pds possess a geometry where both O atoms bind to the cluster.
This structure is energetically degenerate (only a 0.06 eV energy difference) with a
structure where one O atom spills over. This feature is probably linked with the
weakest binding of O to Pd; amongst Pd,,O clusters. By comparing the Pd,,O and
Pd,,Os ground state structures, it is evident that the Pd, clusters undergo minor
atomic rearrangement upon addition of a second O atom. Thus, one O atom still
prefers to bind at a threefold hollow site on the Pd,, cluster, while the second oxygen
atom spills over to the nearest Tis. site. For Pd, O ground state structures, atomic
configurations where the O atom was initially bound to a Tis,. site instead of the Pd,,
cluster were also tested. The O atom prefers to bind to the Pd,, cluster for all cases
except Pd;, where it binds at the Pd-Ti interface. On the other hand, all ground state
structures in the Pd, O, series have one O atom spilled over to the neighboring Tis,.
site except for Pd;, which has an intact Os molecule. The dissociation of molecular
oxygen requires electronic charge transfer from the Pd,, cluster to the antibonding
orbital of the Oy molecule. Shown alongside the structures in Figure 6.5(h-n) is the
charge on both the Pd,, cluster and the Oy molecule. For Pd;Os, only 0.53 e~ are
transferred from the Pd atom to the Oy molecule. This weakens the O-O bond, as
seen by the increase in O-O distance by 0.11 A, but is not enough charge transfer to
completely break it.

The result indicating oxygen’s tendency to adsorb in a spillover mode was quite
surprising, especially at large sizes where binding at two peripheries of a cluster would
minimize the Coulomb repulsion between O atoms. To investigate this in more detail,
the incremental oxygen binding energy as function of cluster size is plotted. The plot
is shown in the upper panel of Figure 6.7, while in the lower panel the amount of

charged transferred to the O, molecule is shown. There is a clear correlation between
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Figure 6.7: Upper panel: Binding energy of O to Pd,O/TiO; in eV. Lower panel:
Total charge accumulated by the Os molecule in e™.
the two data, indicating that charge accumulation by oxygen is related to the oxygen
binding strength. The weakest binding energy occurs at Pd;, where both O atoms
compete for charge accumulation from the same Pd atom. The next weakest occurs
oxygen binding energy occurs at Pdy. At this size, there is still a competition of
charge accumulation between the two O atoms, however not as dramatic as for Pd;.
Beyond Pds, both the oxygen binding energy and charge on O, saturate to around
5.0 eV and 1.70 e, respectively. The similar oxygen binding energies for Pd,, cluster
sizes n=3-7 arise from the similar oxygen adsorption configurations at these cluster
sizes. At these sizes, one O atom binds at a threefold hollow site (the same threefold
hollow site occupied by a single O atom in the Pd,,O/TiOs geometries), and the other
O atom spills over to a neighboring Tis. site.

The existence of oxygen spillover is consistent with the UHV deposited cluster

experiments on the catalytic oxidation of CO by TiO4(110)-supported Pd,, clusters.?
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It is found that the oxidation of CO at 550 K by the oxidized Pd,, species generates
CO,, but the amount of CO, is much less than to account for the removal of all O
atoms. Yet, the experiments do not see desorption of O, up until 600 K. In fact,
there are no adsorbates left on the Pd, surface, suggesting that the remaining O
atoms have spilled over onto the TiO, surface. Since the binding energy of the spilled
over O atoms is less than that of the O atoms on the Pd,, cluster, one might wonder
why the spillover O atoms are not involved in CO oxidation. It is believed that the
O adsorbed on the Tis. sites may be expected to have a higher barrier for oxidation

than those located on the Pd clusters.

6.7 Conclusions

The studies summarized in this chapter indicate that Pd,, clusters supported on sto-
ichiometric TiO5(110) have geometrical structures that are governed by the Pd-Pd
interactions that favor a compact geometry and Pd substrate interactions that favor
Pd atoms occupying sites above the lattice O sites. This can lead to isomers (as
in case of Pdy) that favor compact or more open structures. For a single O atom,
the oxygen binding energy changes with cluster sizes and is inversely related to the
supported clusters stability. For the addition of O, it is shown that for a single Pd
atom, the O-O bond is stretched from its free atom value. On the other hand, all
the remaining clusters lead to structures with a broken O-O bond. One of the O
atoms favors a position over the Pd,, cluster while the other occupies sites above a
lattice Ti atom representing a spillover O atom. Further, spillover oxygen may be
less susceptible for CO oxidation because of a larger barrier. The experimental work
by Kaden et al. suggests that Pd, and Pd; probably have planar configurations when

supported on the stoichiometric surface. For Pdy, the studies do indicate a planar
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isomer that is only 0.10 eV less stable. As the experiments are carried out at finite
temperatures, it is feasible that planar configuration can be seen in the experiments.
For Pd;, a bi-layer ground state is found with a first layer of 5 atoms and 2 atoms
occupying a second layer. The structures of the Pd,, clusters are highly sensitive to
the environment and the addition of O does have a significant effect on the electronic
and geometric structure. This softness is believed to be key to the interest in small
clusters where the control over properties by size and environment can enable tunable

catalytic features.
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7. Adsorption of Pd,, (n=1-7) on

Non-Stoichiometric TiO9(110)

7.1 Introduction

The motivation in studying the non-stoichiometric surface is to provide a more accu-
rate representation of the experimental TiOy surface. Ion bombardment or thermal

