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Abstract

Catalysis is fundamental to many industrial processes, and, in the last years, much
research has been devoted to find new catalysts. In the most common heteroge-
nous catalysis reactions occur at the surface of a solid catalysts, and among catalysts
metal oxides play an important role. Very often metals, and in particular, noble met-
als nanoparticles are adsorbed on the surface to increase the rates of the reactions.
Noble metals are, indeed, excellent catalysts for the reactions involved in the en-
ergy production and conversion, however, due to their high cost it is fundamental
to reduce the amount of noble metals maintaining the same performances. The most
promising way is to pass from nanoparticles to single atoms, where the single atoms
are the catalytic centers of the reactions.

In this thesis, using an ab — initio approach based on the density functional theory,
we have investigated the catalytic activity of noble metal atoms, where single atoms
are adsorbed on top or are substitutional to other atoms on the cerium dioxide CeO,
and maghemite y-Fe,O3 surfaces. In the first part of this work, we have investigated
the dissociation of the H, molecule on single Ag, Cu, and Au atoms adsorbed on the
pristine CeO; (111) surface, or substituting a surface Ce atom on a reduced, or par-
tially hydrogenated surface. In each one of these configurations the noble metal has
a different oxidation state, and in this way, we have the possibility to understand
how the charge transfers between the noble metal atom, the metal oxide, and the
hydrogen atoms influence the reactivity of the surface. The oxidation of H; is a cru-
cial reaction since it is the reaction which occurs at the anode of the proton exchange
membrane fuel cells (PEMFCs). In general, we have found that the presence of noble
metals decreases the activation energy, and, among the noble metals, Ag seems the
best candidate as single atom catalyst for this reaction.

The performance of Ag as a single atom catalyst has been investigated also towards
methane activation. We have considered a single Ag atom substituting one surface
Ce atom on the (111) and (100) ceria surfaces. The presence of single Ag atoms
lowers significantly the energy required to break the first C-H bond, which is usu-
ally considered the rate limiting step of the reaction. Ag allows also for the direct
conversion of methane into methanol, and for the (111) surface the energy of this
reaction is lower than the energy required to dissociate CHy into CHz + H.

In the second part of the thesis we have studied the catalytic activity of the (001)
maghemite surfaces, one of the less studied iron oxides. Maghemite differs from the
most stable and studied magnetite only for the presence of Fe vacancies, and for the
absence of reduced Fe?* cations. For the first time we have considered explicitly the
iron vacancies, beyond the mean field approach. We have found that the Fe vacan-
cies increase the reducibility and the oxidation activity of the surfaces. This is due to
the presence of less charged surface oxygens due to the Fe vacancies. The removal
of a surface oxygen leads to a surface reconstruction, firstly proposal in this thesis,
which is the most stable surface termination among those investigated.

We have studied, moreover, the most favorable sites for adsorption or cation/anion
substitution of Cu, Ag, and Au atoms on the most stable (001) maghemite surface.
We have investigated different configurations, and found that at room temperature
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and pressure the surfaces where the noble metal atoms substitute Fe cations can
be formed with a larger energy gain. We have also studied how single noble metals
atoms dispersed on the surface affect the reducibility of the surfaces, and the adsorp-
tion of the carbon monoxide molecules. The obtained results have been compared
with similar results on the pristine maghemite surface.

The results of this thesis suggest that noble metal modified reducible oxide surfaces
may provide a viable answer in the search of new less expensive and better perform-
ing catalysts.



Sommario

La catalisi é fondamentale nella maggior parte dei processi industriali, e negli ultimi
anni molte ricerche si sono indirizzate verso la scoperta di nuovi catalizzatori. Nella
catalisi eterogenea, la pit diffusa tra i diversi tipi di catalisi, le reazioni avvengono
alla superficie di catalizzatori solidi, e tra i piti impiegati ci sono gli ossidi metal-
lici. Frequentemente, nanoparticelle metalliche, in particolare costituite da metalli
nobili, sono assorbite sulla superficie Per aumentare le velocita di reazione. I metalli
nobili sono infatti ottimi catalizzatori per le reazioni che riguardano la conversione
di energia. Tuttavia, a causa dell’elevato costo dei metalli nobili, sarebbe cruciale
riuscire a diminuire la quantitd di metalli utilizzati mantenendo per¢ la stessa effi-
cenza catalitica. Per fare ci6 la via pit promettente é di ridurre le dimensioni delle
nanopartcelle a singoli atomi sulla superficie, e proprio i singoli atomi sono i centri
catalizzatori.

In questa tesi, utilizzando un approccio a primi principi, basato sulla teoria del fun-
zionale densitd, si é investigato il ruolo nelle proprietd catalitiche di metalli nobili
assorbiti o dopanti nelle superficie di ossido di cerio CeO, e maghemite y-Fe;Os.
Nella prima parte della tesi, abbiamo investigato la dissociazione della molecola
di idrogeno su un singolo atomo di Ag, Cu, e Au assorbiti sulla superficie (111)
dell’ossido di cerio, o in sostituzione di un atomo di cerio su una superficie ridotta o
parzialmente idrogenata. In ogni configurazione gli stati di ossidazione dei metalli
nobili sono differenti, e in questo modo abbiamo la possibilitd come i trasferimenti
di carica tra i metalli nobili, gli ossidi metallici e I'idrogeno influenzano la reattiv-
ita della superficie. L'ossidazione dell’idrogeno é una reazione cruciale che avviene
all’anodo delle pile a combustione a scambio protonico (PEMFCs). In generale, ab-
biamo trovato che la presenza dei metalli nobili abbassa I’energia richiesta per atti-
vare Hj, e tra i metalli nobili Ag sembra essere il migliore candidato come. singolo
atomo catalizzatore per questo tipo di reazione. Si é investigato anche l'efficienza
dell’argento come singolo atomo catalizzatore per l'attivazione di una molecola di
metano. Abbiamo considerato un singolo atomo di Ag che sostituiva un atomo di Ce
nelle superfici (111) e (100). La presenza dell’atomo di Ag abbassa in modo significa-
tivo I'energia richiesta per rompere il. primo legame C-H, che é considerato di solito
lo stadio cineticamente limitante della reazione. Inoltre, la presenza dell’atomo di
Ag permette la formazione di una molecola di metanolo direttamente dal metano, e
in particolare, per la superficie (111), I'energia per ottenere ci6 é inferiore alla barri-
era energetica della reazione CHy — CH3 + H.

Nella seconda parte della tesi abbiamo studiato le proprieta catalitiche della superfi-
cie (001) della maghemite. Per la prima volta abbiamo considerato esplicitamente le
vacanze di ferro andando oltre I’approccio a campo medio. La maghemite differisce
dalla piu stabile e pit studiata magnetite, solo per la presenza delle vacanze di Fe e
per 'assenza di ridotti Fe?", ma le proprietd di riduzione sono diverse. Le vacanze di
Fe aumentano la riducibilitd e 1’ossidazione delle superfici. Questo effetto é dovuto
alla presenza di ossigeni superficiali meno carichi. A seguito della rimozione di un
ossigeno superficiale abbiamo trovato una nuova ricostruzione superficiale, che é la
pit stabile tra quelle investigate.
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Si é studiato, inoltre, l'interazione tra singoli atomi di Cu, Ag, e Au e la pit sta-
bile (001) superficie di maghemite. Abbiamo considerato tre diverse configurazioni:
metallo assorbito sulla superficie pura, e metallo in sostituzione di un catione o an-
ione, e le superfici dopate sembrano essere le piti stabili a temperatura e pressione
ambiente. Abbiamo studiato anche l'effetto dei singoli metalli nobili dispersi sulla
superficie sulla riducibilita della superficie, e sull’assorbimento del monossido di
carbonio. I risultati ottenuti sono stati comparati con quelli ottenuti per la superficie
originaria.
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Chapter 1

Introduction

1.1 Catalysis

Catalysis plays a key role in the physical, biological, and chemical sciences [1]. More
than 85% of industrial processes make use of catalysts to speed up chemical reac-
tions, as shown in Fig. 1.1a, and, consequently, improvement of the efficiency and
selectivity of catalysts is a very important goal.

The word "catalysis" was used for the first time by Berzelius in 1836 to try to explain
several experimental observations as wine fermentation, or decomposition of hydro-
gen peroxide in the presence of metals [2].

Catalysis was defined by Ostwald [3] in 1895 as the process by means of which the
rates of reactions are increased significantly by the presence of small quantities of
different substances, the catalysts. In the presence of catalysts, as shown in Fig. 1.2,
the energy required to pass from the reactants to the products, the so-called activa-
tion energy E,;, decreases.

a) b)

I Heterogeneous catalysts
[ Homogeneous catalysts

B Biocatalysts

- Catalytic processes J -
[ ] Non-catalytic processes

e

3%

FIGURE 1.1: a) Use of catalysts in the industrial processes; b) use of
different kinds of catalysts. Adapted from Ref. [1].

Catalysis, and consequently catalysts, as shown in Fig. 1.1b, are classified as ho-
mogenous, biological, and heterogenous. In the homogenous catalysis the reactants
and the catalysts are in the same physical phase, with a defined geometry and envi-
ronment, for example metal salts in organic acids. The main drawback of this kind
of catalysts is the difficulty to separate the products. In the biological catalytic pro-
cesses, the active sites are at the center of the enzymes, which show an high activity
but they are not very resistant [4]. In the most common heterogenous catalysis, the
reactants and the catalysts are in different phases, and, consequently, the separation
of the products is easy. Usually, heterogenous reactions occur at the surface of solid
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Uncatalyzed

Energy

Catalyzed

v

FIGURE 1.2: Energy profile of a chemical reaction in absence (red line)
or in presence (blue line) of a catalyst.

catalysts, such as metals, solid acids or basis, zeolites, or metal oxides.

1.1.1 Metal oxides in catalisys

Since the '50s, metal oxides, compounds of oxygen and metals, have become no-
table because it was found that they were able to catalyze several reactions such as
hydrotreating, oxidation, and acid-base reactions [1]. Metal oxides show different
structural and electronic properties, and consequently several catalytic properties
can be found. On the basis of their general chemical behavior oxides are classified as
nonreducible or reducible [5]. In nonreducible oxides the removal of oxygen atoms
is difficult, due to the inability of the metal atoms of changing their oxidation state.
These oxides usually have a large band gap, and the excess of charge, due to the cre-
ation of oxygen vacancies, determines the appearance of new states in the gap, since
the cation states are too high in energy to host the electrons. On the other hand, in
the reducible oxides, the energy cost of removal an oxygen is significantly lower:
the excess of charge, in this case, is acquired by the cation states, which do not lie
too much high in energy. This charge transfer determines a variation of the metal
oxidation state [5].

In this thesis only reducible oxides have been considered.

In a catalytic reaction metal oxides can be inert supports for catalysts or can be cat-
alysts themselves. These two different situations are schematized in Fig. 1.3. In
Fig. 1.3a, the oxide material supports the catalysts, which usually consist in metal
nanoparticles, and it does not interact directly with the environment: only the metal
particles participate actively during the reaction. In other situations, as shown in
Figs. 1.3b and 1.3c, instead, metal oxides play an active role during the reaction,
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becoming catalysts themselves. In these cases it is possible to observe, for example,
the formation of oxygen vacancies, or the adsorption of different species on the ox-
ide surface caused by the dissociation of molecules. In some cases (see Fig. 1.3c) the
oxide material is both a catalyst itself, and also a support for catalytic metal nanopar-
ticles. Both the metal oxide and the nanoparticles participate actively to promote the
chemical reactions.

a) b)

Active

@ -
o an 88
“°* .9

Metal
Oxide

FIGURE 1.3: a) Metal oxide used as a inert support of catalysts; b)
metal oxide used as a catalyst; and c) metal used as a catalyst and as
a support of metal nanoparticles.

Metal nanoparticles, and in particular noble metal nanoparticles are often ad-
sorbed on the surfaces to increase the rate of reactions as shown in Fig. 1.4 (this
situation is indicated as 3D in figure). Metals are, indeed, important catalysts on
their own applied to energy production and transformation and process [6]. How-
ever, only the metal atoms, which are located on the surface of the nanoparticles,
participate in the reaction. Consequently, due to the high cost of noble metals, much
research has been devoted to find a way to increase the efficiency of the catalytic sys-
tem reducing simultaneously the amount of metal. A most promising way to reach
this goal is to reduce the dimensions of the nanoparticles to obtain single isolated
atoms that need to be anchored to the oxide surface as shown as Monomer in Fig.
1.4. In the single atom catalysis (SAC), the catalytic centers are these single metal
atoms. Only recently, the words "Single atom catalysts" have attracted attention [7]
as shown in Fig. 1.5, and studies on their possible application to catalysis have flour-
ished. The spread of SAC studies has occurred in parallel to the development of
experimental techniques apt to synthesize, and characterize dispersed single atoms
on the surface [4].
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FIGURE 1.4: Single atoms, dimer, trimer, and nanoparticles supported
on metal oxide, from Ref. [6].
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FIGURE 1.5: Number of publications which report the terms single
atom catalyst, nanocatalyst, and heterogenous catalysts, from Ref. [7].

1.1.2 Metal atoms dispersed on the surface

One of the first observations related to the catalytic activity of atoms dispersed on
a surface was reported by Asakura et al. [8]. They found that the reaction rates
of propane combustion on MgO were similar for single platinum cations as for Pt
nanoparticles. However, the turning point is the article of Fu et al. [9] concerning
the efficiency of non metallic Au and Pt species dispersed on ceria surfaces in the
gas-shift reaction (CO+H,O = CO,+H,). Later, in 2005, Zhang et al. [10] found that
Au3* ions on ZrO, were able to hydrogenate 1,3-butadiene to butane, and in the
2007 Hackett et al. [11] have observed an high activity of Pd sites on mesoporous
Al>O3 in the selective aerobic oxidation of allylic alcohols . Only in the 2011 the term
Single Atom Catalyst was proposed by Qiao et al. [12] to describe the activity of single
Pt atoms on FeO, towards CO oxidation.

Several techniques have been proposed to synthesize single atoms anchored to the
surface: physical methods as atomic layer deposition (ALD), which has been used to
build model catalysts [6], [7], or chemical methods as the wet chemistry method [7],
which is used to synthesize supported heterogenous catalysts and to anchor single
atoms. Other approaches proposed in the literature to obtain single atoms are the
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pyrolysis method, which is used for single atoms supported on carbon-based ma-
terials, the mass-selected soft-landing method, which allows for synthesizing single
atoms on any flat supports, and the metal leaching method, which has been used by
Fu et al. to produce single Au and Pt cations on ceria [9].

Different reactions can be catalyzed by single atoms. Single atoms show, for ex-
ample, great performances in CO [13], methane [14], and formaldehyde [15] oxida-
tion reactions. Other important reactions are hydrogenation of nitroarenes [16] and
acetylene [17], water-gas-shift reactions [18], and methanol steam reforming [19],
[20]. Recently, the application of SAC in electrocatalysis and photocatalysis has be-
come an area of research interest [21], [22].

Cui et al. [7] have highlighted the role of the support since the single atom cata-
lyst doesn’t exist without it. The single atom is, indeed, stabilized by the interaction
with the surface. Thus, varying the kind of support, the stability, and the catalytic
activity of the atoms can be different. Metal oxides are largely used as supports for
SAC. The presence of metal and oxygen vacancies, and of hydroxy groups on the
surface, helps to stabilize the single atoms. At low level of metal loading the sin-
gle atoms tend to occupy the positions of the cations of the oxide as shown in Fig.
1.6 [6], where aberration-corrected HAADF-STEM images of Au;/Zn0O, Pt; /FeOy,
and Pt; /NiO are reported. It is evident by the schematic pictures in Figs. 1.6c and
1.6d, that the noble metals atoms are in the positions where the oxide metal atoms
should be. It is important to note that the presence of defects, as cation vacancies,
can modify the sites of the noble metals. They tend to occupy in general the empty
sites. When the metal atoms are in substitutional sites, a doped surface is formed,
and the presence of the dopant atom modifies strongly the chemical properties of the
oxide [5]. The surface oxygen atoms near the dopant are often more reactive due to
the modification of the original metal-oxygen bond. For example, the replacement
of the oxide cation with a lower valence dopant decreases the energy required to
create an oxygen vacancy as found, for example, for Au on TiO; [23]. The decrease
of the oxygen binding energy affects significantly the catalytic activity of the system.
Oxidation and oxidative dehydrogenation reactions are, indeed, a remarkable part
of industrial processes [5], and these reactions follow the Mars and van Krevelen
mechanism [24]. In this mechanism the oxides, and, in particular, the most reactive
oxygen atoms are active players in the catalytic reactions. For example, the reactants
can bind to these oxygen atoms to oxygenate themselves, leading to the formation
of oxygen vacancies on the surface. Clearly, in order to close the catalytic processes
it is necessary to dissociate oxygen molecules present in the atmosphere to refill the
vacancies. Thus, the creation of surface oxygen vacancies is an important step of
the reaction, and its description is fundamental to understand the reduction/ oxi-
dation processes, and to design better catalytic materials. However, experimentally,
the characterization of one vacancy is not easy, although in the last years, steps for-
ward have been done using atomic force microscopy (AFM) and scanning tunneling
microscopy (STM).

The density functional theory (DFT) is a useful tool to investigate the reaction mech-
anisms of heterogenous catalysis from an atomistic point of view, and to study SAC
in particular. In this regard is of fundamental support to experimental investiga-
tions.

The reduction of the nanoparticles sizes determines a variation of the electronic
properties, and a modification of the metal-surface and metal-adsorbates interac-
tions. All these aspects can affect the catalytic activity. Thus, to determine the role of
the single metal atom during the catalytic reaction is crucial for assessing the viabil-
ity of this route to improve efficiency and reduce costs.
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In this thesis we have considered cerium and iron oxides which are promising mate-
rials as catalysts in the energy processes [25], [26]. These oxides are reducible oxides,
a property which could make of them good supports for single metal atoms. Single
noble metal atoms on both the oxides have, indeed, been recently synthesized, and
observed experimentally. Qiao et al. [27], for example, have realized single Au atoms
on ceria, whereas Xie et al. [28] have synthesized single Pt atoms on CeO,. As shown
in Fig. 1.7a for Au, the noble metal atoms tend to occupy the cation vacancies present
on the surface. In both cases, the authors have found an high catalytic activity. The
presence of other defects, such as surface steps on the (111) ceria surface, increases
the stability of the single atoms as found for Pt [29]. However, an high stability of
single metal atoms on the surface could affect negatively their catalytic activity, as
found by Tran et al. [30] for methanol dissociation since this would affect the cata-
lyst self-healing capability. Thus, an equilibrium between stability and reactivity is
necessary to guarantee single metal atoms anchored to the surface, which are also
active.

Single Cu, Ag, Au atoms have been synthesized also on magnetite FezO4 [31], [32],
the most stable iron oxide. As shown in Fig. 1.7b for the Ag case, atoms are adsorbed
on the surface at the positions of Fe atoms below the outermost layer. Also Qiao et
al. [12] have observed that single Pt atoms on hematite (0001) occupy the positions
of the Fe atoms, and these atoms exhibit high activity for CO oxidation, and prefer-
ential oxidation of CO in hydrogen atmosphere (PROX).

To understand the noble metal-support interactions, the effect of the environment,
and the role of the noble metals during the reactions is, indeed, a fundamental task
in order to design better catalysts.

TEXTL L & LL
Sés Pt re sl Ta b
"SRR "R E S L.
ALl LAR YRR &
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FIGURE 1.6: Aberration-corrected HAADF-STEM of a) Au on ZnO

nanowires; b) Pt/NiO nanocrystals. c) Schematic picture of the side

and top view of the location of metal (blue ball) on ZnO {10-10} sur-

faces. Red and gray balls are oxygen and Zn atoms, respectively.
Adapted from Ref. [6].
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FIGURE 1.7: a) Aberration corrected HAADF-STEM image of

Auq/CeO;. The label A indicates the Au atoms, whereas B are clus-

ter of Ce vacancies, from Ref. [6]. b) STM image of Ag on magnetite

(Fe304) adapted from Ref. [31]. ¢) HAADF-STEM image of Pt single
atoms (white circles) dispersed on FeOy, from Ref. [12].

1.2 Goals and outline of the thesis

As mentioned above, catalysis plays a key role in industry, and the identification of
new effective catalysts is crucial. This is the main goal of this work. We have tried to
understand how the presence of single metal atoms dispersed on the surface, and of
surface defects such as cation and anion vacancies, affects the catalytic activity.

In the first part of the thesis, see chapters 3 and 4, we have investigated the role of
single noble metal atoms dispersed on cerium oxide surfaces towards two impor-
tant catalytic reactions: the H, oxidation and the CH, dissociation. Nowadays, to
increase the rates of these two reactions is crucial. The first reaction is indeed the
reaction which occurs at the anode of fuel cells, important devices to produce clean
energy, whereas the second is the reaction to activate methane, the main component
of natural gas. The high cost to activate the CH bond is the main drawback for its
utilization, and thus, a very important goal is to find a catalyst capable to lower the
activation energy.

The second part of the thesis concerns the study of the (001) maghemite surfaces.
Maghemite is one of the less studied iron oxides. The goal of Chapter 5 is to under-
stand the role of the iron vacancies, which characterize maghemite from magnetite,
in the surface redox activity. In this thesis, for the first time, the iron vacancies will
be described without the use of the mean field approach. In Chapter 6 the interac-
tion between noble metal atoms and the maghemite surface is studied. Moreover,
we have investigated how the atoms modify the reduction of the surface, and the
adsorption of carbon monoxide. In this thesis we have focused mainly on single Ag
atoms, since silver is the less studied among the noble metal atoms.
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The thesis is organized as follows: in Chapter 2 the computational methods used
in this work are introduced, then in Chapter 3, the role of the different noble metal
atoms, Cu, Ag, and Au on CeO; (111) on H; dissociation is investigated. Also the
diffusion of the hydrogen atom, after H, dissociation, and water formation on the
pristine and Ag doped CeO; surfaces has been investigated to interpret experimen-
tal findings. In Chapter 4 the dissociation of methane on the pristine and Ag doped
CeO, surfaces is studied. In this case two different ceria surface orientations, the
(100) versus the (111) are compared to determine which would be more effective
in CHy activation. In Chapter 5 the reduction and oxidation properties of the (001)
maghemite surfaces have been investigated, and compared to those calculated for
the (001) magnetite surfaces. Different surface terminations have been taken into
account. In Chapter 6 the structural and electronic properties of single Cu, Ag, and
Au atoms dispersed on the most stable (001) maghemite surface are studied. In Ap-
pendix A we report the work performed in order to optimize the parameters for
the calculation of this thesis. The calculation parameters, the pseudopotentials, and
the value of the Hubbard parameter U have been chosen so as to obtain a correct
description of the structural and electronic properties of of CeO, and Ce;O3. The
results obtained have been also compared to the experimental results. In Appendix
B the reduced cerium configurations for thin layers of CeO, and CeO,_, deposited
on Ag (inverse catalysis) have been investigated.



Chapter 2

Theoretical Background

In this chapter we will briefly present the theories on which the calculations of this thesis
are based. In Sec. 2.1 the main concepts underlying the density functional theory (DFT)
which has been used to determine the equilibrium configurations are presented. In Sec. 2.2 1
will discuss the Hubbard correction to the standard density functional theory which has been
employed to describe the electronic properties of the oxides. Then, we will present in Sec. 2.3,
the nudge elastic method (NEB) used to determine the minimum energy path (MEP) of the
reactions. At the end of this chapter, in Sec. 2.4, we will describe the slab method used to
describe the surfaces by recovering a 3D spatial periodicity.

2.1 The density functional theory

The density functional theory (DFT) is a ground-state theory by means of which
it is possible to determine the quantum states of molecules and solids. In the last
years DFT calculations have increased significantly: in the year 2000 the word "DFT"
appeared in the abstracts or in the titles of scientific papers more than 2000 times.
The basis of the theory was proposed in the sixties in order to describe chemical or
biological systems and use only a physical quantity, the electron density, as basic
variable. It made possible to substitute the electron wavefunction which depends
on the 3N coordinates of the N electrons with a scalar function of the position. This
simplification opened the way to the computation of the ground state of solids with
a large number of atoms.

2.1.1 Density Functional Theory

The density functional theory was formulated by Hohenberg and Kohn [33] and
Kohn and Sham [34]. In the DFT the main point is the mapping of the interacting
electronic systems onto a not interacting one. The Hohenberg-Kohn (HK) theorem
is the key point of the theory. It establishes that: i) the external potential v,y is a
unique functional of the electron density 1, and ii) the energy functional assumes its
minimum value for the ground state density of the system. The energy functional of
the interacting electron system is:

Eo[n] = Tu[n] + / Vot (1)1 (1) dPr + % / Wd3rd3r/+ Ewlnl, Q1)

where n(r) is the charge density of the not interacting electronic system with the
same ground state charge density of the interacting one, Ts[n] the kinetic energy
functional of the not interacting system, and v,,(r)n(r) is the external potential act-
ing on the electrons.The third term of Eq. 2.1 is the Hartree energy, which is the
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Coulomb interaction between electrons, and the latter term is the exchange correla-
tion energy which describes the interactions between the electrons not already con-
sidered in the Hartree term.

The ground state density of the interacting system can be obtained solving the one
particle equations:

{=V? +vesr[n]} 9i(x) = eigi(),

2.2
i=1,2.,N, @.2)

where N is the number of particles in the system, and ¢; the solution of the Kohn-
Sham equations. The effective potential v,¢f[1] can be written as:

n(rr) P OEc[N] 23)
—1/| )

|r on(r) ~

Solved the Kohn-Sham equations, the electron density n can be calculated as the sum
over the occupied one electron orbitals:

veff[n] = vext(r) +/

N
n(r) = ; |i(r) > (2.4)

The kinetic energy Ts[n] can be written explicitly as:

N
Tl = [ o (0= Vlgi(oa’r @5

Since the energy functional E,[n] depends on the charge density, to determine
the ground state energy an iterative procedure is required. To do this, an initial
guess for the charge density is done, for example the superposition of the atomic
charge densities, and then the equations are solved. A new set of wavefunctions is
obtained, and using the new ¢;, the new charge density is calculated. By mixing
the new charge density with the previous one, a new charge density is obtained
which will be the input of the new iteration. The iterative procedure will go on
until the difference between the input and output charge densities is smaller than
a threshold value. Clearly, to solve Eq. 2.2, it is necessary to write explicitly the
exchange correlation functional. The first approximation was proposed by Kohn
and Sham in the 1965: they wrote the functional as a function of the charge density

n(r): .
Exc[”l] :/exc[n(r)]”(r)dBr/ (2.6)

where €, is the exchange and correlation energy per electron of an homogenous
electron gas. This approximation is known as Local Density Approximation (LDA).
Another important approximation is the Generalized Gradient Correction (GGA),
where the functional is a function of the local density and of the local gradient of the
density. Usually the gradient term is expressed as a multiplicative factor for which
different expressions have been proposed:

Exeln] = / exe[n(1)|Fre[n(x), Vi (x)|n(r)dr. 2.7)

In this thesis we have used this second approximation for the exchange and correla-
tion functional, the one proposed by Perdew, Burke, and Ernzerhof [35].
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2.1.2 Pseudopotential Theory

To reduce the computational time the use of pseudopotentials has been proposed.
The properties of the solids are investigated considering only the valence electrons,
which only determine their electronic and chemical properties, without considering
explicitly the core electrons, which are localized near the atomic nuclei. Philipps
and Kleimann [36] proposed the first theory using the orthogonalized plane-waves
method of Herring [36]. They suggested to write the valence-electron states as a
smooth pseudo wavefunction which can be expresses as a plane wave ¢, which must
satisfy the equation:

Tl > +VP|p >=E|¢ >, (2.8)

where V4 is the pseudopotential obtained from the true potential. Different pseu-
dopotentials can be chosen but they have to produce a pseudo-wavefunction, which
is the same as the true wavefunction outside the core region. Several pseudopo-
tentials have been proposed, such as norm-conserving, PAW (projected augmented
wave), ultrasoft pseudopotentials (US). In this thesis we have used US pseudopo-
tentials [37].

2.1.3 Total Energy in a Crystal

We want to write explicitly the expression of the total ground state energy of a crystal
calculated using the DFT. For a crystal we can write the Kohn-Sham equations as:

{=V?+ Veps(r) — En(K) } @ui(r) =0, (2.9)

where the effective potential Vs is

s,ion i ; n r
Voss(r) = RZV]P (r—R—tV, ¥ —R—1tV)) + /Q T (_ r)/| Y 4+ Vie(r).  (2.10)
i

t\) are the atomic positions, () is the volume of the crystal, R the lattice vector, and
E,(k) the energy of the state in band n and with crystal wave-vector k. Verr is the

sum of three terms: i) the non local pseudopotential Vjp 1% for each atom j at the

position R + t0), ii) the Hartree potential, and iii) the exchange correlation potential.
The total energy is:

ETotal [Veff] = Exin + En + Exc + Eec + Ece, (2.11)

where Ey;, is the kinetic energy, Ey the Hartree energy, Ey. the exchange and corre-
lation energy, E,. the electron-ion energy, and E.. the ion-ion energy.

2.2 The LDA+U approach

In this work we have investigated the cerium and iron oxides. The cations Ce and
Fe which have in their valence strong correlated d and f electrons. The traditional
LDA and GGA approximations to the exchange and correlation functional fail to
describe the insulator character of these oxides. This is probably due to the over-
delocalization of the valence electrons, or to the stabilization of the metallic ground
state. Also the not complete cancellation of the self interaction of the electrons in
these states may determine a delocalization of the electrons. One of the models
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proposed to address this problem is the Hubbard model. We can write the Hubbard
Hamiltonian as:

Huyw =t Y (clycio+hc) +u2ann1¢, (2.12)

<i,j>,0

where < i,j > are first neighbor atomic sites, ¢; , and ¢;, are the electronic creation
and annihilation operators for electrons locahzed on site i with spin ¢, and n; , is the
number operator. The factor ¢ is the amplitude of the hopping beteween two neigh-
bors atomic sites, whereas U, the Hubbard term, is the strength of the Coulomb
interaction between electrons localized on the same site. The Coulomb interaction is
considered by means of a term proportional to the product of the occupation num-
bers of atomic states for electrons on the same site.

The LDA+U approach is a correction to the DFT to describe the correlated system.
The Hubbard correction is, indeed, applied only to the correlated 4 and f electrons,
whereas the other electrons are treated in the traditional way. In this approach the
total energy can be written as proposed by Anisimov et al. [38],[39],[40] :

Eipasuln(v)] = Epaln(v)] + Ena [ {nf }] = Eal{n'"}],  @13)

where E;p4 is the energy calculated with the energy functional, Ep,,; is the energy
of the electron-electron interaction in the localized states obtained using the Hub-
bard Hamiltonian, and E;. is the energy of the electron-electron interaction already
present in E;p4 which has to be subtracted to avoid a double counting. The latter
term is evaluated as a mean field approximation to Ep,;. 17 are the atomic orbital
occupations of the atom I, where the Hubbard correction is apphed. In the last term
n'? =y nl?. The Hubbard term Hpy,;, is a functional of the occupation numbers.
We can write the energy functional specialized to on-site interactions as:

uI Io 10’/ E I I
E= ELDA+Z 5 Yo nin nl(n! —1)], (2.14)

m,o#ml,al 2

where m is the localized state, I the atomic site, and nI” = n . The Hubbard and
the double counting terms of Eq. 2.13 are the second and thlrd terms of Eq. 2.14,
respectively. It is easy to derive the Hubbard potential applied on the Kohn-Sham
wave functions:

1
VIgnx >=Vipalen, > + U (5 = mi)lgn >< Pulefe > (215)

I,m

It is important to note that if the occupation number 11 is less than 1/2, the Hub-
bard potential is repulsive, whereas it is attractive in the other case. In this way
the fractional occupations are less favored. In the calculations, the final output does
not depend on the initial configurations since, during the iterations, the occupation
changes, and also the sign of the Hubbard potential can change.

