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Chapter 1

Introduction

Environmental protection together with the attempts for finding new, cleaner
sources of energy gains more and more importance in the present time. These
problems are closely connected with development of new, cheaper and more ef-
fective catalysts. Fuel cells allow for converting chemical energy to electricity
through an electrochemical reaction. The most frequently used fuels in these
devices are hydrogen (Hj), hydrocarbons or alcohols such as methanol. Polymer
electrolyte membrane fuel cells (PEMFC) are among the most promising tech-
nologies for portable applications, while solid-oxide fuel cells are better suited
for power-intensive applications [1]. Highly efficient catalysts are necessary to
operate efficiently these fuel cells as well as to produce the necessary fuel. The
most used technology to produce Hs for fuel cells is steam reforming with water
gas shift reaction (WGS) or alcohol decomposition. The use of Hy in PEMFCs
requires its purification to prevent poisoning of the anode by CO. Therefore ad-
vanced catalysts capable of preferential oxidation of CO in the presence of H, are
required.

Several types of catalysts are used for this purpose, such as noble metal-
based (Pd, Pt, Rh) materials, often supported on or dispersed in metal-oxides.
In this context cerium oxides are frequently used components of catalysts for
WGS or preferential oxidation of CO. In the ceria-based catalysts, cerium oxide
has the role to support and promote the catalytic activity of the precious metals
supported by or incorporated into ceria. An example of such ceria-based catalytic
systems are gold-ceria catalysts for preferential oxidation of CO [2] and platinum-
ceria catalysts frequently used as anode catalysts in fuel cells [3, 4, 5, 6]. Copper-
ceria catalysts are widely analyzed because of their high activity in preferential
oxidation of CO [7, 8], WGS reaction [9, 10, 11, 12], methanol steam reforming
[13] and hydrogen production as catalysts in PEMFCs [14, 2, 15]. It was shown
that even a small amount of Cu can greatly enhance catalytic properties of ceria
[16, 17, 18, 19, 20, 11].

In many cases the role of ceria in ceria-based catalytic systems is not only to
support metal particles and reduce the amount of metal needed, but also to pro-
mote the catalytic reactions by its ability to store and release oxygen depending
on the surrounding conditions. This property is called oxygen storage capac-
ity (OSC) and is based on the easy and reversible change of the valence state
of cerium ions Ce*t < — > Ce?*, which accompanies ceria reduction from the
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stoichiometric cerium oxide CeO, to the reduced form CeyOg.

In the present time more and more often theoretical calculations help the de-
velopment of new more effective catalysts with improved reactivity, particularly
by evaluating the electronic and chemical properties of the catalytic materials
and the mechanisms of catalytic reactions as well as assisting the interpreta-
tion of experimental measurements. Numerical modeling of catalytic materials
takes advantage of variety of methods from classical potentials to sophisticated
many-body electronic structure methods. The catalytic activity of ceria is closely
connected to the valence change Ce3* < — > Ce** which is mediated by localisa-
tion of excess electrons to Ce f states. Simulation of catalytic reactions on ceria
thus need to be able to correctly capture electronic structure of cerium ions in
both oxidation states and the changes induced upon Ce oxidation/reduction. In
usual cases standard Density Functional Theory (DFT) provides a good compro-
mise between predictive power, level and accuracy of description of the electronic
properties as well as the number of atoms that can be realistically simulated with
the computer power available to a standard laboratory. However this is not the
case for ceria based materials as will be described later within this work. Due to
the strong localization of one electron in Ce 4f states in Ce3* ion in the case of
the reduced form CeyO3, the standard DFT is not capable of correctly describing
the electronic state of the reduced form of ceria. There are several possibilities
to overcome this problem. A practical one is to modify the DFT functional by
adding Hubbard U term to Local Density Approximation (LDA) or Generalized
Gradient Approximation (GGA) exchange correlation functional. The present
work employs such modified DFT+U method, which became popular for simula-
tions of highly reducible oxides such as CeOq, TiOy [21] or Co30;.

Water is present in catalytic systems either as an impurity in the atmosphere,
as constituents in catalytic reactions (in the case of WGS) or a by-product such
as the Oy electrochemical reduction in fuel cells. Water interaction with ceria
surfaces has been extensively studied, but the exact mechanism is still under
debate [22, 23|. For example it was shown that water can bind both molecularly
and dissociatively on both stoichiometric and reduced ceria surfaces [24, 25].
Also the effect of HyO adsorption on ceria surface, whether it causes oxidation or
reduction of the surface is still unclear [26, 27, 28, 24]. Understanding the exact
mechanism of H,O adsorption or dissociation on catalytic systems based on ceria
is essential for development of new more efficient catalysts. The state-of-the-
art research focuses on molecular adsorption in low coverages and low pressure
conditions. However up to now, no studies of more realistic environments have
been reported. The present work aims to provide a support for future studies of
much more complex cases of water present on surfaces in form of multilayers or
drops simulating more realistic conditions.

The present work focuses on a specific system consisting of copper and ce-
ria, that was recently synthesized in the laboratories of prof. Vladimir Matolin
in Prague. The present calculations are instrumental to a combined theory-
experiment characterization of this new catalyst. In particular, we aim to study
the inverse model copper/ceria catalysts formed by ultrathin ceria layers on
Cu(111) substrate. Inverse model systems are interesting, since they allow to
complement the studies of real catalytic systems formed by metal particles sup-
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Figure 1.1: STM image of ceria island on Cu(111) exhibiting 1 and 2 ML areas
(a). Reprinted with permission from Dvordk et al. J. Phys. Chem. C , 115,
7496-7503, 2011. Copyright 2013 American Chemical Society. Schematic figure
of 1 and 2 ML ceria films on Cu(111) substrate (b). The defective 1 ML film
encompass oxygen vacancies at the interface.

ported by oxides as well as to describe the situation where an oxide support
encapsulate the metal particle. The inverse model catalysts represent more sim-
ple systems allowing to study their properties under more controlled conditions.

Our calculations complement the experimental measurements by scanning
tunneling microscopy (STM), which allowed to observe ultrathin ceria films on
Cu(111) substrate with thickness of 1 and 2 monolayer (ML, O-Ce-O stacking) in
atomic resolution. The experiment shows interesting properties of the 1 ML film
different from the properties of the thicker films, namely the 2x2 reconstruction
in the atomically resolved images of 1 ML film as well as the moiré patterns in
the large scale images suggesting a strain in the thin films.

In order to understand the origin of observed different properties of the 1 ML
ceria film compared to thicker films, we first analyze the structural and electronic
properties of these films. The combined experimental (STM) and theoretical
(DFT+4U) study identifies the finite size effect of the thickness of the film to
be responsible for the different properties of 1 ML ceria film. Subsequently we
proceed with study of the impact of confinement effects in thin ceria films on
their reactivity. As a probe we employ the water molecule adsorbed on the thin
films molecularly and dissociatively. We explore the binding of water on the
thin films as a function of thickness of the film using the adsorption energy as
a descriptor of reactivity. The size effect demonstrating as presence/absence of
structural defects (oxygen vacancies) and electronic defects (Ce*™ ions) in the
films of different thickness can provide different conditions for adsorption not
available on stoichiometric surfaces.

1.1 Work plan

The thesis is organized as follows.
In the second chapter we introduce the method used to calculate properties of
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copper /ceria catalytic systems. We describe the DFT method together with the
approximations relevant to the present study. We also introduce the modification
of this theory DFT+U, which allow to perform calculations on strongly correlated
systems containing ceria.

In the third chapter we give an overview of theoretical methods employed
in studies on ceria based systems together with the difficulties of these methods
with respect to presence of metastable solutions. Next we describe the previ-
ous results for more simple systems of either bulk copper and cerium oxides or
copper/ceria interfaces formed by copper adatoms on stoichiometric and reduced
ceria (111) substrates. We also show the structural and electronic properties of
Cu(111)/CeO4(111) interface from our previous calculations.

In the fourth chapter we calculate the properties of ultrathin ceria layers on
Cu(111) substrate as an example of inverse model catalyst. We employ model
systems formed by defective and stoichiometric 1 and 2 ML ceria on copper and
discover different behaviour with respect to presence of oxygen vacancies as well
as strain or electronic structure between 1 ML ceria film compared to thicker
films.

In the fifth chapter we use the model systems from previous chapter to study
H>O adsorption and dissociation on ceria. We identify the stable adsorption
positions and structures as well as electronic properties of the water molecule
bonding on ceria films. We show the differences in HoO adsorption on ultrathin
and thicker films and ascribe the effect to the different thickness of the ceria films
and charge state of Ce ions in the topmost layer of the film.

In the last chapter we summarise the main findings and conclusions.



Chapter 2

Density Functional Theory

In this chapter I will focus on the theoretical methods used to model the Cu/CeOsq
systems. I will introduce the Density Functional Theory (DFT) and summarize
the approzimations leading to the practical use of DFT in calculations. The spe-
cific implementations of the numerical tools allowing for DFT calculations such
as wave-function basis set and pseudopotentials will also be presented. Last I
will introduce the DFT+U method allowing for description of strongly correlated
materials such as ceria.

2.1 DFT

The theoretical understanding of the function of the heterogeneous catalysts,
which is of most importance in the present time, requires accurate and precise
quantum mechanic calculations. Exploring electronic properties and predicting
chemical behaviour of the chemical compounds requires solving the Schrodinger
equation. The time independent Schrodinger equation is

HU = EV, (2.1)

where H is the Hamiltonian operator and the U is the wave function describing
the state of the system and is a function of all the concerned objects. In case of
compounds, the system is composed of nuclei and electrons. Therefore the W is
a function of position of each electron and nucleus and the Hamiltonian operator
has following form presented in Ref. [29]

Z[€
= 2me Z Z Z \n — TJ‘ (2.2)

i |’I"7,

hQ 9 1 Z[ZJG

I I T = = s
2My - 21¢J!RI—RJ|

where the lower case letters represent the quantities for the electrons and
the upper case letters represent the nuclei. The m and M are the masses of
the electrons and nuclei respectively, Z stands for the charge of the nuclei. The
first term in this many body Hamiltonian is the kinetic energy of the electrons,
while the fourth term represents the kinetic energy of the nuclei. The second,
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third and fifth term express the electron-nuclei, electron-electron and nuclei-nuclei
interactions respectively.

Born-Oppenheimer approximation

This very complicated problem can be simplified by realizing that the masses of
electrons and ions are of a different order by the factor of almost 2000 [30]. Since
the electrons are much lighter than the nuclei and the electronic motion is much
faster than the nuclei motion, the adiabatic or Born-Oppenheimer approximation
can be introduced based on treating the electrons and nuclei separately. When
studying the electronic state of some compound, the nuclei can be considered at
rest and the calculation can be focused on electrons in the potential of the nuclei.
The total wave function of the system thus can be rewritten in terms of dividing
to the two separate wave functions for electrons and nuclei as presented 2.3

U(R,7) = ¢(R)y (7). (2.3)

The Hamiltonian for system of electrons is thus reduced by neglecting the
fourth term in the equation 2.2 and effectively, the ionic coordinates enter the
equation as parameters.

Density Functional

The description of the system of electrons with the wave function is still very
complicated since for N electrons, the electron wave function is a function of 3N
spatial coordinates and N spin variables. It was proved by Hohenberg and Kohn
in Ref. [31], proof is given in Ref. [29], that the ground state properties of a real
system are uniquely determined by (are functionals of) the ground state electron
density, which is a function of only one set of coordinates. It was also shown that
the external potential acting on the electrons determines this electron density.

Hohenberg and Kohn also showed, that a unique and universal functional of
the electron density F[n(7)] exists, that is present in variational principle of a
total energy functional E[n(r)]

E[n(7)] = Fln() + / Vet A7), (2.4)

where F[n(7)] contains the kinetic energy and the mutual Coulomb interaction
of the electrons and the V., (7) is external potential acting on the electrons.

Kohn-Sham equations

The next very important step towards the practical applications of DF'T was the
substitution of the problem concerning electrons interacting with each other by an
auxiliary problem of non-interacting particles with the same electron density as for
the interacting problem. The legitimacy of such substitution was shown by Kohn
and Sham in Ref. [32], the proof is given in Ref. [29]. Because of this approach,
the functional F'[n(7)] formerly complicated by containing the interaction effects
of the electrons could be simplified to be composed of the functionals of the



kinetic energy of the non-interacting electrons, their Coulomb interaction treated
as a mean field and the exchange-correlation energy F,. which accounts for all the
other many-body interaction effects. It also allows to overcome the many-particle
problem by solving one-particle equations as will be described in following.

As a result of the simplifications described above, solving of the Schrodinger
equation 2.1 with a Hamiltonian 2.2 for a complete system reduces to solving the
Kohn-Sham one particle equations

h2 V?
2m

Hyesthi(7) = [~ + Vies (M]i(7) = ehi(7), (2.5)

where the () are one-particle wave functions and Vig(7) is the Kohn-Sham
potential defined as

Vics(F) = Vias + €2 /

The Kohn-Sham potential was derived from the properties of the functional
Fn(r)] for example in Ref. [33] or [29]. The second term in the formulation for
the Kohn-Sham potential is the contribution from the Coulomb interaction of the
electrons and the third term v,.(7) is the exchange-correlation potential defined
as

n() .
|77—77|dr + Ve (7). (2.6)

S Eye[n]
on(r)

The Kohn-Sham equations are an effective way of acquiring properties of
materials, but since the electron density is a result of solving the equations as

well as it enters the equation through the Kohn-Sham potential, the solution has
to be reached iteratively.

—

Vze(7)

(2.7)

Exchange-correlation functionals

Every quantity present in the Kohn-Sham equations is exact and well defined.
However the exchange-correlation energy has a very complicated expression, which
is not known explicitly. This is the reason to introduce an approximation to the
theory in form of simplifying the exchange-correlation energy.

The most simple approximation is called LDA, the Local Density Approxima-
tion. In LDA, the exchange-correlation energy is expressed in terms of exchange-
correlation potential of the uniform electron gas, that can be calculated with
great accuracy

ELPAl) = / €hom (1 (7)) (F) I, (2.8)

hom(n (7)) is the exchange-correlation density of the uniform electron

where €°

gas.

The idea is to apply this function also to inhomogeneous systems, for which
the value of the exchange-correlation energy is calculated point-by-point as a
function of the local density with the exchange-correlation potential derived for
uniform electron gas with the same density.
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According to Ref. [33] the LDA can be used to calculate systems such as simple
metals, intrinsic semiconductors or even non homogeneous systems as covalently
bonded materials and some transition metals. It usually predicts structural and
vibrational properties of those materials well but it tends to underestimate the
equilibrium bond lengths and overestimate the bonding energies compared to
experiments.

Some of the drawbacks of the LDA approximation can be overcome by intro-
ducing a more complicated approximation for the exchange-correlation energy —
the GGA, Generalized Gradient Approrimation. This approximation include also
the influence of the local inhomogeneities of the electron density. The general
expression of the exchange-correlation energy in the GGA approximation is

ECG ] = / €S9A (0 (7), |Vn(7) (), (2.9)
GGA

where the €Z74(n(r), |[Vn(r)|) is different for different particular formulation
of the GGA exchange-correlation energy. In this work we use the formulation of
Perdew-Burke-Ernzherof (PBE) reported in Ref. [34].

In order to model materials with magnetic properties, it is useful to have the
exchange-correlation energy functional directly dependent on the spin. There-
fore more complicated Local Spin Density Approzimation (LSDA) and also spin
polarised GGA were formulated.

Periodic systems

The calculation of the bulk materials are based on the assumption, that the sys-
tem is periodic with respect to the position of atoms, thus the external potential
Veut(7) acting on the electrons is periodic with the periodicity of the lattice of the
crystal. This periodicity can be expressed as

Vit (F+ R) = Vig (7), (2.10)

where R is vector in the crystal created as integer linear combination of the
crystal lattice vectors.

Not only the external potential is periodic, but also the electronic Hamiltonian
operator and the physical quantities describing the system are also periodical with
the same periodicity. The Bloch theorem can be applied expressing the single
particle electronic wave function as

where uy, (7) is a function with the same periodicity as the crystal, the v is
a discrete band index and k is the crystal momentum of the electrons defined
within the first Brillouine Zone in the reciprocal space. The reciprocal space is
in the relation with the real space via the expression

YR
where the l_); are lattice vectors of the reciprocal space, i; are lattice vectors
of the real space and the indexes ¢ and j are considered equal to 1, 2, 3.
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Because of the translational invariance, the k-points can be treated inde-
pendently. The sums over the electronic states figuring in expressions for many
physical quantities correspond to the integrations in the Brillouine Zone and sums
over the band index v. The symmetry of the crystal allows to substantially re-
duce the number of k-points used for the integration and further reduction can
be achieved by using special points techniques such Monkhorst-Pack technique
reported in Ref. [35]. To the systems which are not naturally periodic such as
surfaces or interfaces the periodicity has to be artificially added for example by
using a supercell method.