26,38,39,129 and

annealing leads to surface defects known to be bridging Os. vacancies,
the periodic slab model would have to contain such vacancies to more closely match
the experiment. Note that oxygen vacancy sites are known to react with residual wa-
ter at the surface, even in UHV conditions, which can convert oxygen vacancy sites
to sites containing a hydroxyl group.3%13? This motivation is further compounded by
previous studies have indicated that oxygen vacancies may affect both cluster nucle-
ation by enhancing binding at the vacancy site and cluster catalysis by modifying
the electronic properties of the cluster.??971317136 Take as an example, the combined
theoretical /experimental studies on MgO(001) supported gold clusters by Landman
and coworkers. 33 In the case for MgO, a missing oxygen atom results in “trap elec-
trons”, highly localized electron pairs remaining exactly at the vacancy site.®! The
trap electron did, in fact, affect the cluster nucleation and cluster catalysis by enhanc-

ing the binding of Au clusters (Aug binding energy enhanced by over 2.00 eV) and

promoting the activity of Au clusters by leaving them in negatively charged states. 33
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In regards to reactions with oxygen, negatively charged clusters should, at least in
a general sense, be more reactive with oxygen as they can readily donate more elec-
tronic charge than neutral clusters. This is all, however, contingent upon the nature
of cluster support interactions at oxygen vacancies, and the nature oxygen vacancies
certainly differs between MgO and TiO,. A detailed investigation of these interac-
tions is necessary to understand the critical parameters for clusters on the reduced
TiO4 surface.

The results of this chapter show that in the presence of oxygen vacancies, the Pd,
clusters can bind to the surface in a variety of configurations. The configurations can
most simply be grouped as at or away from the vacancy site, but whether or not
the cluster binds at the vacancy leads to further differences in the cluster’s electronic
and geometric properties. Also, the results in this chapter show that the presence of
oxygen vacancies allows the clusters to obtain a wider range of charge states (including
negative charge states) compared to those obtained on the stoichiometric surface.
Initially, this could be interpreted to suggest a wider range of oxygen atom binding
energies as well. The calculations, however, show a general trend indicating that
the calculated oxygen binding energy is larger compared to the case for Pd,, clusters
supported on the perfect surface. As will be shown, the large oxygen binding energy
is a consequence of not the charge state of the cluster, but the binding site to which
oxygen prefers to adsorb. Within this chapter, a systematic study of the atomic
and electronic structures of Pd,, clusters on the TiO, surface marked with oxygen
vacancies is introduced. The key results of this chapter build on the previous chapters’
discussions, specifically on the importance of charge accumulation by oxygen, oxygen

spillover geometries, and surface mediated ionic bonds.
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7.2 Theoretical Description of the Reduced TiO;
Surface

In this study, the defect site is simply a missing O,. atom from the surface layer.
The structure of the reduced surface is shown in Figure 7.1(a). The 4x2 surface
supercell contains eight bridging O,. atoms, and removing a single O atom results in a
bridging oxygen vacancy concentration is 12.5%. This is near the typical experimental
concentrations where 7-12% of the unit cells containing bridging oxygen vacancies. 3854
The system undergoes an energetic penalty upon the removal of an Oy, atom and this

quantity, referred to as the vacancy formation energy, is calculated by the following

equation:

Fuy = B(def) + 5B(0s) ~ Elper ) (7.1)

where E(def) and E(per f) are the total energies of the defective and perfect (stoichio-
metric) surface, respectively, and F(O,) is the total energy of an Oy molecule. Within
the methods used here, the vacancy formation energy was calculated to be 3.49 eV, in
good agreement with previous theoretical studies.?”!5 Because these calculations are
periodic, the vacancy sites can interact with other periodic images producing artificial
forces within the system and perturbing the total energy calculation. This is particu-
larly troublesome for small surface cell calculations. Figure 7.1(b) shows the vacancy
formation energy from previous studies and the present study, and indicates that the
methods used in this study produce a converged formation energy with respect to
cell size. The converged behavior of the curve indicates the oxygen vacancies are no
longer interacting when they are separated by at least ~9 A, which is achieved with

6 surface unit cells in a 2x3 surface scheme.
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Figure 7.1: Figure (a) shows a ball and stick drawing of the reduced TiO, surface in
a 4x2 surface supercell. The oxygen vacancy site is depicted by a yellow sphere and a
dashed box is drawn around the 1x1 unit cell. Figure (b) shows the oxygen vacancy
formation energy as a function of surface size. The exact surface scheme used in the
calculation is shown above the data points and the x-axis is the resulting number
of surface unit cells. The two data points marked with asterisks are energies calcu-
lated within this study. Other data points were taken from Wu and Chretien, where
identical computational methods as the one used in this study were employed.®"!1?

The presence of an oxygen vacancy, formally, leaves two electrons at the surface.
In a partially ionic and partially covalent system such as TiOs, these electrons are
localized at 3d orbitals of nearby Ti atoms. %137 To this end, different magnetic spin
states were calculated to determine the effect of the oxygen vacancy on the magnetic
structure. Similar to the stoichiometric surface, the singlet and triplet spin states for
a surface with a single oxygen vacancy are roughly energetically degenerate (0.05 eV
energy difference). In the spin triplet case, the unpaired electrons are delocalized on
Ti 3d orbitals surrounding the vacancy, thus leaving the local surface structure with
an excess of electronic charge.

The presence of an oxygen vacancy also has an effect on the atomic structure.

Near the vacancy site, the local lattice structure undergoes a distortion in which the
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positions of under-coordinated Ti atoms near the vacancy site are slightly shifted
toward O sites. The calculated distortions are apparent when considering the change
in bond lengths from the reduced surface. Table 7.1 contains the characteristic bond
lengths of the perfect surface and the reduced surface. The most change occurs for
bonds labeled C, F, and H. As can be seen in Figure 3.5(a), a decrease in length for
bonds C and H and an increase in length for bond F results in an increased Ti-O
coordination for Ti atoms near the oxygen vacancy site. All three are Ti-O bonds
and are oriented in the surface (110) direction. Hence, the lattice reconstructions
primarily take place vertically (atomic positions shifting toward or away from the

surface layer) rather than laterally.