However, this formulation is not invariant under rotation of the atomic basis set cho-
sen to determine the occupations nl?. Liechtenstein et al. [41] and Anisimov et al.
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[42] proposed a rotationally invariant formulation:

1 _
Exup [{nilnm/}] :E Z {< m, m,/‘Vee‘m,/ m'" > n1111(7m// nfn";’”"i_
{m},o,1

(< m, m//|‘/gg|m m > —<m, m//|‘/gg|m m >) mm,n,{n//m///},

(2.16)
where
2
< m,m"|Veelm',m" >="Y" a(m,m',m", m")F¥, (2.17)
k=0
with
ax(m,m',m",m"") = in i < Im| Y |Im" >< Im" Y |Im"" > (2.18)
¢ 2k +1 =, kq kq ’ :

and 0<k<21. In Egs. 2.17 and 2.18 [ is the angular moment of the d or f electrons,
and nl9 , are the atomic orbital occupations. V,, describes the interaction between
electrons located on the same site, and F¥ are parameters, which, in the Hartree Fock
approximation, are the radial Slater integrals. Usually F¥ are expressed in terms of
the on site Coulomb interaction, U, and of the exchange interaction, | as:

1 0
u= Wﬂ%l<mm|‘/€g|mm >= F
2.19
]—#Z<mm/|v |m’m>—FZ+F4 =
C20(2041) AR

m#m'

m and m’ are the atomic orbitals with the same I. For the d electrons only Y F?,
and F* are required, whereas for the f electrons also the F® term is required. The
ratio F*/F? and F®/F* are obtained by assuming that they have the same value as
isolated atoms.

In this thesis we have used the Hubbard correction as implemented in the Quantum
Espresso code by Cococcioni et. al. [43]. The authors focus their attention on the
on-site Coulomb interaction, setting to zero the | term which describes the higher
multipolar terms. In this way we can write the Hubbard correction energy as:

Eul{nif }1 =Ents [ { o }1 = Eocl{n' }] = ZZ{ Z}

=3 X rin'”(1 - n'")]
' (2.20)

If we choose the representation which diagonalizes the occupation matrix (n!/v/? =
AovI?), where A7 = Yoy fi < @7 |, >< ¢l |97, >, with 0<A7<1 the energy
becomes:

Eul{nmm}] = ZZA“’ — Aoy, (2.21)

Lo i

The value of U determines a penalty to apply to the energy favoring the full or empty

occupations. It is interesting to note that the occupation matrix 17, is not uniquely
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defined. For example, the Mulliken population or the projections on normalized
atomic orbitals can be chosen to calculate nf,?m,.

Important references for this section are the Camellone’s Phd thesis, the Lecture of
Camelllone at the "Correlated Electrons: From Models to Materials" school, and Co-

coccioni and De Gironcoli paper, Physical Review B, 71, 035105, 2005.

2.3 The reaction path

In a chemical reaction the reactants are transformed into the products, which repre-
sent another, usually more, stable configuration of the system as shown in Fig. 2.1.
The reactants have to overcome a barrier energy, which is named activation energy
E,, to reach the other minimum of energy. The state, corresponding to this maximum
of energy, is named transition state, see Fig. 2.1.

The system oscillates around the minima, and the time scale of this process is ap-

proximated as T, = /W, where V" is the curvature of the potential energy

surface, q,,in, are the coordinates of the atoms of the system at the minima, and m
is the mass of the particles of the system. The time requested to jump from the

reactants to the products (Tj,mp), overcoming the transition state, depends on tem-
Eqg
perature, and it can be approximated as Tj,;p ~ Tyip-e 5", as proposed by Van’t-Hoff

Arrhenius. Thus, at very low temperature, the rate of the process is very low. The
overcome of the activation energy is a rare event. These processes are called thermally
activated processes. It is important to note that the activation energy is related to the
transition state, and its determination is not easy. The Nudge Elastic Method (NEB)
is a method to individuate the minimum energy path between an initial (reactants)
and final (products) states of a reaction.

A Transition
State

Energy

Reactants

Products

Reaction Coordinate

FIGURE 2.1: Schematic picture of the reaction path of a chemical re-
action through a transition state.
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2.3.1 Nudge Elastic Method

The minimum energy path (MEP) is the reaction path which passes through the
saddle (transition) points, and in the limit of the low temperatures, is the most likely
one. Along the MEP, the components of the force perpendicular to the path are zero:

VV(r(s)) —t(s)(T(s) - VV(r(s))) =0 (2.22)

where 7(s) is the normalized tangent vector and s is the reaction coordinate by
means of which the MEP is parametrized, s € [0,1]. Solving numerically the equa-
tions allows one to determine the MEP, and the transition states. To do this it is
necessary to discretize the reaction coordinate and the path:

s —1-0s
r(s) = (2.23)
T(s) > 1, = e Wl W
Tit1 —Ti-1
We can rewrite Eq. 2.22 as:
VV(t;) — (- VV(r;)) = 0. (2.24)

The equations, one for each image, are solved when the energy is minimized on
the hyperplane orthogonal to the path.The minimization of the energy can be done
iteratively using different algorithms: first, a path with equispaced images r; is build,
and then each image evolves using a fictitious dynamics obtained by the projected
force:

F(xi)perp = —[VV(1;) — mi(7i - VV(1;))]. (2.25)

Only when for all the images r; the perpendicular forces are zero, the path is con-
verged.

The main drawback is that the distance between the images is not conserved. To
solve this problem, in the Nudge Elastic Method, each image is connected to the
nearest ones by springs of zero rest-lengths [44], [45], [46]. Each image is subjected
to the external forces (F(ri)perp), which are projected orthogonally to the path, and
to the forces of the springs F(r;).jus:ic, which are projected along the path. The sum
of the forces is:

F(r;)) = —(VV(r;) = VV(r;) - ;) — (7 - V%(riﬂ —1;)%). (2.26)

The images that satisfy Eq. 2.24 evolve with an algorithm such as the steepest-
descent or the Broyden one. The initial guess is a linear interpolation between the
final and initial points (configuartions of reactants and products).

Recently, it has been proposed an improvement of the NEB method, the so-called
climbing image (CI-NEB). This method allows for the determination of the saddle
point once the minimum energy path has been individuated. The image with the
highest energy, after some iterations, is individuated, and the component of the force
parallel to the MEP, which acts on it, is inverted:

F(rimax) = = vv(rimax) + ZTiI}’lﬂX (Tiﬂ‘lﬂx : VV(riﬂIﬂX ) ) ° (2'27)

In this way the image with the highest energy can climb along the minimum energy
path.
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Two important references for this section are the lectures of Simone Piccinin Rare
events and Nudged Elastic Band method, and the Phd thesis of Carlo Sbraccia [47].

2.4 The slab method

In the heterogenous catalysis, as shown in Chapter 1, the reactions occur at the sur-
face of solid catalysts, and the reactivity depends on the structure of the surface.
Thus, a correct description of the surfaces in crucial to describe and understand the
catalytic reactions. Surfaces break the three dimensional periodicity. However, the
computational algorithms, such as the Fast Fourier Transforms (FFT), of the Quan-
tum Espresso Package require a 3D periodicity. In order to reintroduce the 3D pe-
riodicity, taking advantage of the periodic boundary conditions, the slab method is
used to describe surfaces. In this method 2D portions of materials (slabs) are sepa-
rated by regions of vacuum along the direction orthogonal to the surface. The width
of the vacuum region must be chosen carefully in order to avoid undesired inter-
actions between the surfaces. Moreover, the electron density must be zero in the
vacuum region. The slabs can be asymmetric or symmetric. In the asymmetric slabs
the atomic positions of the last layers are fixed to their bulk positions, and only the
atoms of the top layers are allowed to relax. In many cases to eliminate unphysical
electronic states which may appear in the electronic gap it is necessary to passivate
one side of the slab [48]. Due to the asymmetry of the slab a dipole can be gener-
ated, and consequently an artificial contribution due to the dipole interaction will
be present in the total energy. Thus, a dipole correction must be employed: to do
this, usually a dipole, opposite to the previous one, in the vacuum region is added.
On the other hand, in a symmetric slab only a central plane (a mirror plane) is fixed,
whereas all the others are allowed to relax. In this way the dipole disappears but the
main drawback is that a greater number of layers is required. In this thesis we have
used both these approaches: the asymmetric slabs are used to investigate the ce-
ria surfaces, whereas the maghemite surfaces are described by means of symmetric
slabs.
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Chapter 3

H> Dissociation on ceria

In this chapter we will briefly introduce cerium oxides (Sec 3.1), and then, in Sec. 3.2, we
will report a study of the reactivity of single noble metal atoms supported on CeO,(111)
surfaces towards the Hy molecule. In Sec. 3.3, the effects of the interaction between the
hydrogen gas and the pristine and Ag doped CeO; surfaces has been investigated to interpret
the experimental results obtained at the SESAMO Laboratory of the University of Modena
and Reggio-Emilia.

3.1 Cerium Oxide

Cerium is the first of the rare-earth elements, and among them it is the most abun-
dant one on the Earth as shown in Fig. 3.1.
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FIGURE 3.1: Abundance of the elements in the Earth’s upper conti-
nental crust in function of the atomic number [25].

The cerium electronic configuration, 4f25d°6s?, is characterized by the partial
occupation of the f states. In Figs. 3.2a and 3.2b unit cells of the two main stoichio-
metric cerium-oxygen compounds, cerium dioxide and cerium trioxide, are shown.
Cerium dioxide (CeOy) is the most stable one: it is a white/yellow powder, which
crystallizes with a fluorite structure. The CeO; unit cell is face-centered with space
group Fm3m, and each Ce atom is bonded to eight oxygen atoms. All the valence
electrons belong to the oxygen atoms, the Ce f states are, consequently, empty. The
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cerium oxidation state is +4. From an electronic point of view, CeO; is an insula-
tor with an energy gap of ~ 3 eV. Cerium trioxide (Ce,O3), instead, is an hexagonal
sesquoxide A-type, space group P3m1, see Fig. 3.2b, and all the cerium atoms are in
a +3 oxidation state. Thus, the f states of each Ce are occupied by one electron. In
this thesis we have investigated only the catalytic activity of cerium dioxide, but the
geometrical, magnetic, and electronic properties of both cerium oxides have been
studied in Appendix A to determine the value of the Hubbard correction parameter
U to apply in these calculations.

CeO, is a reducible oxide, and it is characterized by the ability of losing, storing, and
transporting oxygen. This is one of the most important properties of cerium oxide,
and it is known as Oxygen Store Capacity (OSC) [25]. This property is related to the
ability of cerium to pass very easily from the 4+ to the 3+ oxidation state, and vice
versa.

Since the late 70’s CeO; has been considered for applications, and in 2015 more than
26000 scientific articles have been published about ceria [25], many of them related
to catalysis in the field of energy conversion. However, ceria can be employed also
in other fields as medicine and biology. It has been shown, for example, that ceria
can be used for making drug delivery devices [49].

We have focused our investigation on catalytic applications of ceria. The three way
catalyst (TWC;) is the most known and successful application of cerium based ma-
terials: it facilitates the oxidation of CO and hydrocarbons, and the reduction of NO
produced by the combustion of fuel [50]. Catalysts based on ceria are largely used
also for water-gas shift reactions [51], [51], [52], [53], CO oxidation reactions, [54],
[55], soot combustion for the diesel engines [56], [57], and hydrocarbon reforming
In a catalytic reaction ceria is used as a catalyst or as an active support for other
catalysts [25]. It has been shown indeed, that the presence of single noble metals
on the surface can increase the reactivity of the system towards some reactions: for
example a single Au atom on ceria increases the CO oxidation rate [27], or a single
Ni atom favors the water gas shift reaction [58].

Recently, ceria has been proposed as catalyst for electrodes in the fuel cells, electro-
chemical devices which convert chemical energy into electricity through chemical
reactions. Indeed, ceria has been used in solid fuel cells (SOFCs) [59], [60] or in pro-
ton exchange membrane fuel cells (PEMFC;) [61], [62]. In the first kind of cells, ceria
con be used at the cathodes, or at the anodes and, if doped, also as an electrolyte,
whereas, in the PEMFC cerium oxide is usually used only as anode material. The
main reaction which occurs at the anode is, indeed, H, dissociation and, it is known
that ceria facilitates H; dissociation [63]. Does the presence of Cu, Ag, or Au atoms
increase the reaction rates of H, oxidation?

The hydrogen gas is, usually, the fuel of the cells, but its transportation is diffi-
cult due to its high flammability. A possible solution is to obtain hydrogen from
methanol, which is a stable and safe fuel. Hydrocarbon reforming is indeed one of
the main applications for ceria catalytic activity [64], [65], [66]. It is known indeed
that CeO, favors the C-H bond breaking [67].

Moreover, currently, much research is devoted to find new catalytic systems to in-
crease the rates of reaction of methane (CHjy) activation in order to exploit the new
large reserves of natural gas which are recently discovered. Does the presence of Ag
atoms doping the ceria surfaces leads to an increase of the C-H bond activation? Can
a methane molecule be converted directly into a methanol molecule, in the presence
of an Ag atom? In Chapter 4 we have answered these questions.
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a)

FIGURE 3.2: a) CeO,, b) CepO3 bulk unit cell. Gray and balls are the
cerium and oxygen atoms, respectively.

3.2 H, Dissociation on Noble Metal Single Atom Catalysts
Adsorbed on and Doped into CeO, (111)

The text of this section is copied by the article "H, Dissociation on Noble Metal Single Atom
Catalysts Adsorbed on and Doped into CeO, (111)”, The Journal of Physical Chemistry C,
123,9875-9883, 2019, G.Righi, R. Magri, and A. Selloni, https://doi.org/10.1021/acs.jpcc.9b00609.
Adapted with permission from The Journal of Physical Chemistry C. Copyright 2019 Amer-

ican Chemical Society.

3.2.1 Introduction

Catalysts are essential in many industrial and energy conversion processes. Noble
metals have shown excellent catalytic properties for energy production and conver-
sion [6], but their use on the large scale is limited by the high cost. An important goal
is thus to reduce the amount of noble metal while maintaining or possibly increasing
the performance. It was recently proposed that this goal could be achieved by single
noble metal atoms on a supporting surface [68]. In this so-called single atom catal-
ysis (SAC), the main catalytic center is an isolated supported metal atom. SAC has
received increasing attention over the last years, and new techniques to prepare and
characterize single atom catalysts have been developed, including wet chemistry,
mass selected soft landing, and atomic layer depositionl. While such single atom
catalysts are expected to exhibit novel properties in comparison to those of nanopar-
ticle catalysts, understanding of their activity is still limited [69]. In this work, we
investigate the reactivity of single noble metal atoms focusing on the dissociation
and oxidation of Hy on Ag, Au and Cu atoms supported on CeO, (111), the most
stable [70], [71], [72], [73] and frequently exposed surface of CeO, nanocrystals. As
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the reaction occurring at the anodes of proton exchange membrane fuel cells (PEM-
FCs), the oxidation of Hj is of both scientific and technological interest. Currently,
platinum is the metal of choice for the anode catalyst in PEMFCs but its high cost
and scarcity limits its use in industrial applications [74]. Replacing platinum with
a cheaper material is crucial for increasing the competitive advantage of fuel cells.
A good candidate is cerium oxide, a strongly reducible oxide catalyst [75], [25], [76]
that is also known to be a good electrode material for electrochemical devices. [77]
and to facilitate the oxidation of Hy, especially in the presence of noble or transition
metals [63]. As shown by recent experiments, metal atoms on CeO, often occupy
Ce substitutional sites at low levels of loading [6], and surface cation (Ce) vacancies
have been reported to be essential for stabilizing single atom catalysts . Qiao et al.
[27] synthesized single Au atom catalysts supported on CeO,, and observed that the
Au atoms were indeed accommodated in the Ce vacancies. Based on the classifica-
tion of McFarland et al. [78], Ag, Au, and Cu atoms belong to the class of low valence
dopants (LVDs) for CeO,. The main effect of LVDs is to determine an increase of the
oxidative power of the oxygen atoms near the dopant [78]. Consequently, these
dopant metal atoms should be good candidates for decreasing the activation energy
for Hy dissociation. Motivated by the above findings and predictions [6], [27], in this
work we use first principles calculations to investigate the mechanism of H, oxida-
tion on single noble metal atoms either adsorbed on or doped into CeO, (111). We
mainly focus on single Ag atom catalysts, and compare the adsorption and reactiv-
ity of Ag to those of Cu and Au, for which several SAC studies are already available
[27], [79]. Three different configurations of the single metal atom (M) catalyst are
examined: a) M adsorbed on the pristine CeO, (111) surface; b) M substituting a Ce
atom in the presence of an excess electron supplied by an adsorbed H atom; ¢) M
substituting a Ce atom in the presence of a nearby oxygen vacancy. These configu-
rations correspond to three different initial oxidation states of the noble metal atom,
+1 for case a), +3 for case b), and +2 for case c), which allows us to obtain insight into
the influence of the metal oxidation state on the activation of H,. Oxidation states
are here evaluated through established procedures based on analysis of geometries,
atomic charges and partial densities of states (see Sec. 3.2.2). Although approxi-
mate, this approach is widely used and found to provide meaningful trends for a
wide range of systems. While more accurate methods for determining oxidation
states are now available [80], [81], they are typically quite demanding and outside
the scope of the present investigation.

3.2.2 Computational Methods

Calculations were performed using spin-polarized density functional theory (DFT)
with the gradient-corrected Perdew- Burke-Ernezhof (PBE) [35] exchange and corre-
lation functional as implemented in the Quantum Espresso Package [82], [83]. The
interaction between electrons and ions was described by ultra-soft pseudopoten-
tials. The wave function and charge density energy cutoffs were set to 30 Ry and
320 Ry, respectively. To account for electron correlations in CeO,, we applied the
Hubbard correction (DFT+U) on the f orbitals of the cerium atoms using the imple-
mentation of Cococcioni et al. [43]. The U parameter was set to 4 eV, a value that
reproduces experimental and theoretical results of previous studies. CeO; crystal-
lizes in the fluorite structure. The bulk primitive cell was optimized using a 7 x 7
x 7 Monkhorst-Pack (MP) mesh grid [84]; the resulting lattice parameter is a=5.52
A in good agreement with the experimental value a,y,= 5.41 A [85]. The CeO, (111)

surface was modeled using slabs with three O-Ce-O trilayers and 15 A of vacuum to
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avoid interactions between the repeated images. A (3x3) surface supercell was used,
and the irreducible part of the surface Brillouin zone was sampled using a (2x2x1)
MP mesh grid [84]. A (4x4) surface supercell was used to study H, dissociation on
an Ag, dimer. Atomic positions were relaxed with convergence thresholds of 107>
eV and 1x1072 eV/A for the total energy and ionic forces, respectively. Atoms of
the last trilayer were kept fixed in their bulk positions. The formation energy of an
oxygen vacancy was calculated as:

1
Eform = Edef + 5E0, — Epristines 3.1)
where E,f is the energy of the surface with the oxygen vacancy, Eistine is the energy
of the slab without the oxygen vacancy, and Eo, is the energy of the O, molecule. The
adsorption energy of a noble metal atom on the CeO, surface was calculated as:

Etjz\gs = Emyceo, — EM — Eceo,, (3.2)

where Ej;/c.0, is the energy of the surface with the metal absorbed, Ej; is the energy
of the metal in the gas phase, and Ec,o, is the energy of the pristine surface.The H,
adsorption energy was calculated as:

Euis(H2) = En,/maceo, — Ex, — Emaceo, (3.3)

where Ep, /maceo, is the energy of the slab with the supported metal atom (M) and
the Hp molecule, Ep@ceo, is the energy of the slab with the supported metal atom but
without Hy, and Ep, ) is the energy of the H, molecule. Ep, was determined using
a cubic box with a 20 A edge; the computed bond length is 0.75 A , in good agree-
ment with the experimental value (0.740 A ) and other DFT calculations (0.743 A
[79]). Hy dissociation pathways were determined using the climbing image nudged
method (CI-NEB) [86] with seven images. Charge transfers along the pathways were
estimated by analyzing Bader charges [87] and projected density of states (PDOS).

3.2.3 Results and Discussion

Geometries and Electronic Properties of Single Noble Metal Atom Catalysts on
CeO,(111)

For each single noble metal atom (M), we have studied three different configurations
on the CeO;(111) surface: an adsorbed M (M/CeO;); M substituting a Ce atom in the
presence of an excess electron supplied by an adsorbed H atom (M:H-CeO,); and M
substituting a Ce atom in the presence of a surface oxygen vacancy (M:CeO,_,). Fig.
3.3 and Fig. 3.4 show side and top views, respectively, of the three configurations
while Fig. 3.5 reports the corresponding orbital projected density of states (PDOS).
For each case, we first discuss the results for Ag and next compare the behavior of
Ag to the other noble metals (Cu and Au).

M/CeO,

Fig. 3.3d shows the structure of an adsorbed Ag atom on CeO,(111). Ag binds on
top of an oxygen atom of the third layer and is coordinated to three surface oxygen
atoms, with adsorption energy of -1.31 eV, less than the cohesive energy [88] . The
adsorption causes a charge transfer from Ag to the oxide, which results in the for-
mation of a cation Ag™, and the reduction of one second neighbor cerium atom from
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FIGURE 3.3: Models (side views) of a supported noble metal atom M
(M = Cu, Ag, Au) on CeO,(111) investigated in this work: a), d), g)
M adsorbed on CeO, (M/CeO»); b), e), h) M substituting a Ce atom
in the presence of an adsorbed H (M:H-CeO5); ¢), f), i) M substituting
a Ce atom in the presence of an Oxygen vacancy (M:CeO,_,). Green
(first row), blue (2nd row), and yellow (third row) spheres indicate
the Cu, Ag, and Au atoms, respectively. Gray and red balls represent
Cerium and Oxygen atoms. Arrows indicate the positions of the Oxy-
gen atoms that were removed. Top views of these models are shown
in Figure 3.4.
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a) b) c)

d) €)

g) h) i)

FIGURE 3.4: Top view of the model of a supported noble metal atom
M (M = Cu, Ag, Au) on CeO,(111) investigated in this work: a), d), g)
M adsorbed on CeO, (M/CeOy); b), e), h) M substituting a Ce atom
in the presence of an adsorbed H (M:H-CeO;); ¢), f), i) M substituting
a Ce atom in the presence of an oxygen vacancy (M:CeO,_,). Green
(first row), blue (2nd row), and yellow (third row) spheres indicate
the Cu, Ag, and Au atoms, respectively. Gray and red balls represent
cerium and oxygen atoms. Light green balls are the reduced cerium
atoms.

Ce*" to Ce®" (see Fig. 3.4), as theoretically found also by Tang et al. [89]. Table 3.1

reports the calculated adsorption energy Efdgs, the three metal-oxygen bond lengths,
the metal - Ce3* bond length, the transferred charge, and the magnetization of the re-
duced Ce®* ion, resulting from the partial filling of the f orbital. In Fig. 3.5d we show
the projected density of states of Ag/CeO,: the appearance of the Ag s peak above
the Fermi energy (Er) and a new Ce f peak below Er confirms the charge transfer.
The new oxidation state of the Ag adatom is +1, with Ag - O distances slightly larger
than the experimental values for Ag,O [90]. The behaviors of Cu and Au are similar
to that of Ag. Cu binds on top of a surface oxygen atom of the third layer (Fig. 3.3d),
with a larger adsorption energy (EC/.=-2.62 eV) in comparison to Ag, but less than
the cohesive energy [88], and Cu - O distances slightly larger than those observed in
Cup0O [91]. In contrast to Ag and Cu, Au prefers to adsorb on a bridge site between
two surface oxygen atoms, but the adsorption energy difference between the bridge
and on top sites is less than 0.10 eV. The Au adsorption energy is EAl‘=-1.12 eV, and,
as for the other noble metal atoms, is less than the cohesive energy [88]. Similar to
Ag, Cu and Au are oxidized to CuTand Au* upon adsorption on the CeO, surface,
and at the same time one Ce atom is reduced to Ce>*. As shown in Fig. 3.5a and
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FIGURE 3.5: Projected Density of States of the model systems shown
in Fig. 3.3: a) Cu/ CeOy; b) Cu:H-CeOy; c) Cu: CeO,_,; d) Ag/
CeOy; e) Ag:H-CeOy; f) Ag: CeOy_y ; g) Au/ CeOy; h) Au:H-CeOy;
i) Au: CeO;_y. Full and dashed lines refer to spin up and spin down
contributions, respectively. f states have been multiplied by a factor

1/3.
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3.5g, the metal s peak is indeed empty, and a new Ce f peak appears below Er. The
reduced Ce atom is a second neighbor of both Cu [89] and Ag, whereas it is a third
neighbor in the case of Au (see Table 3.1), as found in other computational studies
[89], [92]. However it is important to note that that the oxidation state of Au depends
strongly on the computational method chosen [93].

TABLE 3.1: Adsorption energy of the metal adatom, in eV, magnetic

moment of Ce3+ (up), M-O distance (A) between the metal (M) and

neighboring O atoms, M- Ce>* distance (A) between the metal and

the Ce3* ion, charge transfer Aq (¢) from the metal adatom to the
surface.

M Eu p(CST) MO  M-Cer Aq

Cu 262 089 2.02, 482 055
2.03(2)

Ag -131  0.89 2.35, 506 038
2.41(2)

Au -1.12 0.90 2.15,2.18 4.71 0.20

M:H-CEOZ

The second investigated model is the substitution of a Ce by an Ag atom. Cerium
has oxidation state +4 in CeO,, whereas the highest oxidation state that Ag can have
is +3. To compensate for the missing charge, we have introduced an adsorbed H
atom on a distant surface oxygen (see Figs. 3.3 and 3.4), which provides an ad-
ditional electron without substantially affecting the interaction of Ag with the H»
molecule. We found indeed that, in the absence of such a compensating charge, the
H, molecule tends to react with an oxygen atom of the CeO, surface to form an
H>0O molecule together with a surface oxygen vacancy, suggesting that the surface
needs extra electronic charge to be stabilized. The optimized Ag:H-CeO, structure
is shown in Fig. 3.3e. This surface termination is stable when the oxygen chemi-
cal potential o is greater than -0.5 eV. This means that at room temperature, and
p = 1 atm, this surface termination is stable. Increasing the temperature, for exam-
ple T = 900 K, the surface is stable only if the pressure is greater than 10° atm. Ag
is approximately at the same height of the Ce surface atoms, and the Ag-O bonds
are 219 A, slightly larger than those observed in AgyOs3 [94]. The three oxygen
atoms bonded to the Ag metal, and the other oxygen atoms below, show a smaller
amount of electronic charge ( -0.2 e per oxygen atom) than in pure ceria, as found
also in a previous computational study for Au [95]. Comparison of the PDOS of
Ag:H-CeO; (Fig. 3.5e) and Ag/CeO; (Fig. 3.5d) shows a new Ag peak above Er for
Ag:H-CeO,, which originates from empty d metal orbitals with some contributions
from the p states of the less charged oxygen atoms. At the same time, the Bader and
Lowdin charges show a depletion of both the s and d Ag orbitals with respect to
the isolated atom. These findings suggest that the new Ag oxidation state is +3, as
previously proposed in a theoretical study by Camellone et al. [92] for substitutional
Au. This conclusion is also supported by the Ag - O bond lengths and by the value
of the dihedral angle in Ag:H-CeO,, which is comparable to the dihedral angle in
Agr0O3 (174.5°). In contrast to the Ag/CeO, case, where one reduced Ce3* ion was
observed, here all Ce ions have oxidation state +4 (i.e. all f states are empty). The
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optimized structures of Cu:H-CeO; and Au:H-CeO, are shown in Fig. 3.3b and 3.3h,
respectively. Similar to Ag, Au does not introduce major distortions of the surface
structure: it remains at the same height of the Ce atoms with Au-O bond lengths of
2.12 A, in the range of the observed Au - O bond lengths in Au,O3 [96]. In contrast,
the Cu atom moves down toward a subsurface site with Cu - O bond lengths of 1.89
A, similar to the observed bond distances in CuyO [91]. The PDOS of Cu:H-CeO,
(Fig. 3.5b) and Au:H-CeO, (Fig. 3.5h) show metal d states above the Fermi energy,
as found for Ag (Fig. 3.5e). The changes of Cu and Au’s Bader charges with respect
to the adsorbed atoms are also similar to those found for Ag. All results are consis-
tent with an oxidation state +3 in the case of Au. The picture is less clear for Cu, for
which a +2 oxidation state was actually suggested in a computational study by Yang
etal. [97].

M:CeO,_;

When a surface Ce atom is replaced by Ag, the energy cost to form an oxygen va-
cancy is found to become negative, -0.69 eV. This implies that O-vacancy formation
occurs spontaneously in the presence of substitutional Ag, as computationally pre-
dicted by Shapovalov et al. [98]. This is probably due to a charge compensation re-
quired when we dope the surface with a lower valence dopant. For comparison, our
computed formation energy of a surface oxygen vacancy on metal-free CeO,(111)
surface is 2.05 eV, a value similar to those reported in previous theoretical stud-
ies [71], [99]. The configuration generated by removing one of the surface oxygen
atoms bonded to the substitutional Ag is shown in Fig. 3.3f. The excess electrons
that result from the creation of the vacancy are acquired by the Ag atom. Analysis of
the DOS shows indeed that the spin up empty Ag d state of Ag:H-CeO, (Fig. 3.5e)
becomes occupied in Ag:CeO,_, (Fig. 3.5f), whereas the spin down d state remains
empty (dashed lines). This indicates that the Ag oxidation state is +2 in Ag:CeO,_,.
A similar behavior was reported in computational studies by Szabova et al. [100]
and Yang et al. [97] for Cu. In agreement with Yang et al. [97] and Shapovalov et
al. [98], our calculations predict that the creation of an oxygen vacancy is thermo-
dynamically favored also in the presence of a substitutional Cu, even though the
energy gain (Efy;,=-0.12 eV) is smaller than in the Ag case. In contrast, the creation
of an oxygen vacancy is computed to be slightly endothermic, Ef,.,=+0.23 €V, in
the presence of substitutional Au. Our result is in agreement with the theoretical
value obtained by Kim et al. [101], whereas Shapovalov et al. [98] predicted a neg-
ative formation energy (-0.36 eV) also in the Au case. The PDOS of Cu:CeO,_, and
Au:CeO,_, (Fig. 3.5c and 3.5i) are similar to that of Ag:CeO,_,, indicating that both
excess electrons from the vacancy are acquired by the noble metal. A different result
was reported in a theoretical work by Camellone et al. [92], who found that one of
the excess electrons of the oxygen vacancy in Au:CeO,_, is acquired by a Ce atom,
leading to a reduced Ce?*.

3.2.4 Pathways of H; dissociation

Recent computational studies of H, dissociation on metal-free CeO; (111) have pre-
dicted an heterolytic mechanism leading to the formation of two adjacent OH and
the reduction of two surface Ce** cations to Ce®*" [63], [102], [103]. Following those
studies, we calculated the pathways of H; dissociation on all the model systems
shown in Fig. 3.3 using the NEB method [45]. In each case, we considered an initial
state (IS) where the H, molecule is physically adsorbed on the surface and a final
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state (denoted FSygp) where the molecule is dissociated. For the IS, we always ex-
amined several possible configurations of Hy on the relaxed surface and chose the
one energetically most stable. Considering that H, dissociation is likely to occur at
the metal site, for the FSyep we chose a configuration with one H atom of H, bonded
to the noble metal atom and the other bonded to a surface oxygen atom, rather than
the most stable configuration (denoted FS) with both H atoms adsorbed on surface
oxygen atoms. FSypp was found however to evolve spontaneously to FS in the case
M:H-CeO,. For better clarity, in the following we will report two reaction energies:
the first one, AENEgp, is the energy difference between the final and initial states of
the NEB calculation; the other, AE, is the energy of the "true" (most stable) final state
with the two H atoms on surface oxygen atoms, referred to the non-interacting gas
phase H; molecule and M-CeO; system.