The application of the special point technique on the metals has difficulties
because of relatively small k-point sampling of the area around the Fermi level
with respect to the sensitivity of metallic properties in this area. This can be
solved by either using the tetrahedron method as reported in Ref. [36] or by in-
troducing a smearing to smoothen the weight of the states. The different smearing
techniques depend on the function used for the smearing as for example the finite
temperature Fermi distribution, the Lorentzian, the Gaussian [37], cold smearing
factors [38] or the Methfessel and Paxton smearing technique [39].

The plane wave pseudopotential method

In order to perform practical calculations, the continuous problem has to be
transformed to the more algebraic one. For this purpose the electronic wave
functions are expanded to the basis set. In this work the Plane Wave basis set
was used. This representation profits from Fourier transformation, for which
efficient algorithms are available.

The Bloch electronic wave functions in this representation are

1

> MO (k+ G, (2.13)
a

where the €2 is the volume of the unit cell, the G are reciprocal lattice vectors
and the ¢,(k + G) are normalized Fourier coefficients.

The absolute precision of the result can be achieved by use of infinite number
of vectors G, which is not possible in the numerical calculations. Therefore only
plane waves contained in the sphere of maximum kinetic energy Efﬁc are used in
the real calculations:

h - —
%Vf + G < EgY.. (2.14)

Describing the wave functions of core electrons would require a prohibitively
large number of plane waves, because of the strong localization of the wave func-
tion. This can be partially avoided by using the Pseudopotential method. This
technique is based on the fact that the studied chemical and physical properties of
the system are determined by the behaviour of the electrons in the valence bands.
The electrons near to the core can be perceived as integrated to the core forming
an ionic core. The pseudopotential is calculated as the external potential of those
ionic cores acting on the valence electrons. The calculations then can be applied
only on the valence electrons which increase the applicability of the calculations
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by lowering the complexity of the problem. In this thesis the ultrasoft potential
as described in Ref. [40] was used.

2.2 DFT+U

Strongly correlated materials are a challenge for standard DFT. The standard
LSDA or spin polarized GGA are not able to describe properly the correct in-
sulating electronic structure of many transition metal oxides, instead they either
underestimate the band gap or even provide a wrong metallic solution. Thus in
the case of such materials with valence electrons localised closer to the core, many-
body effects become more and more important and better approximations than
LDA or GGA are necessary [33]. One of the possibilities that has been proposed
for modeling strongly-correlated materials is the DFT4U method [41, 42, 43, 44].
Within this method electronic correlation of small part of localized orbitals is
treated differently from the others [45]. In order to compensate for the on-site
Coulomb interaction a Hubbard U term is added to the LDA or GGA energy
functional.

One of the possibilities for the formulation of the modified functional is the
following simplified rotationally invariant version [46]

ELDA/G’GA ELDA/GGA + = ZTT (1—n )] (2.15)

where n’ represent the M x M matrices and projections of the one-electron
density matrix p over the f manifold localized at lattice site [

<¢£no‘|ﬁ|¢£n’a’> - ni’i’" (216)

M stands for the degeneracy of the localized atomic orbital (7 in the case of
f orbitals).

The role of the value of the U term within this approach is to penalize the frac-
tional occupancies of the particular orbitals and thus disfavor the wrong metal-
lic solution and stabilize the physical insulating one. The extent of the energy
penalty is governed by the parameter U.

The performance of the DF'T+U method is closely dependent on the choice of
U as well as on the definition of the occupancies of the particular orbitals. Both
the U and the projector functions for the occupancies are part of the model and
hence are in principle arbitrary. The usual choice of the projector functions are
the atomic orbitals of the atomic configuration corresponding to the configuration
used for the pseudopotential generation. The DFT+U approach exhibits strong
dependence of the energetics and electronic structure results on the value of U. A
specific choice of the projectors in the form of localized Wannier-Boyd functions
[47, 48, 49], which can be obtained self consistently, allows for removing the strong
dependency of the energetics on U.

The value of the parameter U is essential for the accuracy of the solution.
The usual practice was to choose the value to achieve the agreement between the
resulting properties such as the band gap of the insulator with the experiment.
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However this causes loss of the ab initio character of the calculations. Good
agreement with experiments was also obtained by calculating the value of U
selfconsistently employing the linear response approach described in Ref. [45].
For the case of ceria the U was calculated in [46, 50] as 4.5 eV. This value has
subsequently been used in many calculations of ceria based systems [51, 52, 53,
54, 55, 56].
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Chapter 3

Simulating Cu/CeQO5 interfaces

In this chapter I will first describe the methods used to calculate properties of
ceria based systems and difficulties arising from the peculiar electronic struc-
ture of reduced cerium oxides. Then I will summarize the results of my previous
works, mainly the diploma thesis [57] and following publications [55, 58] which
are relevant and strongly connected to the goals of this thesis (Figures and tables
adapted with permission from the Journal of Chemical Physics. Copyright 2013,
the American Institute of Physics.). I will introduce the calculations of bulk and
surface properties of the individual constituents of the studied system, the copper
and cerium ozides as well as the effects at the Cu/ceria interfaces. The gen-
eral effect at the interface of Cu/ceria systems is the charge transfer across the
interface and reduction of ceria as a result of contact with copper.

3.1 Calculation of ceria based materials

Cerium is a rare-earth metal which exists in two main oxidation states Ce3*
and Ce** corresponding to two different oxides, reduced cerium oxide Ce,O3 and
ceria, CeO, respectively. The electron configuration of cerium is 1s? 2s? 2p8 3s?
3p® 3d'0 4s% 4pf 5s? 4d'° 5pb 4f2 6s2. Bulk ceria has a face-centered cubic (fcc)
symmetry with one cerium and two oxygen atoms in a unit cell forming space
group Fm3m, while the bulk reduced Ce;O3 crystallizes in two phases. The
A phase is hexagonal with two cerium and three oxygen atoms in the unit cell
forming a space group P-3m1 [59], while the C phase has cubic bixbyite symmetry.
While in ceria the valence Ce states are empty, in reduced Ce;O3, one electron
of each Ce3* ion occupies 4f cerium band. The strong spatial localization of the
Ce 4f states causes the inability of the standard energy functionals to correctly
capture the self-interaction correction. As a result the standard DFT calculations
are not able to consistently describe cerium ions in both oxidation states: Ce3*
and Ce**. Both forms of cerium oxide, CesO3 and CeQO, are insulators, but
standard DFT in the case of the reduced form Ce;O3 provides a wrong metallic
solution with Ce f states partially occupied and crossing Fermi energy instead of
the correct insulating solution with one Ce f state occupied and exhibiting sharp
f peak below Fermi level.

First calculations of cerium oxide were performed by the means of linear
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augmented-plane wave method in Ref. [60], where the mechanism of bonding
in CeOy was studied. In Ref. [61] the Hartree-Fock method was employed to
calculate electronic and thermodynamic properties of ceria. The resulting lattice
parameter and bulk modulus exhibited discrepancies with experimental values of
about 50%.

Different approaches were proposed and have been implemented in order to
overcome the difficulty with the localization of f electron in reduced cerium oxides.
One of the first methods was based on different description of Ce?* and Ce** jons.
While Ce? jon and thus the Cey,O5 oxide is described within core state model
(CSM), where 4f states are treated as part of the core, the Ce*" ions in CeO,
are described according to a valence band model (VBM), where 4f electrons are
regarded as a part of the valence band. This approach however is not able to
correctly determine the oxidation state of the cerium ion, so the state has to be
given as an input into a calculation. In the case of calculation of more complex
systems, many configurations of the reduced ion placement have to be tested. In
Ref. [62] this approach was used to calculate the electronic, bonding and optical
properties of both forms of oxide, CeO, and Ce;O3 by the means of full-potential
linear muffin-tin orbital DFT method. Adapting the CSM and VBM allowed to
reach better agreement of the calculated results with experiment. In the next
study from the same authors [63] the same approach was used to study oxygen
vacancy formation in ceria and transformation between CeO, and CesO3.

The periodic Hartree-Fock calculations [64] and projector augmented-wave
(PAW) DFT calculation [65] studies explored stability of different ceria surfaces
and consistently reported (111) surface as the most stable.

A first DFT calculations revealing number of metastable states for reduced
cerium oxide were reported in [46]. Within these metastable states, the most
stable solution for reduced cerium oxide was indeed the physical one with the
correct oxidation state. In particular the standard DFT calculation of electronic
structure of CeyO3 exhibited metallic solution with a single Ce 4f band partially
occupied (see Fig. 3.1 (b)). One electron was distributed between three Ce f
states. Further self consistent calculations performed from different initial con-
ditions instead revealed a true ground state, which was insulating and exhibited
one electron localized on each Ce ion. The Ce 4f states split resulting in one
peak among occupied states (Fig. 3.1 (¢)). Most stable state was shown as ferro-
magnetic, while antiferromagnetic states represented more metastable states. It
was shown that addition of Hubbard-U term to the energy functional (LDA or
GGA) enhances the stability of the correct physical solution (see Fig. 3.1 (d)). In
the case of the Hubbard U contribution defined in terms of maximally localized
Wannier functions, the resulting energy is independent on the U term.

Standard DFT exhibits metastable states also for the case of oxygen vacancy
in ceria [46]. Upon oxygen removal two electrons are left behind. In standard DFT
calculations these two electrons are equally divided between all the neighbouring
Ce ions, which thus exhibit same outwards relaxation. When employing DFT+U
calculations, a more stable solution is discovered, where the two electrons left
behind are localized on two cerium atoms causing asymmetrical structure upon
relaxation (see density of states, DOS in Fig. 3.1 (e)).

The choice of parameter U was discussed in detail in Ref. [49]. Parameter
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Figure 3.1: Density of states images for CeOs (a), CeyO3 (b)-(d) and CeOq g7s.
Occupied states are displayed dark. Reprinted figure with permission from Fabris
et al. Phys. Rev. B 71, 041102, 2005 [46]. Copyright 2013 by the American
Physical Society.

U is usually chosen semiempirically to fit the results with available experimental
measurements. Good agreement with experiments was also achieved with U value
calculated selfconsistently in [49, 50] using linear response approach described in
[45]. DFT+U was then used to calculate electronic and structural properties of
stoichiometric and defective ceria surfaces.

The effect of the value of the U parameter on the calculated electronic prop-
erties of stoichiometric and reduced cerium oxides was explored in [66]. The
different stability of ferromagnetic and antiferromagnetic solutions was shown for
different values of U. In [52] the dependence of the properties of CO adsorption
on ceria surfaces on the U term was explored. It was shown, that to obtain re-
sults in agreement with experiment, the U=2 eV was required, while much higher
value (above 4.5 eV) was necessary to get a correct electronic structure of ceria
[46, 67, 68].

Since the first calculations many studies of ceria based systems have been
reported employing DFT+U method as a standard method for dealing with ceria
materials. However the problem of existence of metastable solutions appears
frequently within calculations of ceria materials even within DFT+U method
especially in the presence of Ce®" ions such as near oxygen vacancies or adsorbed
metal atoms.

Even though the DFT+U method is able to correctly predict the localization
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Figure 3.2: The DOS of cerium oxides CeO, and CeyO3 calculated by DFT+U
method (lower panel) and within hybrid functional approach (upper panel) as
published in Hay et al. J. Chem. Phys. 125, 034712, 2006. Reprinted with
permission from the Journal of Chemical Physics. Copyright 2013, the American
Institute of Physics.

of two electrons on two Ce ions and thus their reduction, there is still a question
of the exact location of those two Ce3" ions. First studies reported the Ce®" ions
in the direct neighbourhood of the vacancy. Later calculations revealed many
metastable solutions with reduced Ce ions in different positions away from the
vacancy within the supercell [69, 70, 71, 72].

Another case of the complexity of DFT+U is described in [73] where not only
the position of reduced Ce ion but also its spin adds to the number of possible
metastable solutions different in energy for the case of oxygen vacancy in the
VO/CeO; system. This behaviour is typical for the systems where ceria is doped
by transitional metals [23].

Metal-oxide interfaces have been subjects of many recent studies. Metal-ceria
systems are especially interesting since they have possible applications in hetero-
geneous catalysis, where the combined system can have greatly enhanced catalytic
activity compared to standard metal or oxide catalysts. The smallest represen-
tatives of metal-oxide interfaces are metal adatoms and small metal clusters on
ceria surfaces. Transition metals such as Pd [74, 75, 76, 77], Pt [78, 79, 76, 80, 77|
and Au are most frequently studied due to the flexibility concerning oxidation
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states [23, 81, 82]. Metal adsorption on stoichiometric ceria is connected with
transfer of electrons from metal to ceria, causing ceria reduction. In case of Au
[54, 81, 82, 83, 84, 85, 86], Ag [82, 87] and Cu [82, 55, 88, 89], one electron is
transfered, Ga, In and Fe induce transfer of two electrons and three electrons are
transfered from Al, La, Ce, V or Cr. Each electron transfered is localized on one
Ce ion causing its reduction. The position of this reduced Ce ion as well as the
exact oxidation state of the adsorbed metal contributes to the number of possible
metastable solutions.

Another approach for the calculations of ceria-based materials is based on em-
ploying more sophisticated hybrid functionals based on mixing part of the exact
nonlocal Hartree-Fock exchange with correlation functional such as described in
Ref. [90, 91, 22] instead of using standard LDA+U or GGA+U functionals. This
approach is able to overcome the kind of problems described in this chapter, how-
ever its application to the real problems is limited due to the high requirements
for computing resources [92, 93]. As seen in Fig. 3.2 by comparing the DOS of
cerium oxides calculated by the DFT+U method with the DOS calculated with
hybrid functionals [90] we show that the DFT+U level of theory gives results
within acceptable precision with lower demand for computing resources.

In the present work we show an extreme case of the limitation of the predic-
tive power of DFT+U calculation for the metal-oxide interface. As reported in
other systems, we observe a charge transfer connected with reduction of ceria at
the CeOy/Cu(111) interface containing four molecules of ceria and at least nine
atoms of copper. This extended interface exhibits a large number of metastable
solutions with respect to occupation of particular Ce f states depending on differ-
ent initial electronic configuration of the scf calculation for system with the same
atomic coordinates. A detailed description of the metastable solutions and the
implications from their existence is reported in appendix.

3.2 Method

Our calculations are based on DFT using GGA approximation for the exchange-
correlation functional in the formulation of Pedrew-Burke-Ernzerhof (PBE) [34].
The plane wave pseudopotential method is used as implemented in the PWscf
code of the Quantum ESPRESSO distribution [94]. The interaction between
valence electrons and ionic cores is represented by Vanderbilt ultrasoft pseudopo-
tentials [40]. In order to provide the correct insulating description of Ce,O3, we
use GGA functional with addition of the Hubbard-U term in the implementation
of Cococcioni and de Gironcoli [45]. The value of the parameter U=4.5 eV is
consistent with numerous works reported in literature for this system using the
values between 4.5 and 5 eV [49, 68, 67, 95, 96, 83, 69] and was calculated by
ab initio linear response model in Ref. [50, 49]. The structures are visualised by
XCrysDen visualisation program [97].

The precision of the calculations is governed by three main parameters. In
our plane-waves pseudo-potential formulation the three main parameters are the
energy cutoffs for the basis function and density representation (Eg%, and Eg,
respectively) and the k-point mesh. E

cut

wfc determines the size of the basis set
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used to describe the electronic pseudo wave function, but also controls the com-
putational time and memory usage. The basis set includes all plane waves whose
wave number k+G verify the condition 2.14. Another parameter Ect controls the
density representation and should be larger than 4*Efuujfc in the case of ultrasoft
pseudopotentials. The integrals in the Brillouin Zone are calculated numerically
using a finite grid of k points, chosen according to the Monkhorst-Pack grid [35]
using the Methfessel-Paxton scheme [39] together with an energy broadening of
0.01 eV.

In [57] we performed convergence tests of total energy and lattice parameter
for both bulk copper and ceria in order to determine the proper values of above
mentioned parameters. As a result in the following calculations we use the Egf, 30
eV, E¢¥ 300 eV and the Monkhorst-Pack k-point mesh of 8x8x8 and 12x12x12
for 1x1x1 cell of ceria and copper respectively.

3.3 Copper and cerium oxides

Copper is a transition metal crystallizing in fcc structure with lattice parameter
of 3.61 A [98]. Our calculated value 3.63 A [57] is in good agreement with this
experimental value. Previously reported calculations of Cu surfaces show, that
to correctly describe surface properties of copper, 4 monolayers (ML) of copper
separated by 14 A thick layer of vacuum is sufficient. The crystal structure of
copper is displayed in Fig. 3.3 (a), while the band structure and density of states
taken from [57] in the same figure (b) and (c) respectively.