Bond Lengths (A)

Bond Label | Perfect Surface | Reduced Surface
A 1.84 n/a
B 2.05 2.03
C 2.12 1.96
D 1.96 1.96
E 1.81 1.81
F 1.86 2.18
G 1.99 1.97
H 2.19 2.03
J 2.05 2.05
K 1.98 2.01
L 1.90 1.90

Table 7.1: Characteristic bond lengths calculated for the perfect and reduced titania
surface. The column labeled perfect surface indicate the bond lengths for a surface
without oxygen vacancies and is the same as found in the table shown in Figure 3.5(a).
The column labeled reduced surface indicates the bond lengths directly at/beneath
the vacancy site.
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7.3 Pd, clusters on Reduced TiO,(110)

To obtain the equilibrium structures of Pd,, (n=1-7) clusters supported on the reduced
TiO, surface, the same approach as described for the stoichiometric surface was taken.
All of the geometries sampled for the stoichiometric surface were sampled for the
reduced surface as well. In addition, geometries containing Pd atoms at the oxygen
vacancy site were included to determine if there was any preference to bind at or near
the vacancy.

The first objective, which is of primary interest when calculating adsorption ener-
gies and ground state geometries of clusters on the reduced surface, is to test whether
or not the clusters bind preferably at the vacancy sites as this is likely to modify the
cluster’s electronic structure. The results indicate that, in general, the Pd,, clusters
do not have a strong energetic preference of binding at the vacancy site. The caveat
here is that for both Pdy and Pds the lowest energy ground state structure is at the
vacancy site, but both cluster sizes have energetically close-lying (in reference to their
ground state) binding energies for sites away from the vacancy. These similar binding
energies suggests that in experiments, which occur at finite temperatures, both of
the sites may be available for cluster binding. On the other hand, while both Pd,4
and Pd; have ground states away from the vacancy site, they also have binding sites
close-lying in energy with at least one Pd atom at the vacancy site. For the remaining
sizes the preference to avoid the vacancy is clearly more energetically favored. By
binding at the vacancy site, Pd; is 0.24 eV less stable compared to its ground state;
likewise for Pd5 and Pdg, binding at the vacancy site results in less stable structures
(0.67 eV and 0.79 eV higher in energy, respectively) compared to their corresponding
ground states. In Figure 7.2, the calculated ground state geometries (left column)

and higher energy isomers (right column) are shown. In the left column, all cluster
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sizes (except n=2,3) show binding away from the vacancy site; while in the right col-
umn, all sizes (except n=2,3) show binding at the vacancy site. For cluster binding
away from the vacancy, the geometries are characteristically similar to those on the
stoichiometric surface (Figure 6.3). This suggests that the same intra-cluster inter-
actions (Pd s- and d- orbital hybridization) and cluster-surface interactions (Pd and
lattice-O interaction) that collectively stabilize the ground state structures on the
stoichiometric surface also play a role in stabilizing the ground state structures on
the reduced surface.

Cluster binding at the vacancy site, whether stable or unstable, results in atomic
structures characteristically different than their gas phase or stoichiometric-adsorbed
geometries. Interestingly, all of these structures are highly planar as shown in Figure
7.2(h-n). At the vacancy site, the electronic structure of the clusters is modified,
which gives rise to the planar structures. Recall from the discussion of gas phase
Pd, clusters in Section 3.4 that s- and d- orbital hybridization causes (1) compact
geometries in Pd,, clusters and (2) a splitting of the d- orbital electronic states, which
results in partially depleted spin down d- states and thus non-zero spin magnetic
moments. Also, recall that with an increasing cluster size the s- states are shifted
to higher binding energies and thus appear deeper below the Fermi energy; while
bulk palladium contains a free electron-like s- band that is shallow compared to the
Pd d- band.'% The key difference is that in compact clusters, the s- orbitals are
localized as they are in gas phase clusters, while in bulk palladium the s- orbitals
form a delocalized band due to enhanced surface interactions, and this delocalized
band is indicative of a metallic-like structure.

For supported Pd,, clusters, the nature of s- and d- orbital hybridization is different
depending on whether the clusters are bound at or away from the vacancy site. This

difference leads to two types atomic and magnetic character. For clusters bound away
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Figure 7.2: Ground state and isomer structures of reduced TiOs-supported Pd,, where
n=1-7. The silver spheres represent Pd atoms and the blue spheres represent Ti
atoms. The vacancy site is in the same position as the yellow sphere in Figure 7.1(a),
but now appears as a blank space (more clearly visible for Pd,, cluster not bound at
vacancy).
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Figure 7.3: Density of states plots for Pd,, (n=2-4) on the reduced surface where
clusters are bound away from (a thru c¢) and at (d thru f) the oxygen vacancy site.
The black, red, and blue lines correspond to the total, Pd s-, and Pd d- states,
respectively.
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from the vacancy site, the s- states form a localized set that shifts to high binding
energies with increasing clusters size, similar to gas phase Pd,, clusters. For clusters
bound at the vacancy site, a shallow “band” of s- states forms, indicating a more
metallic-like behavior which becomes more delocalized with increasing cluster size.
The total and angular momentum decomposed DOS for Pd, (n=2-7) is shown in
Figures 7.3 and 7.4. The plots on the left side correspond to clusters bound away
from the vacancy site, and those on the right side correspond to clusters bound at the
vacancy site. At small clusters sizes (e.g., Pdy), the localized nature of the s- states
is apparent regardless of cluster binding site. Yet, with even a slight increase in size
(e.g., Pd3 and Pdy), the different features begin to emerge for clusters bound at the
vacancy. The Pd s- states in Pdy, for example, form a sharp peak at about 1 eV
below the Fermi level (see Figure 7.3(c)) when the cluster is bound away from the
vacancy in a compact, tetrahedral geometry. On the other hand, the flat Pd, cluster
bound at the vacancy site contains Pd s- states that are clearly more delocalized as
the sharp peaks become more diffuse (see see Figure 7.3(f)). Finally, at the largest
sizes (Pds thru Pdy), the clusters away from the vacancy feature a set of s- states
that shift collectively, while the clusters at the vacancy feature s- states that continue
to form a delocalized band. The clusters bound at the vacancy possess an electronic
structure reminiscent of bulk palladium where the s- states form a wide, shallow
band and the d- states remain relatively localized. %5107 Interestingly, the similarities
extend beyond the electronic structure and are reflected in the geometric and magnetic
character as well. First, nearly all of the planar geometries shown in Figure 7.2(h-n)
possess the hexagonal symmetry found in the stable (111) facet of the bulk palladium
fce structure. Second, the differing nature of orbital hybridization between clusters
bound at and away from the vacancy leads to different magnetic character. For Pd,,

clusters bound at the vacancy, the clusters are stabilized by the pairing of spin up
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and spin down electrons resulting in spin magnetic moments of 0 ug; while almost
all clusters away from the vacancy possess spin moments of 2 up, as in the case of
adsorption on the stoichiometric surface.

