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Abstract 

Heterogeneous catalysis relies on interactions with a material’s surface to lower the energy 

barrier of chemical reactions, thus increasing their rate. Enhancing catalytic performance 

typically involves nanoscale surface modifications designed to increase the density of active 

sites and tailor their geometric and electronic structures at the atomic level, thereby optimizing 

adsorption energies, reaction intermediates stabilization, and turnover frequencies. However, 

the structural complexity of nanostructured multi-component catalysts precludes their 

understanding and rational improvement. 

The work presented in this thesis studies different types of technologically relevant 

nanostructured ceria-based catalysts varying in shape, composition, size and dimensionality. 

Computational simulations are used to understand the effect of the interaction of different 

nanostructures with CeO2 surfaces and elucidate their physical and chemical properties. 

First, metallic Pt clusters supported on CeO2 are studied to address the effects of electron 

transfer between metal particles and reducible oxides (known as Electronic Metal Support 

Interactions - EMSI) on the chemical properties of a Pt8 cluster. A computational strategy is 

proposed and critically evaluated to systematically characterize the electron transfer process 

and the different possible resulting electronic states. The chemical properties of the different 

sites and electronic states of the supported Pt8 cluster are evaluated, revealing significant effects 

in calculated adsorption energies due to EMSI for various reactants and intermediates. 

Second, the structural and electronic properties of the interface between a 2D FeO monolayer 

and the CeO2(111) surface are investigated. Simulations reveal a corrugated interfacial 

geometry, structure, consistent with experimental observations of periodic nanostructures. The 

electronic structure analysis indicates the presence of multiple electronic states, exhibiting an 

intricate interplay between the Fe2+/Fe3+ - Ce4+/Ce3+ redox couples. These calculations also 

reveal the importance of dispersion interactions and oxygen adsorption in the stabilization of 

periodic FeOx 2D nanostructures. 

Finally, the chemical reactivity of an oxidized Pt6O9 cluster supported on CeO2 is investigated 

to rationalize the high catalytic activity of oxidized ceria-supported Pt particles towards the CO 

oxidation reaction below room temperature. Activation energies of CO oxidation on the Pt6O9 

cluster suggest that both the oxidized cluster and gas-phase O2 are the main sources of O atoms 

for CO2 formation. A reaction mechanism is proposed for the reaction on the Pt6O9 cluster 
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where the CeO2 support acts as a spectator for the described catalytic cycles. Kinetic Monte 

Carlo simulations show the proposed mechanism to be consistent with high catalytic activity 

of Pt oxide clusters below room temperature. 

Keywords 

Heterogeneous catalysis; Cerium oxide; Density Functional Theory; Metal-Support 

Interactions 
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Resum en català 

La catàlisi heterogènia es basa en les interaccions amb la superfície d’un material per reduir la 

barrera energètica de les reaccions químiques, incrementant així la seva velocitat. Millorar el 

rendiment catalític normalment implica modificacions a escala nanoscòpica de la superfície, 

aquestes són dissenyades per augmentar la densitat dels centres actius i ajustar les seves 

estructures geomètriques i electròniques a escala atòmica, optimitzant així les energies 

d’adsorció, l’estabilització dels intermediaris de reacció i el nombre de recanvi. No obstant 

això, la complexitat estructural dels catalitzadors nanoestructurats multicomponents dificulta 

la seva comprensió i millora racional. 

El treball presentat en aquesta tesi estudia diferents tipus de catalitzadors nanoestructurats 

tecnològicament rellevants basats en cèria, amb diverses formes, composicions, mides i 

dimensionalitat. S’empren simulacions computacionals per comprendre l’efecte de la 

interacció de diferents nanoestructures amb superfícies de CeO₂ i per determinar-ne les 

propietats físiques i químiques. 