The equilibrium lattice parameter of ceria calculated in [57] 5.53 A is higher
than the experimental lattice parameter reported for this compound 5.41 A [99],
5.411 A [100, 101] and 5.406 A [102]. The crystal structure of ceria together with
band structure and density of states projected on individual atoms in the ceria
unit cell (pDOS) is displayed in Fig 3.4. The pDOS picture show the oxygen p
states located below the Fermi level and also the unoccupied cerium f states above
the Fermi level. For comparison we show the crystal structure, band structure
and density of states of reduced A-type cerium oxide Ce;O3 as well in Fig. 3.5.
Compared to the pDOS of ceria, the f states of the cerium atoms in Ce;O3 exhibit
a peak below the Fermi level. This peak correspond to the one electron occupying
one of the f states and is typical sign of the reduction of the cerium atom from
Ce't state to Ce®" state. Both forms of cerium oxide exhibit insulating character.

3.4 Copper/ceria interfaces

Our previous calculations [57, 55, 58] report effects upon adsorption of copper
adatom on stoichiometric and defective ceria (111) surfaces as a model of smallest
copper /ceria interface. In agreement with other theoretical works in literature
(82, 89] the most stable adsorption site of Cu adatom on stoichiometric ceria
surface is shown to be the hollow site between three surface oxygen atoms, while
the most stable site on the defective surface is a site just above surface oxygen
vacancy.
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Figure 3.3: Crystal structure (a), band structure (b) and density of states (c) of
bulk Cu crystal. Zero is set to the value of Fermi energy both in band structure

and DOS figure.

Figure 3.4: Crystal structure (a), band structure (b) and projected density of
states (c) of bulk ceria crystal. The oxygen atoms are shown as small red balls,
the cerium atoms are displayed as large grey balls. Zero is set to the value of
Fermi energy both in band structure and pDOS figure. The red lines correspond
to oxygen p states, while the blue and black lines to Ce d and f states respectively.

The corresponding structures together are displayed in Fig. 3.6 while the
calculated electronic structure of this system is shown in Fig. 3.7 (a). Copper
adsorption on stoichiometric ceria induces charge transfer from copper to ceria
causing reduction of one cerium atoms from Ce** to Ce®*. The reduction can be
seen from pDOS image by the appearance of a sharp peak in Ce f states below
Fermi level as well as in Table 3.1 from the value of magnetic moment of the
system and lowdin charge on the cerium atom. The copper charges positively
which can also be deduced from the Lowdin charge value.

Defective ceria surface was modeled by creating a surface oxygen vacancy
in the stoichiometric (111) ceria surface. Presence of oxygen vacancy causes
reduction of two cerium atoms in the surface. Copper adsorption on top of the
vacancy exhibits opposite effect to the adsorption on stoichiometric surface. The
charge transfer occurs in the opposite direction from ceria to copper causing
reoxidation of one of the reduced Ce atoms and charging Cu adatom negatively
3.7 (b). The copper adsorption on stoichiometric ceria is more stable than on
the defective surface. This is in contrast with other metals adsorbing on ceria
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Figure 3.5: Crystal structure (a), band structure (b) and projected density of
states of bulk A type hexagonal Ce;O3 crystal. The oxygen atoms are shown as
small red balls, the cerium atoms are displayed as large grey balls. Zero is set
to the value of Fermi energy both in band structure and pDOS figure. The red
lines correspond to oxygen p states, while the blue and black lines to Ce d and f
states respectively.

surfaces [83, 54, 79, 103] such as Au, Pt or Pd, but the same as Cu adsorption
on for example titan oxide surfaces [104]. The contrast is ascribed to redox
potential of copper. Calculated adsorption energies together with reported values
are displayed in Table 3.2.

Our studies [55, 57] report also calculations of extended interface between
Cu (111) and ceria (111) surfaces. The good match of lattice parameters of
copper and ceria together with low energy electron diffraction (LEED) pattern
[105, 106, 107] displaying 1.5 periodicity (see Fig. 3.8 (a) allowed us to use
relatively small hexagonal supercell composed of (2x2) 3 ML ceria slab and (3x3)
4 ML copper slab. The charge transfer is observed also in the case of the interface.
Contact with copper causes reduction of the whole first layer of cerium atoms.
The study also examines the atomistic structure of the interface by exploring the
mutual lateral shifts of one slab with respect to the other as well as the distance
at the interface. The resulting structure at the interface is in fact the most
symmetric one with one interfacial oxygen atom in the top position above one of
the interfacial Cu atoms, while the other three oxygen atoms are in the bridge
positions between two Cu atoms (see Fig. 3.6 (c)). The bondlengths and charge
state (spin magnetic moment) of interfacial atoms is reported in the Table 3.2.
The charge transfer and resulting ceria reduction is confirmed experimentally
for example in [105]. The resulting X-ray photoelectron spectroscopy (XPS)
spectrum of ceria before and after doping by copper clearly showing the reduction
is displayed in Fig. 3.8 (¢) together with an example of real copper/ceria catalytic
system formed by copper doped ceria nanoparticles (b).
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Figure 3.6: Adsorption geometry of Cu adatom on the stoichiometric (a) and
defective (b) CeOq(111) surfaces. Structure of the CeOg(111)/Cu(111) interface
(c) - side (cl) and top (c3) view of the supercell; total energy vs interfacial
distance Az (c2); energy plane of the relative displacement of metal and oxide
slab in the inset in (c3).
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Figure 3.7: Bonding charge (a,b,d,e) and projected density of states (c,f) for Cu
atom adsorbed on stoichiometric (a-c) and defective (d-f) ceria surfaces.
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Table 3.1: Adsorption energy (E.qs) and free energy of formation (AG?, calcu-
lated at Ay = 0); Spin magnetic moments of the Cu and Ce atoms (pc, and fice);
Elevation of the Cu adatom over the O atoms of the clean surface (d,); Shortest
Cu-O and Cu-Ce bondlengths (d) obtained from GGA+U (U=4.5 eV) calcula-
tions. Corresponding results obtained by setting the value of U to 2.5 eV or the
lattice parameter to the experimental value are indicated in squared brackets and
parenthesis, respectively. Corresponding values shown for the Cu(111)/CeOs in-
terface: Spin magnetic moments of interfacial (Cuy, Ce;) and other (Cey) atoms
and shortest Cu;-O; and Cu;-Ce; bonds.

Cu@Hp | Cu@Ov¥ | Cu(111)/CeOq
Eags [eV] -3.03 -1.58
[-2.49]y
(_2'86)%
AGP [eV] 0.47 4.39
ficu (18] 0.00 0.01 [0.00 x 9 (Cuy)
[0.00]
(0.00)
HCe [/LB] 1.01 x1]098 x1|098 x4 (Cel>
0.00 x 3| 0.03 x 3| 0.00 x 4 (Cey)
[0.96]
(1.00)
d.(Cu)[A] 0.91 1.22 1.58-1.89
d(Cu-O)[A] [ 203 x3| 337 1.89 x 1
3.56 3.57 2.04 x 6
d(Cu-Ce)[A] | 2.89 x 3 | 3.09 x 2 312 x 1
3.20 x 1 3.28 x 6

Table 3.2: Adsorption energies of Cu adatom on stoichiometric and defective ceria
surfaces compared to reported values for the same systems as well as different
adatoms or different substrates as reported in literature.

substrate ceria titania
adatom Cu Cu Au Ag Pd Pt Cu
reference [55] [82] (89] | [83] [p4] [82] [103] [79] [104]
Stoichiometric | -3.03 | -2.79 -2.68 | -1.18 -1.18 -1.55 -1.71 -2.62| -1.76
Defective -1.58 -1.46 | -2.75 -2.29 -0.94
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Figure 3.8: Low energy electron diffraction (LEED) pattern at 120 K at an elec-
tron energy of 98 eV for CeO, film on Cu(111) after annealing up to 970 K showing
epitaxial growth of ceria with main axis aligned with the substrate and with the
lattice parameter ratio 3:3 (a). High resolution transmission electron microscopy
(HRTEM) image of copper doped ceria nanopowder with copper indicated by
red color. A system representing a real copper/ceria catalyst and containing an
example of copper/ceria interface (b). X-ray photoelectron spectroscopy (XPS)
Ce 3d core level spectrum of pure and copper loaded ceria powder evidencing
ceria reduction by the presence of copper (c). Adapted with permission from Ma-
tolin et al. J. Phys. Chem. C, 112, 3751-3758, 2008. Copyright 2013 American
Chemical Society.
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Chapter 4

Thin ceria films supported by
Cu(111)

In this chapter I will describe results of my calculations on the new system com-
posed of thin ceria films on Cu(111) surfaces. These results were published (Sz-
abovd et al. J. Phys. Chem. C , 116, 6677-668/, 2012) and are reported here
with permission (Copyright 2013 American Chemical Society). In this chapter
I will show differences in strain, atomic and electronic structure and behaviour
of oxygen vacancies in 1 ML thin ceria film on copper substrate compared to the
thicker films. This system is interesting as an inverse model catalyst as well as
because it reproduces the local structure of systems where metal nanoparticles are
encapsulated by metal-oxide.

4.1 Previous studies

In heterogeneous catalysis, oriented thin oxide films on metal substrates have tra-
ditionally been used as model systems mimicking the surfaces of bulk oxides [108].
Decreasing the thickness of the oxide films causes emerging of a broad range of
effects that significantly influence the catalytic properties [109, 110]. When the
oxide thickness reduces to few monolayers oxide stoichiometry, [111] electronic
and crystalline structure [112, 113, 114], and charge of molecular adspecies [115]
start to differ significantly from thicker films or bulk-truncated surfaces. Ultra-
thin oxide films are often discontinuous representing inverse model catalysts with
unique catalytic properties [116, 117].

Continuous thin films on ceria have been prepared on Ru(0001) [118, 119] and
Cu(111) [106, 120]. These films have served numerous model studies evaluating
the catalytic properties of bare ceria surfaces [121, 122] as well as ceria surfaces
activated with metal clusters [123, 124, 125, 78]. Discontinuous ultrathin films
of ceria have been prepared on various metal substrates. Some of these ceria-
based inverse model catalysts are showing exceptional activity in technologically
relevant reactions like water-gas shift [126, 127] and CO oxidation [128, 129, 130].
Particularly, ceria on Cu(111) is a featured inverse model catalyst inspiring design
of novel noble-metal-free industrial catalysts [127, 131]. Cu(111) substrate is
convenient because of the 3:2 ratio of copper and ceria lattice parameters which
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allowed to expect minimal mismatch and thus growth of thin ceria films with
good epitaxy.

The high activity of inverse model catalysts is explained by a cooperative ac-
tion of oxide and metal at the perimeter of oxide islands [126, 127, 128, 129, 130].
However, as first pointed out by Castellarin-Cudia et al. [132], the surface of
ultrathin oxide islands in inverse model catalysts may itself incorporate catalyt-
ically active sites, which are not stable on thicker films and/or bulk oxide sur-
faces. Indeed, microscopic studies of 1-3 ML thick ceria islands on various metal
substrates confirm that ultrathin ceria is strained [132, 133, 134], influenced by
coincidence effects between substrate and oxide lattices [119, 120, 132], and shows
several characteristic phenomena regarding oxygen vacancies, such as their order-
ing in coincidence structures [132, 133, 134] or their segregation at metal-oxide
interfaces or at oxide surfaces in islands of various thickness (1 or more ML) [134].

4.1.1 STM study of ultrathin ceria films on Cu(111)

In our previous publication [56] we showed the differences in structure and mor-
phology in ultrathin ceria layers (1-2 ML) on Cu(111) as obtained with atomic-
resolution scanning tunneling microscopy. Room temperature STM experiment
provided observation of ceria islands on Cu(111) substrate with large areas of
1 and 2 ML film. These samples were prepared either by titrating an oxidized
Cu(111) surface with minute amounts of Ce (less than 0.1 ML) or by evaporation
of Ce in a background oxygen atmosphere 5 x 107° Pa and substrate tempera-
ture of 400 °C. The STM images were obtained by tunneling the electrons into
unoccupied states of the sample.

In order to analyze properties of ceria films of different thickness the samples
were prepared with an increased amount of ceria of about 0.5 monolayer deposited
at 460 °C. The islands shown in Fig. 4.1 (L-a) are composed of ceria monolayers
stacked one on top of each other [120]. The islands are locally 1, 2, and > 2 ML
thick and allow for a direct comparison of ceria layers with different thickness
in one experiment. Step heights of the islands are 3.1 A for 1 ML relative to
unoxidized Cu substrate, 3.2 A for 2 ML relative to 1 ML, and 2.9 A for 3 ML
relative to 2 ML, corresponding to a stack of complete ceria monolayers residing
on unoxidized Cu substrate.

The triangular shape and orientation of the island is transferred from the first
monolayer to higher monolayers. This indicates that the islands are coherent sin-
gle crystals of ceria. Ceria islands exhibit different azimuthal orientations with re-
spect to the copper surface. Two major populations of islands (45 % islands each)
are represented by islands that are mutually rotated by 180°. These islands are
marked “M” and “W” in 4.1 (L-a). Previous investigations of CeOy(111)/Cu(111)
showed that the main crystallographic directions of ceria layer correspond to that
of the copper substrate [106]. Thus, the ceria [112] direction must be parallel and
antiparallel to the Cu [112] direction in “M” and “W” islands. A small number
of ceria islands (10 %) show a random azimuthal orientation. An example of such
island is marked “X” in 4.1 (L-a).

In a more detailed view, STM on the 1 ML ceria film reveals two characteristic
patterns, one extending, on the lateral scale, for several nanometers (shown in
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Figure 4.1: Ultrathin ceria islands grown on Cu(111) substrate with different
azimuthal orientations of ceria with respect to the substrate (I-a). The "M”
(Moiré, L-b) and "W” (wagon-wheel, L-c) represent majority of observed islands
with ceria 112 direction antiparallell and parallel to Cu 112 direction, while ”X”
(L-d) displays small moiré surface reconstruction and represent 10% of islands
with random orientations. Atomically resolved images of 1st ML of "W” (R-a)
and "M” (R-b) islands. 2x2 pattern is visible for both orientations. The pattern
vanishes in the 2 ML of ceria (R~c) and the surface becomes unreconstructed. The
2x2 and 1x1 unit cell for the 1 ML and 2 ML case respectively are highlighted
by red lines.

Fig. 4.1 (L-b)-(L-d)), the other ranging in the order of Angstroms (see Fig 4.1 (R-
a), (R-b)). These patterns are largely suppressed or absent on the 2 ML or thicker
ceria films as clear from Fig. 4.1 (R-c) and thus allow for drawing conclusions
about the metal-oxide interaction, the strain buildup, and the localization of
oxygen vacancies that are very specific for the first ceria monolayer on Cu(111).

1 ML ceria: strain

Morphological patterns on the lateral scale of nanometers can be traced back to
the coincidence effects between ceria and the metal substrate. [120, 130, 133, 132,
119] Close observation of the islands show that these patterns in CeOy/Cu(111)
are strongly dependent on the azimuthal orientation of oxide islands. Typical
morphologies observed by STM in the first monolayer ceria in “M”, “W”  and
“X” oriented islands are shown in 4.1 (L-b)-(L-d). The change of the morpholog-
ical pattern between “M” and “W” islands reveals the extent of the metal-oxide
interaction in CeOy/Cu(111), since for obtaining a change in the geometry of in
CeO4/Cu(111) upon 180° rotation of the oxide, at least two monolayers of Cu
must interact with the oxide as shown in Fig. 4.2.

The STM pattern on the 1 ML ceria in “M”-oriented islands (4.1 (L-b)) cor-
responds to a moiré-like coincidence of substrate and adsorbate (111) planes with
dissimilar lattice constant observed in many substrate-adsorbate systems [135].
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In spite of the fact that ceria is expected to grow on Cu(111) pseudomorphically
in an almost ideal 2:3 relation with a negligible 0.2 % expansion of ceria, electron
diffraction experiments on ceria on Pt(111) [134] and on Cu(111) [136] reveal con-
traction of the ultrathin ceria films. Based on the periodicity of the moiré pattern
the contraction of the 1 ML ceria on Cu(111) was estimated as 3.2 £ 0.3 %.

The morphology of the first ceria monolayer in “W” oriented islands (4.1 (L-
¢)) corresponds to a “waggon-wheel” superstructure which is a generalized moiré
superstructure [137]. The atomically resolved detail in (4.1 (L-c)) shows a larger
periodicity than the moiré structure on “M” islands (Fig. 4.1 (L-b)). However, on
most “W” areas the waggon-wheel superstructure features a periodicity matching
the moiré pattern on “M” islands, so no significant differences in contraction of
ceria film with respect to substrate in “M” and “W” islands are expected.