Referring to the results of the previous chapter, Pd, cluster binding to the sto-
ichiometric surface always resulted in charge transfer from Pd to the surface atoms
and thus positive charge states on the cluster. The amount of charge transferred in-
creased with an increasing cluster size, because larger clusters were more coordinated
to the surface atoms that accepted charge. On the reduced surface, a wider variety
of Pd, charge states were calculated, and binding at the vacancy results in either
negative or near neutral charges on Pd atoms. Even when the atomic structure was
characteristically the same as it was on the stoichiometric surface (e.g., n=1,4-7), less
charge was donated from Pd,, to the surface. For the sizes that preferably bind at
the vacancy (n=2,3), charge was transferred from the surface to the Pd,, cluster. The
observation that not all cluster obtain negative charge states indicates a qualitative
difference between oxygen vacancies at the TiO, surface in comparison to those at
the MgO surface that was discussed in the introduction of this chapter. The trap
electrons produced as a result of an MgO oxygen vacancy are highly localized. Thus,
cluster binding at an MgO vacancy always leads to charge transfer toward the cluster.
On the other hand, oxygen vacancies on TiO, leads to an excess of electronic charge
that is near the vacancy site, but less localized than an MgO oxygen vacancy. As a
result, the charge state of Pd,, may be negative, but this is not necessarily the case.

The excess of electronic charge near a TiO, vacancy site has an strong effect on
oxygen binding. Several of the previous chapters have highlighted the strong tendency
for oxygen to accumulate charge, even to the extent of structurally modifying the Pdy
geometry (Chapter 4) or adsorbing at the interface made by the Pd,, cluster and the

underlying TiO, surface as a “spillover” mode (Chapter 6). Considering the excess of
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electronic charge on the reduced surface, one might expect oxygen atom binding at
the Pd-T1i interface to be feasible. As will be shown in Section 7.5, this is in fact the
case. It should be noted here, however, that the total energy of the system is always
lowered when an O atom is back at the vacancy site thus “healing” the vacancy.
Despite this, there are two reasons why a Pd,, cluster and an O atom could co-exist
as two surface species even in the presence of a nearby oxygen vacancy. The first is
the possibility that the Pd,, cluster is already bound at the vacancy site, presenting
a steric hindrance. The second pertains to the energetic barrier for an O atom to
diffuse into the vacancy site. There is a barrier associated with the process of an O,y
atom inserting into an oxygen vacancy, thus healing it. This barrier is calculated by
a NEB analysis to be 0.81 eV. This barrier is substantial, even at finite temperatures.
More importantly, the presence of even a single Pd atom should increase this barrier
due to enhanced oxygen binding via the surface mediated ionic bonds discussed in
Chapter 5. As this will certainly change the energetic barrier for an O atom to diffuse
on the surface, a short digression must be taken to discuss the details of healing an

oxygen vacancy in the presence of a Pd atom.

7.4 “Healing” a Bridging Oxygen Vacancy

The energetic barrier for an O,y atom to heal an oxygen vacancy was calculated to
determine the feasibility of a single O,; atom on the surface in the presence of an
oxygen vacancy. There are two factors of concern here, both of which will certainly be
affected with the presence of Pd. The first factor is the barrier for healing a vacancy
when an O,y atom is bound to a Tis,. site directly adjacent to the vacancy. As just
discussed, this barrier was calculated to be 0.81 eV when Pd is not present. The

second factor is O,y diffusion along the surface channel, a process which obviously
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must occur in order for the first factor to be relevant. For the reduced surface, this
process corresponds to O,q diffusion from a Tis,. site that is one lattice constant away
from the vacancy to a Tis. site adjacent to the vacancy. The barrier corresponding
to this process was determined to be 1.16 eV, in good agreement with previous theo-
retical®® and experimental® studies. One the stoichiometric surface, where Tis, sites
are indistinguishable, the barrier was calculated to be slightly less at only 0.82 eV.
Nevertheless, these large barriers suggest that O,4 atoms are immobile on the reduced
surface.

There is an important difference to O,4 mobility on the stoichiometric compared to
the reduced surface that becomes evident when comparing the binding strength of O,y
to each of these surfaces. The binding of O,y to stoichiometric TiOy was calculated
to be 1.69 eV. This relatively weak binding occurs because all surface atoms are fully
coordinated and the TiO, stoichiometry is conserved. On the other hand, binding of
Oguq to the reduced surface, where Ti sites near the vacancy are under-coordinated,
was calculated to be 5.25 eV. This huge gain in binding energy is a reflection of the
instability of the oxygen vacancy surface. Recall the energetic penalty of forming an
oxygen vacancy is 3.49 eV. This penalty is essentially accounted for in the binding
energy calculation for O,y on the reduced surface. That is, the difference between
these two energies yields 1.76 eV, much closer to the O,4 atom binding energy on the
stoichiometric surface. The consequence of such a huge binding energy is a limited
diffusion for O,4; when adsorbed on the reduced surface.

Considering the long range ionic bonds introduced in Chapter 5, the presence of
even a single Pd atom should modify both O,y diffusion on the reduced surface and
the energetic barrier to heal an oxygen vacancy. The barrier for O,y to heal an oxygen
vacancy when Pd is co-adsorbed on the surface was determined by a NEB analysis.