H, dissociation on Ag/CeO,

The minimum energy pathway (MEP) for H; dissociation on Ag/CeO,(111) is shown
in Fig. 3.6. In the IS, the H, molecule is weakly adsorbed on the Ag adatom, with a
binding energy of 0.27 eV. The H, bond length is 0.80 A (vs 0.75 A in the gas phase)
and the Ag-H distance is 1.91 A . The PDOS shows no charge transfer from Hj to
the surface (Fig. 3.7a IS). As final state FSygp, we consider a configuration with one
H bonded to Ag (bond length 1.62 A ), the other bonded to a surface oxygen Os
(bond length 0.99 A), and the Ag adatom bonded to only one surface oxygen (bond
length 2.15 A ). The H atom adsorbed onto Og transfers its electron to a surface Ce
atom reducing it to Ce3*, while the other H reduces the Ag adatom from Ag™ to
Ago, as shown by the PDOS in the bottom panel of Fig. 3.7a, where the Ag s peak
is below the Fermi energy. From the MEP in Fig. 3.6, we can also see that in the
initial stages of the reaction the Ag atom rotates towards O;, and breaks one of its
O-Ag bonds. At the transition state (TS), the bond length of the H, molecule has in-
creased to 0.90 A , and one H atom forms a hydrogen bond with Os (dashed line in
Fig. 3.6), with a O; - H bond length of 1.64 A , while the other H remains bonded to
the Ag atom. The Ag s orbital remains empty and a Ce" peak is still present in the
PDOS (Fig. 3.7a, TS). This TS is only 0.23 eV higher in energy than the IS. We have
also determined the barrier for H transfer from Ag (FSygg) to a near surface oxygen
(FS), and found it to be 1.0 eV. This barrier is quite high in comparison to that for H,
dissociation, suggesting that FSygp is an observable intermediate of the reaction. To
test the dependence of the activation and reaction energies on the Hubbard U value
[104], we have further calculated the MEP of H; dissociation on Ag/CeO, using a
Hubbard U parameter U=4.5 eV, a value employed by several other authors 13 40
41. As shown in Fig. 3.8, the variation of the activation energy is negligible: E,= 0.22
eV instead of 0.23 eV obtained with U=4 eV.

Similar mechanisms of H, dissociation are found on Cu/CeQO; and Au/CeO,, see
Figs. 3.9,3.10, 3.11 and 3.12. In the IS, H; is adsorbed on the metal atom with adsorp-
tion energies of -0.35 and -0.93 eV, for Cu and Au, respectively, and the molecule is
more stretched than in the Ag case. On Au/CeQO,, the Au atom shifts from the bridge
to the on-top site upon H; adsorption; a similar change of metal adsorption site was
observed also in a theoretical study of CO oxidation on Au/CeO; by Camellone et
al. [92]. The existence of a bond between Au and H was assumed also by Jaurez et
al. [105] to explain their experimental results on H; dissociation on Au/CeO,. The
activation energy (E;) and reaction energies (AExgp and AE) of Hy dissociation on
the three M/CeO; surfaces are compared in Table 3.2, which shows also results for
metal-free ceria from previous DFT studies. The presence of the noble metal atom on
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FIGURE 3.6: Potential energy profile along the Minimum Energy

Pathway (MEP) of H, dissociation on Ag/CeO, (111), as obtained

by CI-NEB calculations with seven images. Relevant distances are re-

ported. Light blue, blue, gray, and red balls represent the hydrogen,

silver, cerium, and oxygen atoms, respectively. All the distances are
in Angstrom.

the CeO;, surface decreases the barrier of H;, dissociation (from 0.99 eV to 0.30 eV)
and at the same time makes the reaction energy less negative, indicating that a single
noble metal atom adsorbed on the CeO, (111) is an efficient catalyst for H, dissoci-
ation. The charge transfer from the metal adatom to the CeO, surface is crucial in
favoring the initial binding of the H, molecule to the catalyst. This initial binding
facilitates the dissociation with respect to the case of pure ceria where H, does not
bind to the surface. The smaller absolute value of AE on M/CeO; relative to pure
CeO; indicates that the H atoms are less strongly bound to the surface, which should
facilitate the subsequent proton release during PEMFC operation.

H; dissociation on Ag:H-CeO

The MEP for Hy dissociation on Ag-doped CeO, in the presence of an adsorbed
H is shown in Fig. 3.13. In the initial state, H, is physically adsorbed (E, ;5= -0.03
eV) with one of its H atoms at distance 2.75 A from a surface oxygen, and the Ag
oxidation state is +3 (Fig. 3.7b IS). As H, moves towards the surface, one of the Ag -
O bonds with the surface breaks. At the TS, the H, molecule (bond length 0.80 A)
is adsorbed on the Ag atom (Ag-H distance 2.15 A ) while forming also a H-bond
with a surface O atom (O;) at distance 1.80 A . From the PDOS it appears that the
Ag oxidation state is still +3 at the TS (Fig. 3.7b TS). After the H-H bond breaks, one



3.2. H, Dissociation on Noble Metal Single Atom Catalysts Adsorbed on and

. 29
Doped into CeO, (111)
a) 15 j IS x1/3
10 —
5 Axm A m o~
E’bx PR -\ . ! . L . ‘
TS X173
10 — m
L — Ag
5 Axl/} _ ge
j I R
15— ES
10
SH A x1/3
’ S . A ! . I
-4 -2 0 2
b)lo IS
L X3
5 _/\A/\[/\/JW A
81— TS
X113
L H
4 b — Ce
L ] — o0
10 — ES

w
I

I
S}
[e]
W
~

r H X173
s : A
L n _ ég
i i — Ce
2 ), Maa \ : ” — O
r \]
il N | .

0 2 4
E-E(eV)

S -

FIGURE 3.7: Projected Density of States for the IS, TS, and FSygp of

H; dissociation on: a) Ag/CeO;y; b) Ag:H-CeO;; c) Ag:CeOy_,. Full

and dashed lines represent the spin up and spin down contributions,
respectively.

hydrogen atom moves directly to O; while the other moves spontaneously from Ag
to another nearby surface oxygen atom. The activation energy for dissociation, E, =
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Pathway (MEP) of H, dissociation on Ag/CeO, (111), as obtained

by CI-NEB calculations with seven images using U=4.5 eV. Relevant
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the hydrogen, silver, cerium, and oxygen atoms, respectively. All the
distances are in Angstrom.

0.33 eV, is significantly lower than in pure CeO,. In this system the final state FSyrp
transforms spontaneously to (i.e. coincides with) FS, H; is dissociated with both H
atoms adsorbed on surface oxygen atoms and Ag is reduced. As shown by the PDOS
in the bottom panel of Fig. 3.7b, the Ag d states are indeed below Er, while the CeO,
surface remains oxidized, indicating that the Ag oxidation state is +1.

The analogous pathways on Cu:H-CeO; and Au:H-CeO, are qualitatively sim-
ilar to those for Ag:H-CeO, (Figs. 3.14 and 3.15), but the charge transfers upon H»
dissociation are different. In the Au case, the electrons of both H atoms are trans-
ferred not to the noble metal but to the surface, leading to the reduction of two Ce
cations from Ce*" to Ce>", while Au maintains an oxidation state +3 (Fig. 3.12b).
On Cu:H-CeO,, Cu is reduced to an oxidation state +2 after H, dissociation, as indi-
cated by the PDOS in Fig. 3.11b. In Table 3.3 we compare the activation and reaction
energies of Hy dissociation on Ag, Au and Cu doped CeO, (M:H-CeO;). Both the
activation and reaction energies are much lower on the metal doped surfaces than
on pristine CeO; (111), and the decrease is more significant for Ag than for Au and
Cu. Charge transfers appear to have a key role in the reaction: Ag facilitates the
dissociation of Hy by becoming reduced from Ag*" to Ag™, its preferred oxidation
state, whereas Au is already in its favorite oxidation state (+3) in the IS, so that its
effect on H; dissociation is less pronounced. On the other hand, the strong stability
of the final state of Hy dissociation on M:H-CeO;, especially in the Ag case, implies
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TABLE 3.2: Activation energies (E;) and reaction energies (AEygp and
AE) for H; dissociation on pure CeO, (from previous computational
studies, as indicated), Cu/CeO,, Ag/CeO,, and Au/CeO; (from this
work). AEngp is the energy difference between the final and initial
states of the NEB calculation, whereas AE is the energy of the Hj dis-
sociated state with both H atoms on surface oxygens relative to the
non-interacting Hy molecule and M/CeO; surface. All energies in
eV. The hydrogen molecule dissociates without or with a very small
energy barrier on the platinum (111) surface [106].

CeO, Cu Ag Au
E, 0.99 [63]
0.99[103] 029 023 0.35
1.08 [102]
AEnggp  -2.50 [63]
-2.34[103] -0.55 -0.72 -1.27
-2.50 [102]
AE -2.50 [63]
-2.34[103] -1.99 -1.53 -2.32
-2.50 [102]

that it is difficult to break the bonds of the adsorbed H atoms with the surface and
regenerate the catalyst as required in PEMFCs.

TABLE 3.3: Activation energies (E;) and reaction energies (AEygp and
AE) of H; dissociation on noble metal doped CeO, in the presence of
adsorbed H (M:H-CeO;) or an oxygen vacancy (M:CeO,_,). AENEp
is the energy difference between the final and initial states of the NEB
calculation, while AE is the energy of the Hy dissociated state with
both H atoms on surface oxygens relative to the non-interacting gas-
phase Hy molecule and doped surface. All energies in eV.

M:H-CeO», M:CeO»_,
Cu Ag Au Cu Ag  Au
E, 051 033 062 080 034 0.19
AEngp 236 -411 -3.00 -055. -0.72 -1.43
AE  -237 -414 -3.03 -213 -2.83 -2.89

H, dissociation on Ag:CeO,_,

As discussed in Sec. 3.2.3, the substitution of a Ce atom by a noble metal favors
the formation of oxygen vacancies, so that M:CeO;_ is the actual stable configura-
tion of M-doped CeO,. The pathway and activation energy for H, dissociation on
Ag:CeO,_, (Fig. 3.16 and Table 3.3) are similar to those on Ag:H-CeO, (Fig. 3.13).
The initial Ag oxidation state on Ag:CeO,_, is +2 (Fig. 3.7c, IS), and the PDOS
changes after H, dissociation (Fig. 3.7c, FSygg) suggest partial transfer of the hy-
drogen electrons to both Ag and the CeO, surface. This is confirmed by the Bader
and Lowdin charges, which show an increase of the occupation of the Ag s orbital
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FIGURE 3.9: Potential energy profile along the Minimum Energy
Pathway (MEP) of H, dissociation on Cu/CeO; as obtained by CI-
NEB calculations with 7 images. Relevant lengths are reported. Light
blue, orange, gray, and red balls are the hydrogen, copper, cerium,
and oxygen atoms, respectively. All the distances are in Angstrom.

with respect to the IS. However, a clear Ag oxidation state of +1 is observed only
after both H atoms are bonded to surface oxygen atoms. The computed barrier for
H diffusion from Ag to a surface oxygen atom is 0.16 eV, a value significantly lower
than the activation energy, 0.34 eV, of H, dissociation. The activation and reaction
energies of Hy dissociation on Cu:CeO,_, and Au:CeO;_, are summarized in Table
3.3, while pathways and PDOS are reported in Figs. 3.17, 3.18 and 3.11, 3.12, respec-
tively. The barrier is low (0.19 eV) on Au:CeO,_,, whereas it is quite high (0.80 eV)
on Cu:CeO,_,. A possible reason of this difference is that the initial +2 oxidation
state is very stable for Cu whereas it is not as favorable for Ag and Au, which prefer
to take an oxidation state +1, hence facilitating the dissociation of the H, molecule.
On the other hand, the smaller H, dissociation barrier on Au:CeO,_, in compari-
son to Ag:CeO,_, may be related to the different TS geometries: on Au:CeO,_, the
H, bond at the TS is only slightly longer than at equilibrium (0.78 A ), whereas on
Ag:CeO,_, the H-H bond at the TS is stretched to 0.91 A , thus requiring more en-
ergy. The low value of E, predicted by our calculations for Au:CeO,_, appears to
disagree with a recent study by Qiao et al. [27] showing that atomically dispersed
Au on CeO, does not activate H, at temperatures below 100 °C. On the other hand,
our value E, = 0.62 eV for H, dissociation on H-Au:CeO, is both consistent with the
experimental observation by Qiao et al. [27] and also agrees with their computed
activation barrier of 0.69 eV for H; dissociation on atomically dispersed Au atoms at
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FIGURE 3.10: Potential energy profile along the Minimum Energy
Pathway (MEP) of H, dissociation on Au/CeO; as obtained by CI-
NEB calculations with 7 images. Relevant lengths are reported. Yel-
low, light blue, gray, and red balls are the gold, hydrogen, cerium,
and oxygen atoms, respectively. All the distances are in Angstrom.

Ce sites (with no oxygen vacancy). Therefore, a possible explanation for the discrep-
ancy of our results for Au:CeO;_, with experiment14 is the excessive reduction of
the Au:CeO,_, model, as suggested also by the positive value of the corresponding
O-vacancy formation energy in Sec. 3.2.3. Table 3.3 also shows that the reaction en-
ergies AE are in absolute value smaller on M:CeO,_, than on M:H-CeO,, suggesting
that the presence of oxygen vacancies improves the activity of noble metal doped
CeO, as anode material for PEMFCs.

H, dissociation on Ag»

The results in the previous sections show that the presence of a single adsorbed or
substitutional noble metal atom on the CeO, surface facilitates the dissociation of
Hy. However, it is experimentally difficult to synthesize dispersed single atoms on
a supporting surface. We have studied the behavior of an Ag adatom on the doped
Ag:CeO,_, surface and found that it is indeed energetically favorable for the adatom
to bind to the Ag dopant. The resulting Ag-Ag dimer has a bond distance of 2.75 A
, slightly larger than the calculated bond length of an Ag, dimer in the gas phase.
The computed H; dissociation pathway on the supported Ag dimer is shown in Fig.
3.19. Initially the hydrogen molecule is physically adsorbed (IS), whereas in the final
state of the NEB calculation one H atom is bonded to a surface oxygen, and the other
to the Ag adatom. Along the MEP, H;, approaches the surface, until it binds to the
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tively. f states have been multiplied by a factor 1/3.

adsorbed Ag atom (TS) with a H-H bond length of 0.80 A . Upon dissociation, one H
atom moves onto the surface oxygen to which it was H-bonded while the other stays
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on the Ag atom. The activation energy of the process, only 0.12 eV, is significantly
lower than on pure ceria, as well as on Ag:H-CeO, and Ag:CeO;_,. In a previous
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FIGURE 3.13: Potential energy profile along the MEP of H; dissocia-
tion on Ag:H-CeO,(111). Relevant distances (in A) are reported. The
color code is the same as in Fig. 3.6.

theoretical work Wang et al. [107] have calculated the energy required to break the
hydrogen molecule on the Ag-Ag dimer. The calculated energy is quite high, 2.14 eV,
thus the interaction between Ag and CeO; is crucial to decrease the barrier energy.

3.2.5 Conclusion

In this work, we have used ab-initio calculations to investigate the mechanism of
H, dissociation on single Ag, Au and Cu atoms deposited on or doped into CeO,
(111). An important goal has been to identify an efficient hydrogen oxidation cata-
lyst that might possibly replace Pt as anode material for PEMFCs. We have focused
mainly on Ag, whose activity toward Hj dissociation has been explored for the first
time in this work, and considered different surface models, which has allowed us
to investigate the effect of different initial oxidation states of the noble metal atom
on the activation of Hp. Our results show that noble metal atoms generally induce
a significant decrease of the H, dissociation barrier with respect to the pure ceria
surface, and the charge transfers involved in the reaction play a crucial role in this
decrease. For noble metal adatoms on pristine ceria (M/CeO,), the initial metal ox-
idation state is +1 and the charge transfers involved in H; dissociation are the same
for all metals. Ag/CeO, shows the lowest activation energy as well as the less neg-
ative reaction energy among the different supported metals (see Table 3.2), which
makes it a potentially interesting material for PEMFC anodes. In the case where the
noble metal is substitutional to a surface Ce atom, the formation of oxygen vacancies
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FIGURE 3.14: Potential energy profile along the Minimum Energy

Pathway (MEP) of H; dissociation on Cu:H- CeO,(111) as obtained

by CI-NEB calculations with seven images. Relevant lengths are re-

ported. All the distances are in angstrom. The color code is the same
as in Fig. 3.9.

is highly favored (M:CeO;_). The initial metal oxidation state is +2, and among the
different metals Au has the lowest activation energy, closely followed by Ag, which
also shows a slightly less negative reaction energy (Table 3.3). Finally, as an alterna-
tive to the formation of an oxygen vacancy, we also considered the case where the
missing charge of the substitutional noble metal atom is partially compensated by
an adsorbed H (M:H-CeQO,). In this case the initial metal oxidation state is +3 and
Ag induces the largest decrease of the activation energy with respect to pure ceria
(Table 3.3). Ag plays an active role by acquiring the electrons of the dissociated H»
molecule, so that its oxidation state changes from +3 to +1, which is the optimal
one for Ag. In general, we found that when the noble metal atom is in its favored
oxidation state in the initial state of the reaction, the energy barrier lowering with
respect to pure ceria is small: this is the case of H, dissociation on Au:H-CeO, or
Cu:CeO,_,. Except for these cases, the noble metal participates actively in the re-
action and contributes to the barrier lowering by accepting electrons from H so as
to reach its favorite oxidation state. Finally, our results indicate that CeO, modified
with single Ag atoms is a promising candidate material for replacing Platinum in
the anode of PEMFCs.
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same as in Fig. 3.10.

3.3 Comparison with the experimental results on H, exposed
surfaces

3.3.1 Introduction

One of the possible methods adopted to experimentally detect H, activation on
metal doped ceria films is to determine the oxidation states of both the dopant metal
cation and of the Ce cations using photoemission spectroscopy [108]. Indeed, the
results of several computational studies on Hy dissociation on pristine ceria surfaces
have shown that two hydroxyl groups are formed on the surface, and the simulta-
neous reduction of two Ce atoms occurs. Also in presence of isolated Pt species ad-
sorbed on ceria, as found by a recent combined experimental and theoretical study;,
the reduction of Ce** cations to Ce3" has been observed [108]. The number of Ce3"
is used also to quantify the number of oxygen vacancies: the removal of an oxygen
atom leads, indeed, to the variation of the Ce oxidation state from 4+ to 3+. The
excess of charge is, indeed, acquired by the localized f orbitals. Thus, a higher con-
centration of Ce>" cations has been considered to be linked to a higher reactivity of
the film to H; activation, and an higher reduction of the surface.

In the following, we provide new insights into the interaction between H; and the
pristine and Ag-modified ceria surfaces. In particular, we will discuss the validity
of assessing the reactivity of the surface towards H; dissociation by monitoring the
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concentration of the Ce3* reduced cations.

Motivated by the observations of the spectroscopy group at the SESAMO Lab. of
UNIMORE and CNR-Nano here in Modena we have simulated the behavior of a
ceria surface and Ag-modified ceria surface to hydrogen exposure. We have con-
sidered a slab formed by three O-Ce-O trilayers, with a (4x4) surface supercell to
model the (111) surfaces. In particular, we used for the surface atomic structure the
stable configuration with one missing oxygen atom near the Ag ion found in Ref.
[109]. The Brillouin zone was sampled only at the Gamma point. We have calcu-
lated the adsorption energy of H atoms dissociated on the surface as EgEIfS:EZH Jsurface
- Esurface “En,, where Eppy /gy face 1S the energy of the slab with H atoms adsorbed in
two separate sites, E; 4. is the pristine surface, and Ep, is the energy of the hydro-
gen molecule. To determine the minimum energy paths (MEP) of H, dissociation, H
diffusion, and H,O formation on the pristine, and Ag-doped ceria surfaces we used
the climbing image nudged method (CI-NEB) [45] with seven images.

3.3.2 Results
Experimental Results

We report here the results obtained at the SESAMO Laboratory (FIM). The mod-
ifications in a 4 ML pristine CeO; film, and in a film of the same thickness with
Ag atoms in substitution of Ce atoms, due to thermal cycles in a reducing environ-
ment have been studied using the XPS and STM techniques. The Ce 3d spectra of
the pure and doped CeO; films after the thermal treatment in UHV and H; have
been invetsiagted. At room temperature only Ce** are present. In vacuum condi-
tions the variation of the Ce 3d lineshape is negligible in the pristine film, whereas
strong modifications are observed under H as shown in Fig. 3.20a. These variations
are due to the contribution of reduced Ce atoms (Ce3*). For the doped surface, as
shown in Fig.3.20b, the trend is the same, but an higher reduction under H, atmo-
sphere is observed. They found that in UHV, both in the pristine and in the doped
CeO, films, the concentration of Ce®*t is about 5%. As shown in Fig. 3.20c, in Hp
atmosphere, already at 470 K, a significant reduction is observed in the Ag modified
oxide, whereas, only at 570 K, an increase of Ce®* is observed in the pristine surface.
Only at very high temperatures, larger than 620 K, the number of Ce>" is greater in
the pristine film than on the Ag-modified one.

Under Hy, the O 1s peak is modified due to the appearance of a new component due
to the OH bond.

In Fig. 3.21a the ratio between the OH and OCe peaks as a function of tempera-
ture is shown. On the Ag modified CeO, films, the ratio starts to increase already at
470 K. Over the entire range of temperatures the ratio is greater for the doped films,
which means that the number of OH groups is always greater on this surface. In
Fig. 3.21b the O 1s peak intensity at different temperatures is shown. If we relate the
decrease of the peak intensity to the increase of the number of oxygen vacancies Oy,
we note that, in general, under H; atmosphere, the concentration of the vacancies is
greater than in the vacuum. In UHYV, at a high temperature (~ 770 K), for the doped
surface, the number of O vacancies is greater than for the pristine surface, whereas
in hydrogen atmosphere the number of oxygen vacancies is greater on the pristine
ceria surface. A peculiar situation occurs at 470 K, where the Oy concentration in
the modified oxide is larger in UHV than in Hy.

Using an ab-initio approach we have tried to interpret these experimental findings.
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It is indeed surprising that the number of oxygen vacancies is greater on the pristine
oxide under H; than on the doped one. We have started to compare the results in
vacuum, and then we have considered the H, atmosphere.

Computational Results

We have calculated the energy required to create an oxygen vacancy (Oy) on the
pristine and Ag-modified CeO(111) surface (Ag:CeO,_x). On the pristine ceria sur-
face (Figs. 3.22a and 3.22b) the Oy formation energy is Ef,.,,= 2.02 eV, a value similar
to those reported in previous theoretical works [99], [71]. Following the creation of
the oxygen vacancy we observe the reduction of two Ce atoms on second neighbor
sites of the Oy. In Figs. 3.22c and 3.22d the side and top views of the most stable
Ag-modified CeO; surface are shown. This surface is characterized by the contem-
porary presence of a single Ag atom and an oxygen vacancy located in the outermost
layer. The two oxygen atoms closer to Ag have less electronic charge than the one
corresponding to the canonical -2 oxidation state, and it is known that they are more
reactive [78], [5]. The energy required to remove these oxygen atoms is only 0.78
eV. The excess of charge due to the creation of the vacancy, in this configuration, is
acquired by Ag and by a single Ce, which is reduced to Ce>". Ag loses ~ -0.5 e with
respect to the charge in the gas phase, and we can speculate that the new oxidation
state is +1.
It is important to note that the Oy formation energy is only the energy cost necessary
to create the surface vacancy, and not the energy barriers, which the oxygen atoms
have to overcome to break their bonds to the surface and be released. However,
we can see that the calculated Oy formation energies alone can qualitatively explain
most of the experimental observations in UHV. After thermal treatment, indeed, the
number of oxygen vacancies is greater on the Ag doped CeO, oxide, and we have
found that the energy required to remove a surface oxygen is smaller on this surface.
Moreover, as found experimentally, the number of Ce>" is greater on the pristine ce-
ria since, on this surface, the formation of the oxygen vacancy causes the reduction
of two Ce atoms, whereas on the Ag-modified surface, the creation of an oxygen va-
cancy leads to the reduction of only one Ce atom. Thus, despite the larger reactivity
of the modified Ag-ceria surface the number of reduced cerium atom is smaller.

We pass now to investigate the reduction of the surfaces in H, atmosphere. A
reaction frequently observed on reducible metal oxides under conditions of high H»
pressure and temperature is:

H; + Oy — H,O + V), (3.4)

where O; and Vg are a surface oxygen atom and surface oxygen vacancy, respec-
tively. Temperature programmed reduction measurements acquired by several groups
on cerium oxide powdered catalysts indicate, indeed, that the dissociated H can be
released from the surface in the form of Hy O forming O vacancies on the surface
around 770 K, whereas 1100 K are required to create bulk vacancies [110], [111]. We
have investigated the pathway of this reaction on pristine and Ag doped CeO, sur-
face assuming that in the initial state (IS) Hj is already adsorbed in dissociated form
on the CeO, surfaces (Figs. 3.23 and 3.24). As shown by recent computational stud-
ies, and reported in Fig. 3.23 (3.24) Hy dissociation has an energy barrier E, = 0.99
[63] (0.34) eV, and an energy release AE ~ 2.5 [63] (2.83) eV on pristine CeO, [63],
[102], [112] (Ag-doped CeO,) [109]. The dashed rectangles, in the figures, indicate
that intermediate states are present in this part of reaction. The adsorption of H,
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FIGURE 3.22: a) and b) Side and top view of CeO, (111) surface. c)
and d ) Side and top view of Ag:CeO,_, (111) surface.
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in a dissociative form on the surface leads to the reduction of cerium atoms: two
and one Ce atom for the pristine and doped surface, respectively. For both surfaces,
the large value of AE suggests that the H atoms will diffuse on the surface after Hy
dissociation. As a possible water formation pathway, we considered the diffusion of
one hydrogen atom from the oxygen atom to which it is bonded to another surface
hydroxyl, and divided the reaction in two steps. For the first step, we have followed
the path proposed by Ferndndez-Torre et al. [112] who found that a H atom on
pristine CeO,(111) first diffuses from O;s to a subsurface oxygen (Os,;), reaching a
metastable state (MS) before passing to a different O;. For the second step, we as-
sumed that H diffuses from Oy, to a surface hydroxyl, with which it reacts to form
a H,O molecule that desorbs from the surface (FS). For pristine CeO;, our computed
activation energies of the first (IS — MS) and second (MS — FS) step are 1.13 and
0.30 eV (Fig. 3.23), while the barriers for the inverse MS— IS and FS—MS processes
are 0.12 and 0.28 eV, respectively. The water formation pathway for Ag doped CeO,
is reported in Fig. 3.24. Here, the energy barrier for H diffusion from a surface to a
subsurface oxygen (IS—MS) is 0.77 eV, lower than that on pristine CeO,, with an in-
verse (MS—; IS) barrier of 0.35 eV. On the other hand, the activation energy required
to create a water molecule (MS—FS), 0.61 eV, is higher than on the pristine surface
and the inverse (FS— MS) barrier is only 0.14 eV. This suggests that the creation of
a surface Vp through water formation is actually quite unlikely on Ag-doped CeO,.
An alternative pathway, where water formation occurs on the Ag dopant, is found
to have an even higher MS — FS energy barrier, 1.05 eV, (Fig. 3.25).

The energy required to dissociate Hj is less on the Ag:CeO, surface than on the pure
CeO; surface, and this is in agreement with the appearance of a peak due to the
OH bond (see Fig. 3.21a) at lower temperature (470 K) on the Ag modified surface
than on the pristine surface (~ 580 K), but the number of Ce* is less on the more
reactive surface. Supposing that all the gain of energy due to the dissociation of the
hydrogen molecule (AE) is transferred to the lattice, the hydrogen atoms adsorbed
on both the surfaces (pristine and Ag doped) have enough energy to start to diffuse
just after their adsorptions, and the rate of H diffusion is higher on the Ag-doped
CeO;. On the contrary, water formation is more favorable on the pristine surface
since the activation energy is lower. Since water formation leads to oxygen vacancy
creation, a higher number of oxygen vacancies can be expected on the pristine than
on the Ag-doped CeO; surfaces as observed experimentally at high temperature.
Moreover, easily H,O dissociates again on the doped surface to reach a metastable
state (MS). The formation of water leads to the reduction of two and one Ce atoms
for CeO, and Ag:CeO,, respectively, and this is in agreement with the experimental
results, shown in Fig. 3.20, where the number of Ce3* is higher on the pristine than
on the doped CeO, surface.

3.3.3 Conclusions

Using an ab — initio, based on the density functional theory, approach we have in-
vestigated the reactivity of the pristine and Ag modified CeO; surfaces, in vacuum
and H; atmosphere, in order to interpret the experimental findings obtained at the
SESAMO Laboratory. We have discussed, in particular, the validity of evaluating the
reducibility of the surfaces on the basis of the number of reduced cerium atoms.

We have found, as observed experimentally, that in vacuum the Ag doped CeO, sur-
face is more reducible than the pristine one, but the presence of Ce*" is not a good
marker since the number of Ce®" is smaller than on the pristine ceria surface.

We have found, as observed experimentally, that the Ag modified CeO, surface is
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FIGURE 3.23: Minimum Energy Path (MEP) of H,O formation on

pristine CeO, surface. Gray and red balls are the Ce and O atoms,

respectively. The light blue balls are the Hydrogen atoms. The acti-
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FIGURE 3.24: Minimum Energy Path (MEP) of H,O formation on
pristine Ag:CeO,_, surface. The color code is the same as in Fig. 3.23.
The blue ball is the Ag atom. The activation energies reported in blue
refer to the inverse processes. The distance reported is in Angstrom.
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FIGURE 3.25: Minimum Energy Path (MEP) of H,O formation

on pristine Ag:CeO,_, surface directly from two hydrogen atoms

bonded to surface oxygens. The color code is the same as in Fig. 3.24.
The distance reported is in Angstrom.

more reactive towards H dissociation than the pristine one, but, once the dissoci-
ated H atoms are adsorbed on the surface, it is more difficult to form water, which
leads to the formation of more surface oxygen vacancies. Consequently, the number
of oxygen vacancies, as found experimentally, is smaller on the Ag modified surface
than on the pristine ceria surface.

Thus, Ag modified CeO, surface seems to be a good candidate as anode catalytic
materials for the PEMFCs, since, in these devices, it is necessary to increase the rate
of Hj dissociation, but then the hydrogen atoms have to remain on the surface, and
then diffuse to the membrane.
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Chapter 4

Methane activation on the pristine
and Ag doped (111) and (100) CeO»
surfaces

In this chapter we report a study of the performance of CeO, (111) and (100) surfaces pristine
and Ag-doped, towards the dissociation of the methane molecules. This work has been done
in collaboration with Prof. Annabella Selloni, of the Chemistry Department of the Princeton
University.

4.1 Introduction

Methane (CHy) is the main component of natural gas [113]. It’s very cheap and
abundant on earth, and, it is a good candidate as a source of clean fossil energy
[114]. CH4 can be employed in the production of many products, from biofuel [115],
syngas [114], olefins [114] to methanol [116]. New reserves have been recently dis-
covered [117] but they are located in isolated areas and the transportation, due to
the lower density of CH, with respect to oil [118], is not economic [114]. Conse-
quently, to employ CHy, it is necessary to convert it to other energy sources more
transportable.