The differences between superstructures in “M” and “W” islands can be dis-
cussed in terms of different relaxations of oxide and metal atoms. Indeed, changes
in the registry of substrate and oxide atoms by a fraction of the interatomic dis-
tance significantly influence the STM contrast in ultrathin oxide films on metals
[135, 132]. It was proposed that the relaxations of oxide atoms in “M” islands are
minimal because the moiré pattern is obtained already for isotropic (111) lattices.
In “W” islands the relaxations of oxide atoms may be more pronounced to induce
a departure from the moiré pattern towards the waggon-wheel pattern. The ”X”
islands with random orientations display variety of smaller moiré patterns with
different periodicities, stripe patterns, random height modulation or no height
modulation. An example is shown in Fig. 4.1 (L-d).

1 ML ceria: oxygen vacancies

Apart from patterns on the nanometer scale, 1 ML ceria in “M” and “W” islands
shows modification to the 1x 1 atom pattern of CeOz(111). The islands exhibited
areas of 2 X 2 reconstruction (in Fig. 4.1 (L-b), (L-c¢) marked by red lines) that are
locally, and in registry with the moiré pattern, interleaved with stripes showing
rather 3 x 2 reconstruction. On “M” islands, regular 2x2 or 3x2 patterns cover
the entire surface of the 1 ML ceria, while on “W?” islands, the 2x2 or 3x2 is
localized among less ordered areas.

A detailed view of the 2 x 2 reconstruction in “M” and “W?” islands is shown
in 4.1 (R-a), (R-b), respectively. A unit cell of the 2 X 2 reconstruction, marked in
the images by red lines, is composed of one bright and three darker protrusions as
well as one darker and three brighter depressions. The unit cell is rotated by 180°
between “M” and “W” islands in accordance with the orientation of the ceria layer
in these islands. 2 x 2 reconstructions on the surface of bulk ceria [138] as well
as on thin ceria films [134] have been interpreted as a fingerprint of subsurface
oxygen vacancies. Thus it can be expected that the first ceria monolayer on
Cu(111) includes oxygen vacancies at the ceria/Cu interface. Given the long
range periodicity of the 2 x 2 pattern the vacancies are forming a regular array
perturbed locally (in 3 x 2 areas) by coincidence effects between substrate and
oxide layer.
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2 ML ceria

In 2 ML thick areas of both “M” and “W” islands the 2 x 2 surface reconstruction
disappears as shown in Fig. 4.1 (R-c) for “W” island. This indicates a different
behaviour of oxygen vacancies in 2 ML and thicker ceria similar to observations
of ultrathin ceria on Pt [134]. From the patterns on the nanometer scale observed
in 1 ML ceria only moiré on “M” islands becomes partly visible in 2 ML ceria
which indicates a significantly reduced influence of the substrate. The moiré in 2
ML ceria reveals a reduced contraction of 2.4 + 0.3 %.

4.2 Calculation details

Figure 4.2: Top view of the 1 ML CeO,/Cu(111) interface (a). Side view of
a supercell for calculations of 1 ML (b) and 2 ML (c) CeOy/Cu(111) systems.
The different atoms are distinguished by color (a,b,c) and size (a) of the circles.
Labels in the panel (a) correspond to different symmetry inequivalent sites due
to the effect of the interface.

Also the calculations of the thin ceria films on Cu(111) were performed in the
same way as our previous studies [57, 55, 58] and described in previous chapter.
Spin-polarized DFT+U calculations employed PBE functional in the plane-wave
pseudopotential method. The electron-ion interaction was represented by Van-
derbilt ultrasoft pseudopotentials. The calculations were done by PWscf code of
Quantum ESPRESSO distribution. The value of U was set to 4.5 eV in agree-
ment with previous studies [49, 68, 67, 95, 96, 83, 69]. The plane-wave basis set
and electron density representation were limited by energy cutoffs of 30 and 300
Ry in agreement with convergence tests reported previously.

The ultrathin films CeOy/Cu(111) were modeled by means of hexagonal and
orthorhombic supercells for stoichiometric and defective ceria film respectively,
comprising one or two ML (O-Ce-O trilayer) (2x2) CeOo(111) film in contact
with a 4-layer (3x3) Cu(111) slab. The external surfaces were separated in the
perpendicular direction by 11 A of vacuum. The starting local structure of the
interface was obtained in previous calculation described in [55, 57] by exploring
energy landscape of the mutual shifts of ceria with respect to copper as well as
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the distance of the slabs at the interface. The resulting structure at the interface
was the most symmetric one, displayed in the Fig. 4.2 (a). One interfacial
oxygen atom O is localised on top of one of the interfacial Cul. atoms and thus
has a different local environment than the other three interfacial oxygen atoms
OL which are in the bridge positions between two Cuk atoms. This effect is
then propagated to the higher atomic layers causing one atom (Cel, OX1) in
each atomic layer of ceria slab to be different from the other three (Cek, OHT).
The atomic positions of the metal/oxide interface and of the ceria thin film were
optimized according to the Hellmann-Feynman forces. During the relaxation the
two bottom Cu layers were kept fixed in their bulk-like position. The lattice
parameter of the free-standing ceria slabs was calculated by relaxing all internal
degrees of freedom for a set of lattice parameters a.

4.3 Results

4.3.1 Strain and structure of thin films

The experimentally observed moiré pattern on the 1 ML ceria film points to a
contraction of the ceria film with respect to its equilibrium bulk lattice parameter.
Our DFT calculations show that this is a size effect stemming from the confined
dimensions of the slab in the perpendicular direction. Indeed, the lattice parame-
ter a of an unsupported 1 ML ceria slab results to be smaller than the bulk CeO,
value (ag) by 6.7 % (see Table 4.1). On one hand, this contraction in the lattice
parameter of thin ceria films quickly decreases as a function of the number of
layers: the difference is reduced to 3.7% already for a 2 ML ceria slab. On the
other hand, the strain is considerably reduced by the presence of O defects and
reduced Ce ions as shown by the smaller contractions displayed by unsupported
defective CeO(y.75) (4.1 %) and Ce,03 (2.8 %) monolayers. Our calculations there-
fore provide evidence of the lateral contraction of thin stoichiometric ceria films
with respect to bulk CeOs and demonstrate that oxygen vacancies together with
reduced Ce®" ions in the slab allow for reducing the lattice mismatch between 1
ML ceria films and the copper crystal. Thicker stoichiometric 2 ML CeO, slabs
display a much smaller contraction than 1 ML CeQO,. Ceria films thicker than 1
ML can therefore yield small strain build-up at the interfaces with Cu(111), even
in the absence of crystal and electron defects.

The 1 ML ceria thin films present a completely different behaviour than thicker
ceria films with respect to the location of O vacancies. The calculated relative
energetics of an O vacancy in the symmetry inequivalent sites of 1 and 2 ML
CeOy/Cu systems is reported in Tab. 4.2. The symmetry-inequivalent sites are
defined in the top and side views of the supported ceria films displayed in Fig.
4.2. The calculations show that O vacancies tend to segregate at the metal-oxide
interface in the case of 1 ML ceria film with a driving force of -1.2 eV. Among the
two inequivalent O sites at the interface, the vacancy at the O site on top of a Cu
atom (OZL) is more favoured than at the O site bridging between two Cu atoms
(OL) by 0.38 eV. In the case of thicker ceria films, an oxygen vacancy in the same
(2x2) lateral supercell would instead segregate at the outermost surface layer

32



Table 4.1: Equilibrium lattice parameter (a) of unsupported stoichiometric and
defective cerium oxide layers, and corresponding difference with respect to the
bulk value of CeOy (ay).

‘ a(CeOy) [A] (a — ag)/ag [%]

Bulk CeOs 3.91 -
1 ML CeOq 3.65 6.7
2 ML CeO, 3.76 3.7
3 ML CeO, 3.80 2.8

(OV1), where it is more stable by 1.08 eV with respect to the interface position
(OL). These structural and energetics analysis thus suggest that O vacancies
in the 1 ML ceria film reduce the lateral strain and that they are located at
the metal/oxide interface. As a consequence of the strong preferential interface
segregation, O vacancies are predicted to be subsurface in the 1 ML ceria films.

Table 4.2: Energy difference (AE) between structures containing O vacancies at
symmetry-inequivalent O sites of the first interface layer (Of) with respect to
the outermost surface sites (07 and O"7 in the 1 ML and 2 ML ceria slabs,
respectively). Labelling of O sites is defined in Fig. 4.2.

site  AE [eV]
1 ML 0601.75/Cu Oé« -1.20
0L -0.82
Ogjl _
2 ML 0801.875/011 Oéw +1.08
ov! _

4.3.2 Electronic structure

The analysis of the electronic structure allows to explain the fundamental differ-
ence in the O-vacancy segregation at the interface between 1 and 2 ML ceria films
reported above. The interface between the stoichiometric thin ceria film and a
copper surface displays a charge transfer from the metal to the oxide, yielding
electron localization and reduction of all the interfacial Ce ions to Ce3t. This
interfacial effect, observed also in the case of thicker ceria films [55], is clearly
displayed by the spin polarisation of the cerium atoms (see spin density in 4.3)
and by the charge population analysis of the Cu atoms reported in 4.3. The
latter shows the difference of the Lowdin charge of the Cu atoms with respect
to the bulk value. For the case of the stoichiometric 1 ML CeO/Cu system,
the data clearly support the charge depletion (oxidation) of the Cu atoms in the
first interfacial layer (Cu’) with respect to the deeper and bulk-like metal atoms
(Cu!f and Cu!?!). The Cu atoms displaying the largest variations are the closest
to the interfacial O atoms, namely the Cu atom with an O atom on top labeled
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a) 1ML CeO,/Cu

b) 1ML Ce01_75/Cu

c) 2ML CeO,/Cu

Figure 4.3: Spin density (left), projected density of states (middle) and simulated
STM images (right) of 1 ML CeOy/Cu(111) (a), 1 ML CeO; 75/Cu(111) (b) and 2
ML CeOy/Cu(111) (c) systems. In the pDOS figures the zero is set to the Fermi
energy, red blue and thin black lines correspond to p, d and f orbitals respectively.
Color coding displayed in right panel (b) is explained in Fig. 4.2

as Cul(OL), and the six ones connected to a bridging O labeled as Cu!(O%).
The Cu atoms further to and in hollow position with respect to the interfacial O
atoms are also oxidized but by a minor extent.

Creating an oxygen vacancy in the bulk or at surfaces of ceria is usually
accompanied by the localisation of two excess electrons at two Ce** ions, leading
to their reduction to Ce3". [49, 69] This is not possible in the case of vacancy
formation at the 1 ML CeO,/Cu(111) interface, since all the cerium atoms in the
film are already in the 34 state. The excess charge originating from the presence
of the O vacancy results to be localized at the metallic Cu/oxide interface. This
is supported by the calculated charge analysis for the defective 1 ML CeOq 75
film (4.3), which indicates an excess of charge at the interfacial Cu atoms with
respect to the stoichiometric case. In particular, the Cu atom displaying the
largerst variation is the one directly below the O vacancy, Cu’/(OZL), while the
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Table 4.3: Difference in the Lowdin charge of the Cu atoms in the I- and II-layers
(Cu! and Cu!! respectively) with respect to the bulk-like value.

1 ML 1 ML 2 ML

CeOy/Cu | CeOy75/Cu | CeOy/Cu
w707 [<1] 0.3 0.0 0.3
ul (Cell) [x1] 0.1 0.0 0.1
(O”f) [x1] 0.2 0.2 0.2
Cu (OL) [x6] -0.3 -0.2 -0.2
Cul” [x9] 0.1 0.1 0.1

charge on the other Cu atoms is only marginally affected by the presence of the
vacancy. A further support of this effect is given by the calculated density of
electronic states of the 1 ML CeOy/Cu and CeO; 75/Cu systems (shown in Fig.
4.3), displaying the same degree of reduction of the four Ce ions, but a different
position of the Fermi level crossing the Cu s-band.

A thicker 2 ML ceria film displays an opposite behaviour than the 1 ML case
with respect to the position of O vacancies. Our calculations predict that this
difference has an electronic origin. The spin density (see 4.3 (c), left panel) shows
that the effect of the interface on the reduction of the cerium atoms extends
up to the first monolayer, while the second monolayer is formed exclusively by
Ce*t atoms. Reduced thicker ceria films can therefore easily localise the excess
electrons on the Ce?™ sites of its second monolayer.

4.3.3 Atomistic structure

The difference between supported 1- and 2 ML ceria films is also apparent in the
local atomistic structures of the surface atoms, whose electronic states are probed
by the STM tip. As was described before, the symmetry of the interface causes one
of each 4 atoms in the atomic layer of ceria feel different local environment than
other three. This results in one 1.91 A Cu'(O%)-O% bond and six 2.05 A Cu! (O%)-
OXL bonds for the case of stoichiometric ceria film on Cu(111). Due to the presence
and periodicity of the underlying copper atoms, the one symmetry-inequivalent O
atom (OZL) relaxes away from the interface by 0.35 A. This displaces outward the
three neighboring cerium atoms Cel! by 0.11 A with respect to the other cerium
atom in the supercell (Celf). The coherent and stoichiometric 1 ML CeO,/Cu
interface therefore induces structural changes that differentiate one of the four O
and Ce atoms in each atomic layers up to the surface plane, thus resulting in an
effective (2 x 2) periodicity at the surface of the thin film.

The presence of the O vacancy at the Of, interfacial site of the 1 ML CeOy;.75,/Cu(111)
system has a qualitatively similar but more pronounced effect on the outermost
surface atoms. The lowest-energy site for vacancy formation is in fact the most
symmetrical Of site. The O vacancy induces a shift of the three neighbouring
cerium atoms away (both in the vertical — by 0.31 A, and horizontal — by 0.12
A directions). The other Cel! atom is not only geometrically distinct from the
other three Cel! atoms, but is the only one that is six-fold coordinated. At the
interface, this atom repulses the neighbouring interface oxygen atoms by 0.23 A,
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leading to an increase of the six interface Cu-O% bonds to 2.09 A. At the surface,
one OHT atom protrudes by 0.43 A with respect to the other three surface oI
oxygen atoms. Therefore, also in this case, the surface of the thin film has an
effective (2 x 2) structural periodicity.

Instead, for the case of thicker films, the structural effects of the interface do
not propagate up to the surface atoms. The stoichiometric thicker (2 ML) ceria
film displays the same interface structure of the 1 ML case, but the structural
differentiation of atoms in each atomic layer is negligible for the outermost O-Ce-
O trilayer, and the surface of the supported film has an effective (1x 1) periodicity,
both in terms of local atomistic and electronic structures.

4.3.4 Simulated STM images

This different periodicity of 1 ML and 2 ML supported ceria films is reflected in
the simulated STM images reported in Fig. 4.3. In order to allow for a direct
comparison with the experiment (measured at positive bias), we report in the
figure the STM images calculated for the unoccupied states. In these conditions,
the bright spots are associated to the Ce ions, as clearly shown by the projected
density of states reported in the middle panels of Fig. 4.3 for the Ce and O
atoms. In the energy window relevant for the comparison with experiment, the
contribution of the oxygen states is negligible.

A representative simulated STM image for the 1 ML CeOy/Cu system is
displayed in Fig. 4.3 (a), and presents important differences with the experimental
micrograph of Fig. 4.1 (R-a),(R-b). In particular, the simulated STM image
displays a large darker area around the symmetry inequivalent Cel! site, which
is not observed in the experimental data. A better agreement is not obtained by
calculating the STM image at different biases or by plotting the integrated charge
on planes at different distance from the surface. On the other hand, for a wide
range of biases and sample-plane distances (0-3 eV and 0.35-2.0 A, respectively),
the simulated STM image of the defective 1 ML CeO; 75/Cu system presents a
much better agreement with the experiment (see Fig. 4.3 (b)). The calculated
pattern displays a (2 x 2) periodicity of four spots (one of which brighter than
the others) and of two darker areas (one of which darker than the other). By
superimposing the atomic positions on the simulated STM image it is possible
to associate the brightest spot and darkest areas to the Cel! and Or atoms,
respectively. This similarity between the simulated STM image for the defective
1 ML CeO; 75/Cu system and experimental images further supports the presence
of vacancies at the interface between the 1 ML ceria film and copper.

Quite differently, the simulated STM image of the 2 ML CeOs/Cu system (in
Fig. 4.3 (c)) displays a 1x1 pattern of brighter and darker spots, which is in
very good agreement with the images of the 2 ML ceria observed in STM. This
therefore confirms that the 2 ML ceria film is stoichiometric.