The reaction pathway is shown in Figure 7.5(a) as a series of five steps optimized
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within the NEB calculation, and the energies at each step of the NEB analysis are
shown in the upper panel of Figure 7.5(b). The initial state is 0.43 eV higher in
energy than the final state, but the calculated barrier for O,y to diffuse away from Pd
and fill the vacancy is 1.62 eV. This large barrier likely limits the mobility of O, to
diffuse into the vacancy. At the initial reaction step, the O,4 is bound directly atop
the Tis. site adjacent to the oxygen vacancy. As a result of this, the Tis. protrudes
out of the surface by a distance of 0.8 A in reference to its bare surface position. The
plots in the lower panel of Figure 7.5(b) show the distance between this Tiz. atom
and the O,q as well as the distance between Pd and O,4. Thru reaction step 3, the
Tis. remains protruding and maintains coordinated to the O, atom by a distance
of 1.7 A. But immediately after crossing the activation barrier the Ti-O distance
jumps to 3.0 A, and the Tis, atom begins to return to its original, bare surface
position. The dashed, vertical line in Figure 7.5(b) is intended to emphasize the
discontinuous behavior immediately after the system crosses the activation barrier.
The Pd-O distance increases more continuously throughout the reaction. The result
of the NEB analysis gives evidence to support the existence of an O,4 bound to a
Tis. site adjacent to the oxygen vacancy without actually healing it, as long as Pd is

present.

7.5 Pd,O Clusters on the Reduced TiO, Surface

With justification that Pd and O can co-adsorb on a surface that contains a nearby
oxygen vacancy, the Pd, O clusters on reduced TiO, can now be discussed. The equi-
librium structures were determined by the same procedure as without oxygen and
geometry optimizations were performed where Pd,, clusters were either initially at or

away from the oxygen vacancy site. Additionally, geometry optimizations included
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Figure 7.5: Results of the NEB analysis for the diffusion of an O, atom into the
vacancy site. Figure (a) shows each step of the 5 image reaction pathway. In Figure
(b), the upper panel shows in the relative energy (black squares) of each state, and the
bottom panel shows the distances of separation between Pd and O,4 (blue triangles
pointed up) and Tis. and O,q (red triangles pointed down).

configurations where the O atoms were both on and off the Pd,, clusters. The re-
sultant geometries are shown in Figure 7.6. It is important to note here that for
all geometries, the structures are less stable than if the oxygen vacancy is healed.
Specifically, the structures shown in Figure 6.3 (Pd,, clusters on the stoichiometric
surface) all resulted in a lower total energy than those shown here. To this end, the
relative energy difference between these clusters and those of Figure 6.3 is reported
beside each subfigure as FE,. The figure is divided into two groups: Parts (b) thru
(g) correspond to the lowest energy configurations where Pd,, clusters are away from
the vacancy, and the vacancy is not healed. Parts (i) thru (1) correspond to the lowest
energy configurations where the Pd,, cluster is at the vacancy site. For Pdg and Pd~,
geometries where Pd,, was at the vacancy were not convergent because the Pd,O

cluster’s dimensions exceeded the dimensions of the surface supercell. In all cases, O
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adsorption at the Pd-Ti interface is energetically favored, and the Pd,, motifs undergo
little change in atomic configuration when compared to the case without oxygen.

An important feature to highlight here is that while the atomic configurations
shown in Figure 7.6 are indicative that O energetically prefers to adsorb in a spillover
mode, there is a wide variety of atomic configurations that could possibly exist in an
experiment. In the experiments by Anderson, the deposited clusters are oxidized by
introducing molecular oxygen into the vacuum.?® The Pd,, clusters then dissociatively
adsorb the Os molecule resulting in two atomically adsorbed O atoms. One factor that
is not included in the present study is that O atom diffusion on the Pd,, cluster may
be limited to due high diffusion barriers. This stated, the cluster configurations shown
in Figure 7.6 assume that O mobility on the Pd,, cluster is high, and that O atom
adsorption at the Pd-Ti interface is a result of this high mobility. For each cluster
size, configurations with O bound exclusively to the Pd,, cluster were calculated and
always resulted in higher total energies.

As shown beside each subfigure, the amount of charge transferred by Pd, does
not entirely account for the charge accumulated by the O atom. This behavior is in
direct contrast with the clusters supported on the stoichiometric surface where Pd,,
charge states were larger in magnitude than O charge states; recall that Pd,, donated
charge to adsorbed O atoms and to lattice O atoms. On the reduced surface, charge
accumulation by the adsorbed O atom occurs partially from Pd,, and partially from
the excess of electronic charge associated with the oxygen vacancy. The behavior is
more clearly seen by comparing the charge state on a given Pd,, cluster when it bound
at the vacancy compared to being bound away from the vacancy. Smaller positive
charges occur on Pd,, clusters bound at the vacancy sites.

The binding energy between O and Pd,,/TiO, is reported beside each subfigure.

In all cases, binding is strong due to direct interaction with the reduced surface and
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Figure 7.6: Ball and stick drawings of Pd,, O clusters on reduced TiOs. The figure
contains lowest energy configurations for Pd,, and O on the reduced surface when the
vacancy is not healed. The figure contains configurations where Pd,, is bound both
away from and at the vacancy site.
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Pd,, cluster. As seen in Figure 7.6, the oxygen binding energy is almost always weaker
when Pd,, is bound at the vacancy. The exception is Pd;, but the binding energy
differs by only 0.04 eV between the two cases. This calls attention to a deeper look
at what controls the oxygen binding energy. For Pd,, the oxygen atom binds with
0.37 eV less energy when the cluster is bound at the vacancy site (Figure 7.6(k)).
This is due to a higher total energy for system to be in that configuration. Yet, the
existence of such a configuration is not entirely unreasonable. Recall that bare Pdy
binds at the vacancy site with a cluster binding energy only 0.30 eV less than if it were
away from the vacancy. This difference is not large enough to rule out the possibility
of Pd, binding at a vacancy site, and if it does bind at the vacancy, the result is a
more weakly bound oxygen. The reason for this is clear when consulting the oxygen
binding energy equation from Equation 2.34. A higher total energy for Pd,O/TiO,
translates to weaker oxygen binding. As stated earlier, configurations where O was
bound exclusively to the Pd,, cluster always resulted in higher total energies. Also
stated earlier was that O atom diffusion on the Pd,, cluster may be limited to due
high diffusion barriers. If the mobility of O on Pd,, clusters is in fact limited, this
may be a mechanism to achieve weaker oxygen binding. Determining the O mobility
is out of the scope of the present work, but holds an important value for prospective

research.