CHy is a very stable molecule due to the strong C-H bonds (439K]/mol) [119], and
for this reason is quite inert, and breaking the first C-H bond is usually the rate lim-
iting process of the entire reaction [120], [121], [122]. So, to activate the process at
low temperatures it is necessary to use catalysts.

Ceria (CeO,) plays an important role in the environmental catalysis [123]. In par-
ticular, CeO; supported noble metal systems have been extensively investigated for
their catalytic activity towards CO oxidation [124], water gas shift reaction [58], and
H, dissociation [63], [102]. Ceria has attracted an increasing attention due to its ca-
pacity to store and release oxygen atoms [25], which leads cerium atoms to pass from
the Ce*t to the Ce®t oxidation state [125].

It has been shown that catalysts based on cerium oxides exhibit a great performance
in the activation of the C-H bond [67], [30], [126], [127] , but the energy required to
activate CHy on the more stable and exposed CeO, (111) facet is still quite high. In
the attempt to lower this energy we can follow two paths: to change the exposed
surface or to dope the surface with a metal.

Ceria’s catalytic activity towards C-H activation has so far been investigated only for
the (111) surface, but the surface catalytic activity is known to depend significantly
on the orientation of the exposed surface [128] . For example, Zhou et al. have ob-
served an high reactivity for CO oxidation in nanorods exposing the 100/110 planes
[129] , whereas Zhao et al. have found an increased propene hydrogenation on the
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CeO, (111) facets [130] with respect to other facet orientations. Concerning the C-H
activation, Capdevila-Cortada et al. [131] in a recent theoretical work have found
that the energy required to dissociate methanol was smaller on a CeO, (100) surface
than on the (111) surface. Consequently, the (100) surface seems to be a promising
surface also for CHy activation.

The second possibility is to dope the surface with metals: doping is indeed one way
to increase the catalytic activity of the surfaces [5]. It has been shown that the pres-
ence of a single metal atom on ceria lowers the activation energies of reactions: Fu
et al. [9] have observed experimentally the increased activity of nonmetallic Au and
Pt atoms on ceria for water-gas shift reaction, and recently, it has been calculated
that a single Ag atom doped CeO;(111) surface lowers significantly the energy to
dissociate the hydrogen molecule [109]. Single metal atoms on ceria have been re-
cently synthesized [9], [6], [27], [28], and it has been observed that the metal atoms
tend to occupy the cerium sites. In particular a single Ni [125] or Co [132] adatom
on the CeO,(111) surface, and single Pd [123], Pt [133], Rh [133] atoms in substitu-
tion of cerium atoms lower the energy needed to break the C-H bond with respect
to the value it has on pristine ceria. In this work we consider the influence of sin-
gle Ag atoms doping the CeO;(111) and (100) surfaces on the activation of methane:
as shown by Krcha [134] for the (111) surface, Ag seems to be a good candidate to
promote CHy dissociation. However, Krcha et al. [134] for their calculations have
not considered for the (111) orientation the most stable surface. Following the ex-
perimental observations, we consider Ag doped surfaces where one Ce atom per
surface unit cell is substituted by one Ag atom. Methanol (CH3OH) is extensively
employed in chemical industries [135], or used as a fuel [136], and the possibility to
produce it directly from methane is of fundamental importance. However, its pro-
duction is not easy: to obtain methanol, as a stable product from CHy, it is indeed,
necessary to activate methane at low temperature (<500 ° C) [136], [137]. Recently, it
has been proposed to directly oxidize CHy to produce CH3OH on molecular oxygen
over copper-exchange zeolites [138] . On the pure ceria (111) surface, Knapp et al
[139] have studied the production of methanol as CHy +CeO, — CH3OH + CeO,_y,
where CeO,_ is the ceria surface with a surface oxygen vacancy, but they found
that the activation energy is higher than the energy required to dissociate CHy as
CH3+H. It is interesting to find out what would happen on a doped surface.

By using first principles calculations based on the density functional theory, we have
investigated both paths to increase the reactivity towards CHy dissociation. We have
studied CH4 oxidation on the pristine CeO, (100) ceria surface, and on the Ag-doped
CeO; (111) and (100) surfaces comparing the results with those relative to the most
studied CeO; (111) surface. For the (111) orientation of the Ag-doped surface we
have considered a more stable surface than the one used by Krcha et al. [134]. For
the Ag doped surfaces we have considered also the reaction mechanism to obtain
methanol as final stable product.

4.2 Computational Details

The spin polarized calculations have been carried out using the density functional
theory (DFT) as implemented in the Quantum Espresso (QE) code [82], [83]. The
electron -ion interactions were described by ultrasoft pseudopotentials. The approx-
imation of Perdew, Burke, and Ernzherof (PBE) [35] to the exchange and correlation
functional was employed. In order to consider the dispersion interaction we have
used the D2 correction proposed by Grimme [140] implemented in the code. The
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energy and charge density cutoffs were set to 30 Ry and 240 Ry, respectively.

To describe the strongly correlated f electrons of Cerium we have used the Hubbard
correction as implemented by Cococcioni et al. [43]. We have set U = 4 eV, since us-
ing this value we can reproduce the experimental and theoretical results of previous
works. The structure of CeO, bulk was optimized using a 7 x 7 x 7 Monkhorst-
Pack (MP) [84] mesh grid, obtaining the lattice parameter a = 5.52 A , in reasonable
agreement with the experimental value (~ 5.41 A[141], [142]).

CeO, surfaces were modeled with slabs supporting an in-plane (4 x4) unit supercell,
and the Brillouin zone was sampled at the I" point.

The (111) oriented slabs contains three O-Ce-O trilayers. Previous theoretical studies
have predicted an oxygen termination for the (100) surface [70]. Since the resulting
slab is not stoichiometric, so, in order to avoid a dipole moment and obtain a stoi-
chiometric surface slab, half of the surface oxygens are moved from the top to the
bottom surface as suggested by Skorodumova et al. [70]. We have used a slab with
the same number of atoms of the slab used to model the (111) surface.

The atoms of the two surfaces have a different coordination: on the (111) surface Ce
and O bind to 7 and 3 atoms, respectively, whereas on the (100) surface Ce and O
bind to only 6 and 2 atoms as shown in Fig. 4.1.

FIGURE 4.1: Top and side view of a) CeO, (111) and b) (100) surfaces.

Gray balls are the cerium atoms. Red and green are the oxygen atoms

of the first and second layer. The cyan ball is the oxygen of the second

trilayer of the (111) surface bound to the surface cerium atom. Black

and red numbers indicate the first neighbor of cerium and oxygen
atoms, respectively.

A vacuum thickness of about 15 A was used in order to avoid interactions be-
tween contiguous slabs. We have relaxed the atomic positions until the forces were
less than 0.01 eV /A ; the atoms of the last three layers were fixed to the bulk posi-
tions. The total energy criterion for the structure optimization was set to 107> eV.
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In order to account for long range interactions we employed the D2 method pro-
posed by Grimme et al. [140] as implemented in the QE code.

The adsorption energies of methane in the molecular (CH,4) and in the dissociative
(CH3z+H) configurations have been calculated as E,;,=Ecp, (or CHz+H)/surface -
Ech, - Esurface , where Ecp, (or CHs+H)/surface is the energy of the surface with
adsorbed CHy or CH3+H, Ey;f4ce is energy of the pristine surface, and Ecp, is the
energy of the methane molecule in the gas phase. Ecy, was determined using a cu-
bic box with a 20 A edge.

To test how the adsorption energies of methane on ceria change as a function of the
coverage we have adsorbed CH4 and CH3+H also on a (3x3) surface unit cell. In
this way the coverage © passes from 1/16 to 1/9.

In this last case the integration on the Brillouin Zone was accomplished using a (2 x
2 x 1) MP mesh grid [84]. To determine the minimum energy pathway (MEP) of the
reactions we have used the climbing image nudge elastic method (CI-NEB) 50 with
seven images.

We have estimated the charge transfers occurring during the reactions looking at the
Bader charges [87] on the atoms and analyzing the projected density of electronic
states (PDOS) on the atoms of the structure before and after the reaction.

We have calculated the change in the Gibbs free energy of the slab when one Ag
atom per cell is added as

AG(T,p) = Eag.ceo, — Eceo, + Noetto (T, p) + NSE(EEE —2u0(T, p)) — pag, (4.1)

where E4q.c.0, is the energy of the doped surface with one Ag per unit cell, Ec.o, is
the energy of the pristine surface, N3, is the number of oxygen vacancies, NS¢, is the
number of Ce vacancies, uo (T,p) is the oxygen chemical potential at temperature T
and pressure p, and ji 4, is the Ag chemical potential which corresponds to the total
energy of one Ag atom in the bulk.

We have calculated the constant dissociative rate k, following the work of Su et al.
[143], as

—E;

KT
= 2B ATS it 4.2)
h qen,
where 75 and qcp, are the partition functions for CHy in the transition state and gas
phase, respectively, and E, is the activation energy. In this expression grs=
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and = X
qCHy i 3 \dmecy,
frequency, ecp, is the rotational constant, Pcy, is the methane pressure, and PO is

standard pressure.
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4.3 Results

4.3.1 Adsorption of CH; on pristine CeO,(111) and (100) surfaces

We start by investigating the adsorption of methane on the pristine CeO; (111) and
(100) surfaces. We have calculated the adsorption energies at different possible ad-
sorption sites in order to locate the most favoarble ones. The molecular (MA) and
dissociative (DA) adsorption structutre on the pristine CeO; (111) and (100) surfaces
are shown in Fig. 4.2.

On the (111) surface CHy prefers to physisorb at a distance 3.28 A above a Ce atom
(Eags=-0.04 eV), with one hydrogen atom pointing away from the surface. The C-H
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distances are 1.10 A , in good agreement with the experimental value 6 (1.09 A ) for
the methane molecule. The physisorption of the molecule does not determine a net
charge transfer from the molecule to the surface, and the projected density of states
(pdos) of the CeO, surface is not changed with respect to the PDOS of the surface
before the adsorption of methane as shown in Fig. 4.3a and b. No cerium atoms
are reduced. In the dissociative adsorption, the methyl group (CH3) and H are ad-
sorbed on two surface Oxygen atoms as shown in Fig. 4.2 (DA). This state will be
the final state of the dissociative reaction of CHy on the surface. The C-O and C-H
distances of CHj are 1.42 and 1.11 A, respectively. The C-H bond lengths are very
similar to those of CHy. Following the adsorption of the dissociated methane, two
Cerium atoms are reduced to Ce3", as shown in Fig. 4.2. As a confirmation, we note
the appearance of Ce f peaks below the Fermi energy at about -0.5 eV as shown in
the PDOS of Fig. 4.3c. The dissociative adsorption is highly favored compared to
the molecular one: the adsorption energy is now -0.89 eV. In order to take account
of the dispersion interactions we have also calculated the adsorption energies using
the D2 correction proposed by Grimme [140], and the results are reported in table
4.1 where we also compare the calculated adsorption energies with the results of
previous works. We see that the van der Waals correction increases the adsorption
energies for both the molecular and dissociative adsorption. In the table we have
reported the values obtained for the (4x4) supercell but as shown in table 4.2 we
note that the calculation of the adsorption energies at different coverages produce
similar results.

On Ce0O,(100), the molecule prefers to physisorb above a Ce atom as found on the
(111) surface, but with a different orientation. As shown in Fig. 4.2: two hydrogens
of CH4 point towards the surface, and the other two are directed in the opposite di-
rection. The C-Ce distance, 3.52 A , is slightly larger than that calculated for the (111)
surface. The adsorption energy is -0.02 eV. The PDOS, as occurs for the (111) surface,
is not modified by the molecular adsorption of CHy as shown by the comparison
between Fig. 4.3d and Fig. 4.3e. Also in this case no cerium atoms are reduced.

As for the dissociative adsorption, the adsorption of CH3z and H on the surface leads
to the reduction of two Ce atoms (see the f peak below Er) in Fig. 4.3f. The adsorp-
tion energy is -2.25 eV, greater than the value calculated for the (111) surface. We
can speculate that the larger adsorption energy on the (100) surface with respect to
the (111) surface is due to due to the lower coordination of the surface atoms. The
surface oxygen atoms are, indeed, less negative charged than on the (111) surface (
~ -0.2 €), and this loss of charge of the surface oxygen atoms was found previously
also by Nolan et al. [144] , The adsorption of the methyl group and of the hydrogen
atom determines an increase of the negative electronic charge of two surface oxygen
atoms, that reach their favorite -2 oxidation state, and this charge transfer makes the
adsorption more favorable on the (100) surface than on the (111) surface where all
the oxygens are already in their favorite oxidation state.

4.3.2 Adsorption of molecular and dissociated CH,; on Ag doped CeO,(111)
and (100) surfaces

We now analyze how the doping of the surface with Ag atoms affects the adsorption
of CH, and CH3+H. To simulate Ag doped surfaces (Ag:CeO,) we have substituted
one Ce atom per unit cell with one Ag atom. On both (111) and (100) doped surfaces
the creation of one oxygen vacancy is thermodynamically favored, and consequently
the most stable surfaces are those without the surface oxygen atoms, Ag:CeO,_,. We
have studied the effect of pressure and temperature on the stability of the Ag:CeO,
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FIGURE 4.2: Side and Top views of the molecular (MA) and disso-

ciative (DA) adsorption configurations of CHy on the CeO,(111) and

(100) surfaces. Gray and red balls are the cerium and oxygen atoms,

respectively. Yellow and light blue balls represent the carbon and

hydrogen atoms, respectively. The symbol 3+ indicates the reduced
cerium atoms.

and Ag:CeO,_, surfaces. The reduced surface is the most stable one over the entire
range of oxygen chemical potentials as shown in Fig. 4.4, where we have plotted the
Gibbs free energies of the Ag:CeO; and Ag:CeO,_, surfaces. Thus, the adsorption
of CHy and CH3+H is studied on the reduced Ag:CeO,_,(111) and Ag:CeO,_,(100)
surfaces. However, to compare our results with the only work present in the litera-
ture concerning the Ag dopant proposed by Krcha et al. [134], we have considered
also the Ag:CeO,(111) surface although it is not stable.

In Fig. 4.5 we show the PDOS of the Ag:CeO,_, surfaces. As shown in Fig. 4.5a and
4.5d, for the Ag:CeO,_, (111) and (100) surfaces, respectively, the s and one of the d
orbitals of the Ag atom are empty, and from the analysis of the Bader charges on the
Ag atom (~ - 0.8 e) with respect to the Ag atom in the gas phase, we can speculate
that the Ag oxidation state is +2. Due to the presence of Ag, some surface oxygen
atoms are less charged (~ - 0.2 e) with respect to their value on the pristine CeO,
surface.

In Fig. 4.6 we show the side and top views of the configurations of the methane
molecule in its most favorite adsorption sites on both surfaces for both the molecu-
lar and dissociative adsorption. In Fig. 4.7 we show the adsorption sites of CH, on
the Ag doped CeO, (111) surface without the oxygen vacancy considered by Krcha
etal. [134].

Molecular Adsorption On Ag:CeO,_, (111) CHy prefers to adsorb above the sur-
face oxygen vacancy site as shown in Fig 4.6, whereas in the absence of the vacancy
CHj, adsorbs above the Ag atom (Fig. 4.7). The adsorption energy is -0.76 eV. It in-
creases significantly with respect to that calculated on the unstable Ag:CeO, surface,
E,=-0.23 eV, so the presence of the oxygen vacancy, which has not been considered in
Ref. [134], is important for the reactivity of the surface. Even in the absence of a net
charge transfer from CHy to the surface, we observe from the PDOS in Fig 4.5b that
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FIGURE 4.3: Projected Density of States (PDOS) of methane adsorbed

on CeO2 surfaces. a) CeO, (111) surface; b) CH4 on CeO,(111); ¢) CHjz

and H on CeO5(111); d) CeO,(100) surface; e) CHy on CeO,(100); c)

CHj3 and H on CeO;(100). Continued and dashed lines are the spin

up and down contributions, respectively. The Cerium f states have
been multiplied by a factor 1/3
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TABLE 4.1: Adsorption energies (E,;5) (eV) of the methane molecule
on the pristine (111) and (100) CeO, surfaces. The symbol * refers
to adsorption energies obtained adding the van der Waals dispersion

interaction.
111 100
Molecular Dissociative Molecular Dissociative

E.us -0.04 -0.89 -0.02 -2.25

E i -0.38 -1.59 -0.32 -2.79
E,us [139] / -2.23 /
E,4 [67] <0.05 -0.76 <0.05 -1.52
E,qs [14] -0.21 .-1.31
Eods [145] / -1.14 / /
E.us [134] <0.05 -0.76 / /

TABLE 4.2: Adsorption Energy (eV), without the long order range in-

teractions, of the methane molecule in the molecular and dissociative

form on pure Ceria (111) surfac. In order to test the effect of the cover-

age we have used two different surface unit cells: 4x4 (©=1/16) and
3x3 (0©=1/9).

CeOz
O=1/16 ©=1/9
Molecular -0.04 -0.04
Dissociative -0.89 -1.01

the energy distance between the p peaks of the less charged oxygens of the valence
and conduction band increases compared to those calculated for the Ag:CeO,_, sur-
face without adsorbates. Also the energy distance between the d states of Ag and
the f states of Ce decreases. The Ag d orbitals in the valence band now touch the
Fermi Energy. These changes are due to the interaction between the molecule and
the surface.

On the Ag:CeO,_, (100) surface the adsorption energy, -1.01 eV, increases signifi-
cantly with respect to the value calculated for the Ag:CeO,_, (111) surface, so the
Ag doped CeO; (100) surface seems to be more reactive towards CHy. The prefer-
ential adsorption site is slightly different compared to that found for the Ag:CeO,_,
(111) surface since now CHy is closer to the Ag atom: the C-Ag distance is 3.42 A ,
while on the (111) surface is 3.74 A . Following the adsorption of CHy, the PDOS (see
Fig. 4.5e) changes significantly. The energy distance between the d states of Ag in the
valence band and those in the conduction band decreases with respect to the surface
before the adsorption, and indeed, we note the appearance of an Ag localized state
in the valence band near the Fermi Energy (see Fig. 4.5d).

Dissociative Adsorption We turn now to study the dissociative adsorption of CHy.
We have considered three different final states: i) CH3 adsorbed on Ag, and H on a
surface oxygen atom (DA;); ii) CHsz and H bonded to the same surface oxygen atom
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(DA;), and iii) CH3 and H adsorbed on two surface oxygen atoms (DAj3). In Table
4.7 we report the adsorption energies for the three possible final states on the differ-
ent surfaces. The adsorption energies are greater when CH3 and H are bonded to
two surface oxygen atoms (DAj3), and for both the surfaces the adsorption energies
follow the same trend Eps, < Epa, < Epa,. Also on the Ag:CeO,(111) surface (see
Table 4.7 ) the trend is the same. The value calculated by us for the DAj3 state on
Ag:CeO,(111), -3.68 €V, is greater than the value found by Krcha et al. [134] without
the van der Waals correction, -3.29 eV.

In Fig. 4.6c and 4.6f we show the PDOS of the surface atoms in the most stable final
state (DA3). For both surfaces, Ag and some surface oxygens acquire an amount of
charge following the adsorption. Now, only the Ag s states are in the conduction
band. Comparing the PDOS of the DAj3 states with those calculated before the ad-
sorption we can speculate that the new Ag oxidation state is +1, which is the favorite
one for the Ag atom. We observe also the reduction of one Ce atom: the f peak is
indeed now below Ep.

The different adsorption energies of DA;, DA, and DAj can be related to the differ-
ent charge transfers occurring during the adsorption. On Ag:CeO,_, (111),in DA,
Ag acquires less charge compared to the two other possible final states. It is, conse-
quently, less favored, since it doesn’t reach its favorite oxidation state. In the other
two final states (DA; and DA3) Ag acquires the same amount of charge but on DA,
contrary to what happens for DA3, one oxygen remains less charged with respect to
the ideal -2 oxidation state, and as a consequence of the not optimal charge redistri-
bution, the adsorption energy of DA, is lower than that of DAz .

On the Ag:CeO,_, (100) surface, in all the final states Ag acquires almost the same
amount of charge, and the difference in the calculated adsorption energies is only
due to the different charge transfers to the oxygens. Again, only in the DA3 config-
uration two oxygen atoms increase their electronic charge, and, consequently, this
configuration is more favored.

TABLE 4.3: Adsorption Energies (in eV) of the methane molecule

in the molecular (MA) and dissociative (DA) forms with the van

der Waals correction. In parenthesis the adsorption energies with-

out the van der Waals correction for the MA and DAj states on the

Ag:CeOy(111), Ag:CeOy_,(111), and Ag:CeO,_,(100) surfaces are re-
ported.

MA DA; DA, DA,

Ag:CeO, . (111) -0.76 (-0.28) -1.10. -1.23 -2.45(-1.92)
Ag:CeO,_, (100) -1.01(-0.63) -153 -2.13 -3.20(-2.94)
Ag:CeO, (111)  -0.23(-0.03) -1.57 -2.85 -4.25(-3.68)

4.3.3 CH; dissociation pathways on the pristine CeO, (111) and CeO,
(100) surfaces

We investigate now the reaction pathway to dissociate CH4 to CH3+H on the CeO,
(111) and (100) surfaces. As shown in Fig. 4.8, in the transition states (TS) of both the
reaction paths, CHy is already dissociated: H is bonded to a surface oxygen atom,
whereas CHj is adsorbed ~ 3.3 A near a Ce atom. Then, the methyl group (CHs)



5ghapter 4. Methane activation on the pristine and Ag doped (111) and (100) CeO,
surfaces

— AgiCeO, (111)
-—- AgiCeO, (111)
— Ag:Ce0, (100)

10 ——. Ag:CeO,  (100)

AG (eV)

-4 -3 2 -1 0
o (Tp)

FIGURE 4.4: Change in the Gibbs free energy with the addition of

one Ag atom per unit cell on the CeO;(111) and CeO,(100) surfaces

as a function of the oxygen chemical potential yo (T,p). Black and red

lines are the free energies of the Ag doped CeO; (111) and (100) sur-

faces, respectively. Continued and dashed lines are the stoichiometric
and reduced surfaces, respectively.

moves to bind to a surface oxygen. The calculated activation energy on CeO5(111)
is 1.44 eV, which is similar to the values reported in previous works [143], [67], [139]
, although those barriers were calculated without the van der Waals correction. The
energy required to break the first C-H bond is significantly lower on the (100) sur-
face. It is indeed 0.87 eV , thus, the (100) surface is more active towards C-H dis-
sociation than the (111) surface. This is probably due to the less charged surface
oxygen atoms present on the (100) surface, which are more reactive than the oxygen
atoms on the (111) surface. Following the work of Su et al. [143] we have calculated
the reaction rate constant k as a function of the temperature. At room temperature
(300 K), and pressure Pcy, = 0.1 atm, the rate constants for methane dissociation
are 4.61*107% s~ ! and 1.45*10~'7 s~! for the (111) and (100) surfaces, respectively.
Increasing the temperature to 600 K the rates increase significantly: 1.03*10~'° and
7.67107? s~! for the (111) and (100) surfaces, respectively. Thus, the (100) orienta-
tion might considerably increase the activity of CHy dissociation. Additives as the
decanoic acid can be used to increase the 100 exposed surface with respect to the 111
[128], leading to the formation of cube-like nanoparticles.

4.3.4 CH;dissociation pathways on the Ag doped CeO;_, (111) and CeO,_,
(100) Ag surfaces

For both the Ag:CeO,_, (111) and (100) surfaces we have considered only the two
most stable final states (DA; and DAg). In Fig. 4.9 we show the dissociation paths
of CHy on the Ag:CeO;_, (111) surface. On both pathways CHs moves from the
oxygen vacancy towards the Ag atom, and in the TS the C-Ag distances are 4.05 A
and 3.25 A for the DA; and DA; final states, respectively. Contrary to the pristine
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surface in the TS the CH4 molecule is not dissociated. The activation energies are
very similar: 0.38 and 0.49 eV for DA; and DA; final states, respectively. The dashed
blue rectangle in the figure indicates that, after the TS, CHj3 has to overcome another
small barrier to reach the final state as shown in Fig. 4.10, where the entire reaction
path to produce a methanol molecule (DA, final state) is shown.

CHy,4, indeed, reaches the transition state, and then the dissociation occurs: one H
binds to a surface O, whereas the methyl group is adsorbed on Ag. This metastable
state corresponds to the less stable final state DA;. Then, with a low barrier, 0.08
eV, CHjz leaves Ag and binds to the same oxygen atom to which previously H was
bonded to form CH3OH, which will leave the surface, creating a surface oxygen va-
cancy on the surface. It is interesting to note that Ag plays an active role in the disso-
ciation path, and it is fundamental in the production of CH3OH. Since the activation
energy is slightly lower for the path which leads to the production of a methanol
molecule (DA;) than that required to obtain the DAj final state, the production of
CH3O0H is slightly more probable, although this state is less stable than DA3. The
energy required to dissociate CHy as CHz+H is 0.95 eV less than on the pristine (111)
ceria surface: doping is, consequently, a promising way to increase the rate of the re-
action. The presence of isolated Ag atoms is sufficient to activate methane at a lower
temperature (energy). The dissociation occurs near the noble metal atom, and the
presence of less charged Os, caused by its presence, is crucial to increase the adsorp-
tion energies and the reactivity of the surfaces. In Fig. 4.11 we show the dissociation
of CHy4 on the unstable Ag:CeO; (111) surface. CHy will dissociate spontaneously
to reach the DA; and DA, final states, whereas a small activation energy, E,=0.23
eV, is required to reach the DAj final state. This value is smaller than the energy
barrier, E, = 0.39 eV, calculated by Krcha et al. [134] without the van der Waals cor-
rection. The less stable Ag:CeO, (111) surface is more reactive than the stable one:
if it were possible to stabilize Ag:CeO, (111), the break of the first C-H bond, which
is usually considered the rate limiting process, could occur without any energy cost.
In Fig. 4.12 we show the CHy reaction pathways on the Ag:CeO,_,(100) surface.
As for the corresponding pristine surface, the Ag doped (100) surface is more active
towards C-H activation than the (111) surface: indeed, the energy required to break
the first C-H bond is only 0.21 eV against 0.49 eV or 0.38 eV. In the TS, the molecule
is already dissociated with one H atom bonded to a surface oxygen and the methyl
group adsorbed near a Ce atom. So, the presence of one single Ag atom in a Ce
substitutional site increases significantly the reactivity of the surface: thus, to dope
the CeO,_, surface is the most efficient way to increase the reaction rate to obtain
CHj3 + H from CHy. Contrary to what happens on the (111) surface, here, the energy
necessary to activate the molecule to produce methanol is 0.22 eV greater than the
energy necessary to reach the most stable DAj3 final state so, it is more unlikely to
obtain methanol on the (100) surfaces than to dissociate CH, into the DAj final state.
Thus, contrary to the (111) surface, the (100) surface facilitates the activation of the
CH4 molecules, but it is not effective for the production of methanol.

4.3.5 Stability of a methanol molecule on the Ag:CeO,_, (111) surface

We have found in the previous section that the energy necessary to activate one
CH4 molecule on the Ag:CeO,_, (111) surface and produce one methanol molecule
is slightly smaller than the energy necessary to obtain the DAj final state. Here,
we want to investigate if the methanol molecule, once formed, does not dissoci-
ate into the most stable DAz configuration. As shown in Fig. 4.13 the barrier the
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methanol has to overcome to reach the DAS3 final state is quite high, 1.73 eV, and con-
sequently the methanol molecule is a quite stable intermediate state which can then
be observed. The CHjy rate constant dissociation at T=400 K to produce methanol is
k=7.73*10"% s~1. We have chosen this temperature because methanol as product of
the reaction is stable only if it obtained at temperature below 500 ° C.

Once CH3OH is formed, it is necessary to remove it from the surface as shown in
Fig. 4.14. The energy required to desorb the methanol molecule, calculated as -E,4,,
is 1.24 eV. As observed previously, the formation of a methanol molecule determines
the formation of a surface oxygen vacancy, so to close the catalytic reaction, and to
reobtain the catalyst as in its initial state, it is necessary to refill the vacancy as shown
in Fig. 4.14. We examine the energetics of such process. We have calculated the for-
mation energy of the second process (detachment of O) as Ef,r=Eo.44.cco,_,,+1/2
Eo, -Eo,:Ag:CeO,_2y, where Eo. ag.cco,_,, 18 the energy of the surface where we have
removed one oxygen atom of the oxygen molecule, Eo,.a¢.cco,_,, is the energy of
the surface with the oxygen molecule adsorbed, and Ep, is the energy of oxygen
molecule. The adsorption of O, on the vacancy is strongly favored, -1.24 eV, and the
energy to take away one of the two oxygens is only 0.07 eV.

Thus, once the methanol molecule is formed, it is easy to reobtain the catalyst under
oxygen pressure.

4.4 Conclusions

Using an ab — initio approach, based on the density functional theory, we have in-
vestigated the dissociation of methane on the pristine and Ag doped CeO; surfaces.
We have considered two surface orientations, the (111) and the (100), to determine
which would be more efficient in the activation of methane. In both the pristine
and Ag doped ceria surfaces, the (100) surface enhances the methane dissociation,
decreasing significantly the energy required to break the first CH bond, which is
usually considered the rate limiting step of the reaction. This is probably due to the
presence of less charged surface oxygen atoms, which are more reactive than the
oxygen atoms on the (111) surface.

Single Ag atoms dispersed on both the ceria surfaces lower significantly the barrier
energies with respect to that calculated for the pristine CeO, surfaces. Ag favors
significantly the CHy activation, since, following the breaking of the molecule, it ac-
quires one H electron, reaching, in this way, its favorite +1 oxidation state. Moreover,
Ag allows for the direct conversion of methane into methanol, and, for the (111) sur-
face, the calculated energy required for this reaction is less than the energy required
for the dissociation of CHy as CHz +H. Methanol is a quite stable product of the re-
action, although it is not the most stable final state.

Finally, single Ag atoms dispersed on ceria surfaces seem to be good candidates as
single atom catalysts to increase the methane activation rates.
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FIGURE 4.5: Projected density of states of a) Ag:CeO2-x (111) surface;

d) Ag:CeO,_, (100) surface; CHy adsorbed on b) Ag:CeO,_, (111);

e) Ag:CeO;,_, (100) surfaces; and CH3z+H adsorbed on two surface

oxygens on c) Ag:CeOy_, (111) and f) Ag:CeO,_, (100) surfaces. The
cerium f states have been multiplied by a factor 1/3.
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FIGURE 4.6: Side and Top view of the molecular and dissociative ad-

sorption of CHy on Ag:CeO,_, (111) and Ag:CeO,_, (100). Yellow

and cyan balls are the Carbon and Hydrogen atoms. Blue, gray, and
red balls represent Silver, Cerium, and Oxygen atoms.
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FIGURE 4.7: Molecular and Dissociative adsorption of CHy on

Ag:CeO,(111) surface. Yellow and cyan balls are the Carbon and Hy-

drogen atoms. Blue, gray, and red balls represent Silver, Cerium, and
Oxygen atoms.
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FIGURE 4.8: Minimum Energy Pathway (MEP) of CHy dissociation

on the CeO,(111), black line, and on the CeO;(100), red line, surfaces.

The relevant distances are given are in angstrom. The color code is
the same as in Fig. 4.2.