4.3.5 Orientation of 1 ML ceria film

In the following, we investigate the possible origins of the two types of islands
experimentally observed. We have so far calculated and described the most stable
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Figure 4.4: Paralell (left) and antiparalell (right) orientations of 1 ML ceria on
Cu(111). Directions of atomic relaxation induced by creating of an oxygen va-

cancy at the position indicated by ”x” are indicated by arrows, the average
magnitudes of the relaxation are specified for each orientation in the inset.

structure of the 1 ML CeO 75/Cu with the oxygen vacancy at the Oy site where
the [112] directions of ceria and copper are antiparallel (“A” in 4.4). There is
another configuration of this 1 ML CeO; 75/Cu interface, in which the two [112]
directions are parallel (“P” in 4.4). Differences between the two orientations
arise when considering the subsurface copper atoms (brown circles). Calculated
atomic relaxation in the “P” and “A” orientations are graphically represented
by colored arrows in 4.4 with magnitude in A indicated in the insets. Interface
“P” induces larger horizontal relaxations than interface “A” by 0.13 A for the
interface oxygen atoms and by 0.02 A for the cerium atoms. This can be explained
by the different interaction of interface oxygen atoms with the copper atoms in
the subsurface layer, considering that in the “A” supercell the oxygen atoms are
forced to move horizontally closer to the subsurface copper atoms due to the
presence of the vacancy. As a result the atoms in all atomic layers in the ceria
layer relax vertically to a higher level in the “A” supercell than in the “P” case. In
addition, the “A” orientation turns out to be energetically more favourable than
the “P” orientation by 0.12 eV. This small energy difference is consistent with
the comparable frequency of occurence of two types of islands in the experimental
data.

Establishing a correspondence between calculated “P” and “A” orientations
and “M” and “W?” islands in experiment is difficult, because the supercell size used
in our calculations is too small to capture the long-range moiré (which develops
over more than 14 unit cells) or “waggon-wheel” structures. However, on the
basis of the calculated energy preference of the “A” orientation as well as its
smaller relaxation magnitudes and larger vertical accommodation, we tentatively
propose that the “A” orientation corresponds to the locally better-accomodated
“M” islands.

4.4 Study of strain distribution in ceria islands
on Cu(111)

Further analysis of previously described STM images of triangular ceria islands
on Cu(111) substrate was focused on exploring the strain distribution in the
thin films due to the change of lattice parameter of the film with increased film
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Figure 4.5: Inhomogeneously strained multilayer island of ceria on Cu(111) (a).
1 ML and 2 ML label the first and second ceria monolayers. Rings are centers of
moiré spots. Simulation of moiré on a strained 2 ML island by the finite elements
method (b). Reprinted with permission from Stetsovych O. et al. Phys. Rev.
Lett. 109, 266102, 2012. Copyright 2013 by the American Physical Society.

Table 4.4: Lateral contraction of ceria layers of different thickness with respect
to bulk lattice constant as obtained by fitting from moiré pattern in STM images
and by DFT+U calculations of equilibrium lattice parameter of unsupported
stochiometric ceria layers.

Contraction [%]
STM DFT+U
1 ML CeOs | 3.2 6.7
2 ML CeOy | 24 3.7
3 ML CeO5 | 1.9 2.8

thickness. The method described in Ref. [139] is based on standard method of
fringe counting from classical moiré interferometry and allows for nanometer-scale
resolution of inhomogeneous two dimensional strain in incommensurate layered
systems.

The moiré pattern is able to reveal even tiny variations in the registry of the
lattices and thus also small changes in the lattice constant [140] or azimuthal
registry of the lattices [137]. In the triangular ceria islands, the moiré pattern
was observed on the first monolayer showing the contraction of ceria layer of 3.2%
and also on 2nd monolayer with larger periodicity corresponding to contraction
of lattice parameter for 2.4%. In the area of the second monolayer the moiré
was isotropic, while in the case of first monolayer it was anisotropic on the sides
of islands with periodicity elongated along the edge of the islands indicating a
presence of further strain in the first monolayer. In table 4.4 adapted with per-
mission from [139] we show the contraction of ceria films with different thickness
calculated as the compression of the lattice parameter of unsupported ceria films
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with respect to the bulk lattice parameter. The values clearly show the decrease
in compression with increase of the thickness of the film. The result is in agree-
ment with the trend observed for the values of compression obtained by fitting
the moiré pattern in STM images. Thus our ab initio calculations predict the
driving force for the strain caused by the quantum-mechanical size effect related
to a limited thickness of the layer. The strain observed in the triangular islands
is induced by larger lattice parameter of the 2 ML film compared to lattice pa-
rameter of the first monolayer which causes outwards relaxation of the edges of
1 ML film. This is also possible due to the free gliding of ceria films on copper
substrate allowed due to the low variation of binding energy of the copper/ceria
interface for different mutual lateral shifts predicted by DFT+U calculations in
Ref. [55].

4.5 Conclusions

In this chapter I presented physical and chemical properties of ultrathin ceria
films on Cu(111) substrate. I showed that the 15 monolayer of cerium oxide on
Cu(111) is strained as a result of a size effect of the limited dimension of the
film. The larger lattice parameter of 2 ML film in the ceria island was shown to
induce inhomogeneous stress into the first ceria monolayer along the island edges.
The 2x2 pattern observed in STM images was identified as an ordered array of
subsurface oxygen vacancies in the 1% ceria monolayer. The different behaviour
of oxygen vacancies in the 1 ML film compared to thicker films was explained by
the electronic effect of the interface with metal, which cause all the interfacial Ce
atoms to be in a 3+ state. Electrons left by the vacancy creation are not able to
localize on Ce atoms, instead they transfer to the metal substrate. This is not
necessary for thicker films which can localize electrons at Ce*t atoms in further
layers.

Both oxygen vacancies and Ce®! ions help to relieve the strain in the thin
ceria film. The effect of the interface between metal and oxide reach to the 1%
ceria monolayer and to the subsurface Cu atomic layer. Already 2 ML ceria film
exhibit surface similar to the (111) termination of bulk ceria crystal and standard
behaviour of oxygen vacancies. The distinct physico-chemical properties of the
first ceria monolayer likely play a significant role in the enhanced reactivity of
inverse model ceria/Cu catalysts where 1 ML ceria represents the most extended
surface phase.

Oxygen vacancies on clean ceria surfaces are usually regarded as catalytically
active sites. They contain both structural defect and Ce®* ions. Whether the
catalytic activity comes from the missing oxygen or from the different charge state
of Ce atom is not clear. In this perspective, the ultrathin ceria films on copper
present three very interesting systems. One of them, the 2 ML CeO,/Cu(111) has
atomistic structure of the surface monolayer similar to the (111) surface of bulk
ceria crystal and its top cerium atomic layer contains only Ce?* ions as standard
CeOy(111) surface. Compared to that, the 1 ML CeOy/Cu(111) system has also
similar atomistic structure to the previous case, but contains only Ce3* ions. Last
the 1 ML CeO; 75/Cu(111) system contains also exclusively Ce*T ions but also
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deviates from the CeO, stoichiometry by presence of an oxygen vacancy. These
three systems are thus ideal candidates for study the mechanism of adsorption on
ceria surfaces and to determine and separate the role of electronic (Ce** ions) and
structural (oxygen vacancy) defects during the adsorption. The extra charge in
the 1 ML ceria can affect adsorption properties of molecules by providing a charge
donation to adsorbates capable of accepting electron or allowing for adsorption
structures and states not available at stoichiometric surfaces. The effects of these
structural defects on the reactivity of the copper-ceria systems are described in
the next chapter.
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Chapter 5

H>0O adsorption

In this chapter I will investigate how the special properties of the ultrathin ceria
layers on Cu(111) substrate described in the previous chapter namely the different
charge state of Ce atoms in the top layer of films with different thickness affect the
H; O adsorption on ceria surface. I will show results of study of HyO adsorption
and dissociation on 1 ML CeQOs, 1 ML CeOy75 and 2 ML CeQy films specifically
with aim to provide better understanding of the mechanism of Hy O adsorption and
dissociation and of the role of structural and electronic defects for the adsorption.

5.1 Previous studies

Understanding the mechanism of HoO adsorption on different surfaces is impor-
tant in the field of the development of new catalysts. Since water is present in
the atmosphere, it necessarily takes part in many reactions either as a reactant
(for example in WGS reaction), byproduct or impurity [141]. Water adsorption
on reduced and stoichiometric ceria has been thoroughly studied both experi-
mentally and theoretically and has been a subject of many controversies. It is
not clear whether water adsorbs as a molecule or dissociates on stoichiometric
and reduced ceria surfaces as well as whether water adsorption on ceria surfaces
causes its oxidation or reduction.

Different studies reported different behavior of ceria surfaces upon contact
with water. In Ref. [142] ceria was described as strongly hydrophobic with many
technological applications. In [26, 27, 28] oxidation of ceria films and powders
upon water adsorption was reported, whereas further reduction of reduced ce-
ria film on Pt(111) was shown in Ref. [24]. The possible explanation of this
discrepancy was suggested in the fact that during the experiments different ce-
ria surfaces were exposed to water. Namely for reduced (111) ceria surface it
was shown that water causes its further reduction [143]. The same XPS and
thermally programmed desorption (TPD) study also reported no dissociation oc-
curring on reduced (111) ceria surfaces. On the other hand, dissociation of HyO
leading to stable OH groups up to 600 K on inverse model CeO,/Au(111) was re-
ported in [25]. XPS and TPD experiments on CeOq(111)/Cu(111) [144] showed
that lower temperature favored molecular water adsorption, while dissociation
increased with higher temperature or with increased Ce3"/Cel™ ratio (degree of
ceria reduction). The morphology of both stoichiometric and reduced ceria lay-
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Figure 5.1: STM images of 10 ML ceria layer on Cu(111) before (a) and after
(b) water adsorption and desorption. No significant change of morphology was
observed upon water adsorption. Figure from Ref. Matolin et al. Catal. Today
181, 124-132, 2012.

ers was not affected by water adsorption as visible in Fig. 5.1. Another XPS
and thermal desorption spectroscopy (TDS) studies [145, 146] on CeO; films on
Cu(111) instead consistently reported both dissociation and molecular adsorption
on stoichiometric surface but only dissociation on reduced surface.

In Ref. [147] a dynamic scanning force microscopy was employed to study
water adsorption on clean stoichiometric CeOq(111) surface. In this study, the
water adsorbed on the surface was identified as triangular protrusions centered
on Ce ions similar to image displayed in Fig. 5.2. The water adsorption was
shown as spontaneous as well as tip-induced. The adsorbed water was identified
as either molecular or dissociated molecule with proton (H) in immediate vicinity
of the OH group so as to preserve local charge neutrality. The surface diffusion
barier of 1 eV of a water molecule on ceria surface was estimated as a lower limit
for the adsorption energy. Further study in Ref. [148] analyzed water adsorption
on reduced ceria surface. Apart from molecular water, hydroxide groups localized
at surface oxygen positions were also observed. Oxygen vacancy was proposed
to act as a center for water dissociation on reduced ceria surface. Moreover
in Ref. [149] the non-contact atomic force microscopy (NC-AFM) experiment
displayed the water molecule on CeO9(111) surface and reported the possibility
of transferring water molecules by the tip across the clean surface or oxygen
vacancy. According to this study, the water molecule was more likely to bind
close to the vacancy than be dissociated in the vacancy.

Water adsorption on ceria surfaces have been subject of many theoretical
studies as well. The results of different studies were rather inconsistent in terms
of adsorption energies and structures. The latest reports [22, 23] give an overview
of the previous studies as well as give possible explanations for the discrepancies
namely the level of theory used (DFT or DFT+U), the size of the supercell and
water coverage as well as difficulty to obtain lowest energy adsorption state. The
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Figure 5.2: Water molecules adsorbed on stochiometric (a-c) and defective (d)
ceria surfaces imaged by NC-AFM. Water is identified by triangular features
centered above Ce ions. Figure from Torbriigge S. et al. J. Phys.: Condens.
Matter 24, 044024, 2012. (©) IOP Publishing. Reproduced by permission of IOP
Publishing. All rights reserved.

overall findings are also summarized in table 5.2.

Kumar and Shelling in Ref. [141] calculated water adsorption on ceria surfaces
using the standard DFT. They reported the preference for water adsorption on top
of Ce atom forming a single hydrogen bond with surface oxygen upon adsorption
on stoichiometric ceria surface. DFT+U [150] and DFT [151] analyses instead
calculated preferred adsorption configuration of water molecule on clean ceria
surfaces to form two hydrogen bonds with surface oxygen atoms. Watkins et
al [152] performed DFT+U calculations with results showing water dissociation
with OH group adsorbed on cerium ion and H atom on one of the three closely
neighbouring surface oxygen atoms, which was more stable compared to water
molecularly adsorbed on top of Ce ion with two hydrogen bonds with surface
oxygen atoms. All the previous studies reported stronger adsorption of water
molecule on reduced ceria surface as well as the preference for water dissociation
in the presence of oxygen vacancies. [151, 141, 152]

Following study performed by Yang et al in [153] by DFT+U method re-
ported both molecularly adsorbed and partially dissociated water molecule on
stoichiometric ceria surface to be very close in energy with slight preference for
the molecular adsorption. Also on reduced ceria surface both molecularly ad-
sorbed HyO together with completely dissociated OH groups were described in
agreement with experimental reports. The same findings for stoichiometric ce-
ria surface were reported in Ref. [22] together with thorough discussion of the
discrepancies of previous studies. The closeness of the molecular adsorption and
partially dissociated molecule was explained by the convenient lattice parameter
and high flexibility of ceria upon water adsorption, while complete dissociation
on stoichiometric surface was ruled out completely. The barrier of HyO dissocia-
tion on ceria surface was calculated as well as the barrier for the rotation of the
water molecule between the three equivalent positions on top of one cerium atom
which is responsible for the water molecule appearing as a triangular feature in
the scanning force microscopy images [148, 154]. Consistent results were reported
also in newer studies [155, 156].

These studies clearly show the importance of defects for water adsorption. In
these studies, the defect is always in form of oxygen vacancy, which is a structural
defect of the lattice accompanied by electronic defect in form of Ce3* ions in the
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Figure 5.3: Metastable adsorption configurations of molecular and dissociated
H>0 on clean ceria surfaces as described in [22]. Adapted with permission from
Fernandéz-Torre et al. J. Phys. Chem. C 116, 13584-13596, 2012. Copyright
2013 American Chemical Society.

vicinity of the vacancy. In this perspective the thin films described in the previous
chapter are ideal candidates to study water adsorption and disentangle the role
of the two different kinds of defects on the adsorption and dissociation of water
molecule on ceria surfaces. The 1 ML CeOy/Cu(111) indeed has a stoichiometry
of ceria but consists exclusively from Ce?" ions even without the presence of
structural defects. In contrast the 2 ML CeOy/Cu(111) has full stoichiometry
and charge state of ceria (111) surface. Therefore in this study we calculate and
compare adsorption properties of water molecule adsorbed on both these systems
in order to find the role of Ce?* ions in the adsorption.

5.2 Calculation details

Calculation of water adsorption on thin ceria films on Cu(111) substrates em-
ployed spin-polarized DFT+U calculations within GGA aproximation in PBE
formulation using Vanderbilt ultrasoft plane-wave pseudopotentials. The energy
cutoffs for plane-wave basis set and electron density representation remained set
to 30 and 300 Ry as well as the Monkhorst-Pack k-point mesh, since our supercells
remained basically the same.

In order to be able to set a baseline for our calculations and to be able to
compare and relate our results with available theoretical and experimental studies,
first we calculated properties of water adsorption on clean ceria (111) surface. To
do that we prepared a hexagonal supercell consisting of 3 ML (2x2) ceria slab
separated by 12 A vacuum layer. For further analysis of water adsorption on thin
ceria films on Cu(111) we used the orthorhombic supercells containing 4 atomic
layers (3x3) Cu slab and 1 and 2 ML (2x2) ceria films with atomistic structures
described in the previous chapter. The topmost layer of ceria and lowest layer of
copper were separated by 11 A of vacuum. A detailed insight into energetics and
electronic structure of these ultrathin films on Cu(111) is reported in appendix.

Water molecule was placed on top of the ceria films in a number of starting
configurations. As a starting point we considered the adsorption configurations
reported as stable or metastable for clean ceria (111) surface. The configura-
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tions are displayed in Fig. 5.3, which was taken from Ref. [22] as well as the
nomenclature for the configurations. The configurations are namely MS1, which
corresponds to water molecule tilted in a way that one hydrogen forms a bond
with one surface oxygen; MS2, where the water molecule is tilted symmetrically,
so that each hydrogen atom form a bond with surface oxygen atom and MS3
which has both hydrogen atoms pointing away from the surface. All of these
configurations were put on different sites of the ceria surfaces, namely above the
O Ce!l and O sites as well as above the subsurface vacancy in the 1 ML
CeOq .75 film in different heights above the surface oxygen layer in the range 0.5-
2.0 A. Adsorption on different symmetry inequivalent Ce’! atoms as described in
previous chapter was also compared.