7.6 Pd, O, Clusters on the Reduced TiO, Surface

Lastly, the case where two O atoms are at bound to Pd,,/TiO, is considered. The
equilibrium geometries were determined by the same method as described in previous
sections. The results of the geometry optimizations are shown in Figure 7.7. Asin the

case for Pd,,O, all geometries shown here are less stable than if the oxygen vacancy
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Figure 7.7: Ball and stick drawings of Pd, Oy clusters on reduced TiOs. The figure
contains lowest energy configurations for Pd,, and two O atoms on the reduced surface
when the vacancy is not healed.
is healed. That is, the structures shown in Figure 6.5(a-g) (Pd,O clusters on the
stoichiometric surface) all resulted in a lower total energy than those shown here, and
the relative energies are reported beside each subfigure. As described earlier, several
factors justify the possibility of configurations where the vacancy is not healed.
During the geometry optimizations, if the Pd,, motif was initially away from the
vacancy, the optimization often led to a configuration where the oxygen vacancy

was healed. However, in some cases both O atoms remained exclusively on the Pd,
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cluster. Such geometries were at least 1.0 eV higher in energy, which as discussed
previously, may be interpreted as weakly bound oxygen if the mobility of O on Pd,
is limited. As seen in Figure 7.7, all sizes except Pd; possess geometries where one
O atom is bound exclusively to the cluster and the other O atom is bound in a
spillover mode. This is characteristically the same as Pd,,Os on the stoichiometric
surface shown in Figure 6.5(h-n). In fact, there are many similarities between Pd,, O
on the stoichiometric and reduced surface. In all cases, the energy is minimized
when the O-O bond is broken. The adsorption sites for O atoms bound to the
Pd,, cluster always occurred at threefold hollow sites, where all three Pd-O distances
are nearly equivalent. The adsorbed O atoms remain in the center of the TiO,
surface channel to minimize Coulomb repulsion with the bridging Osc sites. There are
two main differences between the characteristics of Pd,,O, on the stoichiometric and
reduced surfaces. The first pertains to the charge on oxygen. On the stoichiometric
surface, charge accumulation by O, increased with cluster size but saturated at about
1.7 e~ at size n=3. The availability of charge associated with the oxygen vacancy
on the reduced surface allows for a comparable amount of charge accumulation at
all sizes. This gives support to the conclusion that oxygen binding to Pd,, clusters
on the reduced surface is enhanced as charge transfer readily occurs from the surface
sites or the Pd,, cluster. The second difference pertains to the atomic configuration
and binding configuration of the Pd, motif. Of course, with the presence of an
oxygen vacancy, cluster binding at the vacancy site is now possible. However, beyond
that, the Pd, O, structures on the stoichiometric surface were planar up to n=4, but
reverted to three dimensional motifs for sizes n=5-7. On the reduced surface the
clusters form highly planar structures that, apart from the fragmenting that can be
seen in Figure 7.7(e-f), are similar to the bare Pd, clusters bound at the vacancy

site from Figure 7.2(h-n). The electronic structure of the stoichiometric supported
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Pd, clusters differed from their compact alternatives mainly by the formation of a
delocalized s- band rather than a discrete set of s- states. This electronic configuration
is said to responsible for weak binding in small Pd,, clusters!®* as the clusters no longer
form close-packed structures, and it may be this that causes the fragmenting of the

clusters seen especially for sizes n=5,6.

7.7 Conclusions

The studies in this chapter indicate that Pd, binding on the reduced surface can
occur in two entirely different manners. While Pd,, binding away from a vacancy
site is the lowest energy configuration at most sizes, binding at the vacancy is at
most 0.8 eV less stable and in some cases preferred. Cluster binding at the vacancy
produces an entirely different electronic structure, that more closely resembles the
formation of an s- orbital band seen in bulk palladium. Moreover, the effect of
this modified electronic structure is manifested in the atomic configuration of the
vacancy-bound Pd,, clusters, where the hexagonal symmetry seen for bulk palladium
is mimicked within the cluster geometries. Binding of atomic oxygen is strengthened
on the reduced surface due to an excess of electronic charge. This has a direct effect
of Pd,,O geometries in that O prefers adsorption at the Pd-Ti interface rather than
exclusively on the Pd,, clusters. Binding of molecular oxygen is in many ways similar
whether the clusters are supported on the stoichiometric or reduced surface. The
primary difference is that Pd,, clusters are highly planar and that the weak intra-
cluster binding may result in cluster fragmentation. This chapter provides a more
realistic simulation of the experimental conditions, where bridging oxygen vacancies
are known to exist. The formation of highly planar species for Pd,, clusters bound at

the vacancy sites can be interpreted as evidence that supports the ISS experiments
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by Anderson. %
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8. Conclusions and Prospectives

The studies within this PhD provide a theoretical description of the stability and
oxidation of Pd,, (n=1-7) clusters on rutile TiOs. The study on bare Pd,, clusters
indicates that the atomic configurations undergo only small changes upon adsorption
with respect to the gas phase configurations. Yet, in the presence of even a single
adsorbed oxygen atom, the strong tendency for oxygen to accumulate charge while
minimizing Coulomb repulsion with other nearby oxygen sites, can lead to structural
changes. All this occurs in attempt for the Pd, cluster to open a threefold Pd site
at the center of the TiO, surface channel, at which an oxygen atoms prefers to bind.
A change in Pd,, cluster configuration causes the cluster to interact with the surface
differently, which can enhance cluster-surface binding and surface deformations. The
study on Pd,, with two oxygen atoms indicates the preference for one oxygen atom
to adsorb in a spillover mode, and is shown to be energetically preferred for all sizes
except the Pd atom. The Pd atom poses a special case in its oxidation properties,
mainly because of the lack of electron charge it is able to donate. The studies indicate,
however, that additional factors may contribute to the lack of oxidation for Pd; (e.g.,
spin excitation energy), but experimental verification is necessary before confirming
such conclusions.