Energy (eV)

FIGURE 4.9: Minimum reaction pathways (MEP) for the activation of

CH4 on Ag:CeO;_,(111). The blue line, and the red line represent the

reaction pathways to DA;, and DAg, respectively. All the distances
are in Angstrom. The color code is the same as in Fig. 4.6.
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FIGURE 4.10: Reaction Pathway of the dissociation of CH4 on
Ag:CeOy_,(111) to form methanol. All the distances are in angstrom.
The color code is the same as in Fig. 4.6.
4

FIGURE 4.11: Minimum Energy Pathways (MEP) of the CHy dissoci-
ation on the Ag:CeO,(111) surface with three different possible final
states. The color code is the same as in Fig. 4.6.
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FIGURE 4.12: Minimum reaction pathways (MEP) for the activation

of CH4 on Ag:CeO,_,(100). The blue lines and red lines represent the

reaction pathways to the DA, and DAj final states, respectively. All

the distances are in Angstrom. The color code is the same as in Fig.
4.6.
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FIGURE 4.13: Minimum Energy Pathway (MEP) of the reaction of

methanol dissociation (DA; — DAj3) on Ag doped CeO; surface in

presence of an oxygen vacancy. All the distances are in angstrom.
The color code is the same as in Fig. 4.6.

Oxygen
Vacancy

Vacancy

FIGURE 4.14: The removal of CH30H and the adsorption of O, on
the Ag:CeO,_,(111) surface. The color code is the same as in Fig. 4.6.
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Chapter 5

Reduction and Oxidation of
Maghemite (001) Surfaces: the Role
of Iron Vacancies

In this chapter we investigate the properties of another important class of reducible oxides:
the iron-oxides, and, in particular, the less studied, but commonly employed in catalytic
applications, Fe;O3 in the maghemite structure. In Sec. 5.1, we briefly present the general
properties of iron oxides, and their applications. In particular, we will focus on experiment
concerning CO oxidation. In Sec. 5.2, motivated by the experimental findings, a study
related to the role of the iron vacancies on the redox properties of the maghemite surface is
reported.

5.1 Iron oxides

Iron oxides are compounds of iron and oxygen, and they are common everywhere
in the earth [146]. The weathering of rocks, containing Fe, naturally, originates iron
oxides [146].

The use of iron oxides has an ancient origin. In the prehistory, ochre pigments, which
are present in the iron oxides, have been used to color the cave walls [26], and since
850 AD, the magnetic properties of iron oxides have been used to build compasses
[26]. Recently, it has been proposed to employ iron oxides in different fields of ap-
plications due to their high stability and low cost. Energy storage and heterogenous
catalysis are two of the most important application fields. As catalysts, iron oxides
are used, for example, for Fenton [147], and water splitting reactions [148], or for CO
oxidation [149].

Iron oxides are used as catalysts towards some reactions, or as cheap supports for
metal nanoparticles, but it has been shown that also the role of the support is funda-
mental in the reactions [150].

In this context, in a recent article, Najafishirtari et al. [151] studied the catalytic ac-
tivity of iron oxide nanodumbells, one of which is shown in Fig. 5.1a. In Fig. 5.1b a
schematic picture of the samples is shown. The samples are constituted by a metal
(yellow balls) and a metal oxide domain (brown balls) of the same size. It has been
possible to obtain metal oxide domains with a hollow interior. A number of samples
then have been considered with a different percentage of hollow domains. Three
samples have been characterized with a number of hollow size domains (transpar-
ent areas) increasing from D; to D3. The CO oxidation activity of the three samples
was found to be different. It decreases from D, to D3 as shown in Fig. 5.2a. A very
complete characterization of the samples revealed that the only relevant difference
between the samples is that D; and D, are composed only by maghemite (-Fe,O3),
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whereas, the D3 sample contains also a small fraction of hematite (x-Fe,O3). This
difference was found using X-Ray diffraction (XRD), and the results are shown in
Figs. 5.2b and 5.2¢. The ratio of the two phases has been obtained performing a semi
quantitative analysis based on the Reference Intensity Ratio (RIR) .

Assuming that the CO oxidation reaction follows the Mars-van Krevelen mechanism
[24], the removal from the surface and the adsorption of an oxygen atom on the sur-
face are both crucial reactions which may affect the reactivity of the system. Since D
is the most active, and it is formed only by maghemite, whereas D3 has also a fraction
of hematite, a possibility is that there is a difference in the reduction and oxidation
activity of maghemite and hematite. Maghemite and hematite differ each other for
crystal symmetry. Maghemite, indeed, has a cubic symmetry, whereas hematite has
an hexagonal symmetry. Another difference is the presence in maghemite of iron va-
cancies which are absent in hematite. We have focused our attention on this second
difference trying to understand the role of iron vacancies in the redox activity. To do
this we have compared maghemite and magnetite, which have both a cubic symme-
try, but with the iron vacancies present only in maghemite. The aim is to identify the
role of the iron vacancies on the redox activity of, for example, the (001) surface of
maghemite.

a)

b)

os° 8cP o

FIGURE 5.1: a) HAADF-STEM image of the sample; b) schematic pic-

ture of the nanodumbell structures. Yellow and brown balls are the

metal and metal oxide domains. The transparent areas are the hollow
domains. Adapted from Ref. [151].

5.2 Reduction and Oxidation of Maghemite (001) Surfaces:
the Role of Iron Vacancies

The text of this section has been copied by the article “Reduction and Oxidation of Maghemite
(001) Surfaces: the Role of Iron Vacancies”, G. Righi and R. Magri, The Journal of Physical
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FIGURE 5.2: a) CO oxidation rate obtained by kinetic measurements;
b) X-ray diffraction patterns of the different samples; c) ratio of the
phases of the samples. Adapted from Ref. [151].

Chemistry C, 12325, 15648-15658 (2019), https://doi.org/10.1021/acs.jpcc.9b03657. Adapted
with permission from The Journal of Physical Chemistry C. Copyright 2019 American Chem-
ical Society.

5.2.1 Introduction

Iron and oxygen are two of the most plentiful elements on the Earth, and, conse-
quently, many studies have been aimed to investigate the potential of iron oxides for
a large number of applications. Iron oxides have been indeed proposed for sustain-
able energy storage [148], [147], biotechnology [152] , data sensors, and biomedicine
[153]. In the field of clean energy production, an important role is played by elec-
trochemical devices for the utilization of alternative, environmentally friendly fuels,
and iron-oxides have the potential to make a substantial contribution as electrodes
in such devices. The possibility to use iron oxides as new catalytic electrode ma-
terials as substitutes for the existing costly and rare raw materials (i.e., platinum),
without losing in efficiency and maintaining a high level of performance is highly
attractive. Many catalytic reactions, for example, CO oxidation, follow the Mars-van
Krevelen mechanism [24]. In this mechanism, the surface is reduced with a surface
oxygen atom transferred to an adsorbed fuel molecule. This reaction is then fol-
lowed by the surface re-oxidation with the refilling of the oxygen vacancy from an
O, molecule from the gas-phase. The mechanism, thus, requires an easy transfer
of oxygen atoms from and to the catalyst surface. Reducible oxides, such as iron
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oxides, can thus be effective catalysts for these reactions. In this article, we study
the reduction and oxidation properties of the maghemite (y-Fe,O3) iron oxide as de-
termined by the extraction and addition of oxygen atoms from and to the surface.
Maghemite surfaces have been shown to have a high potential for applications. Re-
cently, Qiu et al. [154] have shown experimentally that maghemite exhibits promise
for oxygen reduction reaction, a fundamental reaction taking place in living systems
and at the cathodes of electrochemical devices [153]. Najafishirtari et al. [151] have
observed that larger the percentage of the maghemite phase over the hematite one,
«-Fe; O3, in dumbbell-shaped metal /iron-oxide nanocrystalline catalysts, more re-
active were the catalysts toward CO conversion. Furthermore, iron oxides in the
maghemite phase have recently been proposed as cathode or anode materials for
lithium-ion batteries, which need to be improved for their extensive use in hybrid
electric vehicles and new devices [148] ,[155]. Maghemite (y-Fe;O3) is the second
most stable iron oxide [156]. It is obtained by the oxidation [157] or as a weather-
ing product [158] of magnetite (Fe3O,), which is the most stable (in conditions of
ultravacuum) and studied iron oxide. Maghemite and magnetite are structurally
correlated [146].They both have an inverse spinel crystal structure with two kinds
of differently coordinated Fe atoms: iron atoms coordinated to oxygen atoms in oc-
tahedral sites, and iron atoms with a tetrahedral coordination to oxygen atoms. In
contrast to magnetite, where all tetrahedral iron atoms have oxidation state Fe3t and
an equal number of Fe3* and Fe?' cations occupy the octahedral sites, in y-Fe,Os3,
all of the iron atoms are in a trivalent oxidation state. To guarantee the neutrality
of the bulk structure, some Fe vacancies are required that have experimentally been
found to be located at the octahedral sites [159]. Several experimental works [160],
[161], [162] , [163] suggested that the iron vacancies of maghemite are arranged in
an ordered structure corresponding to the tetragonal space group, P4,22, with a =
8.347 A and ¢ = 25.042 A . Recently, Grau-Crespo et al. [158] using a density func-
tional theory (DFT) approach and a supercell containing three magnetite bulk unit
cells, compared the total energies of all structures obtained by occupying differently
the 24 Fe octahedral sites with 8/3 vacancies. They found that the structure with
space group P4,22 is indeed the most stable. The supercell corresponded to thrice
the cubic unit cell of the magnetite bulk, replicated along the [001] direction, so as to
accommodate an integer number of iron vacancies. Along the [001] direction of this
crystalline structure, the maghemite and magnetite bulks correspond to the alterna-
tion of octahedral Fe and oxygen planes and of tetrahedral Fe planes. In the ordered
structure with P4,22 space group, the Fe vacancies are located in two (octahedral
Fe?oxygen) planes out of three as shown in Figure 5.3.

To study the thermodynamics of oxygen release and adsorption on the maghemite
(001)-oriented surfaces, we have considered two surfaces terminated with octahe-
dral iron atoms and oxygen atoms obtained by truncating the bulk. These surface
terminations have been shown in magnetite to be more stable than the surfaces ter-
minated in tetrahedral iron atoms [164], thus, because of the structural similarity
between the two phases, we assume that this is also true for maghemite. Of the two
considered surfaces, one, termed A, has the iron vacancies on the outermost plane,
whereas the other, termed B, has the iron vacancies located in the third plane below
the outermost plane. We have also considered an additional surface reconstruction
related to a new stable reconstruction of the (001) magnetite surface found recently
in a joint experimental and theoretical work [32]. We have investigated the reduction
and oxidation properties of these surfaces in order to understand the role of the iron
vacancies and analyzed the corresponding changes in the electronic properties and
related charge transfers. We have compared the results obtained for the maghemite
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FIGURE 5.3: Maghemite (-Fe;O3) bulk. Dark and light grey balls are

the octahedral and tetrahedral iron atoms, respectively. Red balls are

the oxygen atoms. Arrows indicate the planes where the iron vacan-
cies are located.

surfaces with those of analogous calculations performed for the correspond- ing
(001) surfaces of magnetite, where the iron vacancies are absent. These are the first
calculations for maghemite surfaces, which take account explicitly of the iron vacan-
cies beyond a mean-field approximation treatment [165], [166] .

5.2.2 Method
Computational Details

Calculations based on the density functional theory (DFT) have been carried out
using the Quantum Espresso Package [82], [83]. We have used ultrasoft pseudopo-
tentials to describe the interaction between the iron and oxygen ions and the va-
lence electrons, and the approach of Perdew, Burke, and Ernzerhof (PBE) [35] for
the exchange-correlation functional. We used a 4 x 4 x 1 Monkhorst - Pack (MP)
grid of k-points to integrate the electronic charge [167]. The energy cutoffs for the
wavefunction and charge density expansions were set to 40 Ry and 420 Ry, respec-
tively. The calculations were spin polarized. To describe the electronic properties
of the localized electron states in iron oxides we have used the Hubbard correction
(DFT+U) using the implementation of Cococcioni et al. [168]. The U value for the
iron atoms was set to 4 eV, a value which allows us to reproduce the experimental
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bulk properties. We have calculated the maghemite bulk lattice parameters obtain-
ing a =842 A, and ¢ = 25.19 A . The calculated magnetic moment per unit cell is
2.5 pup. These values are in agreement with those calculated by Crespo et al. [158]
and with the experiments [161], [162], [169]. In order to estimate the charge transfers
caused by the creation of oxygen vacancies, or by the addition of oxygen atoms to the
surfaces, we have calculated the Bader charges 30 on the atoms in the different struc-
tural configurations. To investigate the occupation of the orbitals we have used the
Lowdin charge [170], [171] . The surfaces have been modeled through periodically
arranged symmetric slabs separated by 21 A of vacuum, sufficient to make negligi-
ble the couplings between the periodic replicas. The x,y dimensions of the unit cell
were kept fixed to the optimized bulk parameter. The atomic positions in the slabs
were optimized using the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) as
implemented in the PW.x code until the forces were less than 0.01 eV/ A . The atoms
of the central plane were kept fixed to their bulk positions. The total energy criterion
for the structural optimization was set to 107> eV.

To model the bulk-truncated surfaces we have extracted portions of bulk (which
by itself contains 160 atoms per unit cell). We have considered a sequence of (001)
bulk planes stacked, starting from a given central plane, in the same way towards
the two surface planes, as shown in Fig. 5.4. The atom arrangement in the upper and
the lower half parts of the slab are the same less an in-plane rotation. In Fig. 5.4a we
show the side views of the slabs corresponding to the two different surface termina-
tions termed A and B. The slabs are formed by 11 and 13 atomic layers, respectively.
The planes are labeled O, Ov, and T to indicate octahedral Fe cation and oxygen
planes without iron vacancies (O), similar planes but containing iron vacancies on
the octahedral sites (Ov), and planes of tetrahedral iron cations (T). The top views of
the surfaces are shown in Fig. 5.4b. They are both terminated with planes contain-
ing octahedral iron cations and oxygen atoms, but, in the A slabs, the iron vacancies
(black circles) are in the outermost plane Ov, whereas in the B slabs the iron vacancies
(blue circles) are in the third atomic layer below the outermost atomic plane. Both
surface terminations are not stoichiometric: indeed the ratio between the number of
iron and oxygen atoms is different from the value 2/3 of the maghemite bulk. In the
A slab the ratio is 5/8, which is Fe-poorer than the bulk, whereas in the B slab the
ratio is 3/4 which is more Fe-richer than the bulk, and it is the same stoichiometry
of the magnetite bulk. The main effect of structural relaxation on the bulk-truncated
surfaces is to decrease the octahedral iron and oxygen bond lengths, and to increase
the tetrahedral iron and oxygen bond lengths. This leads to a considerable decrease
in the total energy. We have performed calculations for slabs of different thicknesses
constructed following the same prescription and supporting the same terminations
on the two sides, and found that the convergence of the calculated surface energies
with the slab thickness was better than 0.01 eV /A 2. To study the surface reduction
we have calculated the oxygen vacancy formation energies as:

1
Eform = E[Eslab(_zO) + EOZ - Eslab]r (5-1)

where Egj,;, (-20) is the energy of the slab with two oxygen vacancies where we have
removed one oxygen atom from the top and one from the bottom planes to maintain
unchanged the symmetry of the slab, Ep, is the energy of the oxygen molecule, and
Esgp is the energy of the unreduced surface. To study the oxidation of the surfaces
and determine the most favorable positions for oxygen adsorption, we have calcu-
lated the potential energy surfaces (PES) for the oxygen adatom by relaxing the z
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coordinate of the adatom together with the surface atoms, and keeping fixed the x
and y coordinates of the adatom. The x and y coordinates belonged to a grid on the
surface having a step of 1.05 A . Once we have individuated the positions closer to
the minima of the energy, we have completed the relaxation releasing further the
oxygen atom in the proximity of those positions, thus finding the precise adsorption
site and energy. In correspondence of the adsorption site we have calculated the
adsorption energy as:

1
Eads = E[Eslab(‘}'zo) - E02 - Esluh]/ (52)
where Ejj,;(+20) is the energy of the slab with two oxygen atoms adsorbed, one on
the top plane and the other one on the bottom plane of the slabs at corresponding
positions. Ep, is the energy of the oxygen molecule, and Eg,;, is the energy of the
pristine surface.

b)

FIGURE 5.4: a) Side view of the slabs used to model the A and B sur-
faces; b) top view of the (2x2) unit cells of the A and B surfaces. Dark
and gray balls are the octahedral and tetrahedral iron atoms, respec-
tively. Red balls are the oxygen atoms. Black and blue circles indicate
the sites of the octahedral iron vacancies on the surface (case A), and
on the third layer below the outermost plane (case B), respectively.
The numbers label the atoms on the outermost layer as explained in
the text.
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Calculation of the surface energies

Following the work of Reuter et al. [172], [173] , we have calculated the surface ener-
gies as functions of the oxygen chemical potential using a thermodynamic formalism
combined with the DFT calculations. We summarize here the main equations in re-
lation to maghemite surfaces. The maghemite surface energy (T, p) at temperature
T and pressure p is defined as:

1
1T, p) = EA[G(T, P, NFe, No) — Nrepire(T, p) — Nopo(T, p)], (5.3)

where G(T, p, Ng., No) is the Gibbs free energy per unit area at temperature T and
pressure p, Nr, and Np are the numbers of iron and oxygen atoms in the system,
tre and po are the iron and oxygen chemical potentials appropriate to the physical
situation, and A is the surface area. We have neglected the vibrational contribution,
negligible at not too high temperatures, so we can approximate G(T, p, Nr., No) with
the total energy of the slab. We have divided by 2A since we have considered sym-
metric slabs with two equal surfaces. To derive the chemical potentials of Fe and O
we have considered that the surface is in thermodynamic equilibrium with both its
bulk and with the gaseous environment. Under this assumption the iron and oxygen
chemical potentials are not independent, but they are related by the Gibbs free en-
ergy of the maghemite bulk oxide: Glf;fe”;&:Zy re(T, p)+3uo(T, p). It is conventional
to express the surface energies as a function of the oxygen chemical potential, whose
values have to satisfy some constraints. Indeed, the possible values of uo (T, p) have
to obey the inequality AH;(0,0) < Apo < 0, with Ao = po(T, p) - 3Eo,. AHy (0,0)
is the heat of formation of the bulk maghemite oxide Fe3O, in the low temperature
limit, and Ep, is the energy of the oxygen molecule. The lower boundary is related
to the chemical potential of oxygen bonded to Fe in bulk GE;’ZI&. The chemical poten-
tial of oxygen on the surface, being less coordinated than in the bulk, tends to be less
negative. The higher boundary reflects a condition of supersaturation of oxygen on
the surface which exists only in a gaseous O; phase. In correspondence of this value
of the oxygen chemical potential, the Fe chemical potential corresponds to that of Fe
metal. As previously seen the lowest limit of Ay is one third of the heat of forma-
tion of the maghemite bulk (AH; (0,0)). Our calculated AH; (0,0) is -703.67K]J/mol.
This value is in good agreement with the result experimentally obtained by Parkin-
son et al. [26], -711.1 K] /mol . These considerations apply to the case of zero Kelvin
temperature. However, since oxygen is normally in the gas phase, its properties
are more subjected to variations of temperature and pressure. It is therefore nec-
essary to determine how the oxygen chemical potential depends on temperature T
and pressure p. We assume that the O, gas is an ideal gas which acts as a reservoir.
We can, consequently, write the dependence of the oxygen chemical potential on the
pressure p at temperature T as 1o(T, p)=po(T, p°) + 5kTIn(p/p°), where p° is a ref-
erence pressure. For the dependence on temperature at the reference pressure p°,
we can write yo(T, p°) as the sum of two terms: po(T, p°) = 3Eo, + 3AGo, (T, p°)
[174]. The first term is the value at T = 0 K, whereas the second is half the difference
between the Gibbs free energies of the oxygen molecule at 0 K and at finite temper-
ature T. AGo, (T, p°) is linked to the entropy and enthalpy of the O, gas. The values
for the entropy and the enthalpy of the oxygen gas are tabulated in Ref. [175] for p°=
1 atm. In Fig. 5.5 we show how the oxygen chemical potential changes as a func-
tion of temperature and pressure. Low temperature and high pressure conditions
correspond to high values of the oxygen chemical potential, whereas high tempera-
ture and low pressure conditions correspond to low values of the oxygen chemical
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potential. Thus, each value of Ay in the range indicated above can be made to cor-
respond to a given temperature T and a given pressure p of the oxygen gas to which
the surface is exposed.

5
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FIGURE 5.5: Variation of the oxygen chemical potential Ayo (T, p) as
function of the temperature (T) and pressure (p)

5.2.3 Results
Reduction and Oxidation of the (001) maghemite and magnetite surfaces

The reduction and oxidation properties of maghemite and magnetite surfaces are
crucial for estimating their catalytic potential. Consequently, in this section we have
investigated the energy required to remove and to add one oxygen atom from/to
the surfaces. We have considered two Fe;O4(001) surfaces: the R45(ﬁ X \/ﬁ) one,
which has been considered for many years as the most stable, and it was suggested
on the basis of experiments [164], [176], [177], and DFT calculations [178], and the
recent reconstruction observed by Bliem et al. [32]. We have considered this last re-
construction because the authors [32] have found that this surface is more stable than
the R45(1/2 x v/2) over a wide range of oxygen chemical potential values. Follow-
ing their notation, we term this surface SCV. In Fig. 5.7 we show the side (a, b) and
top (c, d) views of the two FezO4 surfaces. Both surfaces are terminated with a plane
containing octahedral iron and oxygen atoms. We model the R45(\/2 x 1/2) surface
with slabs having the same sequence of planes as for the maghemite surfaces, but
with all the iron sites occupied, since there are not iron vacancies in magnetite. In
the SCV surface an additional tetrahedral iron atom is inserted in the second layer
while two octahedral iron atoms are removed from the third layer below the outer-
most plane. Due to the stability of the SCV FezO4 (001) surface reconstruction, we
have considered the same reconstruction also for the (001) maghemite surface that
we term SCV s . As shown in Fig. 5.6, there are two octahedral iron vacancies (blue
circles) in the third layer below the surface, and an additional tetrahedral iron atom
above them in the second layer.
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FIGURE 5.6: a)Top view of the (2x2) unit cell of the SCV); recon-

struction of the y-Fe;O3 (001) surface; b) side view of the slab used

to model the SCV; reconstruction of the -Fe,O3 (001) surface. The

color code is the same as in Fig. 5.4. Blue circles indicate the location

of the Fe vacancy in the third layer below the outermost plane. The

numbers label the atoms on the outermost layer as explained in the
text.

Reduction properties of the maghemite surfaces

First, we report the results on the calculations of the formation energies of the oxy-
gen vacancies on the bulk-truncated A and B maghemite surfaces. We have classified
the surface oxygen atoms according to their oxygen-iron first-neighbor bonds. The
Fe - O bonds were considered first-neighbor if the atom distances were comprised
between 1.7 A and 2.1 A . On the surface plane the four Fe atoms are labeled from 1
to 4 (see Fig. 5.4) and the 8 oxygen atoms are labeled from 5 to 12. On both A and
B surfaces the oxygen atoms labeled as Og and Ojg are bonded to three octahedral
iron atoms (two iron atoms in the same surface layer, and one in the third atomic
layer below), while the oxygen atoms labeled Og and O4; are bonded to two octahe-
dral and one tetrahedral iron atoms. The other four oxygen atoms have a different
first-neighbor coordination on the two A and B surfaces. In the case of the A sur-
face, due to the presence of the iron vacancy on the outermost layer, the atoms Os
and Og, are only bonded to two octahedral iron atoms (one on the surface layer and
one in the third layer). O; and Oy, also have only two bonds: one to one octahedral
iron atom and the other one to one tetrahedral iron atom. On the B surface, instead,
atom Os is bonded to three octahedral iron atoms, whereas Og is the only one with
only two bonds to two octahedral irons. Atoms O7; and Oj; have the same bond-
ing configuration as atoms Og and Oy, but their positions with respect to the iron
vacancy in the third layer below is different, thus, they are not equivalent to atoms
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a) R45(1/2 x/2) b) scv

FIGURE 5.7: a) Side view of the slab used to model the R45(+/2 x 1/2)
(001) Fe30y4 surface; b) side view of the slab used to model the SCV
reconstruction of the (001) magnetite surface proposed by Bliem et al.
[32] ; ¢) top view of the (2x2) unit cell of the R45(+/2 x /2) (001)
Fe30y surface; d) top view of the (2x2) unit cell of the SCV recon-
struction of the Fe3O4 (001) surface. Dark and light grey balls are the
octahedral and tetrahedral iron atoms, respectively. Red balls are the
Oxygen atoms. Blue circles indicate the location of the Fe vacancies
in the third layer below.

Og and Oq;. Their vacancy formation energies are reported in Table 5.1. The oxygen
atoms that we have indicated in the Table as equivalent have formation energies for
their removal that differ at most of & 0.01 eV. On the magnetite R45(\@ X ﬁ) sur-
face reconstruction, due to the absence of iron vacancies, there are only two kinds
of oxygen atoms: atoms bonded only to octahedral iron atoms, and atoms bonded
to both octahedral and tetrahedral iron atoms (see Fig. 5.7). In the SCV magnetite
reconstruction, if we consider again only the first neighbor atomic environment, we
have three kinds of oxygen atoms since two oxygen (Os and O) are above the oc-
tahedral iron vacancies in the third layer below. In Table 1 we report the calculated
oxygen vacancy formation energies Ef,, also for the magnetite surfaces. The oxy-
gen vacancy formation energies calculated for the oxygen atoms bonded only to the
octahedral iron atoms in the R45(\/§ X \/E) Fe304 (001) surface are in agreement
with the value, 1.11 eV, calculated by Yu. et al. [179].

We can observe that, in general, it is easier to remove the oxygen atoms bonded
only to octahedral iron atoms, i.e. the atoms indicated as Os5-Og-O9-O10 in the A,
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TABLE 5.1: Formation energy Ey,, of oxygen vacancies on the

maghemite A, B, B/, and SCV, surfaces, and on the R45(v/2 x /2)
and SCV magnetite surfaces. The labels of the oxygen atoms are
shown in Figs. 5.4, 5.6, and Fig. 5.7. The numbering of the oxygen
atoms on the B’ surface is the same as for the B surface apart from the
removed oxygen Os. All the formation energies are in eV.

Maghemite Maghemite Maghemite Maghemite Magnetite Magnetite

A B B/ SCVu R45(v/2 x /2) SCv
O Eform O Eform O Eform O Eform O Eform O Eform
5-6 041 5-6 -0.13 6 2.53 5-6 1.09
7-12 1.10 6-9 0.38 5-10 1.77

8-11 2.09 812 183 812 222 812 147 8-12 2.08 8-12 232
7-11 250 7-11 242 7-11 147 7-12 2.08 7-11  2.32
9-10 042 9-10 085 9-10 157 5-10 147 9-10 1.09 69 1.68

B, and R45(1/2 x 1/2). The energy cost is, indeed, almost 1 eV less than the energy
required to extract the oxygen atoms bonded also to tetrahedral iron atoms. Also Yu
et al. [179] and Mulakaluri et al. [180] have found that the energy required to cre-
ate a vacancy on the R45(1/2 x 1/2) increases if the oxygen is bonded to tetrahedral
iron atoms. The only exception is provided by the SCVj; and SCV reconstructions
where the two oxygen atoms above the octahedral iron vacancies have a lower E,,,
despite being bonded also to the additional tetrahedral iron. It is, indeed, the prox-
imity of the Fe vacancies that reduces Ef,,,, . We have found that the initial electronic
charge rearrangement at the surface with respect to the bulk plays a key role in de-
termining the reducibility of the surfaces. In Table 5.2 we show the variation of the
electronic charge of the oxygen atoms at the surfaces compared to the value in the
bulks.

TABLE 5.2: Variation of the surface oxygen electronic charge in (e)
with respect to the their bulk value on the studied surfaces.

Maghemite Maghemite = Maghemite Maghemite Magnetite Magnetite
A B B/ SCVum R45(V/2 x 1/2) scv
O e @) e @) e @) e @) e O e

56 -030 56 -030 6 <-0.10 5-6 <-0.10

7-12 -0.25 69 -0.11 5-10 <0.10

811 -0.10 812 -0.11 812 <010 812 -0.10 812 <010 8-12 <-0.10
7-11 -010 7-11 <-010 7-11 <-010 7-12 <-0.10 7-11 <-0.10

9-10 -0.30 9-10 -0.11 9-10 <-0.10 5-10 -0.18 9-10 <010 69 <-0.10

Comparing Table 5.1 and 5.2 we note that it is easier to remove the oxygen atoms
whose charge is most diminished with respect to the bulk value. The presence of
the iron vacancies on the outermost layer on the A surface causes most of the charge
loss for the surface oxygens. On the B and SCV ), surfaces, instead, only the oxy-
gen atoms above the iron vacancies, have less charge. On the other hand, on the
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R45(1/2 x 1/2) magnetite surface, just because of the lack of Fe vacancies, the varia-
tion of the electronic charge is not significant for all oxygen atoms, and the vacancy
formation energy is always larger. On the SCV Fe3zO4 (100) reconstruction two oc-
tahedral iron vacancies are present in the third layer below, (see Fig. 5.7), but still
there is not a significant variation of the surface oxygen charges with respect to the
bulk values. In this case we have found that electronic charge has been transferred
to the surface oxygen atoms from the octahedral iron atoms below, which become
Fe3" from Fe?'. Fe?" are present only in magnetite and not in maghemite. This ex-
plains the lower Ef,,, found for SCV); maghemite reconstruction compared to the
SCV magnetite reconstruction for the removal of the corresponding surface oxygen
atoms. Following this rule, it is easier to remove oxygen atoms from the A sur-
face than from the B surface, but there is an important exception. On the B surface
the two less charged oxygen atoms will tend to spontaneously leave the surface.
The creation of the oxygen vacancies is, indeed, thermodynamically favored since
their formation energies are negative. Thus, a more stable reconstruction for the
maghemite (001) surface can be obtained from the bulk-truncated B surface by re-
moving one of these oxygen atoms. We term B’ this new surface termination. We
also consider the analogously reduced surface structure obtained from the A sur-
face by removing atom Oqg. This surface is less stable at the temperature T = 0 K
than the bulk-truncated A surface but it is one of those having the lowest surface
energy among the reduced surfaces of the A surface. By analogy with the B’ sur-
face we term this reduced surface A’. We have also found a correlation between the
value of the vacancy formation energy and the change in the oxidation states of the
Fe atoms. The rule is the following: the vacancy formation energy is larger if the
electronic charge left behind by the removed oxygen atoms goes to reduce the iron
atoms (see Table 5.3, where the symbol asterisk indicates the Fe atoms that have ac-
quired the oxygen charge). If, instead, the excess charge is acquired by the other less
charged oxygen atoms, which become thus closer to the -2 nominative oxygen oxi-
dation state, the creation of the oxygen vacancy is more favored. On the magnetite
surfaces, as shown in Table 5.2, all the surface oxygen atoms are charged as in the
bulk, where they are already in their favorite -2 oxidation state. Thus, the excess of
charge, due to the removal of the oxygen atom, always leads to the reduction of Fe
atoms. Yu et al. [179] have, indeed, found that, following the creation of the va-
cancy on the R45(1/2 x 1/2) surface, two iron atoms increase their electronic charge
(+0.39 e), changing their oxidation state. For the same surface, we have calculated
an increase of 0.40 e (see Table S1), a value which is in good agreement with theirs.
Since the maghemite B’ surface, which has one less oxygen atom, Os or, equivalently
Og, see Fig. 5.4, is more stable than the B surface, we have calculated the formation
energy of an oxygen vacancy also for this surface. The results are reported in Table
5.1. As shown in the table, the creation of the oxygen vacancy on this surface is more
unfavored than on the A and B surfaces. In particular, the oxygen Og, whose va-
cancy formation energy is small on the A and B surfaces, becomes harder to remove
on the B’ surface. It is interesting to examine the reconstructed B’ surface shown in
Fig. 5.8. Og, the oxygen partner of the removed one, because bonded to the same
Fe atoms (blue balls in Fig. 5.8), moves in a bridge position between the two iron
atoms, shortening the bond to them. This bond shortening is an indication of bond
strengthening. Thus, above the Fe vacancy in the third layer this new structural mo-
tif develops on the surface. A similar reconstruction occurs also on the A’ surface,
but in this case, the partner of the removed oxygen is located in a neighboring posi-
tion to the surface Fe vacancy, and its shift to the bridge position is not complete, as
shown in Fig. 5.9.
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TABLE 5.3: Variation of the Bader charges of the octahedral and tetra-
hedral iron atoms following the creation of the oxygen vacancy on
the surfaces. The symbol asterisk indicates the Fe atoms that have
acquired more electronic charge. The labels of the oxygen and iron
atoms on the surface outermost layer refer to Figs. 5.4, 5.6, 5.8 and
5.7.
Atom R45(v/2x+/2 ) SCV
10 6 12 11 5 8 6 12 10
Atom  Ae Ae Ae Ae Ae Ae Ae Ae Ae
Feq 0.01 010 -0.01 0.03 0.02 010 038* -0.02 -0.03
Fe; / / / / 0.03 0.01 012 0.01 0.03
Fes 005 -0.03 0.14 0.00 0.36*  0.00 0.01 038* 0.06
Fey 010 0.06 0.00 0.15 0.40* 040" 0.01 0.00 0.08
Fer 003 0.01 038" 0.39* 0.01 040 001 041* 0.01
Fer 000 000 0.00 .0.02 0.00 0.02 0.02 001 0.00
Fer  / / / / / /  -001 -0.02 038
Feo 005 000 002 0.01 018 -0.16 035 -0.02 0.00
Feo -0.01 0.03 0.00 -0.02 -013 019 -0.02 -0.02 0.34*
Feo 001 000 -0.01 0.01 -0.03  -0.01 / / /
Feo 0.03 0.01 -0.01 0.01 0.09 0.00 / / /
B B’
5 6 9 11 12 9 6 11 12
Atom  Ae Ae Ae Ae Ae Ae Ae Ae Ae
Feq 0.09 0.09 0.02 032* 0.00 0.00 0.45* 040" 0.04
Fe; 011 0.09 005 0.02 0.10 0.00 043* 0.01 0.42*
Fes 002 0.05 007 003 011 037 0.00 0.03 0.12
Fe, -001 0.01 005 028 0.00 0.43* 006 012 0.05
Fer 000 000 0.00 011 0407 0.00. 0.01 042 042"
Fer 000 000 0.01 001 0.02 0.00 0.01 0.01 0.02
Feo -0.01 0.00 -0.01 0.02 0.01 0.00 -0.01 -0.02 0.02
Feo 0.01 0.01 037° 0.00 -0.01 0.06 0.00 0.00 0.00
Feo 0.06 0.05 -0.03 0.00 0.01 0.00 0.00 0.02 -0.04
SCVum
5 6 7 8
Feq 007 0.04 0.01 0.07
Fe; 0.06 0.05 011 0.02
Fes 0.06 0.07 0.08 0.04
Fey 004 005 003 011
Fer 0.00 -0.03. 0.00 0.00
Fer 000 000 0.05 0.05
Fer 0.02 -0.01 0.00 0.01
Feo 0.00 0.06 001 0.00
Feo 003 003 003 0.01




5.2. Reduction and Oxidation of Maghemite (001) Surfaces: the Role of Iron

Vacancies 83

FIGURE 5.8: Top view of the (2x2) unit cell of the B’ surface. Blue

circles indicate the Fe vacancy in the third layer below. The blue balls

represent the oxygen atoms partner of the removed oxygens. The

color code is the same as in Fig. 5.4. The numbers label the atoms on
the outermost layer as explained in the text.