Moreover also dissociated water molecule was introduced on top of the thin
ceria films in the configuration HP1 with OH group adsorbed on Ce ion and H
atom on neighbouring surface oxygen and in the configuration HP2 where the
remaining hydrogen is adsorbed on surface oxygen far from the OH group.

All of these starting configurations were relaxed according to the Hellman-
Feynman forces with bottom ceria monolayer in case of adsorption on clean ceria
and two bottom copper layers in all other cases fixed in the bulk-like positions
and all the other atoms were allowed to relax.

5.3 Results

Here I will describe the results of our calculations of water adsorbed in molecular
and dissociated state on ceria surfaces. First I will show results for 3 ML CeO,
to establish a base line for futher analysis of water adsorption and dissociation
on ultrathin supported ceria films. The comparison of our results for clean ceria
slab with results reported in literature is shown in table 5.1 to verify validity of
our calculations.

Table 5.1: HyO adsorption energies E%}ljo [eV] on clean stoichiometric ceria sur-

face. The adsorption energies of water molecule on CeO,(111) surface in different
configurations described in Ref. [22] as calculated in this work. For comparison
we show values calculated in different theoretical publications as well as the ex-
perimental value of adsorption energy.

Configuration \ MS1 MS2 MS3 HP1 HP2
This work -0.52 -0.51 -0.32 -0.50 -0.24
Férnandez-Torre et al. [22] -0.54 -0.51 -0.32 -0.52 -0.24
Kumar and Shelling [141] -0.58

Chen et al. [150] -0.49 -0.52

Watkins et al. [152] -0.36 -0.66 -0.16
Fronzi et al. [151] -0.49 -0.33 -0.36

Yang et al. [153] -0.57 -0.55
Experiment: Prin et al. [157] | -0.56 — -0.61
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Table 5.2: HyO adsorption energies E4%, [eV] on ceria surfaces. Overview of the
adsorption energies of water molecule on CeO5(111) surfaces in different configu-
rations described in Ref. [22] calculated within this study on clean ceria slab and
thin ceria films on Cu(111).

Configuration \ MS1 MS2 MS3 HP1 HP2
3 ML CeO, -0.52 -0.51 -0.32 -0.50 -0.24
2 ML CeOy/Cu(111) -0.99 -0.95 -0.77 -0.97 -0.50
1 ML CeOy/Cu(111)(S) | -0.71 -0.70 -  -0.21 -0.60
1 ML CeOy/Cu(111)(R) | -0.56 -0.40 -0.32 -  -0.23

1 ML CeOy_,/Cu(111) |-0.52 -0.45 -029 -0.31 -0.30

Next I will investigate the results of water adsorption on 2 ML CeOy/Cu(111),
which is a system exposing a ceria(111) surface with atomistic and electronic
structure similar to that of clean unsupported ceria slab. The comparison with
adsorption on clean ceria slab will show the effect of the Cu support and the
copper-ceria interface 2 ML below the surface on the adsorption properties of
water molecule.

Then I will show the properties of water molecule adsorbed on 1 ML ceria film
exhibiting atomistic structure of clean ceria but electronic structure of reduced
cerium oxide containing exclusively Ce®" ions. This will allow to explore the
differences arising from the presence of Ce®" ions in the topmost monolayer of
ceria film on the adsorption of water molecule.

Last I will show the properties of dissociative adsorption of water molecule on
thin ceria films. An overview of adsorption energies for water molecule in different
adsorption configurations in molecular and dissociated states is summarized in
the table 5.2.

5.3.1 3 ML CeO,

To be able to relate our findings to the available results in the literature, we
study the adsorption of water molecule also on (111) surface of clean ceria slab.
In particular we stabilize the reported MS1, MS2 and MS3 molecular adsorptions
structures as well as the dissociated HP1 and HP2. In agreement with the latest
literature results reported by Férnandez-Torre et al. [22], the one hydrogen bond
MS1 structure is most stable and almost degenerate with dissociated HP1 and
two hydrogen bond MS2 structures.

The bondlengths calculated in this study are reported in tables 5.3 and 5.4.
The calculated structures and bondlengths are in good agreement with values
reported in literature. The water molecule in MS1 configuration has one short
(0.98 A) and one long (1.01 A) OH bond. The bond between hydrogen and
surface oxygen is longer than reported value (1.77 A compared to reported 1.69
A) which might be responsible for slightly lower obtained adsorption energy. The
bond between oxygen atom in water molecule and cerium atom in ceria is 2.63
A which is 10% larger than the Ce-O bond in ceria bulk. Similar Ce-O bondlength
(2.62 A) was calculated also for the MS2 configuration. The water molecule in
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Figure 5.4: Projected density of state of individual atoms upon adsorption of
water molecule in the MS1 configuration on 3 ML CeO, slab (left) and 2 ML
CeOy/Cu(111) (right). The green lines correspond to H s orbitals, red lines are
O p orbitals, blue and black represent Ce d and f states respectively.

the MS2 configuration has two symmetrical 0.99 A OH bonds and the hydrogens
are bound to the surface oxygen atoms with the bondlengths of 2.04 and 2.07 A.
The distance of the oxygen atom in water molecule to the Ce atom in the surface

in case of the MS3 configuration with both hydrogen atoms pointing away from
the surface is larger by 0.1 A (2.71 A).

The bonding of water molecule on the clean ceria slab in the most stable
MS1 configuration is analyzed with respect to the electronic properties. The
pDOS analysis is displayed in the Fig. 5.4, while the bonding charge in the Fig.
5.5. It is clearly visible that water molecule forms a bond between oxygen atom
and surface Ce ion as well as bond between H atom and surface oxygen. The
O-Ce!! bond is mostly covalent which is visible from the overlap of oxygen p
states with Ce d states. The H-O! bond has also ionic components due to the
sharp localized peak of H s states and a charge accumulation around the oxygen
atom in the water molecule and between the water molecule and ceria surface
as shown in the curve displaying the bonding charge integrated in the planes
perpendicular to the z direction in Fig. 5.9. By comparing the Lowdin charges of
the atoms in the first and second ceria monolayer before and after H,O adsorption
(displayed in Tab. 5.8) we can observe slight increase of charge in the case of
surface monolayer mostly in O/ p, Ce" d and little less at OV p states. The
charge of the subsurface monolayer doesn’t change. The oxygen atom in water
molecule exhibits decrease in the total charge compared to isolated HoO molecule
as shown in Tab. 5.7.
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Figure 5.5: Bonding charge calculated for adsorption of water molecule in MS1
configuration on 3 ML CeOs (left) and 2 ML CeO,/Cu(111) (right). The red
areas correspond to charge accumulation, blue represents charge depletion.

The H5O dissociation is studied by exploring the adsorption configurations
HP1 and HP2 with water molecule dissociated to OH group and H atom with
H close to the OH group (HP1) and further from the OH group (HP2). The
adsorption energies as well as the bondlengths for both configurations on clean
ceria slab correspond well with the values reported in literature (see table 5.4).

In the more stable HP1 configuration, the OH group is bound with the oxygen
end to the Ce¥ ion with bondlength 2.24 A and H is adsorbed at surface oxygen
directly neighbouring the Ce atom with bondlength 1.01 A. The Ce-O bond is
significantly shorter than the bond in the case of molecularly adsorbed water. The
distance between the oxygen in the OH group and the remaining hydrogen atom
is 1.64 A. From the bonding analysis in Fig. 5.6 we see the OV/-H bond from
the overlap of the hydrogen s states with the sharp peaks of one of the surface
oxygen p states. The p states of the oxygen atom in the OH group is shifted to
higher energies compared to the oxygen p states in molecularly adsorbed water
due to the interaction with the Ce ion. On the other hand there is also overlap
between the oxygen p states with both hydrogen atoms showing partial bond also
between O in the OH group and H adsorbed in the neighbourhood.

The adsorption in the HP2 configuration exhibits significant differences with
respect to the adsorption in HP1 configuration. Both the H-OV! and O-Ce"
bonds are shorter. In particular, he H-OV/ bond is 0.98 A long, similar to the
length of the bond in water molecule or in OH group. The O-Ce bond decreases
t0 2.16 A. From the pDOS analysis it is evident, that the oxygen p states from the
OH group shifted to even higher energies and now exhibit overlap only with the
hydrogen in the OH group. There is no more bond with the separately adsorbed
hydrogen, which instead overlaps with sharper peak of oxygen in the surface ceria
atomic layer.

In conclusion results of our simulation of HoO adsorption on clean stoichio-
metric CeOy (111) slab are in line with the results reported in literature and
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Table 5.3: H,O adsorption energies Efs, [eV] of water molecule adsorbed on
ceria surfaces; lengths of bonds between water molecule and ceria surface (H-O;
O-Ce) and O-H in the water molecule for each system. Data reported also for ad-
sorption on symmetrically inequivalent sites on 1 ML CeO; 75/Cu(111) substrate
as described in previous chapter. Corresponding values from the literature also
shown for comparison.

ads site | substrate Eoas [€V] H-Ogup [A] O-Ce [A]  H-O [A]
MS1 [22] -0.54 1.69 2.62 0.97 - 1.01
3 ML CeO, -0.52 1.77 2.63 0.98 - 1.01
2 ML CeO, -0.99 1.71 2.61 0.98 - 1.01
1 ML CeO4(S) -0.71 1.67 2.68 0.97-1.02
1 ML CeO4(R) -0.56 1.66 2.69 0.97 - 1.02
Cep-Op | 1 ML CeO,_, -0.52 1.70 2.70 0.97 - 1.01
Cep-Or | 1 ML CeOy_, -0.51 1.72 2.71 0.97 - 1.01
Cer-Op | 1 ML CeO4_, -0.48 1.68 2.69 0.97 - 1.01
MS2 | [22] 0,51 - - -
3 ML CeO, -0.51 2.04; 2.07 2.62 0.99 - 0.99
2 ML CeO, -0.95 2.01; 2.02 2.62 0.99 - 0.99

1 ML CeO4(S) -0.70 2.03; 2.06 2.68 0.99 - 0.99
1 ML CeO2(R) -0.40 2.23; 2.28 2.68 0.98 - 0.98

Cer-Op | 1 ML CeOy_, | -0.45  2.04; 2.05 2.66 0.9 - 0.99
MS3 | [22] -0.32 - - -

3 ML CeO, 032 2.94; 2.95 271 0.98-0.98

2 ML CeO, 077 2.93;2.93 270 0.98-0.98

1 ML CeOs(S) - - - -
1 ML CeO4(R) -0.32 3.07; 3.07 2.74 0.98 - 0.98
Cer-Op | 1 ML CeOq_, -0.29 3.01; 3.02 2.74 0.99 - 0.99

can therefore be considered a sound reference point for establishing the effect
of the different charge state and thickness of ceria films on H5O adsorption and
dissociation.

5.3.2 2 ML CeO,/Cu(111)

The 2 ML CeO,/Cu(111) is a structure which expose an outermost CeOy(111)
monolayer with stoichiometry and electronic structure very similar to clean ceria
(111) slab. Important differences arise only when the subsurface ceria monolayer
is taken into consideration, since it is formed by Ce?" ions and thus has a different
charge state than the corresponding monolayer under the surface in the ideal ceria
slab. Note that these Ce®t ions are 4 A below the surface and 5.5 A from the
water molecule. Still they do have an important effect on the surface properties.
The bonding of water molecule on this surface was expected to be very similar to
the bonding on clean ceria slab, instead we found, that HoO adsorption on 2 ML
CeOy/Cu(111) is more stable. The adsorption energy of water molecule in MS1
configuration is -0.99 eV, which is 0.47 eV higher than for the clean ceria surface.
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Table 5.4: HyO adsorption energies E4%, [eV] of water molecule adsorbed on ceria
surfaces in dissociated state; lengths of bonds between the OH and H groups and
ceria surface (H-O; O-Ce) and O-H in the OH group as well as between OH group
and H atom. Corresponding values from the literature also shown for comparison.

ads site | substrate Eods [6V] H-Oguyp [A] O-Ce [A]  H-O [A]
HPT | [22] 20.52 1.01 223 0.07- 164
3 ML CeO, 050 1.01(2.66) 224 0.97- 1.64
2 ML CeOq -0.97 1.01 (2.65) 2.24 0.97 - 1.64

(
1 ML CeO4(S) -0.21 1.04 (3.23) 2.33 0.97 - 1.52
1 ML CQOQ(R) -

Ces | 1ML CeOy, | -031  1.05(3.27) 234  0.97- 1.52
HP2 | [22] -0.24 - - B
3 ML CeO, 024 0.98(2.25 216 0.98 - 4.36

(2.25)
2 ML CeO, 050 0.97 (240) 216  0.98-4.39
1 ML CeO5(S) | -0.60  0.98 (4.24) 217  0.97 - 4.67
1 ML CeO5(R) | -0.23  0.98 (4.31) 218  0.97 - 4.59
Cep | 1ML CeOyp | -0.30  0.98 (4.40) 217  0.97 - 4.50

The same holds also for other studied adsorption configurations, namely MS2 and
MS3 have adsorption energies -0.95 and -0.77 eV (0.45 eV more stable than MS2
and MS3 on clean ceria). The higher stability on 2 ML ceria film on Cu(111) than
on thick ceria slab is thus consistent regardless of the adsorption configuration.
The reason for this behaviour is expected to arise from the electrostatics effects
due to the different charge state of subsurface ceria monolayer.

The adsorption properties of water molecule on 2 ML ceria film are calculated
and from the results it is clear, that the structure of all the configurations remains
basically the same as the structures on clean ceria surface. Overall trend is the
decrease of O-Ce!! bond by 0.01-0.02 A and H-O' bond by 0.06, 0.05 and 0.02
A in the MS1, MS2 and MS3 structures respectively. On the other hand the
shape of the bonding charge in Fig. 5.5 or the peaks in the pDOS figure in Fig.
5.4 show that the mode of adsorption remains the same as for water molecule
on clean ceria. Also the charge of the atoms in water molecule remains almost
unchanged (see table 5.7). The atoms in the surface ceria monolayer exhibit also
increase in charge of O p and Ce d states as in the case of adsorption on clean
ceria, the increase in the case of Ce d states is slightly higher (see table 5.5).

Different behaviour between the adsorption on clean ceria slab and 2 ML film
can be observed when we take into account the subsurface ceria monolayer. The
charges of the atoms in subsurface monolayer are different already before the
adsorption due to the presence of the metal-oxide interface underneath the 2 ML
film. The main difference is in the Ce atomic layer which contains Ce3* ions in
the case of 2 ML film, and Ce*" ions in the clean ceria slab. Another difference
is also exhibited by oxygen atoms in the interfacial atomic layer, which are more
charged by 0.3 on average. The oxygen atoms in the third atomic layer from
the interface are also more charged but with much smaller difference. After the
adsorption of water molecule, the charge at the subsurface monolayer of clean
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Figure 5.6: Projected density of state of individual atoms in the water molecule
adsorbed in dissociated state in the HP1 (left) and HP2 (right) configuration on
3 ML CeQOs,. The green lines correspond to H s orbitals, red lines are O p orbitals,
blue and black represent Ce d and f states respectively.

ceria slab doesn’t change significantly. On the other hand important changes
can be observed in the case of the subsurface monolayer in 2 ML ceria film. In
particular the Ce states charge lowers upon water adsorption, while the charge
of the interfacial oxygen atoms increase as shown in table 5.6. Also the Lowdin
charge of the copper atoms in the first layer of substrate changes, in average
it increases by 0.01 upon HyO adsorption. These results evidence the interface
charge transfer induced by the adsorbate and support the finding that metallic
support can have a role in adsorption of molecules on the supported oxide films
by providing extra charge to better accommodate the molecule.

In summary we show the preferential adsorption of water molecule on 2 ML
CeO4/Cu(111) compared to adsorption on clean stoichiometric ceria slab as a
result of the presence of charge reservoir at the metallic interface 6.7 A underneath
the surface of the 2 ML ceria film.

5.3.3 1 ML ceria/Cu(111)

Adsorption of water molecule in the same configuration (MS1) as in previous
systems of clean ceria slab and 2 ML ceria film to the distance 3.2 A above the
surface of 1 ML CeO,/Cu(111) leads to a very unexpected result. During the
relaxation the water molecule is attracted towards the surface as expected, but
also simultaneously the whole ceria monolayer reorganizes so that its structure
deviates from the structure of symmetrical stoichiometric 1 ML ceria film. In
order to find out whether the reorganization of the monolayer is induced by the
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Table 5.5: Lowdin charges of atoms in surface O-Ce-O monolayer of
ceria in the 3 ML CeO; and 2 ML CeO,/Cu(111) cases before and
after adsorption of water molecule in MS1 configuration. Only orbitals
with significant changes are shown.