The studies on the TiO, surface marked with oxygen vacancies indicate no strong
preference for the Pd,, cluster to bind at the vacancy site, but that such a binding

configuration should be energetically feasible at finite temperatures. Also shown is
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that the electronic, magnetic, and atomic configurations of clusters bound at the
vacancy greatly differ from those away from the vacancy, or those in the gas phase.
The primary difference in atomic configuration is that binding at the vacancy site
leads to planar species. Considering the experimental studies by the Anderson group,
which propose the Pd,, clusters are planar up to a size of n=10 atoms, this may
suggest that the clusters are indeed binding at the vacancy sites. The local electronic
structure of the reduced TiO, surface is marked by an excess of electronic charge,
which modifies the way that the Pd,, clusters oxidize. Mainly, single oxygen atoms
prefer to bind in a spillover mode rather than at threefold Pd sites. Further, when
a second oxygen atom is introduced the adsorption reverts back to one oxygen atom
bound exclusively to the cluster and the other remaining bound in a spillover mode.

The presence of spillover oxygen is calculated to be energetically favored for almost
all cluster sizes whether at the perfect or reduced surface. These studies provide
a molecular insight to the interactions that take place between Pd and a spillover
oxygen, when both are adsorbed on the TiO, surface. Ultimately, oxygen spilled
over to the surface is strongly bound due to “surface mediated ionic bonds”, and the
origin of this unique bonding mechanism is rooted in: (1) the tendency for oxygen to
accumulate charge, (2) the availability of charge donation by Pd, and (3) the ionic
nature of the underlying TiOs surface and the resiliency of Ti and O to change in
oxidation state. Further, a molecular depiction of the relationship between oxygen
spillover and strong metal support interactions is proposed. The relationship between
these two experimentally-observed phenomenon is proposed to be related to the way
an adsorbing oxygen atom (in a spillover mode) weakens the interactions between
the lattice Ti site to which it binds to and the lattice O sites neighboring that Ti.
The studies also indicate that the energetic cost of interchanging “TiO motifs with

spillover O” and Pd is minimum. Such exchanges could highlight the microscopic
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mechanisms underlying SMSI processes. As both TiO and Pd have similar valence
pools of 10 valence electrons and 3d states, such a finding may open the pathway to
identify “exchange mimics” that govern SMSI in a wider class of systems.

In regards to Pd,, clusters used as catalysts in oxidation reactions, these studies
often refer to the Pd-O bond strength as a critical parameter in controlling the ox-
idation efficiency. The results presented within this PhD provide theoretical insight
to this critical parameter by highlighting the inverse relationship between the oxygen
bond strength and the cluster’s surface stability. However, when adsorbing oxygen is
not exclusively bound to the Pd,, cluster (i.e., spillover oxygen) the cluster’s surface
stability becomes less critical, and emphasizes the importance of understanding the
long range binding that is shown to occur between distant Pd and O sites.

To summarize the implications of these theoretical studies, while also providing
ideas for prospective studies, two points will be made. First, the results presented in
this PhD, along with the experimental evidence that most oxygen ends up adsorbing
in a spillover mode, emphasize the role of oxygen spillover in affecting oxidation
reactions. This suggests that research efforts focused on weakening the oxygen binding
energy, in an attempt to increase the efficiency in oxidation reactions, should be
directed specifically towards weakening the binding energy of spillover oxygen. As
the enhanced spillover O is partly due to ionic interaction with Pd,, species, one way to
reduce the binding energy may be to weaken this ionic interaction. To this end, model
studies can be performed where either (1) alkali metals or (2) halogen elements are
co-adsorbed on rutile TiO, with Pd and O, as a means to screen the ionic interactions
between a supported Pd and O species. Second, the studies presented here highlight,
for a given cluster, a comparison of oxygen adsorption sites by simply comparing total
energies. Considering that in experiments, molecular oxygen dissociatively adsorbs

at the Pd,, cluster, not all adsorption configurations may be feasible. To this end, the
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adsorbed oxygen atom mobility on the Pd,, cluster should be considered to provide a

more coherent picture of the way these clusters oxidize.
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A. Enhanced Oxygen Bonds
(DFT+U Results)

As stated in Section 3.2, conventional DFT exchange correlation functionals, such as
those based on GGA, notoriously underestimate the TiOs band gap; and this underes-
timation is directly a result of DF'T artificially delocalizing the Ti 3d electrons. Recall
that this can be corrected by the inclusion of a Hubbard U term in the Hamiltonian,
which energetically penalizes the delocalized solution (refer to Chapter 2). Because
one of the major conclusions of Chapter 5 was based on the calculated result of charge
distribution across the surface layer atoms, DF'T+U calculations were carried out. If
the physical picture is one where the charge is distributed, then the DFT+U cal-
culations should make no difference, and DFT calculations are appropriate. If the
physical picture is one where charge is not distributed, then the DFT+U calculation
should correct this result, providing a more realistic solution. To this end, supplemen-
tal calculations corresponding to those reported in Chapter 5 were performed using
the DFT+U approximation. Note that these supplemental calculations are still based
on the generalized gradient approximation (GGA), and hence the method can also
be referred to as the GGA+U approximation. The implementation as proposed by
Dudarev was used, which requires a parameter U, to be supplied (U.;; = U-J).%
The value of Ug.fr=4.5 eV was chosen based on previous work on TiO,, which sug-

gested this value provides the most reasonable description of the electronic structure
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without introducing too large a geometrical distortion. "

It is important to note that since the U parameter is added as a term of the
Hamiltonian, the GGA+U approach requires the Kohn-Sham equations to be re-
solved self-consistently. The calculated total energies are entirely different than com-
pared to the GGA approach, because the prescription to compute the total energy
has now changed. Likewise, the geometries must be re-optimized within GGA+U.
Fortunately, for the sake of computational expense, the optimized GGA geometries

can be used as initial atomic coordinates.
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Figure A.1: Supplemental figure showing the results of GGA+U on enhanced oxygen
binding calculations. The orange dots indicate the GGA+U results.