The variation of the charge on the iron atoms following the oxygen removal from
the B’ surface is reported in Table 5.3. By comparing the vacancy formation energies
calculated for the maghemite and magnetite surface reconstructions, we have found
that it is easier, in general, to create one oxygen vacancy on the maghemite surfaces
than on the corresponding magnetite surfaces (bulk-truncated A-B vs R45(1/2 x v/2
), SCVy vs SCV, and most stable B’ vs SCV). Thus, the maghemite (001) surfaces
tend to be more reducible than the corresponding magnetite ones. The Fe vacancies
and the absence of Fe?" cations play a key role in increasing the reducibility of the
maghemite surfaces.

Oxidation properties of the (001) maghemite surfaces

We have calculated the oxidation properties of the maghemite bulk-truncated A and
B surfaces, and the reduced B’ surface. In order to determine the preferential adsorp-
tion sites for the oxygen atom, we have calculated the Potential Energy Surface (PES)
for one oxygen atom adsorbed on the surface. The calculated PES are shown in Fig.
5.10 where we have reported the positions of the atoms of the first atomic layers. In
all the PES the level 0 corresponds to the lowest calculated adsorption energy, and
the dark blue areas indicate the most favorite adsorption sites. For the A surface, one
adsorption site sees the added oxygen atom bonded to an octahedral iron atom (Fey),
in the position indicated by the red cross in Fig. 5.10a. Following the adsorption, the
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FIGURE 5.9: Top view of the (2x2) A’ surface. Dark and gray balls

are the octahedral and tetrahedral iron atoms, respectively. Red balls

are the oxygen atoms. Blue balls are the oxygen atoms partners of the

removed oxygen atom. Black circles indicate the Fe vacancies on the
outermost layer.

Oy atom breaks its bonds with Fe; and Feys, and creates a new bond with the added
oxygen atom forming a dimer as shown in Fig. 5.11a with an O-O distance of 1.26 A,
slightly larger than the O, bond (1.24 A ). The adsorption energy, calculated using
Eq. 5.2, is only 60 meV. Another possible adsorption site is near the iron Fes, in the
position symmetric to Fey with respect to Og. In general, as we see from Fig. 5.10a,
other preferential adsorption sites are closer to some of the less charged surface oxy-
gen atoms. In the case of the B surface, the adatom prefers to bind to the octahedral
Fes atom and to a near surface oxygen as indicated by the red cross in Fig. 5.10b.
Following the adsorption, the surface oxygen moves upwards, almost at the same
height of the adatom, but, differently than for the A surface, both oxygens remain
bonded to their Fe atoms, as shown in Fig. 5.11b. The O-O distance is now 1.34 A
, larger than the O, bond length. The calculated adsorption energy E,;; is 0.31 eV,
larger than the energy required to adsorb the oxygen on the A surface. Thus, we see
that the adsorption of an oxygen atom on the A and B surfaces leads to the formation
of an O-O bond on the surface. The situation is different on the stable B’ surface, ob-
tained by the B surface by removing Os. The preferential adsorption site, indicated
by the red cross in Fig. 5.10c, is near the position of the partner oxygen Og (blue ball
in Fig. 5.10c). The added oxygen binds to Fe;, Fe,, and to Og as shown in Fig. 5.11c.
The adsorption energy is 0.61 eV, significantly larger than the values calculated on
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the bulk truncated surfaces. To recover the original B termination, an energy barrier
needs to be overcome by the added atom since the oxygen Og needs to be pushed to
the position of the previous removed oxygen. It is interesting to look at the charge
transfer caused by the adsorption and its relation to the adsorption energy. On the
A surface, where most surface oxygens are less charged than on the B surface, one
oxygen atom gains a charge +0.2 e becoming closer to the -2 oxidation state. This
charge transfer makes the process more favorable. On the contrary on the B and B”
surfaces no oxygen atoms gain electronic charge following the oxygen adsorption.
We have studied the same adsorption process also on the R45(\/§ X \/i) Fe3Oy4 sur-
face. In this case the added oxygen binds not to oxygen atoms, but to an octahedral
iron atom, as shown in Fig. 5.11d. The adsorption energy is 0.74 eV, slightly larger
than the adsorption energy calculated for the maghemite B’ surface. This behavior
is explained by the fact that on the magnetite surface the oxygen atoms are already
closer to the -2 oxidation state, and do not need to acquire extra charge. Thus, our
results show that also oxidation is more favored on the maghemite surfaces than on
the magnetite one.

Siogs 0.229
0.216 0-204
e 0.178
0.162 sl
0136 0.127
0108 0.102
e 0.076
ira 0.051
0.027 0.025
0.000 0.000

0.238
0.212
0.185
0.159
0.132
0.106
0.079
0.053
0.026
0.000

FIGURE 5.10: Potential Energy Surfaces (PES) for one oxygen adatom
on the maghemite A, B, and B’ surfaces. The positions of the atoms
of the first four layers are shown. Dark and light gray balls are the
octahedral and tetrahedral iron atoms, respectively. Red balls are the
oxygen atoms. The blue ball is the oxygen atom on B’ , that defines
the new stable maghemite reconstruction. The crosses on the PES
indicate the most favorite adsorption sites. The energy scale is in Ry.
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d)

R45\/2 x+/2

FIGURE 5.11: a) Side view of the upper half of the slab used to de-
scribe the A surface after the adsorption of an additional oxygen
atom; b) side view of the upper half of the slab used to describe the
B surface after the adsorption of an extra oxygen atom; c) side view
of the upper half of the slab used to describe the B’ surface with an
additional adsorbed oxygen atom; d) side view of the upper half of
the slab used to describe the R45(\/§ X \/i) magnetite surface with
an additional adsorbed oxygen atom The blue circles show the oxy-
gen atom adsorbed on the surface. The atom color code is the same
as in Fig. 5.4.

Surface Energies

We now correlate the reduction properties of the maghemite and magnetite surfaces
with their relative stability under ambient conditions. In Fig. 5.12 a we plot the ener-
gies 7 of the studied maghemite surfaces: the bulk-truncated A and B surfaces, their
reduced A’ and B’ surfaces, B” which is the reduced B’ surface, the SCV ) and its
reduced SCVy reconstructions, as a function of the oxygen chemical potential Ayo.
The plot allows us to compare the relative stability of the surfaces, since they have
not the same stoichiometry, at the ambient conditions (temperature and pressure of
the oxygen gas to which the surface is exposed).

In the figure we have indicated the interval of the oxygen chemical potential val-
ues corresponding to a range of pressure p at a fixed T = 600 K. Different experimen-
tal groups have indeed synthetized maghemite films [157], [181] at this temperature.
We see that over the range of pressures of interest, the B’ surface is the most stable
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FIGURE 5.12: a) Surface Energies o of maghemite surfaces as a func-
tion of the oxygen chemical potential Ayp. Above the plot we have
indicated the values of Aup corresponding to a wide range of pres-
sures (in atm) at the fixed temperature T = 600 K. b) Surface Energies
v of the pristine and reduced maghemite and magnetite surfaces as
a function of the oxygen chemical potential Ayp. Below the plot we
have indicated the values of Ay corresponding to a wide range of
pressures (in atm) at the temperature T = 300 K. A and B are the bulk-
truncated surfaces, A’ and B’ their reduced surfaces, and B” is the re-
duced B’ surface. SCV, is the reduced SCV; surface. R45(V/2 x /2)
and SCV are two Fe304 (001) surfaces, and R45(v/2 x v/2) SCV’ are
their reduced surfaces. The arrows indicate the energy Avy required
to pass from a surface to its reduced one.
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surface. Also the bulk-truncated B surface is more stable than the A one, and this is
true also for their reduced surfaces A’ and B’. Thus, the presence of the iron vacan-
cies on the outermost layer tends to destabilize the surface. The reduced surfaces (A’
and B’) are more stable than their corresponded bulk-truncated A and B surfaces, so
maghemite surfaces will tend to loose surface oxygen atoms. The oxidized surfaces
are more unstable than the pristine surfaces, and, thus, are not reported in the fig-
ure. The SCV), reconstruction is more stable than the bulk truncated surfaces over
all the indicated range of oxygen chemical potentials. At 600 K its reduced SCV/,
surface is even more stable, but not as stable as the B’ surface. From Fig. 5.12 it
can been seen that the B” and SCVM surfaces can become stable at given values of
the oxygen chemical potentials. The reduced B” is the most stable surface only at
high temperatures, T > 600 K, and low pressures, i.e at T=1000 K, p must be lower
than 10~ atm. In contrast, the SCV ) surface is stable only at low temperatures,
for example at T=300 K, p must be at least 105 atm, whereas at lower temperatures,
lower pressures are permitted. In Fig. 5.12b we compare the surface energies of the
more stable maghemite B’ and SCV) surfaces with the magnetite R45(\ﬁ x v/2 and
SCV ones, together with those of their reduced surfaces. Below we show the range
of oxygen chemical potentials corresponding to a range of pressure value p at the
temperature T = 300 K. At this temperature experimental groups [149], [182] have
performed catalytic experiments concerning CO oxidation [149] and hydrogen per-
oxide decomposition [182] . The length of the vertical arrows at p = 1 atm represents
the reducibility of the surfaces at this pressure. For the most stable maghemite and
magnetite surfaces, B’ and SCV, the energy required to reduce the surface is less for
the maghemite ( 18.4 meV/ A 2) than for magnetite surface ( 28.3 meV/ A?). Ttis
interesting to note that at p = 1 atm the reduction energy A< is very small for the
SCV ) surface ( 1.5 meV/A 2), which has a surface energy slightly larger than B'.
Our results have shown that the reduction and oxidation reactions are in relation
with the stability of the surfaces. Indeed, the oxygen vacancy formation energies
and the adsorption energies tend to be higher on the most stable maghemite and
magnetite surfaces.

Electronic properties of the surfaces

To understand the trends in surface stability and reduction properties is instructive
to look also at the electronic properties of the surfaces. We report in Figs. 5.13 and
5.14 the atomic projected density of states (apdos) of the maghemite bulk, of the
maghemite bulk-truncated A and B surfaces, and of the most stable B’ surface. The
total density of states (dos) and the band structure are shown in Figs. 5.15 and 5.16,
respectively. We have also analyzed the variation of the related magnetic moments
due to the surface modifications, a phenomenon which is at the heart of the use
of iron-oxide nanoparticles as markers in diagnostic biomedicine, since iron-oxides
are biocompatible materials 46. In the apdos we distinguish the electronic states
of the spin up and spin down channels, and the contributions due to the surface
atoms (indicated with *) and the bulk atoms. We define as bulk atoms the atoms
in the center layer of the slabs that we have used to model the surfaces. As shown
in Figs. 5.13a 5.15a, and 5.16a we see that the maghemite bulk is a semiconductor
with different energy gaps for the spin up and down channels: 1.80 eV and 1.75
eV, respectively, in reasonable agreement with the experimental value, -2 eV 47. As
for most reducible oxides, the top of the valence band is composed of the oxygen p
states, while the bottom of the conduction band is formed by the cation d states. The
calculated magnetic moments of the octahedral and tetrahedral iron atoms of the
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maghemite bulk are 3.73 up and -3.50 i, respectively, and the magnetic moment of
the bulk formula unit is 2.5 yp, in agreement with the experimental measurements
29. These values are related to the electronic states of the Fe atoms as shown in the
apdos of Fig. 5.13a. The spin up states of the octahedral and tetrahedral iron atoms
are in the valence and conduction band, respectively; and the opposite is true for the
spin down states.
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FIGURE 5.13: Atomic projected density of states (apdos) of: a)

maghemite bulk, b) A surface, ¢) B surface, d) and B’ surface. Fe},

Fe},;,, and O* are the surface atoms. Feyt, Ferer, and O are the bulk

atoms. Continued and dashed lines are the spin up and down contri-

butions, respectively. The last panel of b), ¢), and d) shows the apdos

of the bulk atoms (middle layer of the slab), and the color code is the

same used in a). In panel a) different scales have been used to increase
the visibility.

In the apdos of the bulk-truncated A and B surfaces we notice the appearance
of new peaks at the bottom of the conduction band related to localized states. To
these states contribute only surface atoms, so they are surface states. The A surface
is semiconducting with different energy gaps for the spin up and down components:
0.35 and 1.33 eV, respectively, as shown in Figs. 5.13b, 5.15b, and 5.16b. These energy
gaps are both smaller than those calculated for the bulk due to the presence of the
surface states. Contrary to the A surface, the B surface is not semiconducting. Thus,
moving the Fe vacancy from the outermost layer to the third layer below the outer-
most one causes the surface electronic structure to change significantly. As shown
in Figs. 5.13c, 5.15¢, and 5.16¢, the spin up surface states of the Fe atoms and of the
surface oxygen atoms touch the Fermi Energy. For the spin down contribution we
have calculated an energy gap of 1.48 eV, also smaller than in the maghemite bulk.
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surface, c) B surface, and d) B’ surface. The last panel of b),c), and d)
shows the apdos of the bulk atoms.

The magnetic moments of the surface Fe atoms change with respect to the bulk. In
particular, on the A surface, the magnetic moments of the Fe atoms decrease signif-
icantly as shown in Table 5.4. This is due to the decrease in the occupation of the
spin up states of the octahedral iron atoms in the valence band, and to the simulta-
neous increase of the occupation of the spin down states which in the bulk were in
the conduction band. Also two oxygen atoms increase slightly their magnetic mo-
ments ( 0.25 up): this increase is related to the loss of the electronic charge of these
oxygen atoms with respect to the bulk. This loss concerns the charge of only one
spin channel.

On the B surface only the magnetic moments of two Fe atoms, those that are
above the iron vacancy in the third layer, decrease. The reason is the same as for the
A surface. As for the A surface, two oxygen atoms acquire a small magnetic moment
(0.35 up) but for a process similar to that of the Fe atoms: charge is transferred from
the spin down channel to the spin up one. Now we pass to investigate the electronic
properties of the reduced B’ surface. As shown in Fig. 5.13c the main effect of the
oxygen vacancy is the opening of the electronic gaps: 1.51 eV and 1.66 eV, for the spin
up and down gaps, respectively. This is due to the octahedral iron and oxygen states,
as shown in Figs. 5.13d, 5.15d, and 5.16d which are now well below the calculated
Fermi Energy. The localized surface states in the conduction band disappear, and
localized surface states formed instead at the top of the valence band. The B’ surface
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FIGURE 5.15: Density of states (dos) of a) maghemite bulk, b) A sur-
face, c) B surface, and d) B’ surface. Continued black lines and dashed
red lines are the spin up and down contributions, respectively.

TABLE 5.4: Magnetic Moments (yp) and variation of the spin up (1)
and down (J) contributions of the Léwdin charge with respect to the
bulk value for the maghemite surfaces.

Maghemite Maghemite Maghemite
A B B’
1B T I B T 4 1B T $
Fe; 293 -028 +0.39 329 -020 +020 354 -0.03 +0.03
Fe, / / / 331 -0.18 +0.19 3.55 -0.02 +0.04
Fe; 290 -030 +052 361 -0.01 0.00 354 +0.00 -0.01
Fey, 312 -021 +024 3.62 -0.03 +0.01 3.60 -0.01 0.00

is semiconducting. The modifications of the band structure from B to B’ are related
to the enhanced stability of the reduced B’ structure. Also for the reduced A’ surface
the empty localized surface states (not shown) disappear, and the surface is still a
semiconductor as the A surface but with larger band gaps. The magnetic moments
of the Fe atoms on the B’ surface are not substantially changed with respect to the
bulk, while three oxygen atoms acquired a small magnetic moments ( 0.40 ug). The
analysis of the electronic structure of the investigated surfaces show that the stable
maghemite (001) B’ surface is the one whose electronic states and magnetic moment

distribution are more similar to the bulk ones.
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FIGURE 5.16: Electronic band structure of a) bulk, b) A surface, ¢) B
surface, and d) B’ surface of maghemite. The dashed red line indicates
the Fermi Energy.

5.2.4 Conclusions

In this paper we have investigated, using an ab-initio approach based on the den-
sity functional theory, the reduction and oxidation properties of maghemite y-Fe;, O3
(001) surfaces. The aim of this work has been to enlighten the role of Fe vacancies
on the redox properties of the surfaces. We have considered the Fe vacancies fully
beyond the mean-field approach by constructing the surfaces from the maghemite
bulk, for which we have taken the lowest energy structure proposed by Crespo et
al. 12, whose point group was also found experimentally. We have found that the
presence of the Fe vacancies in maghemite increases both the reducibility and the
oxidation efficiency of the surfaces. To reach these conclusions we have compared
our results for the maghemite surfaces with those for the magnetite ones, that have
not iron vacancies in the bulk. The main effect of the iron vacancies in the proximity
of the maghemite surfaces is to decrease the electronic charge of the surface oxygen
atoms, both respect to the bulk and to the magnetite surfaces. The consequence is
that the oxygen atoms become easier to remove from the surface, and also easier to
adsorb on the surface since the adsorbed atom can lend it some charge. The removal
of one surface oxygen from the B surface produces a stable reconstruction which we
have termed B’ . We have calculated the surface stability as a function of temper-
ature and pressure and found that the B’ reconstruction is indeed the most stable
termination for the maghemite (001) surfaces. We have also considered another re-
construction, termed SCV), based on the most stable SCVs magnetite reconstruc-
tion, but we have found that it is slightly less stable than B’. Another result that we
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have obtained is the lower stability of maghemite surfaces with Fe vacancies on the
outermost layer. Thus, iron vacancies on the outermost layer tend to destabilize the
surfaces. We have also found that the reducibility of the surfaces is strictly related
to their stability: more the surface is stable less is reducible. We have examined the
charge transfers and the modifications in the electronic structure caused by the re-
duction of the surfaces. Our results on the (001) surfaces indicate that maghemite
might be a better material than magnetite to use in catalysts for oxidation reactions.
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Chapter 6

Structural and Electronic properties
of single Cu, Ag, and Au atoms on
the (001) maghemite surface

In this chapter we provide a theoretical insight into the modifications induced in the struc-
tural and electronic properties of the maghemite (001) surface by the additional of noble metal
atoms. We have also tested how the presence of the noble metal atoms influences the surface
reducibility, and the adsorption of CO molecules.

6.1 Introduction

Iron oxides are promising materials for catalytic applications as also shown in Chap-
ter 5. We have shown in the case of ceria that the addition of dispersed noble metal
atoms can improve some catalytic applications. It is interesting to see if this is also
the case for iron oxides. Several metal atoms such as Au, Pt, Pd, and Ag have been
stabilized on the (001) magnetite (Fe3Oy) surfaces [32], [183], [184], [185], and sin-
gle Pt atoms have been also synthesized on the (0001) hematite surface [12]. It is
known that single atoms are stabilized by their interactions with the surface atoms
of the support [7]. Consequently, in order to design better catalysts, it is important
to obtain theoretical insight on how the species of noble metal or its position on the
surface may affect the catalytic activity. In this chapter, using an ab-initio approach
based on the density functional theory, we investigate the structural and electronic
properties of dispersed atoms of three noble metals (Cu, Ag, and Au) on the (001)
maghemite surfaces. Three different metal configurations for the metal atoms have
been considered: i) atom adsorbed on the surface; ii) atom in a Fe substitutional site,
and iii) atom in a O substitutional site. We have analyzed the charge transfers, and
the change in the electronic and magnetic properties of the surfaces. We have also
tested the reactivity of the modified metal on metal-oxide surfaces for CO adsorption
and compared the results to that of the pristine maghemite surface.

6.2 Methods

6.2.1 Computational Details

The details of the computational methods, and the description of the maghemite sur-
face are reported in the previous chapter. Here, we report only the new equations for
the modification (adsorption, substitutional, reduction) energies that we have used.
The energy gain or cost due to the adsorption of metal atoms, or the substitution
of surface atoms with metal atoms, or again the removal of oxygen atoms has been
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calculated as:

1
d b b
E(Ni, NE, NS NE™) =

Su 3 Su rem
+ (N3 — ENpeb)ﬂO(TrP) + N5"uo(T, p)],

1
[Eg — Ep — (N}" + Ni) o + 5 NE o,

6.1)

where E} is the energy of the modified slab, E} is the energy of the slab of the
pristine B’ surface, y%& is the energy of a maghemite bulk unit, y is the metal
chemical potential which has been set equal to the energy of the metal atom in
the gas phase, and po (T, p) is the oxygen chemical potential. N4/ is the number
of adsorbed metal atoms, N?éb is the number of metal substituted Fe atoms, NSO”b
is the number of metal substituted oxygen atoms, and N is the number of re-
moved surface oxygen atoms (O vacancies). The sum of substituted Fe and O atoms
must be equal to the number of metal atoms present in substitutional sites, N5’=
Nsﬁéb +N“°5’b . At each E(N%,N%’zb,Ng’b N§™) is associated the modified surface indi-
cated as M(x,y,w,z)@Fe,O3(001), where M is the kind of noble metal atoms, and X,
y, w, z the number of adsorbed atoms, the number of substituted Fe, the number of
substituted O, and the number of removed oxygen atoms, respectively. For example,
M(1,0,0,0)@Fe;O3(001) means that a single metal atom M is adsorbed on the B sur-
face, indicated as (0,0,0,0). In the following the modified surfaces will be indicated
in this way. We have supposed that the surface is in thermodynamic equilibrium
with its bulk and the environment, and, consequently, we have used the equality
y§5‘2%3=2yp6+3yo, where yr, is the Fe chemical potential. Since molecular oxygen
may be present in the atmosphere above the surface, the oxygen chemical poten-
tial is a function of both temperature and pressure. Consequently, it is important to
understand how it depends on these parameters since the properties of the gas are
strongly affected by the variation of T and p. Assuming that the oxygen gas is an
ideal gas, we can write

1 1 1
Ho(T, p) = 5Eo, + 5AGo,(T, p") + SKTIn(p/p°), (6.2)

where pY is the reference pressure, Eo, is the energy of the oxygen molecule at T = 0
K, and A Go, (T,p0 ) is the variation of the Gibbs free energy of O, at temperature T
from its value at 0 K. This term is linked to the entropy and enthalpy contributions
of the O, molecule, and for po =1 atm the values are tabulated in Ref. [175]. We have
neglected any vibrational contribution. Equation 6.1 is a general expression which is
valid if all the surface atoms sites are equivalent, otherwise it is necessary to specify
it for each inequivalent site.

The oxygen vacancy formation energy, in the case the modifications involve a single
atom per unit cell, has been evaluated as:

0,0,0,1 1
EQOON E(,0,0,1) — EE02 — E0,000)/ (6.3)

form

instead the O vacancy formation energy in the presence of one adsorbed metal atom

1S:
1,0,0,1 1
E}orm )= EM(l,O,O,l) - EEOZ - EM(l,O,O,O)' (6.4)
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If the noble metal substitutes an iron atom the O vacancy formation energy becomes:

0,1,0,1 1
Ej(rorm = Em1,01) — EE02 — Enm(0,1,00)- (6.5)

The adsorption energy of the CO molecule on the surface has been calculated as:

Eacd(z = ECO/surface — Eco — Esurface/ (6.6)

where Eco/surface is the energy of the slab with the adsorbed CO, Eco is the energy
of the CO molecule in the gas phase, and Egy;f,c. is the energy of the slab without
adsorbed CO.

6.3 Results

6.3.1 Adsorption

We have adsorbed a single Cu, Ag, and Au atom on the B’ surface. The preferential
adsorption site for all noble metals is a bridge position between two surface oxygen
atoms, aligned along the surface [1,1] diagonal with the tetrahedral Fe atoms of the
second layer below the outermost layer as shown in Fig. 6.1, where the top and
side views of the surface termination are reported. These adsorption sites were also
found by Meier et al. [31] on the structurally correlated magnetite oxide. The energy
Em(1,0,0,0) of Eq. 6.1 is named adsorption energy. In Table 6.1 the adsorption
energies (E,z;), the metal-oxygen (M-O) bond lengths, the noble. metal oxidation
states (Mpyx), and the number of reduced Fe (Fe*") are reported. The adsorption
of the noble metals on the surface is favored. The adsorption energy, in absolute
value, is greater for Cu. In particular, the Cu adsorption energy, -3.65 eV, is higher
than the cohesive energy of Cu bulk, whereas for Ag and Au the adsorption energies
are less than their respective bulk cohesive energies, and consequently their adatom
configurations are not stable against sintering. Following the adsorption of Cu, Ag,
and Au on the B’ surface, the metal s electron of the noble metal is transferred to
the substrate, reducing one iron atom from Fe3t to Fe?t. Indeed, as shown in Figs.
6.3a, 6.3d, and 6.3g, a spin down d peak of Fe has moved to the valence band. The
metal adatoms are positively charged: Cu, Ag, and Au transfer to the surface 0.52
e, 0.41 ¢, and 0.47 e, respectively. We can speculate that their new oxidation state is
+1. This is also confirmed by the calculated M-O distances, which are slightly larger
than the experimental values in Cu,0 [91], Ag,O [186], and AuyO [187]. As shown
in Table 6.2, the presence of the noble metal atom decreases the spin up and down
energy gaps with respect to those of the B’ surface (1.55 eV and 1.66 eV for spin up
and down, respectively). The decrease is greater for the Cu surface than for the other
two noble metals. On Cu(1,0,0,0)@Fe;O3(001) , see Fig. 6.3a, the top of the valence
band is constituted by d orbitals of Fe, p orbitals of O, and, mainly, by d states of Cu.
The bottom of the conduction band is formed by the spin down states of octahedral
Fe as in the case of the pristine surface whose DOS is shown in Fig. 6.2. Contrary to
Cu, the surfaces with Ag and Au adatoms have the top of the valence band formed
mainly by the d Fe and p O states, and less by the metal states, as shown in Figs. 6.3d
and 6.3g. Also the magnetic properties of the surface change with the presence of the
adsorbed metal. This is an important aspect for the use of maghemite nanoparticles
in diagnostic medicine. The adsorption of the noble metals leads to the decrease of
the magnetic moment (~ -0.5 pp) of the octahedral Fe atom that has acquired the
metal s electron, due to the increase of the occupation of the spin down states. The
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noble metals have not a magnetic moment, contrary to the gas phase, due to the
transfer of the s electron to the surface.

FIGURE 6.1: Top view of the (2 X 2) (first row) and side view (second

row) of a) Cu(1,0,0,0)@Fe;03(001), b) Ag(1,0,0,0)@Fe;O3(001), and c)

Au(1,0,0,0)0@Fe;O3(001) surfaces. Dark and light gray balls are the

octahedral and tetrahedral iron atoms, respectively. The red balls are

the oxygen atom. The green, blue, and yellow balls are the Cu, Ag,
and Au atoms, respectively.

6.3.2 Metal in a substitutional Fe atom

We have investigated the changes in the geometrical, electronic, and magnetic prop-
erties of the maghemite B’ surface when a single Fe atom is substituted with a noble
metal atom. As shown in Fig. 6.4, we have identified three inequivalent kinds of
iron atoms: i) octahedral Fes and Fe; irons, bonded to the Os oxygen, ii) octahe-
dral Fe; and Fe;3 irons, not bonded to the oxygen Os, and iii) tetrahedral Fe;, and
Feq3 atoms, in the second layer below. We have assumed that the Fe atom with the
lowest vacancy formation energy is the one with the highest probability to be sub-
stituted. Thus, the substitution reaction is modeled as a two steps process: first, a
Fe vacancy is created, second, the noble metal atom is adsorbed into the vacancy

site. The Fe atom vacancy formation energy Ej};srm has been evaluated as Ef57m=EBg +
3 ygyzl(k)s-EB/ -3Eo,, where Eyp/ is the energy of the slab without the iron atom, Ep is

the energy of the pristine slab, ygé‘zl(k)S is the energy of a maghemite bulk unit, and

Eo, is the energy of the oxygen molecule in the gas phase. The energy required to
remove the Fe atoms is lower for the octahedral iron atoms not bonded to Os. It is
2.31 eV, whereas it is 3.03 eV for Fe, and Fey and 5.09 eV for the tetrahedral irons.
Thus, we substituted Fe; as indicated by the black crosses in Fig. 6.5. The creation of
the Fe vacancy determines a decrease of the energy gaps. In particular, the spin up
energy gap is only 0.09 eV, with valence states touching the Fermi Energy, as shown
in Fig. 6.6, whereas the spin down energy gap is 1.52 eV. Following the creation of
the vacancy the magnetic moments of the octahedral Fe atoms (Fe; and Fey) near the
iron vacancy decrease significantly to ~ 2.9 up, whereas Fe; is ~ 3.4 up.
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TABLE 6.1: Oxidation number (Mpx), Metal-Oxygen (M-O) distances
in angstrom, Metal-Iron (M-Fe) distances in angstrom, adsorption en-
ergies (E,;5) in eV, substitutional energy (E;,;), and number of re-

duced Fe atom (Fe?™).