OVI CeV OIV
t p t d t p

BEFORE ADSORPTION

3 ML CeO, | 6.58 4.83 | 10.82 1.86 | 6.51 4.80
6.58 4.83 ] 10.82 1.86 | 6.51 4.80
6.58 4.83 ] 10.82 1.86 | 6.51 4.80
6.58 4.83]110.82 1.86 | 6.51 4.80
2 ML CeOs/ | 6.59 4.83 | 10.81 1.84 | 6.52 4.81
Cu(111) 6.58 4.83]10.81 1.85|6.52 4.81
6.58 4.83 ] 10.81 1.85|6.52 4.81
6.58 4.83 ] 10.81 1.85|6.52 4.81

AFTER ADSORPTION

3 ML CeO, | 6.62 4.86 | 10.83 1.87 | 6.52 4.81
6.56 4.81 | 10.83 1.88 | 6.51 4.80
6.59 4.84 1 10.82 1.87|6.51 4.80
6.59 4.84 | 10.83 1.87|6.52 4.81
2 ML CeOs/ | 6.60 4.84 | 10.83 1.87 | 6.53 4.82
Cu(111) 6.56 4.81 | 10.83 1.86 | 6.51 4.81
6.59 4.84 ] 10.83 1.88 |6.52 4.81
6.62 4.86 | 10.83 1.87 | 6.53 4.82

water molecule or is a stable state of the monolayer, we proceed in the analysis by
removing the water molecule and allowing further relaxation of the reorganized
film. The relaxation revealed that it is indeed a stable solution and will be referred
to as 71 ML CeOy/Cu(111)(R)” to differentiate it from the original symmetrical
1 ML ceria film reported in previous section ("1 ML CeO,/Cu(111)(S)”).

The top view of the structure of the reconstructed (R) ceria film is shown in
Fig. 5.7 (a), where it is possible to compare the displacement of individual atoms
with the original symmetrical 1 ML case (S) in the subfigure (b). Due to the
distortion of atomic positions two of the interface Of atoms move to a hollow-like
positions with two Cu’-O’ bondlengths 2.12 A and one 2.04 A, while the other
two O atoms are in a distorted bridge-top positions between two Cu! atoms
with one short Cu’-O’ bond 1.95 (1.96) A and one long 2.20 (2.33) A for the
two O atoms respectively. Also other atomic layers of ceria monolayer become
distorted resulting in four nonequivalent atoms in each atomic layer. Overall the
rigid translation together with local distortions of the ceria slab decreases the
total energy of the system by 0.3 eV. This energy difference is related to the
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Table 5.6: Lowdin charges of atoms in subsurface O-Ce-O monolayer
of ceria in the 3 ML CeO; and 2 ML CeO,/Cu(111) cases before and
after adsorption of water molecule in MS1 configuration. Only orbitals
with significant changes are shown.
OIII Cell OI

t t d f+ f- t

BEFORE ADSORPTION

3 ML CeOy | 6.53 | 10.89 1.94 0.36 0.36 | 6.53
6.53 | 10.89 1.94 0.36 0.36 | 6.53
6.53 | 10.89 1.94 0.36 0.36 | 6.53
6.53 | 10.89 1.94 0.36 0.36 | 6.53
2 ML CeOy/ | 6.59 | 11.10 1.80 0.94 0.09 | 6.76
Cu(111) 6.58 | 11.08 1.70 0.07 1.05| 6.85
6.58 | 11.10 1.80 0.10 0.94 | 6.85
6.58 | 11.10 1.80 0.94 0.09 | 6.85

AFTER ADSORPTION

3 ML CeO, | 6.53 [ 10.89 1.94 0.35 0.35 ] 6.53
6.53 | 10.89 1.94 0.35 0.35 | 6.53
6.53 | 10.89 1.94 0.36 0.36 | 6.53
6.53 [ 10.89 1.94 0.35 0.35 | 6.53
2 ML CeO,/ | 6.59 | 11.06 1.70 0.07 1.03 | 6.78
Cu(111) 6.58 | 11.05 1.67 1.06 0.07 | 6.88
6.58 | 11.07 1.70 0.07 1.03 | 6.88
6.58 | 11.07 1.70 1.03 0.07 | 6.88

(2x2) CeO4(111)/(3%x3) Cu(111) supercell interface, corresponding to an area of
over 53 A? involving contributions from four molecules of ceria and at least nine
interfacial atoms of Cu and eight Cu-Of bonds (resulting in contribution of 0.03
eV per bond). Compared to the binding energy of copper atom on ceria surfaces
which is in order of eV (see chapter 3), we consider the energy difference per
Cu-O bond 0.03 eV in this interface as insignificant. Although the change of the
structure can have some influence on the properties of the monolayer, the change
doesn’t significantly affect the structure of the topmost oxygen layer exposed to
the adsorbates as well as the peculiar electronic structure of the monolayer in
terms of the charge state of cerium ions which remain Ce3*, therefore we don’t
expect significant differences in the adsorption mechanism and energetics.

In order to further explore the properties of the structural distortion of the
film, we study its effect on the adsorption of water molecule. Therefore we con-
sider in the analysis both configurations of the ultrathin 1 ML ceria film on
copper, namely the original denoted as (S) and the reconstructed denoted as (R).
Also in this case we explored the adsorption of water molecule in MS1, MS2 and
MS3 configurations.

The adsorption energies of water molecule adsorbed on both forms of 1 ML
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Table 5.7: Lowdin charges of H-O-H on different substrates

H H O

t t t S P
H>0O (g) 0.63 | 0.63 | 6.65 1.66 4.99
3 ML CeO, 0.64 | 0.63 | 6.58 1.64 4.94

2 ML CeO,/Cu(111) | 0.64 | 0.63 | 6.58 1.65 4.94
1 ML CeO,/Cu(111) | 0.65 | 0.63 | 6.61 1.65 4.96
1 ML CeOy.75/Cu(111) | 0.65 | 0.63 | 6.61 1.65 4.97

Figure 5.7© A top view of 1 ML CeO,/Cu(111) system in different
metastable atomistic configurations. An original symmetrical structure 1 ML
CeOy/Cu(111)(S) (a) is shown for comparison with the reconstructed structure
with reorganized atoms in ceria monolayer 1 ML CeO,/Cu(111)(R) (b).

ceria film (S) and (R) in all adsorption configurations are reported in table 5.3.
The order of stability of the different H,O adsorption configurations followed the
same tendency as in the case of clean ceria surface, the MS1 configuration is
most stable closely followed by MS2, while MS3 with hydrogen atoms not bound
to the surface is the least stable configuration. Further comparison show, that
H,O adsorption on the 1 ML CeO,/Cu(111) films is less stable than on 2 ML
films and more stable or comparable to adsorption on clean ceria slab. Namely
adsorption on the original monolayer (S) is more stable with adsorption energy
-0.71 eV for the MS1 configuration and -0.70 eV for MS2 configuration, while
the adsorption on the reconstructed monolayer (R) is less stable with adsorption
energy -0.56, -0.40 and -0.32 eV for MS1, MS2 and MS3 configurations respec-
tively. Moreover in the case of the reconstructed (R) film the adsorption energy
on different structurally inequivalent Ce ions varies between -0.48 — -0.56 eV for
the MS1 configuration due to the different local structures at the interface felt
by the Ce ions as a result of the structural atomic distortions of atoms at the
interface. Thus we can conclude that the local structure at the interface has an
effect on the adsorption energies of water molecules adsorbed on ultrathin ceria
films.

For further analysis of structure and electronic properties of HyO adsorp-
tion we chose the more stable case of MS1 on 1 ML Cey/Cu(111)(S). The H,O
adsorption on this surface results in decrease of the H-O'/ bond compared to
corresponding H-OY? bond in the case of adsorption on 2 ML ceria film by 0.04
A and increase of the O-Ce!! bond by 0.07 A. This is an effect of electrostatics,
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Figure 5.8: Projected density of state of individual atoms upon H,O adsorp-
tion in the MS1 configuration on 1 ML CeOy/Cu(111)(S) (left) and 1 ML
CeOy.75/Cu(111) (right). The green lines correspond to H s orbitals, red lines
are O p orbitals, blue and black represent Ce d and f states respectively.

since negatively charged oxygen ion is less attracted by Ce®* ion than by Ce**.
Instead the oxygen atom in water molecule exhibits increase in Lowdin charge
compared to water molecule on 2 ML film. The charge on surface oxygen atoms
larger for 1 ML ceria due to the effect of the copper/ceria interface cause the
decrease of the H-O bond. The pDOS analysis in Fig. 5.8 show increased ionic
bonding between water molecule and cerium atom since there is almost no overlap
of oxygen and cerium states and the O p states in water molecule exhibit sharper
narrower peak compared to the pDOS for adsorption on 2 ML film. Increase of
the Lowdin charge value upon HyO adsorption was observed for the Ce!! ions
and even more for subsurface oxygen layer. Slight change was shown also for first
layer of copper atoms, whose charge increased in average for 0.01 per atom.

The last case of 1 ML ceria film is the one observed experimentally containing
subsurface vacancies. For this system we also explored different inequivalent
Ce!T and O atoms (as described in chapter 4) as adsorption sites for the water
molecule. In general we observe adsorption energies lower than in the case of 1
or 2 ML ceria films and comparable to the adsorption on clean ceria slab. In
particular, the adsorption was 0.44, 0.5 and 0.48 less stable than on 2 ML film
for the MS1, MS2 and MS3 configuration respectively. The order of stability
of individual configurations is kept also in the case of the film with subsurface
vacancy.

An interesting result is observed HoO adsorption on different inequivalent Ce
sites. The adsorption is more stable when oxygen atom in water molecule is
bound to the Cel atom compared to adsorption above Celf. The explanation
might be in the different coordination of these two atoms where the CeZ atom
is 6-fold coordinated, while the Cel only 5-fold which makes it more disposed to
make a bond with water molecule.

The electronic properties of water molecule bound on 1 ML CeOy 75/Cu(111)
in MS1 configuration are analyzed. From pDOS figure 5.8 and bonding charge
figure 5.10 it is clear that the bonding mechanism of water molecule on this film
is the same as in the case of 1 ML CeOy/Cu(111)(S). The pDOS doesn’t exhibit
any difference in terms of sharpness or location of the particular peaks except for
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Figure 5.9: Bonding charge integrated across the planes perpendicular to the z
direction (right) for all studied systems with H,O adsorbed in MS1 configuration
individually in corresponding panels and for comparison plotted together in the
right panel.

the shift of the peaks with respect to the Fermi energy observed already for 1 ML
CeOy.75/Cu(111) without adsorbates described in previous chapter.

The Lowdin charge of the atoms in the whole defective monolayer, although
different from the charge of the stoichiometric monolayer (specifically the surface
oxygen and cerium atoms more charged, the interface oxygen less charged), does
not significantly change upon H,O adsorption. The bondlengths show similar
trend as for bonding on 1 ML film without vacancy.

In summary we can say that the bonding of water molecule on 1 ML ceria
films is less stable than on 2 ML film but more stable than on clean ceria slab.
The mechanism of the bonding doesn’t change significantly, except for the electro-
statics effect which cause increase of Ce-O bond and decrease of O-H bond. The
subsurface vacancy does not have an important effect on the HyO adsorption, so
we can conclude, that the electrostatic effect of Ce?* ions is more important for
the adsorption of water molecule on ceria surfaces than the presence of subsurface
oxygen vacancy.

5.3.4 H-O dissociation

In order to study H,O dissociaton on ultrathin ceria films, we explore the struc-
ture of dissociated water molecule in HP1 and HP2 configurations on thin ce-
ria films on Cu(111). The bonding of dissociated water molecule on 2 ML
CeO4/Cu(111) substrate exhibits exactly the same trends as molecular adsorp-
tion. Namely also in this case the dissociated water molecule binds preferentially
on 2 ML film with adsorption energy of -0.97 eV, which is only 0.02 eV less stable
than MS1 configuration and more stable than MS2 configuration. Consistently
it is 0.47 eV more stable than adsorption on clean ceria slab. The same holds for
the HP2 configuration which exhibited adsorption energy -0.50 eV, 0.26 eV more
stable than on clean ceria. Both configuration exhibit agreement in bondlenghts
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Figure 5.10: Bonding charge calculated for H,O adsorption in MS1 configuration
on 1 ML CeOy/Cu(111)(S) (left) and 1 ML CeOy.75/Cu(111) (right). The red
areas correspond to charge accumulation, blue represents charge depletion.

with the dissociated water molecule on clean ceria as well as the same electronic
properties shown in Fig. 5.11. In particular as in the case of clean ceria we
observe shift of O p states to higher energy, overlap of O p states with both
hydrogen atoms in case of HP1 configuration and with only one in case of HP2
configuration and formation of sharp oxygen p peak of one of the surface oxygens
which overlaps with the hydrogen s state.

On the other hand adsorption of dissociated water molecule on 1 ML ceria
films exhibits completely different characteristics from the adsorption on clean
ceria slab or 2 ML film. As in the previous case, we put the OH and H adsor-
bates in the HP1 and HP2 configurations on the 1 ML films in different distances
and relax the system. The relaxation of all HP1 starting configurations on 1
ML CeOy/Cu(111)(R) results in recombination of OH and H into H,O adsorbed
in MS1 configuration. We were able to stabilize a HP1-like solution on 1 ML
CeO4/Cu(111)(S) substrate, but this solution compared to HP1 configuration on
clean ceria slab or 2 ML film exhibits larger O-Ce’! bond (2.33 A) and much
shorter bond between the oxygen in the OH group and isolated H (1.52 A, 0.12
A shorter) showing the tendency to recombine together with much lower adsorp-
tion energy -0.21 eV compared to the MS1 adsorption energy -0.71 eV. Exactly
the same behavior is observed also for the 1 ML CeQ; 75/Cu(111) substrate whose
resulting structure also exhibits reduced H-O bond, increased O-Ce bond and the
adsorption energy -0.31 eV compared to MS1 adsorption energy -0.52 eV.

When starting from the HP2 configuration, the adsorption characteristics ex-
hibit even more different behaviour. While the H atom remains adsorbed on the
surface O atom with bondlengths consistently 0.98 A for all 1 ML substrates,
the OH group causes significant elevation of the Ce atom beneath for more than
1 A (1.3 A in case of the (S) substrate). Resulting O-Ce!! bond remains only
slightly (by 0.01 A) larger than in HP2 configuration on 2 ML film. The adsorp-
tion energies exhibit large dispersion probably because of the different exact local
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Figure 5.11: Projected density of state of individual atoms in the water molecule
adsorbed in dissociated state in the HP1 (left) and HP2 (right) configuration on
2 ML CeOy/Cu(111). The green lines correspond to H s orbitals, red lines are O
p orbitals, blue and black represent Ce d and f states respectively.

structure of the resulting reorganized monolayer.

Thus in conclusion we can state that the thickness of the layer has a significant
influence on the properties of water molecule adsorbed on thin ceria films in the
dissociated state. In the case of completely dissociated molecule, the OH group
tends to be repelled by the charged ceria film and cause significant distortion to
the film. Moreover the charge state of the first ceria monolayer due to the pres-
ence of the metallic interface underneath induce strong preference for molecular
adsorption on 1 ML ceria films compared to adsorption of predissociated water
molecule.

5.4 Conclusions

In this chapter we studied the water adsorption in the molecular and dissociated
form on ceria films of different thickness. We observed strong preferential adsorp-
tion on 2 ML CeO,/Cu(111) system compared to adsorption on clean ceria slab.
This strong preference was shown both for adsorption of water as a molecule as
well as in dissociated state. The adsorption as a molecule or as OH-H pair in
direct neighbourhood was almost degenerate. The mechanism of adsorption was
identical to the adsorption on clean ceria slab

The water adsorption on ultrathin 1 ML ceria films exhibited completely dif-
ferent characteristics. The molecular adsorption on 1 ML films was less stable
than on thicker 2 ML film but more stable than on clean ceria slab. Moreover the
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Figure 5.12: Projected density of state of individual atoms in the water molecule
adsorbed in dissociated state in the HP1 (left) and HP2 (right) configuration on
1 ML CeO4/Cu(111)(S). The green lines correspond to H s orbitals, red lines are
O p orbitals, blue and black represent Ce d and f states respectively.

molecular adsorption was strongly preferred to adsorption of dissociated molecule
in the HP1 configuration in contrast with the trends shown for 2 ML film and
clean ceria slab. The charge state as well as the thickness of the film thus has an
important role in the adsorption properties and characteristics of water bound

on ceria surfaces.
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Table 5.8: Lowdin charges of atoms in the surface ceria monolayer of
different supercells before and after adsorption of water molecule in
MS1 configuration.