The results of geometry re-optimizations and total energy calculations are shown
in Figure A.1 and are plotted along with the GGA results from Chapter 5. Like Figure
5.3, the oxygen binding enhancement is plotted. Recall, the binding enhancement is
defined as the difference between O,4 binding energy to the bare surface and O.q

binding to the surface when Pd is present. Both of these binding energies were
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calculated to be lower in the GGA+U scheme, but they were lower by the same
amount meaning the overall binding energy enhancement remained the same. Any
differences in the points shown in Figure A.1 are due to the slight changes in the
optimized Pd-O distances. The atomic charges were calculated by a Bader charge
analysis, as in the GGA approach, and were found to be slightly different (compare

with Figure 5.3), but by no more than 0.07 e™.
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B. Pd,, Clusters on Reduced TiO»
(DFT+U Results)

Previous theoretical studies have drawn attention to the inadequacies of conventional
GGA functionals (e.g., PBE) in accurately predicting the band gap of reduced TiOq
and the position of the defect state that is introduced when an oxygen vacancy is
present. 138140 Consequently, these references suggest that supplemental GGA+U cal-
culations should be performed, as the method is proposed to offer a better theoret-
ical description of the reduced surface. To this end, supplemental calculations were
performed to determine the geometries and corresponding binding energies of Pd,
clusters supported on the TiO5(110) surface marked with oxygen vacancies. Like the
results shown in Appendix A, a Hubbard U parameter of U.;;=4.5 eV was used.
First, the bare, reduced surface was re-optimized as the total energy was needed to
calculate the cluster binding energies. The optimized GGA geometry was used as
a starting point for the optimization. Subsequently, all the Pd,, clusters geometries
shown in Figure 7.2 were re-optimized using the GGA+U method.

The primary effect of the U parameter on the bare, reduced surface is an increase in
the energy difference between the magnetic spin states. The energy difference between
the ground state triplet and higher energy singlet state increases from 0.05 eV (the
value determined by the GGA calculations) to 0.52 eV with the inclusion of the U

parameter. The removal of a bridging Os. atom from the TiO, surface, formally,
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leaves two unpaired electrons that are delocalized at Ti 3d sites near the oxygen
vacancy. 4! The stabilization of the spin triplet state in the GGA+U scheme is a
direct result of the increased localization of these Ti 3d electrons. The inclusion of
U also causes the reduced TiOy slab to undergo slight changes in geometry. The
characteristic bond lengths corresponding to those previously shown in Figure 3.5(a)
are reported in Table B.1. Compared to the GGA results (U=0 eV column), the

inclusion of U leads minor changes. The largest changes occur for the bonds labeled

G and H.
Bond Lengths (A)
Bond Label | U=0 | U=4.5

A n/a | n/a
B 2.03 | 203
C 1.96 | 1.98
D 1.96 | 1.98
E 1.81 1.85
F 218 | 2.16
G 1.97 | 2.06
H 2.03 | 211
J 2.05 | 2.05
K 2.01 1.95
L 1.90 | 1.94

Table B.1: Characteristic bond lengths calculated for the reduced titania surface
without Hubbard U and with Hubbard U, where U=4.5 eV. The labels refer to the
bonds drawn in Figure 3.5(a), and refer to the bond lengths directly at/beneath the
vacancy site.

Referring back to the Figure 3.5(a), it can be seen that the increase in bonds G and H
both indicate a change in the local bonding of the Ti site directly one trilayer beneath
the oxygen vacancy site, which is again a direct result of the increased Ti 3d orbital
localization.

Unlike several previous studies, 13 14! identifying the differences between GGA and

GGA+U in predicting the structure of reduced TiOs is not the primary goal of this
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work. In this study, the primary question is to determine the effect of Hubbard U on
the Pd,, cluster adsorption properties on reduced TiOs. The results of the geometry
optimizations are shown in Figure B.2. There is a slight energetic preference towards
binding at the vacancy site that is observed in several ways. First, consider the energy
difference of the Pd, cluster binding at and away from the vacancy. Like the GGA
results, the cluster still prefers binding at the vacancy, however the difference between
the two binding sites increases from 0.12 eV (GGA results) to 0.85 eV (GGA+U
results). On the other hand, the Pdy and Pd; clusters preferred binding away from
the vacancy within GGA, but recall that binding at the vacancy was not much higher
in energy (0.30 and 0.01 eV, respectively). Within the GGA+U results, the binding
site preference is reversed, and now binding away from the vacancy is slightly less
stable. Lastly, the GGA+U results indicate that Pd; and Pdg still prefer binding
away from the vacancy site, but the relative energy difference between binding at and

away from the vacancy site is less than was calculated within GGA.
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Figure B.1: A comparison of the GGA and GGA+U (U=4.5 eV) results for Pd,
cluster binding energy to the reduced TiO, surface.

Lastly, the inclusion of U affects the calculated cluster binding energies as shown in

Figure B.1. The overall trend clearly remains the same, but the binding energies
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results.
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increase by an average value of 0.54 eV. This is a directly a result of the lowering
in total energy of the spin triplet state of the surface. That is, the shift in binding
energies is a reflection of the energy difference between spin states calculated by GGA
compared to GGA+U.

In summary, the inclusion of Hubbard U has the most noticeable effect on elec-
tronic structure of reduced TiO by resulting in an increased energy difference between
magnetic spin states. However, upon adsorption of Pd,, clusters, the U approximation
leads to no major qualitative differences in the adsorption characteristics. Although
certain clusters do show an energetic preference toward vacancy site binding with the
inclusion of U, the energy difference between cluster binding at compared to away

from the vacancy was not very large without U.
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