Cu
1,00,00 (0,1,0,0) (0,0,1,0)
Mox +1 +3 +0
M-O 187  1.93(2) /
1.88  1.86(2)
M-Fe / / 2.53(2)
2.58
Eads -3.65 / /
Esub / -5.02 -0.46
Fe?" 1 0 2
Ag
(1,0,00) (0,1,0,0) (0,0,1,0)
Mox +1 +3 0
M-O 213 2.16 2.35
217 21002
2.03
M-Fe / / 3.00(2)
2.71
| -241 / /
Esub / -2.80 -0.39
FeZ" 1 0 2
Au
(1,0,00) (0,1,0,0) (0,0,1,0)
Mox +1 +3 -1
M-O 205  2.08(2) /
208 2.02(2)
M-Fe / / 2.65(2)
2.75
Egds -2.49 / /
Eeu / -3.48 -0.54
Fe?* 1 0 1
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FIGURE 6.2: PDOS of the pristine B’ maghemite surface. The continu-
ous and dashed lines are the spin up and down contributions respec-
tively.

TABLE 6.2: Spin up (1) and down ({) energy gaps E; in eV for the
different M(x,y,w,z)@Fe,O3(001) surfaces

Cu
Surface (1,0,0,0) (0,1,0,0) (0,0,1,0)
Spin Orientation T + T 4 T 1
Eg 1.21 091 066 117 0.8 1.32

Ag
Surface (1,0,0,0) (0,1,0,0) (0,0,1,0)
Spin Orientation T + T 4 T 1
Eg 1.31 1.05 057 171 1.32 1.27

Au
Surface (1,0,0,0) (0,1,0,0) (0,0,1,0)

Spin orientation 1 | T 4 T 4
E¢ 1.30 091 142 1.68 0.33 1.35
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FIGURE 6.3: Projected density of states of a) Cu(1,0,0,0)@Fe;O3(001),

d) Ag@(1,0,0,0)Fe;03(001), g) Au(1,0,0,0@Fe;O3(001);  b)

Cu@(0,1,0,0)Fe,O3(001); e)  Ag(0,1,0,0)@Fe;03(001); h)

Au@(0,1,0,0)Fe;O3(001); c¢)  Cu(0,0,1,00@Fe;03(001); f)

Ag(0,0,1,0)@Fe;03(001), and i) Au(0,0,1,0)@Fe;O3(001).  Contin-

uous and dashed lines are the spin up and down contributions,
respectively.



1ﬁlapter 6. Structural and Electronic properties of single Cu, Ag, and Au atoms on
the (001) maghemite surface

€ €

O RO ¢
AUaHOwE|
¢ . " .
O \11'2C> \

b

h
4
QUvahoaws
.' B -]
F AT @6

FIGURE 6.4: Top view of the (2x2) of the most stable B’ maghemite
surface reconstruction. Dark and light gray balls are the octahedral
and tetrahedral iron atoms. Red balls are the oxygen atoms. Blue
circles indicate the Fe vacancy located in the third layer below the
outermost layer. The numbers label the surface atoms.

On this iron empty site, we have adsorbed a single Cu, Ag, and Au atom as
shown in Fig. 6.7, where the top and side views of the M(0,1,0,0) configurations
are reported. When the noble metal atom substitutes one atom of the substrate, the
energy of Eq. 6.1, E(0,1,0,0), is named substitutional of energy. The substitutional
energies Eg,;, are reported in Table 6.1. In general, we note that the substitution of
an iron atom with the noble metal is a thermodynamically favored reaction, and the
substitutional energies follow the same trend as the adsorption energies (see Table
6.1). They decrease from Cu to Au to Ag. For all metals, the substitution energies are
greater than the adsorption energies, but the difference is significantly low for Ag,
only 0.39 eV. Surface cation vacancies are very important sites to trap single atoms,
however, it is important to keep in mind that to have the substitution is necessary
to overcome an energy barrier, which is not evaluated in this work. The noble metal
atoms in Fe substitutional sites lose a significant amount of charge, -1.13 ¢, -1.01 ¢,
and -1.26 ¢, for Cu, Ag, and Au, respectively. Two d states and the s state of the
noble metal atoms appear, indeed, in the conduction band as shown in the PDOS of
Figs. 6.1b, 6.1e, and 6.1h. The Ag-O and Au-O distances (see Table 6.1) are slightly
larger than the experimental values found for the Ag,O3; and AuyOs3 oxides [94],
[96]. These results suggest that the oxidation state of the noble metal atoms is ~ +3.
Also two oxygen atoms bonded to the metal atom, and to two octahedral irons lose
an amount of charge (~ -0.2 e). The magnetic moments of the Fe atoms don’t change
with respect to the pristine B’ surface, and all the Fe atoms are still in a 3+ oxidation
state. These magnetic moments are however larger than than those of the surface of
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FIGURE 6.5: Top view of the (2x2) B’ surface where octahedral Fe

atoms of the outermost layer whose position is indicated by black

crosses, have been removed. The blue circles indicate the Fe vacancy
in the third layer below the outermost layer.

the surface with the octahedral Fe vacancy. On the Cu(0,1,0,0)@Fe;O3(001) surface,
as on the Cu(1,0,0,0)@Fe,03(001) surface, the band gaps decrease with respect to
those of the pristine surface as reported in Table 6.2. Contrary to the Cu case, on
the Ag(0,1,0,0)@Fe;O3(001) surface, only the spin up energy gap decreases of 63%,
whereas the spin down gap remains the same. A similar trend has been calculated
for the Au(0,1,0,0)@Fe,O3(001) surface, but for this surface the decrease of the spin
up energy gap is only 8%. The significant decrease of the spin up gaps calculated
when substituting Fe with Cu and Ag is due to the appearance at the top of the
valence band, and at the bottom of the conduction band of p peaks due to the less
charged oxygens. At the bottom of the conduction band we note also the appearance
of metal states. On Au(0,1,0,0)@Fe,O3(001) the oxygen p states, which are at the top
of the valence band, are at lower energies than on the Cu(0,1,0,0)@Fe;O3(001) and
Ag(0,1,0,0)0@Fe;O3(001) surfaces. Comparing the gaps reported in Table 6.2 with
those of the surface with the Fe vacancy the presence of the noble metal atoms in the
vacancy site increases the spin up energy gaps, and also the spin down gaps in the
case of Ag and Au atoms.

6.3.3 Noble Metal atom substituting an O atom

In this section we report our results on the properties of a noble metal doped surface
where one surface oxygen atom is substituted by a Cu, Ag, or Au atom. We have
tested also this substitution due to the high reducibility of the maghemite surface.
As for the cation substitution we have supposed that the noble metal is adsorbed
after the oxygen atom with the lowest vacancy formation energy is removed. As
shown in Ref. [188], and reported in Table 6.3, the energy required to remove the
surface oxygens is not the same. We have chosen to substitute Og, which is one of
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FIGURE 6.6: Density of states of the surface. with an iron vacancy in
site Fej. Black and red lines are the spin up and down contributions,
respectively.

the two atoms with the lowest formation energy. Its sites are indicated by crosses in
Fig. 6.8. Following the creation of the O vacancy the spin up gap remains constant,
whereas the spin down gap decreases to 1.10 eV, as shown in the DOS of Fig. 6.9.
Two octahedral Fe atoms acquire the excess of charge, passing from Fe>" to Fe?", and
consequently their magnetic moments decrease from 3.60 yp to 3.13 up The magnetic
moments of the other two Fe atoms don’t change with respect to the pristine surface.

In Fig. 6.10 the top and side views of the M(0,0,1,0) surfaces are shown. The
substitution M—O is favored for all the metals but much less than the Fe—M sub-
stitution, as can be noted from the energies reported in Table 6.1. In particular, con-
trary to the previous configurations, the substitution of O with Au is more favored
than the substitution of O with Cu or Ag. Cu and Au bind only to octahedral Fe
atoms, whereas the Ag atom binds also to a surface oxygen atom as shown in Fig.
6.10. On the Cu(0,0,1,0)@Fe,03(001) and Ag(0,0,1,0)@Fe;O3(001) surfaces we don’t
observe any charge transfer from (to) the metal and the substrate: we note indeed
a spin down (up) s peak in the valence (conduction) band as occurs for the levels
of the atoms in the gas phase. The absence of charge transfers is due to the similar-
ity of copper, silver, and iron electronegativity. On the Cu(0,0,1,0)@Fe;O3(001) and
Ag(0,0,1,0)@Fe;O3(001) surfaces we have found that two iron atoms are still reduced,
as in presence of the single O vacancy, with magnetic moments lower than those on
the pristine maghemite surface. Au, instead, is more electronegative than Fe, and
consequently a net charge transfer occurs from Fe to Au. In particular, electronic
charge is transferred from reduced Fe?" to Au (+0.41 ¢). We notice, indeed, that both
the spin up and down s peaks are now present in the valence band as shown in Fig.
6.3i. Au is, consequently, negatively charged, Au~!. For all the modified surfaces
we have calculated a decrease of the energy gaps with respect to the pristine sur-
face as reported in Table 6.2. It is interesting to note that the spin up energy gap
decreases with respect to that of the simply reduce surface, whereas the spin down
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FIGURE 6.7: Top view, first row, of the (2x2) and side view, second
row, of: a) Cu(0,1,0,0)@Fe,O3(001), b) Ag(0,1,0,0)@Fe;O3(001), and c)
Au(0,1,0,0)@Fe;03(001). The color code is the same as in Fig. 6.1.

increases slightly. On Cu(0,0,1,0)@Fe;O3(001) and Ag(0,0,1,0)@Fe,O3(001) the top of
the valence band is composed by Fe and O states, whereas the bottom of the con-
duction band is formed by localized metal states. On the contrary, on Au(0,0,1,0)
@Fe;03(001) the top of the valence band is formed by Au states, due to the occu-
pation of the s state, whereas the bottom of the conduction band is formed by Fe
states.

6.3.4 Reducibility of the surfaces

In this section we have investigated how the presence of Cu, Ag and Au atoms as
adsorbates or in Fe substitutional sites influences the reducibility of the surfaces. The
M(0,0,1,0)@Fe;O3(001) surfaces, where O is substituted by the noble metal atom, are
not considered since these surfaces are already reduced compared to the B pristine
surface. The oxygen vacancy formation energies have been evaluated using Egs.
6.3, 6.4, 6.5 and are reported in Table 6.3 where they are compared with those of the
pristine B’ maghemite surface. The oxygen atoms are labelled as in Fig. 6.4.

As a general rule we note that it is easier to remove the oxygen atoms from the
doped surfaces than from the surfaces with adatoms. The presence of the metal
dopant causes two surface oxygen atoms, Og and Oy, bonded to the noble metal
atom, to be less charged than on the pristine surface, and, thus, easier to remove. It
is indeed well known that the less charged electrons are also the more reactive ones
[5]. The Ag doped surface is the most reducible one. Indeed, the energy required to
remove the most reactive oxygens is only 0.59 eV, whereas it is more than 1 eV for
the other two doped surfaces. On the M(0,1,0,0)@Fe;O3(001) surfaces, if we remove
an oxygen atom bonded to the noble metal atom, all or part of the excess charge left
behind by the oxygen removal is acquired by the noble metal atom. In particular, the
Ag atom acquires almost all the charge (~ +0.50 e), reaching in this way its favorite
+1 oxidation state. A small amount of charge is acquired also by one Fe atom (~
+0.15 ¢), and by other surface oxygens ~ +0.10 e),. The same charge transfer to the
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FIGURE 6.8: Top view of the (2x2) B’ surface with oxygen vacancies
indicated by red crosses. The color code is the same as in Fig. 6.4.

noble metal atom is observed also for Au, but in this case the charge transfer to oxy-
gen atoms is negligible. Contrary to the Ag and Au cases, Cu acquires only one of
the two electrons in excess (~ +0.35 ¢), reaching in this way its favorite +2 oxidation
state. The remaining electron is acquired by one Fe atom (~ +0.22 e),and by oxy-
gen atoms. In the case of noble metal atom adsorbed on the surface, the reducibility
of the surface doesn’t change significantly with respect to the pristine surface as
shown in Table 6.2. However, we can note that the oxygen vacancy formation en-
ergy is slightly smaller for Ag(1,0,0,0)@Fe;O3(001) than for the other two surfaces.
The greater oxygen vacancy formation energies calculated for the adsorbate case
compared to the doped case are probably due to the more favorable charge transfers
occurring in the second case. In the adsorbate configurations, indeed, the oxygen
atoms are already in the -2 oxidation state, and following the creation of the oxy-
gen vacancy the two electrons left behind by the removed oxygen can be acquired
only by two Fe atoms (~ +0.40 / +0.50 e, reducing them from Fe>" to Fe?". This is
unfavored as found previously for the pristine surface in Ref. [188]. Moreover, the
noble metal atoms are already in a +1 oxidation state, and they don’t favor further
charge transfers. On these surfaces an iron atom is already reduced, and a further
reduction is therefore more costly. Ag, as a dopant, increases the reducibility of the
surface more than the other two noble metal atoms, and, consequently it seems to be
the most promising dopant to use as a catalyst in the reactions where the creation of
an oxygen vacancy is required, i.e. the reactions following the Mars van Kreevelen
mechanism [24], or as oxygen carrier in the chemical looping combustion where the
activity depends on the redox capacity activity [189].

6.3.5 Stability of the surfaces

In this section we examine the stability of the investigated modified surfaces in dif-
ferent environments characterized by different values of temperature and pressure.
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FIGURE 6.9: Density of states of the reduced pristine surface. Black
and red lines are the spin up and down contributions, respectively.

In Figs. 6.11a, 6.11b, and 6.11c we show the surface energies versus the oxygen
chemical potential, which is a function of T and p as shown in Eq. 6.2. We have
reported explicitly the oxygen chemical potential values corresponding at a wide
range of pressure p at room temperature. The energies have been calculated us-
ing Eq. 6.1. In general, we can identify three different stable phases: i) for yo less
than -1.5 eV (reduced conditions), the adatom configurations in the presence of an
oxygen vacancy, M(1,0,0,1)@Fe,O3(001), are the most stable ones, ii) at intermedi-
ate values of o, the adatom configurations M(1,0,0,0)@Fe,O3(001), are the most fa-
vorite, and iii) at higher values of jp (> -0.92 for Cu, > -0.25 for Ag, > -0.65 for Au),
oxidation conditions, the doped configurations, M(0,1,0,0)@Fe;O3(001) are the most
stable. The M(0,1,0,1) @Fe,O3(001) and the M(0,0,1,0)@Fe,O3(001) surfaces are un-
stable over the entire range of oxygen chemical potentials. It is very interesting to
note that the range of stability of the adatom configurations is different for the three
noble metals: it decreases from Cu to Au, to Ag. At room temperature, and p=1 atm,
which are the typical conditions of catalytic reactions, yp is ~ -0.27 eV, Cu and Au,
will tend to occupy the iron sites. This can explain the observations of Najafishirtari
et al. [151], where they have found Cu atoms occupying the positions of octahedral
iron atoms. It is interesting to note that for Ag, instead, the energy difference be-
tween the substitutional and adatom configurations, at j1p =-0.27 eV, is only 0.02 eV.
Thus, it is possible to observe both configurations. Single Ag adatoms have been in-

deed observed on the magnetite (001) surface using scanning tunneling microscopy
(STM) [184].

6.3.6 CO adsorption on the noble metal modified surfaces

We have investigated the interaction of the CO molecule with the M(1,0,0,0)@Fe,O3(001)
and M(0,1,0,0)@Fe,O3(001) surfaces, which are the most stable in a wide range of
oxygen chemical potentials. Firstly, we have considered the pristine surface and
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FIGURE 6.10: First row: top view of the (2x2) and side view. Second

row: of a) Cu(0,0,1,0) @Fe;O3(001), b) Ag(0,0,1,0)@Fe,O3(001), and c)

Au(0,0,1,0)0@Fe;03(001). The black arrow indicated the Ag-O bond.
The color code is the same as in Fig. 6.1.

then we have compared the results obtained for it with those obtained for the sur-
faces with dispersed noble metal atoms. In Fig. 6.12 we show the preferential ad-
sorption sites of CO on the different surfaces. On the pristine surface, CO adsorbs
above an octahedral iron atom, E,;;=-0.25 eV, and its bond length is slightly shorter
than the CO bond length in the gas phase (1.142 A ) as reported in Table 6.4. We have
not found any charge transfer from CO to the surface, and vice versa. The presence
of CO doesn’t determine any modification of the maghemite electronic structure,
shown in Fig. 6.13a, with respect to the PDOS of the pristine maghemite surface,
shown in Fig. 6.2. The only difference we notice is the presence of empty orbitals of
CO in the conduction band. The spin up and down energy gaps remain the same.
The presence of noble metal atoms modifies the interaction between CO and the
surface. We have started considering the adatom configurations.

The presence of single noble metal atoms adsorbed on the maghemite surface
increases significantly the adsorption energy of the CO molecule compared to the
pristine surface. Cu, in particular, seems to be the most reactive noble metal to-
wards CO adsorption. CO binds directly to the Cu and Ag atoms, whereas, on
the Au(1,0,0,)@Fe,O3(001) surface, CO binds to an octahedral Fe atom of the out-
ermost layer. In Table 6.4 the adsorption energies EC?, the C-Fe distance for the
M(0,1,0,0)@Fe;O3(001), and Au(1,0,0,0)@Fe,03(001) surfaces, the C-M bond lengths
for the Cu(1,0,0,0)@Fe;O3(001) and Ag(1,0,0,0)@Fe;03(001) surfaces, and the C-O
bond lengths of the CO molecule are reported. On the Cu(1,0,0,)@Fe,O3(001) surface,
CO increases slightly its bond lengths, and it is adsorbed perpendicular to Cu. Cu
maintains both its bonds with the surface oxygens, and it moves 0.09 A upward. On
the contrary, the adsorption of CO on Ag(1,0,0,)@Fe;03(001) leads to the breaking
of one of the two Ag-O bonds in a similar way to what was observed by Parkinson
et al. [185] for Pd on magnetite. Also, Ag, as Cu, moves 0.08 A upward, but in this
case the CO molecule bends with respect to the surface plane. From an electronic
point of view, the presence of CO increases slightly the gaps: the new up (down)
gaps are 1.51 (1.22) eV, 1.40 (1.12) eV, and 1.52 (1.25) eV for Cu, Ag, and Au adatom
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TABLE 6.3: Oxygen vacancy formation energies, in eV, on the pris-
tine and on the noble metal modified surfaces. The numbering of the
oxygen atoms is shown in Fig..6.4

B’ M(0,1,0,0) M(1,0,0,0)

Cu Ag Au Cu Ag Au
253 253 240 241 3.69 293 282
242 240 236 236 253 232 234
222 236 184 246 197 194 184
157 123 059 112 159 149 153
157 123 059 112 205 187 1.85
222 267 221 277 253 232 234
222 227 222 222 197 194 184

g =NIN-NC I N & @)

TABLE 6.4: Adsorption Energy of the CO molecule, E%g in eV, dis-

tance between the carbon atom and a octahedral Fe atom C-Fe (A ),
the carbon-metal bond length C-M (A ), and the C-O bond length (A

).

B Cu(1,000) Ag(1,000) Au(1,000) Cu(0100) Ag©1,00) Au(0,1,00)

ECO -025 -0.71 -0.51 -0.37 -0.27 -0.24 -0.25
C-Fe 240 2.13 2.39 2.42 2.20
C-M 1.80 2.00

C-O 11388  1.152 1.144 1.142 1.138 1.138 1.137

surfaces, respectively. On the Cu@Fe,O3(001) surface, following the CO adsorption,
Cu transfers a small amount of charge to C, and, in this way, it reaches its prefer-
ential +2 oxidation state. On the other two surfaces no charge transfers take place.
On the doped surfaces, CO is adsorbed above a surface octahedral Fe atom as on
the pristine surface. The adsorption configurations are shown in Fig 6.12. The CO
adsorption energies are similar to those calculated for the pristine surface as shown
in Table 6.4. The energy gaps change, in particular the spin up gaps decrease their
value: the new up (down) gaps are 0.40 (1.12) eV, 0.38 (1.12) eV, and 1.20 (1.65 eV) for
Cu, Ag, and Au, respectively. For Cu and Ag, (see Figs. 6.13c and 6.13e), we observe
peaks formed by the O p and noble metal d states at the bottom of the conduction
band. In summary, we have found that the configurations with noble metal atoms
adsorbed on the maghemite surface are the most effective in terms of CO adsorp-
tion. The metal atoms, indeed, allow for the formation of stronger bonds between
CO and the surface atoms, Cu, Ag, and Fe, increasing, in this way, the adsorption en-
ergy with respect to the pristine and doped surfaces. A similar behavior was found
previously in the case of Hy adsorption on the CeO,(111) surface with Cu, Ag, and
Au single atoms adsorbed on it [109].

6.4 Conclusions

In this article we have studied, using an ab — initio approach, the structural and
electronic properties of single Cu, Ag, and Au atoms adsorbed on the pristine (001)
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maghemite surface, or substituting a surface Fe or O atom.

This work provides a theoretical insight on the noble metal atom modified maghemite
surfaces. To understand how the catalytic activity depends on the different noble
metal atom, and on its position is crucial to increase the performance of the cata-
lysts.

We have found that the preferential adsorption site of all the three noble metals is
a bridge position between two surface oxygens, and that they are aligned with the
tetrahedral Fe atoms of the layer below. We have calculated that following adsorp-
tion of the noble metal atom, one electron is transferred to the oxide, leading to the
formation of a positively charged noble metal ion. On the other hand, when the no-
ble metal is adsorbed on the Fe vacancy, three electrons are transferred to the oxide.
When instead the noble metal atoms are adsorbed on a surface oxygen vacancy, we
have calculated a charge transfer from the surface oxide only to Au, which becomes
a negatively charged ion.

We have also investigated the reducibility of the surfaces, and have found that, in
general, the noble metal atoms substituting Fe atoms, decrease the energy required
to remove surface oxygen atoms. In particular, among the three noble metal atoms,
Ag seems to be the best candidate to increase the reducibility of the surfaces.

We have also investigated the stability of the modified surfaces as a function of tem-
perature and pressure, and we have found that at room temperature and pressure
the M(0,1,0,0)@Fe;O3(001) surfaces are the more stable ones, but for Ag the energy
difference between the Ag(1,0,0,0)@Fe,O3(001) and Ag(0,1,0,0)@Fe,O3(001) surfaces
is very small.

We have also found that the adsorption of CO on the surfaces is more favored when
single Cu, Ag and Au atoms are adsorbed on the surface, and, in particular, Cu ad-
sorbates increase CO adsorption energy of 184%.

In order to confirm our predictions concerning the stability of the surfaces scanning
tunneling microscopy (STM) measurements of the surface should be performed.
Moreover, STM images can be acquired to verify the adsorption of CO on the sur-
faces, and to test the catalytic activity of the surfaces CO-TPR measurement can be
done to investigate the CO oxidation. Finally, our results indicate that noble metal
atoms dispersed on the (001) maghemite surfaces may improve the catalytic prop-
erties of the maghemite surface and that the performance depends strongly on the
kind of noble metal atom, its position, the degree of reduction of the surface, and if
it is adsorbed or substitutional to surface Fe or oxygen atoms.
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FIGURE 6.11: Adsorption and substitutional energies of maghemite
surfaces with of a single a) Cu, b) Ag, and c) Au atom, as a function
of the oxygen chemical potential. The purple dashed lines indicate
10=-0.27 eV. The values of oxygen chemical potential corresponding
to a range of pressure (in atm) at room temperature are reported.
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pristine  maghemite  surface, b)  Cu(1,0,0,0)0@Fe,O3(001),
c) Ag(1,0,00)@Fe;03(001), d) Au(1,0,0,0)@Fe;O3(001), e)
Cu(0,1,0,0)@Fe;03(001), f) Ag@Fe,O3(001), and g) Au@Fe;O3(001).
All the distance are in angstrom. In Figure only half slabs are shown.
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FIGURE 6.13: Atomic Projected Density of states of CO ad-

sorbed on the different surfaces: a) B/, b) Cu(1,0,0,0)@Fe,O3(001),

c¢) Cu(0,1,0,0)@Fe;03(001), d) Ag(1,0,0,00@Fe;O3(001), e)

Ag(0,1,0,00@Fe;05(001), f) Au(1,0,0,00@Fe;03(001), and g)

Au(0,1,0,0)0@Fe;0O3(001).  Continuous and dashed lines are the
spin up and down contributions, respectively.
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Chapter 7

Conclusions

7.1 Summary

The aim of this thesis is to propose new catalysts, which are fundamental to the
majority of the industrial processes. Using an ab — initio approach, based on the
density functional theory, we have investigated how noble metal atoms dispersed
on the surface and/or surface defects affect the catalytic activity.

In the first part of the thesis we have investigated cerium oxide as an active sup-
port for single noble metal atoms. In Chapter 3 we have studied how single Cu,
Ag, and Au atoms, dispersed on the CeO; (111) surface, influence H, dissociation,
an important reaction which occurs at the anode of the proton exchange membrane
fuel cells (PEMFCs). Different configurations, which correspond to different noble
metal oxidation states, have been studied. In general, the presence of noble metal
atoms decreases the activation energy required to dissociate H, and the noble met-
als oxidation states play a key role in the determination of the activation energy.
If the noble metal atoms are not initially in their preferential oxidation states, they
contribute actively to the reactions acquiring the Hj electrons, so as to reach at the
end their preferential oxidation states. In this case, the activation energy is signifi-
cantly diminished. On the contrary, when the noble metal atoms are already in their
preferential oxidation state, the decrease of the activation energy is smaller. More-
over, CeO; modified with single Ag atoms seems to be a promising anode material,
since, in all the configurations, the activation energy is significantly lower than on
the pristine ceria surface, and the reaction energy (AE) for the adatom configuration
is smaller than on pure ceria.

We have found that contrary to the common belief, the number of Ce®t is not al-
ways a good marker to estimate the reducibility of surfaces in vacuum and under
H; atmosphere. In vacuum, in agreement with the experiments, the number of O
vacancies is, indeed, greater on Ag doped surfaces than on pristine ones, but the
number of Ce®>" is smaller than on the pristine surface. On Ag doped surfaces, the
H; activation energy is lower than on pristine ceria surfaces, although the number of
Ce3T is smaller. Also, the diffusion of a single H atom, on the pristine CeO, surface,
requires more energy than on the Ag modified one, but then, very easily, it binds
to the hydroxyl group to form water, which leads to the formation of more surface
oxygen vacancies. On the other hand, on the Ag modified ceria surface, contrary to
expectation, the number of oxygen vacancies is smaller, because the energy required
to form water molecules is higher.

From an application point of view, the tendency of hydrogens to remain on the Ag
doped ceria surface is an important result since a good catalytic material for a fuel
cell anode needs to increase the rate of H, dissociation, but then the dissociated H
atoms have to stay on surface, and longer to increase the probability of diffusion to
the PEMFC membrane.
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In Chapter 4, the addition of single Ag atoms to the ceria surface has been investi-
gated also in relation to another reaction: the activation of methane, the main com-
ponent of natural gas, which plays an important part in the global energy production
and consumption [190] . Two ceria surface orientations have been considered, the
(111) and the (100), and we have found that the (100) surface is more active in the dis-
sociation of CHy into CH3 + H. Ag favors the breaking of CHy, since, acquiring the H
electron, it can reach its favorite +1 oxidation state, and also the less charge oxygens,
located near the Ag atom, can reach their favorite -2 oxidation states. Moreover, we
have found that the presence of a single Ag atom allows for the direct conversion
of CHy to methanol, an important fuel used to produce formaldehyde and another
possible fuel for PEMFC. It is important to note that the energy required to produce
methanol, on the Ag:CeO, (111) surface, has been calculated to be less than energy
required to dissociate CHy4 into CH3 + H, and methanol is a quite stable final product
of the reaction.

In the second part of the thesis we have studied maghemite -Fe;O3, one of the less
studied iron oxides. For the first time, the iron vacancies have been treated explic-
itly, see Chapter 5, beyond the mean-field theory. We have found that the presence
of Fe vacancies increases the reduction and oxidation activity of the surface when
compared to the analogous surface of magnetite Fe3O4. Our results go in the direc-
tions to explain the experimental results obtained by Najafishirtari et al. [151]. They
have, indeed, observed that the rate of CO oxidation, which is strongly correlated
to the removal, and adsorption of oxygen atoms from/to the surface, was greater
for the sample with the largest content of maghemite, which is characterized by the
presence of iron vacancies.

The increase of the reduction activity is due to a redistribution of the electronic
charge on the surfaces compared to the bulk. The surface oxygen atoms in the prox-
imity of the Fe vacancies are less charged with respect to those in the bulk, and these
oxygen atoms are more active. On the magnetite surface, instead, where the Fe va-
cancies are not present, all the oxygen atoms are fully charged, and it is more difficult
to remove them. Thus, maghemite is a good candidate for making a catalytic mate-
rial following the Mars van-Krevelen mechanism of reaction.

The adsorption of aisolated Cu, Ag, and Au atoms on the most stable (001) maghemite
surface is favored as reported in Chapter 6. In particular, at room temperature and
pressure the configurations with the noble metal atoms in substitution of iron atoms
are the most stable ones. The presence of noble metal atoms modifies the reducibil-
ity of the surfaces: if the noble metal atoms are in substitution of iron atoms, the
reducibility of the surfaces increases significantly. This is a very promising result
for catalytic reactions, which require the creation of oxygen vacancies, and, among
the noble metal atoms, Ag seems to be the best candidate as single atom catalyst for
these kinds of reactions. Also the adsorption of carbon monoxide is influenced by
the presence of the noble metal atoms: the adsorption energy increases significantly
if the noble metal atoms are only adsorbed on the surface, and the binding energy is
particularly high for Cu.

7.2 Future Perspective

In Chapter 4 we have studied the activation of a single methane molecule on Ag
doped CeO; surfaces. Recently, Xie et al. [28] have found experimentally that single
Pt atom catalysts dispersed on ceria preferentially converted methane in C, prod-
ucts. It should be very interesting to study if also single Ag atoms, dispersed on
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the ceria surface, convert selectively methane in the presence of more than one CHy
molecule per surface unit cell. Moreover, once the activation energies have been cal-
culated, kinetic Monte-Carlo simulations can be performed to simulate the kinetics
of the reactions in time and extract the performance catalyzer parameters.

In Chapter 5 we have investigated the reduction and oxidation properties of the (001)
maghemite surfaces, a possible next step towards the simulation of realistic iron ox-
ide nanoparticles is to study how the redox activity varies if the exposed surface
orientation changes from (001) to (111). Moreover, the surface energies can be inves-
tigated to determine the most stable surface terminations and therefore the shape of
stable nanoparticles.

In Chapter 6 we investigated the adsorption of CO. The next step would be to de-
termine the activation energies required to oxidate the CO molecules comparing the
results obtained on the pristine surfaces with those modified by the presence of dis-
persed noble metal atoms in the different possible configurations.






119

Appendix A

The choice of the Hubbard
parameter U

In this Appendix the geometric, electronic, and magnetic properties of cerium dioxide and
trioxide have been calculated to determine the kind of pseudopotential, and the Hubbard U
parameter to use in the calculations.