OIH/QVI CeH/CeV OI/oIV
t p t d f+ f- t p

BEFORE ADSORPTION

2 ML CeO,/ 6.59 4.83|10.81 1.84 0.38 0.36 | 6.52 4.81
Cu(111) 6.58 4.83|10.81 1.85 0.37 0.37 | 6.52 4.81
6.58 4.83|10.81 1.85 0.37 0.37]6.52 4.81
6.58 4.83|10.81 1.85 0.37 0.36 | 6.52 4.81
1 ML CeOy/ 6.66 4911|1094 159 0.06 1.04 |6.79 4.99
Cu(111) 6.64 4.90 | 1099 1.61 1.08 0.06 | 6.88 5.04
6.64 4.90 | 10.95 1.59 0.06 1.06 | 6.87 5.04
6.64 4.90 | 10.95 1.59 1.06 0.06 | 6.88 5.04
1 ML CeO;75/ | 6.61 4.87 | 11.04 1.69 1.02 0.07 | 6.85 5.03
Cu(111) 6.66 4.91 | 11.00 1.61 0.06 1.06 | 6.85 5.03
6.66 4.91 | 11.03 1.67 1.05 0.06 | 6.84 5.03
6.6 4.91 | 11.03 1.68 0.07 1.02

AFTER ADSORPTION

2 ML CeO,/ 6.60 4.84 | 10.83 1.87 0.36 0.36 | 6.53 4.82
Cu(111) 6.56 4.81 | 10.83 1.86 0.37 0.37 | 6.51 4.81
6.59 4.84 | 10.83 1.88 0.36 0.37 | 6.52 4.81
6.62 4.86 | 10.83 1.87 0.37 0.36 | 6.53 4.82
1 ML CeOy/ 6.6 4911|1096 1.58 0.06 1.08|6.81 5.01
Cu(111) 6.67 4.93 | 11.02 1.65 1.07 0.06 | 6.90 5.07
6.64 4911|1096 1.58 0.06 1.08|6.90 5.06
6.62 4.89 | 10.95 1.57 1.08 0.06 | 6.89 5.06
1 ML CeO;75/ | 6.60 4.87 | 11.04 1.67 0.06 1.06 | 6.84 5.03
Cu(111) 6.68 4.94 | 11.03 1.64 1.06 0.06 | 6.85 5.03
6.66 491 | 11.05 1.68 0.06 1.06 | 6.85 5.04
6.64 4.90 | 11.02 1.65 1.05 0.06
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Chapter 6

Conclusions

The present work focused on the study of ultrathin ceria films on Cu(111) sub-
strate representing the inverse model catalyst system with applications in hydro-
gen production in fuel cells. In particular we studied the structural and electronic
properties of 1 and 2 ML thick ceria films on the copper substrate followed by
the reactivity study of the water adsorption on these ultrathin films.

In the chapter 3 we summarized the results of previous works on copper-ceria
interfaces in order to show the general trend at the interface. Every copper-ceria
interface studied exhibited a charge transfer accompanied with a change of oxida-
tion state of cerium ions. In particular the interface between copper adatom and
stoichiometric CeO, included charge transfer from copper to ceria causing the
reduction of Ce** ion to Ce?t, while the interface between copper adatom and
defective ceria with oxygen vacancy (which itself cause reduction of two Ce ions)
instead exhibited charge transfer in opposite direction. In that case the metal
was able to accommodate part of the excess charge left upon the vacancy creation
and reoxidized one of the Ce?* jons. This chapter also showed the results of the
calculations of the local structure of larger CeOy(111)/Cu(111) interface in terms
of the mutual shift of the copper and ceria slab as well as the spatial separation
of the two slabs.

In the chapter 4 we reported results of the calculations of structural and elec-
tronic properties of ultrathin ceria films on Cu(111). These results combined with
the STM experimental observations allowed to identify and explain the special
properties of the first monolayer of supported ceria compared to 2 ML or thicker
films, which were ascribed to the finite size effect of the limited thickness of the
film.

In particular the thin films of ceria were shown to exhibit compressive strain
which was reduced either by increasing the thickness of the film or by including
the Ce3* ions or/and oxygen vacancies into the film. In this context it was
shown that the 1 ML film contains an ordered array of vacancies which tend to
segregate at the copper-ceria interface. The vacancies further allow for relieving
the compression of the film and reduce the mismatch of the lattice parameter of
the compressed 1 ML film and the lattice parameter of the copper substrate. The
presence of oxygen vacancies was confirmed by comparison of simulated STM
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image of the ceria film with subsurface vacancies with the atomically resolved
STM experimental image of the first monolayer of ceria. Instead the experimental
atomically resolved STM image of 2 ML film corresponded best to the simulated
image of the stoichiometric 2 ML film. In contrast with the 1 ML film the 2 ML
film showed preference of oxygen vacancies at the surface oxygen layer, where in
reality they are easily refilled by the oxygen in atmosphere, thus we conclude,
that the 2 ML film is stoichiometric.

The reason for the difference in the preferred site for the vacancy formation
in the films with different thickness is in the different charge state of the films.
As reported in the case of all copper-ceria interfaces, the charge transfer from
copper to ceria causes ceria reduction. The reduction involves the whole ceria
monolayer in contact with copper, which in the case of the 1 ML film includes all
the Ce ions, while in the case of 2 ML the interface monolayer is reduced and the
topmost monolayer contains Ce** ions. The electrons left behind upon vacancy
creation in the case of 2 ML film can easily localize on the Ce/ states of the
topmost ceria layer, however in the case of 1 ML film containing exclusively Ce?"
ions they are accepted by the first layer of Cu.

The differences in the strain, structure (the presence and absence of vacan-
cies) and electronic structure (Ce*™ and Ce'™ ions) are identified as a finite size
effect, a result of the limited thickness of the film with possible implications on
the reactivity of the films towards catalytic reactions.

In the chapter 5 we explored the water adsorption on the supported ultrathin
ceria films to analyze the impact of the finite size effects on the reactivity of the
surface. As a descriptor of the reactivity we used the binding energy of water.

First we analyzed water adsorption and dissociation on clean ceria slab to set
a base line for further calculations and verify the validity of our calculations by
comparison with results reported in the literature. Next we calculated proper-
ties of water molecule adsorbed molecularly and dissociatively on supported 2
ML ceria film, which exhibits local electronic and atomistic structure of the top-
most monolayer similar to the termination of clean ceria slab. We show that the
adsorption energies of water molecule in all studied configurations was stronger
than on ceria slab. The effect of the copper-ceria interface in the case of water
adsorption on 2 ML film compared to the clean ceria exhibited as an electrostatics
effect reaching from the subsurface monolayer which is formed by Ce ions in 3+
and 4+ state for the 2 ML film and clean ceria slab respectively. The adsorption
on the more charged 2 ML film resulted in difference in the bondlengths as well
as the adsorbate induced charge transfer at the interface.

The adsorption of water molecule in the molecular and dissociative state on
1 ML film exhibited completely different trends. In contrast with almost similar
adsorption energies for water molecule in MS1 and predissociated HP1 configu-
rations on clean ceria and 2 ML film, the 1 ML film strongly prefers molecular
adsorption. Moreover when predisociated, the OH group and H atom show ten-
dencies to recombine or exhibit much shorter HO-H bond than in the case of HP1
structure on clean ceria slab or 2 ML film. The HP2 configuration was even less
stable resulting in complete reorganization of the monolayer by displacing the Ce
atom away from the monolayer by the adsorbed OH group.
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In conclusion we showed that the properties of ultrathin ceria films induced by
limited thickness of the film and the presence of the metallic interface underneath
the film has significant impact on the reactivity of the films. Specifically for water
adsorption and dissociation on thin ceria films it was shown that 1 ML ceria film
shows strong preference for molecular adsorption, while molecular and dissociative
adsorption are degenerate for 2 ML and thicker films.
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Appendix A

Metastable electronic solutions -
the case of copper-ceria interfaces

Here I will describe the difficulties with calculations of metal-ceria systems. [
will show the existence of metastable electronic solutions for systems containing
cerium oxides. In particular I will report the extreme case of the metal-oxide inter-
face which exhibit metastable states even for occupation of particular Ce f orbitals.

The detailed review of the theoretical methods of calculating ceria based mate-
rials is given in the chapter 3. In the same chapter we also show the strengths and
weaknesses of the different levels of the theory. The DFT+U is a method used in
most theoretical analyses of ceria materials nowadays, since it is able to correctly
describe the cerium oxides both in stoichiometric and reduced forms. However
even DFT+U has its limits. Recent studies have shown existence of metastable
solutions even for ceria with oxygen vacancies [69, 70, 71, 72]. The metastable
solutions for defective ceria include the solutions with different positions of the
Ce3* ions created upon formation of the vacancy.

Other source of metastable solutions are adsorbates on ceria surfaces. In Ref.
[73] the adsorption of vanadium oxide on ceria surface caused metastable states
for different spin configurations of the system upon creating an oxygen vacancy.
Even more complicated situation arise when the adsorbate is a metal. Metal
adsorption on ceria induce charge transfer and is connected with ceria reduction
[23]. Also this case, when electrons have to be localized on Ce ions, allow for
existence of metastable solutions with different position of Ce®* ions with respect
to the adsorbate. Such complication arise even for the smallest case of metal-
oxide interface in form of single adsorbate on ceria surface. Here I will show that
the problem of metastable solutions lies not only in the configuration of Ce®*
ions but also in the exact electronic structure of the system. In particular I will
show the case of extended copper-ceria interface which allow the appearance of
metastable states even for the occupation of different cerium f orbitals.

Our calculations revealed a large number of metastable electronic solutions
for a supercell with the same atomic coordinates, depending on the starting elec-
tronic conditions of Ce f states. Namely when starting from different starting
magnetization of Ce atoms or Ce f orbital occupations we can get a result differ-
ing in total energy by more than 1 eV. The difference between the results lie in the
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Figure A.1: Spin density of 1 ML CeOy/Cu(111) with different Ce f occupations.
The most stable electronic result (a), an example of less stable result with different
shape of f orbital (b), the least stable solution with f orbitals oriented in plane
parallel to the interface (c)

occupation of particular Ce’ f state of each of the four Ce! atoms in the reduced
interfacial cerium atomic layer. Examples of such different resulting electronic
structures are reported in the Fig. A.1.

The figures show three different spin densities of supercell with identical
atomic coordinates corresponding to the structure of 1 ML CeOy/Cu(111)(S)
described in previous chapter. The spin density in subfigure (a) corresponds to
the electronic structure with lowest obtained energy and subfigure (b) electronic
structure with different shape of spin density on one of the four cerium ions and
energy higher by 0.14 eV. Both of these calculations were started by specifying
starting magnetization of two Ce ions as positive and two as negative. The dif-
ference of the starting structure was in setting different starting eigenvalues for
the Ce f states to suggest different orbital occupations of the resulting electronic
structure. Such manipulation is usually necessary in cases when the default choice
of the program doesn’t lead to correct localization of an electron in the Ce f state.

By further exploring the space of metastable solutions we obtained even more
different solution with spin densities on all four Ce ions oriented in the plane
parallel to the interface (Fig. A.1 (c)) and energy higher by 1.4 than the result
in the subfigure (a), the highest from all the obtained solutions. The procedure
is based on starting the calculation with higher value of the U parameter (in this
case we chose 8.5 eV) to force occupation of different Ce f orbitals. The resulting
electron density was then used in subsequent calculation with a usual value of
U=4.5eV.

The energy of the most stable solution of 1 ML CeO,/Cu(111)(S) system
gained by thorough exploration of the possible starting electronic configurations
during this further study is 0.3 eV lower than energy of the electronic structure
obtained during the calculations reported in chapter 4. However we don’t expect
the conclusions of the chapter 4 to be considerably influenced by these new results
as the conclusions were based mostly on the overall electronic and structural
properties of the thin films which are consistent for the different Ce f occupations.

The stability of these metastable solutions was verified by further tests em-
ploying increased k-point mesh to 6 x6x1 and different smearing values 0.005 Ry
and 0.04 Ry compared to usual 0.02 Ry. Starting from the electronic density of
the metastable state, the selfconsistent calculation with these changed parame-
ters provided solution of electronic density and thus occupations of the Ce f states
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corresponding to the starting density.

Thorough analysis of starting electronic configurations were performed also
on other studied systems. Namely 1 ML CeO; 75/Cu(111) exhibited structures
with total energies within 0.8 eV. The electronic structure described in chapter
4 provided actually the lowest total energy of the system. The reconstructed 1
ML CeOy/Cu(111)(R) described in the above paragraph allowed for electronic
structures with total energies within 0.7 eV. Considering the large range of the
total energies of individual substrates, the difference between the two different
structures of 1 ML CeOq/Cu(111) (S) and (R) cells 0.3 eV can be as well ascribed
to the different occupied Ce f orbitals in both cases.

The last studied system with 2 ML CeO,/Cu(111) showed much more stability
in the electronic structure of the solutions, the occupied f orbitals were the same
in most cases and the interval of total energies was less than 0.3 eV. The electronic
solution reported in chapter 4 was less stable by 0.12 eV than the most stable
structure obtained by further exploring the space of initial electronic structures.
This result shows, that these metastable states come from the presence of the
metal substrate and is stabilized at the thicker oxide film.

This thorough analysis provides an evidence of the difficulty to obtain the real
ground state electronic structure for systems with large metal-oxide interface. We
show that for a system with the same atomic coordinates we were able to stabilize
large number of metastable solutions with different electronic structures due to
the metalicity and the charge state at the interface. These calculations allowed
us to get an upper bound for the total energy as well as the estimate of which f
orbital is the most stable for the case of copper/ceria interface. We showed, that
a large number of carefully performed calculations are necessary in order to map
the potential energy space and achieve the ground state of the system.
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Appendix B
List of Tables

e Table 1 (3.1): Energetics, spin and structural properties of copper-ceria
interfaces.

e Table 2 (3.2): Adsorption energies of Cu adatom on stoichiometric and
defective ceria surfaces compared to reported values for the same systems
as well as different adatoms or different substrates as reported in literature.

e Table 3 (4.1): Equilibrium lattice parameter (a) of unsupported stoichio-
metric and defective cerium oxide layers, and corresponding difference with
respect to the bulk value of CeOs (ag).

e Table 4 (4.2): Energy difference (AE) between structures containing O
vacancies at symmetry-inequivalent O sites of the first interface layer (O7)
with respect to the outermost surface sites (O’ and O/ in the 1 ML and
2 ML ceria slabs, respectively).

e Table 5 (4.3): Difference in the Lowdin charge of the Cu atoms in the I- and
[-layers (Cul and Cul! respectively) with respect to the bulk-like value.

e Table 6 (4.4): Lateral contraction of ceria layers of different thickness with
respect to bulk lattice constant.

e Table 7 (5.1): H,O adsorption energies E4, [eV] on clean stoichiometric
ceria surface calculated in this work and compared with literature values.

e Table 8 (5.2): HyO adsorption energies Ef, [eV] on ceria surfaces.

e Table 9 (5.3): H,O adsorption energies E¢, [eV] and significant bondlengths
of water molecule adsorbed on ceria surfaces.

e Table 10 (5.4): H,O adsorption energies E¢%, [eV] and significant bond-
lenths of water molecule adsorbed on ceria surfaces in dissociated state.

e Table 11 (5.5): Léwdin charges of atoms in surface O-Ce-O monolayer of
ceria in the 3 ML CeOy and 2 ML CeOy/Cu(111) cases before and after
adsorption of water molecule in MS1 configuration.

69



e Table 12 (5.6): Lowdin charges of atoms in subsurface O-Ce-O monolayer
of ceria in the 3 ML CeOy and 2 ML CeO,/Cu(111) cases before and after
adsorption of water molecule in MS1 configuration.

e Table 13 (5.7): Lowdin charges of H-O-H on different substrates

e Table 14 (5.8): Lowdin charges of atoms in the surface ceria monolayer of
different supercells before and after adsorption of water molecule in MS1
configuration.
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Appendix C

List of Abbreviations

e DFT: Density Functional Theory

e DOS: Density of States

e fcc: face centered cubic

e GGA: Generalized Gradient Approximation

e HRTEM: High Resolution Transmission Electron Microscopy
e LDA: Local Density Approximation

e LEED: Low energy electron diffraction

e LSDA: Local Spin Density Approximation

e ML: monolayer

e NC-AFM: Non-contact Atomic Force Microscopy
e OSC: Oxygen Storage Capacity

e PBE: Perdew-Burke-Ernzerhof

e pDOS: Projected Density of States

e PEMFC: Proton Exchange Membrane Fuel Cell
e STM: Scanning Tunneling Microscopy

e TDS: Thermal Desorption Spectroscopy

e TPD: Thermally Programmed Desorption

e WGS: Water Gas Shift

e XPS: X-ray Photoelectron Spectroscopy
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Appendix D
CD-ROM

The CD-ROM contains the Doctoral thesis in the pdf formate.
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