The Hubbard parameter U plays a crucial role in describing the localized electron
in the f orbital. In order to determine the U value, we have calculated the geomet-
ric, electronic, and magnetic properties of cerium dioxide and trioxide for different
value of U, and compared our results with the experimental and theoretical val-
ues present in the literature. We have chosen the value which approximates better
the experimental results. We have considered three different pseudopotentials, pro-
jector augmented wave method (PAW), ultrasoft (US) and full relativistic, with the
same Perdew- Burke -Ernzerhof (PBE) approximation [35] to the exchange correla-
tion functional . The cerium atom has twelve valence electrons (4f15525p65d1 6s?) for
the PAW and the ultrasoft pseudopotential, instead it has twenty two valence elec-
trons (5526525p25p44d44d65d1'54f0'50) for the full relativistic one.

A.1 Cerium Dioxide

We have started our analysis from cerium dioxide. In this oxide, the f states of Ce are
empty. Before testing the properties, it is necessary to determine the kinetic energy
cut-off: to find this value we have calculated the total energy as a function of the
lattice parameter for the three pseudopotentials, and we have observed where the
variation was negligible. We can see that for the PAW and ultrasoft pseudopotentials
the energy cut-off at convergence is 80 Ry, instead for the full relativistic one the
energy cut-off required is 175 Ry. These energy cut-offs have been used to calculate
the bulk properties.

A.11 Structural Properties

We have calculated the cerium dioxide’s structural properties (lattice parameter and
bulk modulus) for the three different pseudopotentials, as shown in Fig. A.4. The
black, red and blue values are obtained using the PAW, ultrasoft and full relativistic
pseudopotential, respectively. We have compared our results with the experimental
values calculated by Duclos et al. [141] (orange line), Gerward et al. [191] (cyan and
green lines) and Nakajima et al. [192] (yellow line). In general, increasing the value
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FIGURE A.2: Total energy as a function of the lattice parameter for dif-
ferent values of the cut-off energy calculated with the ultrasoft pseu-
dopotential.

of U, the lattice parameter aj increases linearly as found, previously, by Andersson
et al. [75] and Loschen et al. [193].

In Table A.1 we have compared our results with the theoretical values present
in literature. Our lattice parameters are larger than the experimental value, see Fig.
A4, but they are agreed with the calculated values which are present in literature
obtained with the same kind of pseudopotential. It is, indeed, known that the PBE
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tic pseudopotential.

approximation overestimates the structural parameters, as found in our calculation.
The bulk modulus calculated values are agreed with the experimental value mea-
sured by Duclos et al. [141], but they are smaller than the other measured values. As
for the lattice parameter, our results are similar to the theoretical values calculated
with the same pseudopotentials.

A.1.2 Electronic Properties

It was noted in the literature that cerium dioxide is an insulating material. We have
calculated the band structure, the density of states (DOS) and the partial density of
states (PDOS) using the three different pseudopotentials.

In Figs. A5, A.6, and A.7 the band structures, calculated for different values of
the parameter U with the PAW, ultrasoft and full relativistic pseudopotentials, re-
spectively, are shown. The variation of the band structure due to the change of the
parameter U is very small for all the three pseudopotentials. In Figs. A.8, A.9, and
A.10 we show the density of the states of CeO, changing the value of the U parame-
ter, calculated with the PAW, ultrasoft and full relativistic pseudopotentials, respec-
tively. The principal effect of the on-site correction is the shift of the f states’s peak:
increasing the value of U the f-peak moves towards higher energy for all pseudopo-
tentials. However, as for the band structures, the variation of the density of states,
due to the change of the U parameter, is small.

In Fig. A.11 we have compared the Ceys - O, and Ces; - O, gaps, and the width of
the oxygen band (indicated in Fig. A.23, A.24, A.25) with the experimental results
measured by Wuilloud et al. [200], whereas in Table A.2 we have compared our
results with the theoretical values which are present in literature. Our results un-
derestimate the experimental values of the gap, but they are in agree with the other
theoretical values calculated using a DFT + U approach. The underestimation of the
experimental gaps is an intrinsic problem of DFT calculations. In Figs. A.12, A.13,
and A.14 we show the density of states projected onto the wavefunctions (PDOS)
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TABLE A.1: Calculated values of the CeO, lattice parameter and

boulk modulus.T}}e lattice experimental value is ap = 5.38 A[191], 5.40

AJ191] and 5.41 A[141]. The Bulk Modulus experimental value is B =

220 GPa [191], 176.9 GPa [191] and 204 GPa [192].

Method U(eV) a9(A) B(GPa) References
PAW LDA+U 5.0 5.40 213.7 [193]
PAW GGA+U 3.0 5.48 187.0 [193]
LDA+U 3.0 5.38 210.7 [194]
GGA+U 1.5 5.48 178.0 [194]
FP-LMTO LDA 5.39 214.7 [195]
FP-LMTO GGA 5.48 187.7 [195]
PAW LDA+U 6.0 5.40 217.0 [196]
PAW LDA+U 5.30 5.40 210.0 [197]
PAW PBE+U 4.50 5.49 180.0 [197]
PBEO 5.40 [198]
GGA+U 3.0 5.48 [198]
Hybrid Density Functional HSE 5.40 206.1 [199]
Ultrasoft (PBE) 3.0 5.50 179.8 This work
Ultrasoft (PBE) 45 5.52 175.1 This work
Ultrasoft (PBE) 5.0 5.52 178.5 This work
PAW (PBE) 3.0 5.49 175.2 This work
PAW (PBE) 45 5.50 175.1 This work
PAW (PBE) 5.0 5.50 175.0 This work
Full relativistic (PBE) 3.0 5.48 177.9 This work
Full relativistic (PBE) 4.5 5.49 179.2 This work

Full relativistic (PBE) 5.0 5.49 179.7 This work
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FIGURE A.4: Dependence of the lattice parameter and the bulk mod-

ulus on U (eV) value. Black, red and blue are the values obtained by

the PAW, ultrasoft, full-relativistic pseudopotential, respectively. The

continued green, cyan, orange yellow lines are the experimental val-

ues from Gerward et al. [191], Duclos et al. [141] and Nakajima et al.
[192], respectively.

for all the pseudopotentials. In (a) the PDOS of Ce f states (continued line) and of O
p states (dotted line) and, in (b), the PDOS of Ce d states (continued line) and of O
p states (dotted line) are shown. The PAW and the ultrasoft pseudopotentials show
the same trend, instead the full relativistic shows a shift of Ce d and O p peaks in the
conduction band.

A.1.3 Charge Transfer

When the cerium atom binds to the oxygen atoms to form CeO,, the valence elec-
trons (4f'5d'6s%) move from cerium to oxygen, and, consequently, Ce should have a
theoretical charge of +8 if all the charge is completely transferred to oxygen, consid-
ering 12 valence electrons. We have studied the transfer of electrons analyzing the
Bader charge [87] (see Figs. A.15, A.16), and the occupation of the Ce f orbitals and
O p orbitals using the Lowdin charge [170], [171] (see Fig. A.17) for all the pseud-
potentials. In general, we note that increasing the value of U the charge transfer
increases slightly: a contemporary decreases (increase) of Ce (O) charge is calcu-
lated. The Bader charge analysis shows us that the 4 electrons are not transferred
completely from the Ce atoms to the oxygen atoms: ~9.5¢ are still on cerium instead
of the theoretical 8. The charge transfers calculated using ultrasoft and full rela-
tivistic pseudopotentials are almost the same, whereas for the PAW pseudopotential
the charge transfer is less, as shown in Fig. A.17.
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Dependence on the U value of the band structure of

CeO;, obtained using the PAW pseudopotential. Black, red, green,
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Dependence on the U value of the band structure of

CeO; obtained using the ultrasoft pseudopotential. Black, red, green,
blue, yellow, brown and orange are the values obtained using U = 0
eV, U=3eV,U=4eV,U=45eV,U=5eV,U=6eVand U =9 ¢V,

respectively.

A.2 Cerium trioxide

Cerium trioxide (Ce;O3) has an hexagonal sesquioxide A-type structure. Experi-
ments on the electronic and magnetic properties of Ce;O3 have shown that the oxide
is an antiferromagnetic insulator. Through the standard DFT approach we can not
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FIGURE A.8: Density of states of CeO, obtained by the PAW pseu-
dopotential with different values of U. The calculated electronic gaps
are shown.

describe correctly the Ce,O3’s properties due to the difficulties to localize the cerium
f states appropriately, since the cerium f states are now occupied by one electron.
As for the CeO; oxide we have tested the structural, electronic properties using dif-
ferent pseudopotentials.
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FIGURE A.10: Density of states of CeO, obtained by the full-
relativistic pseudopotential with different values of U. The calculated
electronic gaps are shown.

A.2.1 Structural properties

We show in Fig. A.18 the equilibrium lattice parameters for different values of the
Hubbard parameter. The black, red and blue values are obtained using the PAW,
ultrasoft and full relativistic pseudopotentials, respectively, and the green lines are
the experimental values measured by Pinto et al. [201]. The lattice parameter ag
increases linearly with U, but we can observe two exceptions U= 3 eV for the PAW
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FIGURE A.12: (a) Partial dos of the Ce(4f) and O(2p) states obtained
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and O(2p) states obtained by different values of U. The Ce d states and

the O p states are the continued and the dotted lines, respectively. The
values are calculated with the PAW pseudopotential.

pseudopotential, and U=6 eV for the ultrasoft one. The higher difference in the lat-
tice parameter is observed between U=0 eV and U=3 eV: this variation corresponds
to the transition from a metal (U = 0 eV) and isolant (U = 3 eV). The linear trend
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TABLE A.2: Theoretical CeO; energy gap. In the third column the en-
ergy gap between the Ce(5d) states and the O(2p) states, in the fourth
he energy gap between the Ce(4f) and the O(2p) states. In the fifth
column the width w of the O(2p) states is reported. All the values are
in eV. The experimental values are Eg,p, = 6 eV, E¢q, . =3 €V, and the
p fr
width of O(2p) band , w,is 4 eV.

Method U (eV) Egp io E¢ap o w Reference
LDA 0 5.5 2.5 4 [195]
LDA 0 5.61 2.0 [197]
PBE 0 5.64 2.0 [197]
LDA+U - ~5 1323 [193]
GGA+U - ~5 1323 [193]
PAW 3 5.05 1.25 4  This work
PAW 4.5 4.85 1.2 4.05 This work
PAW 5 4.8 1.15 4.05 This work
Ultrasoft 3 5.0 1.5 3.95 This work
Ultrasoft 4.5 4.8 1.4 4.05 This work
Ultrasoft 5 4.8 14 4.05 This work

Full relativistic 3 5.25 1.35 3.6  This work
Full relativistic 4.5 5.1 1.20 3.6 This work
Full relativistic 5 5.05 140 3.65 Thiswork

30 T I T T T T T T I T
20 |— U3 \ —
L u4 \ :
15— |— U45 \ -
L Us 4
101~ U6 -
= U9 _
N TR S T N /.00 \ W I
8 6 4 2 0 2 4 6 8

Energy (eV)

4 T T T T I T T I T I T
L ®
3 — —
2 //:\Q\ W _

Y

B . Y/ ) 2\ .
1= i ‘:*‘/*‘\/ h\‘ \ If -
L /2R \ S \ ﬂ/ b
0 | I | / |\\ - 4'\\1\\ | 45-'»/:»‘;3\3\ ! J/é,'/f"Fi\:‘-—L\: pzzed

-2 0 2 4 6 8
Energy (eV)

FIGURE A.13: (a) Partial dos of the Ce(4f) and O(2p) states obtained
by different values of U. The Ce f states and the O p states are the con-
tinued and the dotted lines, respectively. (b) Partial dos of the Ce(5d)
and O(2p) states obtained by different values of U. The Ce d states and
the O p states are the continued and the dotted lines, respectively. The
values are calculated with the ultrasoft pseudopotential.

was also observed by Niu et al. [202] and Andersson et al. [75]. We can note that
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]

all the pseudopotentials reproduce correctly the experimental values of the lattice
parameters of the oxide, especially at intermediate value of U, 3<U<b5. The values
of the bulk modulus do not show a regular behavior but there are not experimental
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values to compare with. The lattice parameter ag is in good agreement with the other
theoretical values present in literature, as shown in Table A.3.
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values are obtained with PAW, ultrasoft and full relativistic pseudpo-

tentials, respectively. These values have been obtained for the ferro-

magnetic case. The green lines are the experimental value measured
by Pinto et al. [201].

A.2.2 Electronic and Magnetic Properties

We have tested the electronic and magnetic properties of the Ce;O3 oxide obtained
with the three different pseudopotentials. We have found, in agreement with the
literature, that the antiferromagnetic ground state is more stable than the ferromag-
netic one. In the majority of cases the difference between the two configurations is
0.2/0.3 eV as found by Fabris et al. [194] using a LDA approximation. In Fig. A.19
we show the dependence of the absolute magnetization of the oxide in the antifer-
romagnetic ground state varying the value of the U parameter. We can see that the
ultrasoft and PAW pseudopotentials underestimate slightly the experimental value
measured by Pinto et al. [201] (2.17 up), instead the full relativistic pseudopotential
overestimates it for two values of the parameter U. We have associated an error bar
to the absolute magnetization values obtained with the full-relativistic pseudopo-
tential since the convergence required was less. This has been necessary to make a
SCF cycle. For U equal to 3 eV and 5 eV the values obtained with the PAW and ultra-
soft pseudopotentials fall inside the error bars. In Table A.4 we have also compared
our results with the values reported in literature, and our values are in good agree-
ment with the other theoretical values. To conclude this analysis about the magnetic
properties we have compared the magnetic moment of Ce for different values of the
parameter U as shown in Fig. A.20. The black, red and blue values are obtained
with the PAW, ultrasoft and full relativistic pseupotentials, respectively. For the full-
relativistic pseudopotential we have inserted the error bars since the values are less
accurate. The continued line is the experimental value measured by Pinto. et al.
[201]. In Figs. A.21, and A.22 we show the Ce,O3 band structure, calculated with
the PAW and ultrarsoft pseudopotentials, in the antiferromagnetic case, and in Figs.
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TABLE A.3: Cey03 lattice parameters. The lattice experimental values
are ag=3.888 Aand ¢(=6.063 A.

Method U(eV) ag(A) By (GPa) Reference
LDA +U 5.0 3.85 144.7 [193]
GGA +U 3.0 3.92 128.5 [193]
LDA +U 3.0 3.84 150.9 [194]
GGA (PBE)+ U 1.5 3.94 131.3 [194]
LDA +U 6.0 3.877 [202]
PAW (PBEO) 3.87 [197]
PAW (PBE) 450 392 111 (AF) [197]
PAW (LDA + U) 530 3.86/7 130 (AF) [197]
PAW (PBE) 3.0 3.94 195.7 Present Work
PAW (PBE) 45 3.93 224 Present Work
PAW (PBE) 5.0 3.95 138.4 Present Work
Ultrasoft (PBE) 3.0 3.93 209.0 Present Work
Ultrasoft (PBE) 4.0 3.94 293.9 Present Work
Ultrasoft (PBE) 5.0 3.93 265.4 Present Work
full relativistic 3.0 3.90 121.4 Present Work

full relativistic (PBE) 4.5 3.92 121.1 Present Work
full relativistic (PBE) 5.0 3.92 121.0  Present Work

A.23, A24, A.25 the density of states obtained with the three different pseudopo-
tentials. We note that increasing the value of the parameter U the Ce(5d) and O(2p)
bands tend to move both to higher energies. It is interesting to note that for U less
than 5 eV the f states are separated from the other, whereas, increasing U, they tend
to merge with the oxygen band state valence. In particular, the f peak tends to move
to higher energies for U=3 eV and U=4 eV, and then it moves back to lower energies
until it merges with the oxygen states for the PAW and the ultrasoft pseudopoten-
tials. This mixing was hypothesized by Andersson [75] although occurring at higher
values of U.

In Fig. A.26 we show the Ce(4f) - Ce(5d), Ce(4f)- O(2p) and Ce(5d) - O(2p) gaps,
indicated in Figs. A.23, A.24, A.25. The gaps have been obtained with the three dif-
ferent pseudopotentials, and compared with the experimental values. The black, red
and blue values are calculated with PAW, ultrasoft and full relativistic pseudopo-
tential, respectively. The green line shows the experimental values measured by
Prokofiev et al. [204] and Mullins et al. [205]. Increasing U the valence-conduction
gap (Ce(4f) - Ce(5d)) increases progressively as observed previously by Jiang et al.
[206], and in the range 4<U<5, the gap is similar to the experimental value. The
Ce(4f) - O(2p) gap tends to decrease increasing U, and for U>5 it is almost zero. The
last considered gap is between the O p states and the Ce d states: the gap is almost
constant until U is less than 6 eV, and then it tends to decrease. In Figs. A.28, and
A.29 we show the PDOS on Ce(4f), Ce(5d) and O(2p) for two different values of U
obtained with the PAW and ultrasoft pseudopotentials. We can see the shift of d and
f states towards higher energies introducing the correction of Hubbard. In Fig. A.30
we show the PDOS of Ce;O5 calculated with a full relativistic pseudopotential with
the Hubbard correction.
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TABLE A.4: Theoretical values of the absolute magnetization of
Cep0O3. * f electron in the core, ** f electron in the valence. The exper-
imental value is 2.17 yp/mol measured by Pinto at al. [201].

Method U  up/mol Reference
FP-LMTO* 2.13 [195]
FP-LMTO** 0.72 [195]
LDA 2.29 [194]
LDA +U 3 2.25 [203]
PAW (PBE) + U 3 2.12 Present Work
PAW (PBE) + U 4.5 212 Present Work
PAW (PBE) + U 5 2.12 Present Work
ultrasoft (PBE) + U 3 212 Present Work
ultrasoft (PBE) + U 45 2.13 Present Work
ultrasoft (PBE) + U 5 213 Present Work
full relativistic (PBE) + U 3 222 Present Work
full relativistic (PBE)+ U 5 2.11 Present Work
full relativistic (PBE) + U 6 2.31 Present Work
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FIGURE A.21: CeyO3 band structure obtained with the PAW pseu-
dopotential. The black, red and green points are the energy obtained
withU=45¢eV,6eV,9eV.

A.2.3 Charge Transfer

We have studied the transfer of charge from cerium to oxygen due to the difference
of the electronegativity of the two elements occurring when the cerium atoms binds
with the oxygen atoms. Each unbounded cerium atom has 12 valence electrons, and
we would expect that 3 electrons, for each Ce atom, get transferred to the oxygen
atom after the binding (each O receiving 2 electrons). The Bader charges of Ce and
O atoms, calculated with different pseudopotentials, are shown in Figs. A.31, and
A.32, whereas the Lowdin charges are shown in Fig. A.33. The Bader charge of
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FIGURE A.23: Dependence of Ce;O3 on the value of parameter U.
The values are obtained with PAW pseudopotential

two oxygens is reported since two of the three oxygens present in the bulk are not
equivalent. The Bader charge analysis shows us that the theoretical 3 electrons are
not transferred completely from the Ce atoms to the oxygen atoms: ~9.9¢ indeed
are still on Cerium, instead of the of the predicted 9e. A charge transfer of 2.01e with
respect to the the gas phase is calculated. Increasing the value of the parameter U,
we can see a decrease of cerium charge and an increase of oxygen charge. Thus, in-
creasing U, the calculated charge transfer increases. This behavior is also confirmed
by the occupation of Ce and O states as reported in Table A.5.
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FIGURE A.24: Dependence of Ce;O3 on the value of parameter U.
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We have chosen to set the Hubbard value to 4 eV. Indeed, for this value of U we
can reproduce, in the better way, the experimental gaps of both CeO, and Ce;O3
oxides.
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TABLE A.5: CeyO3 orbital occupation in a isolated atom and in the

Oxyde.

U S p d f Total
Isolated cerium atom - 4 6 1 1 12
Oxide 3 22768 59437 1.6357 1.466 11.0028
Oxide 4 22784 59449 1.6400 1.1258 10.9891
Oxide 6 22890 59518 1.6078 1.0854 10.9341
Isolated oxygen atom - 2 4 - - 6
Oxide, atom 1 3 1.7718 4.9600 - - 6.7318
Oxide, atom 2 3 1.6989 4.8803 - - 6.5792
Oxide, atom 1 4 1.7734 4.9662 - - 6.7396
Oxide, atom 2 4 1.7006 4.8875 - - 6.5881
Oxide, atom 1 6 1.7883 4.9795 - - 6.7678
Oxide, atom 2 6 17164 49078 - - 6.6242
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Appendix B

Reduced cerium configurations in
CeO,/Ag inverse catalysis

In this Appendix we investigate the reduction cerium configurations for thin layer of CeO,
and CeOo_ adsorbed on Ag. Thin layers of oxides supported on metal surfaces form inverse
catalysts. The text of this appendix has been submitted to Material Letters.

B.1 introduction

Ceria (CeOy) is an important metal oxide with a large application potential for cat-
alytic reactions and in the field of energy conversion [25]. The interest stems from
its ability to exchange easily oxygen atoms with its environment, with the conse-
quent change of the oxidation state of the metal cations from Ce** to Ce®" and vice
versa. Recent studies have shown that ceria thin films grown on metal substrates
(named inverse catalysts) can achieve a higher activity for reactions such water-gas-
shift WGS and CO oxidation than conventional catalysts [207], [208]. They have
been shown to have unique catalytic properties different from those of ceria bulk
[209]. The reason for this behavior lies in the relevant electronic charge transfer tak-
ing place between the ceria layers and the metal support [210]. While some theoret-
ical studies have tried to quantify this charge transfer, a detailed investigation of the
induced reduction patterns of the cerium atoms under different situations (number
of ceria monolayers, position of the oxygen vacancies) has never been carried out.
In this letter we provide a detailed investigation of this issue for the cases of one
and two monolayers of ceria deposited on a Ag support, a metal that has been little
considered so far in the literature [210], in contrast to Pt and Cu.

B.2 Method

The spin-polarized calculations were based on the density functional theory (DFT)
using the exchange and correlation functional proposed by Perdew-Burke-Ernzerhof
(PBE) [35] and the DFT+U approach [43] as implemented in the plane-wave pseu-
dopotential PW code of the Quantum Espresso package [82], [83]. For the Ag, Ce and
O atoms we used ultrasoft pseudopotentials. For the 4f states of Ce the U parameter
was set to U = 4 eV. The energy cut-off for the plane-wave expansions of the wave
functions and the charge density were set at 30 and 240 Ry, respectively. For the
charge density integration we employed a 2x2x1 k-point mesh. The calculations
were iterated until the forces were less than 0.01 eV/A. The total energy criterion for
the geometric optimization was set to 10> eV. To model the CeO,/Ag(111) interface
we have used the slab method. The slabs, shown in Fig. B.1, consist of 4 layers of
Ag, of which the last two layers were kept fixed at the bulk equilibrium positions,
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plus one monolayer (ML) of CeO; (case (a) of Fig. B.1) or two MLs of CeO, (case
(b) of Fig. B.1). The slabs were separated along the [111] direction by 15 A of vac-
uum. For the charge density integration we employed a 2x2x1 k-point mesh. The
interface is constructed by a 3x3 surface unit cell of CeO,(111) and a 4 x4 unit cell
of Ag(111). This choice optimizes the lattice register and minimizes the strain in the
ceria overlayer. With this registry the ceria lattice is expanded of only 0.375% with
respect to the bulk lattice. The lattice parameter of the ceria oxide depends also on
the oxidation state of the cerium atoms. The full reduction from Ce** to Ce®*" ex-
pands the lattice parameter of 0.282%, thus almost cancelling the slight mismatch at
the interface. Thus, whatever the oxidation state of the cerium oxide, the strain is
reduced at a minimum. We have considered three possible vertical alignments be-
tween the Ag and CeO, segments: (a) given an Ag atom at the interface, a Ce atom
of the first CeO, ML is aligned along [111] with the Ag atom; (b) an O atom of the
layer below the Ce layer is aligned with the same Ag atom; (c) an O atom of the
layer above the Ce layer is aligned with the same Ag atom. We have calculated the
adhesion energy of the three structures as: E,;, = [E(CeO,/Ag)-E(CeO,)-E(Ag)]/A,
where E(Ag) is the energy of the free-standing four-layers Ag slab, E(CeO,) the en-
ergy of a slab with 1 or 2 CeO; MLs, and A is the interface area. E,;;, measures the
strength of the interface bonding between CeO; and Ag. We obtained for the three
configurations similar values: -3.585, -3.547, and -3.585 eV /nm? for the cases (a), (b),
and (c), respectively. In the following we will consider only the (c) interface.

We have considered three possible vertical alignments between the Ag and CeO,
segments: (a) given an Ag atom at the interface, a Ce atom of the first CeO, ML is
aligned along [111] with the Ag atom; (b) an O atom of the layer below the Ce layer
is aligned with the same Ag atom; (c) an O atom of the layer above the Ce layer is
aligned with the same Ag atom. We have calculated the adhesion energy of the three
structures as: E 3, = [E(CeO,/Ag)-E(CeO,)-E(Ag)]/ A, where E(Ag) is the energy of
the free-standing four-layers Ag slab, E(CeO,) the energy of a slab with 1 or 2 CeO,
MLs, and A is the interface area. E,;;, measures the strength of the interface bonding
between CeO; and Ag. We obtained for the three configurations similar values of
Euan: -3.585, -3.547, and -3.585 eV /nm? for the cases (a), (b), and (c), respectively. In
the following we will consider only the (c) interface.

B.3 Results

B.3.1 1ML CeO; on Ag

Before the formation of the interface with Ag the cerium atoms in the CeO, mono-
layer are all Ce*™ cations. After the interface formation electrons are transferred to
CeO; from the Ag interface layer. Ag oxidation and electron transfer to ceria were
evaluated calculating the Bader charges [87] on the atoms before and after interface
formation. These electrons are not equally distributed among the Ce atoms but go
to fill the f orbitals of only some of them. In our surface cell we have 9 Ce atoms.
Of these cations, six are reduced to Ce3* cations and three remain Ce**t. In Fig. B.2
we show the arrangement of the Ce3* and Ce** cations in the CeO, monolayer. It is
interesting to note that the arrangement forms a new (/3 x+/3) R30 periodicity with
3 atoms per surface unit cell (2 Ce®t and 1 Ce*") instead of the 1x 1 surface unit cell
with 1 atom of unreduced CeO,. The reduction of the Ce atoms is accompanied by a
structural relaxation where the Ce-O bond lengths around Ce®*" become longer. We
have investigated the energy required to remove one surface or interfacial oxygen
atom, and how the number of Ce®>" changes as a consequence of oxygen removal.
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1ML 2ML

CeO2/Ag

Ce02.x/Ag

FIGURE B.1: Side views of the structures considered in this work. (a)

1 ML of CeO; on Ag; (b) 2 MLs of CeO; on Ag; (c) 1 ML CeO;_,/Ag

with 1 oxygen vacancy at the interface; (d) 2 MLs CeO,_,/Ag with 1

oxygen vacancy at the interface. The blue balls indicate the Ag atoms,

the grey balls the Ce atoms, the small red balls the oxygen atoms, the

green balls interface oxygens, and the purple balls is surface oxygen
atoms.
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The oxygen vacancy formation energy has been evaluated as Ef,,,,=E(Ag/CeO,)-
0.5"E(O7)-E(Ag/CeO;) , where E(Ag/CeO,_,) is the energy of the slab without the
oxygen atom, E(Ag/CeQy) is the energy of the slab before the oxygen removal, and
E(O;) is the energy of the oxygen molecule. In Table B.1 we report the calculated
oxygen vacancy formation energies. The oxygen atom is removed from the CeO,
surface layer (Os) or from the interface layer with Ag (Or). We have considered oxy-
gen atoms in two different positions: i) on top of an Ag atom, and ii) in a bridge
position between two Ag atoms. All the oxygens are bonded to two Ce*" atoms and
to one Ce*". We have found that it is easier to remove an interfacial oxygen atom
than a surface one, and Ey,, is slightly less when the oxygen atom is on top of an
Ag atom. The oxygen vacancy formation energy for an interface oxygen is less than
our calculated value for pristine ceria, 2.02 eV. The lower formation energy of the in-
terface oxygen can be due to the increase of the Ce-O; bond length, which is usually
an indication of the decrease of the strength of the bond. The removal of an oxygen
atom, both at the interface or at the surface, doesn’t change the number of reduced
cerium atoms. Thus, the excess of charge caused by the creation of the vacancy is
transferred back to the Ag atoms of the support.
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FIGURE B.2: 1 ML CeO; on Ag. Green balls are the Ce3* atoms. The
Ce**, Ag, and O color codes are the same as in Fig. B.1. The black
lines indicate the new in plane periodicity.

B.3.2 2MLs CeO; on Ag

Also in the case of 2MLs of CeO; electronic charge is transferred from the Ag sup-
port to the oxide. The charge is transferred only to the Ce atoms that belong to the
Cegp layer (see Fig. B.1), in particular to five of the nine Ce atoms, as shown in Fig.
B.3a, where the arrangement of the reduced atoms is shown. Since there are not
reduced cerium atoms in the Ce, surface layer, O are all bonded to Ce** atoms,
whereas the interface oxygens can be bonded to one, two, or three Ce®t, and their
Eform is different. Contrary to what occurs for the case of the single monolayer, it
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TABLE B.1: Oxygen vacancy formation energy Ef,,;, (eV) for 1 and 2

MLs of CeO; on Ag, nCe®" indicates the number of reduced cerium
atoms to which the oxygens are bonded.

O; O;
Top Bridge Top Bridge
nCe’" E form nCe’* E Form nCe’" E form nCe’* E Form
1ML 2 2.25 2 1.85 2 1.40 2 1.49
2ML 0 1.52 0 1.63 0 2.33 2 221
1 2.06 3 2.18
2 2.09

is easier to remove a surface oxygen than the oxygen atoms at the interface layer.
The creation of a surface oxygen vacancy leads to the reduction of two Ce,4 atoms,
second neighbours of the removed oxygen as shown in Fig. B.3b. Ef,, is still less
than on the pristine ceria surface, and it is slightly less for the oxygen atom on top of
Ag. When the interfacial oxygen is removed, instead, no further cerium atoms are
reduced. The excess of charge is, consequently, transferred back to Ag. We note that
the oxygen vacancy formation energy becomes smaller when the number of Ce>"
cations to which the oxygen atom is bonded is larger. This is probably due to the
less strong Ce-O bond lengths, when the cerium atoms are reduced.

i' \ L] - -
“.;"‘. q,’.- "..":“: :;"_ - ."{: .;’
“‘a "u"» ‘c n"’ﬂ“‘c u"t

‘t N/ ‘ ﬁ \/ . ‘o "/ O-
- : oa ! ‘\ 3 ¥4.9® &F e

L Ly 2 =
" \1 \l \J
t! fn \"u'% m .n_w !) rn =

,: .“!Jp ‘d"“' " ‘d’_‘

n *-.,, "u‘\ \n *’i'p "ﬂ;\ \* J""! J'fl;‘ \'

‘.. ‘. ‘ ‘. “"
SIS WS -'.Ow P A .'.0:- P ‘0:-

_u’*o" N S “c‘*u"fo‘? :
\\‘, a'“.‘s \\‘, ot““s e\(, a‘“ﬂs
14‘\ \i i'; fq\ \t t’ fq\ \ln 1:; €.

FIGURE B.3: a) 2MLs CeO;/Ag, b) 2MLs CeO,_, / Ag where a surface
oxygen has been removed. The color code is the same as in Fig. B.2.

B.4 Conclusions

We have found that, because of the presence of the Ag support, or, as a consequence
of oxygen removal, the reduction configurations of the cerium atoms in CeO,/Ag
form ordered long range superstructures as also found experimentally for the case
of Cu support [209].
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