En primer lloc, s’estudien clústers metàl·lics de Pt suportats sobre CeO₂ per analitzar els efectes 

de la transferència electrònica entre partícules metàl·liques i òxids reduïbles (coneguts com a 

Interaccions Electròniques Metall-Suport - EMSI) sobre les propietats químiques d’un clúster 

de Pt₈. Es proposa i s’avalua críticament una estratègia computacional per caracteritzar 

sistemàticament el procés de transferència electrònica i els diferents estats electrònics resultants 

possibles. S’avaluen les propietats químiques dels diferents centres actius i estats electrònics 

del clúster de Pt₈ suportat, denotant efectes significatius en les energies d’adsorció calculades 

a causa de les EMSI per a diversos reactius i intermediaris. 

En segon lloc, s’investiguen les propietats estructurals i electròniques de la interfície entre una 

monocapa de FeO 2D i la superfície CeO₂(111). Les simulacions mostren una geometria 

interficial ondulada, consistent amb les observacions experimentals de nanostructures 

periòdiques. L’anàlisi de l’estructura electrònica indica la presència de múltiples estats 

electrònics, assenyalant una interacció complexa entre els parells redox Fe²⁺/Fe³⁺ - Ce⁴⁺/Ce³⁺. 

Aquests càlculs també revelen la importància de les interaccions de dispersió i de l’adsorció 

d’oxigen en l’estabilització de nanostructures 2D periòdiques de FeOₓ. 

Finalment, s’estudia la reactivitat química d’un clúster oxidat Pt₆O₉ suportat sobre CeO₂ per 

copsar l’elevada activitat catalítica de partícules de Pt oxidat suportades sobre cèria en la 
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reacció d’oxidació de CO per sota de la temperatura ambient. Les energies d’activació de 

l’oxidació de CO sobre el clúster Pt₆O₉ suggereixen que tant el clúster oxidat com l’O₂ en fase 

gasosa són les principals fonts d’àtoms d’oxigen per a la formació de CO₂. Es proposa un 

mecanisme per a la reacció sobre el clúster Pt₆O₉ on el suport de CeO₂ actua com a espectador 

dels cicles catalítics descrits. Simulacions cinètiques de Monte Carlo mostren que el 

mecanisme proposat és consistent amb l’alta activitat catalítica dels clústers d’òxid de Pt per 

sota de la temperatura ambient. 

Paraules clau 

Catàlisi heterogènia; Òxid de ceri; Teoria del funcional de la densitat; Interaccions Metall-

Suport  
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Chapter 1: Introduction 

A chemical reaction is “a process that results in the interconversion of chemical species”.1 In 

this transformation, reactants are transformed into products by a rearrangement of the reactants’ 

atoms to form new chemical bonds. The change in the concentration of reactants and products 

as a function of time is known as the reaction rate. The rate  can be influenced by factors such 

as temperature and concentration of the reactants, as expressed in the general rate equation: 

     (1.1) 

where  is the rate constant (which is independent of the concentration and depends on 

temperature),  and  are the concentration of the reactants, and ,  are constant 

exponents corresponding to the partial reaction orders with respect to A and B. 

An increase in the reaction rate can be achieved by increasing temperature or changes in the 

concentration of reactants (depending on the reaction order). A catalyst, as defined by IUPAC, 

is “A substance that increases the rate of a reaction without modifying the overall standard 

Gibbs energy change in the reaction. The catalyst is both a reactant and product of the 

reaction”.1 From this definition, it can be inferred that the role of a catalyst is to modify how a 

reaction happens (reaction mechanism) to decrease the activation energy and increase the 

reaction rate (Figure 1.1). Once reactants have been transformed into products, the catalyst is 

regenerated and available for taking part in a new reaction cycle. 
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Figure 1.1: Energy profile of a chemical reaction comparing activation energies (Ea) with and without 
catalyst, illustrating its effect in the reaction mechanism.

Catalysis (“The action of a catalyst”)1 can be classified depending on the nature of the 

substance that acts as a catalyst. In homogeneous catalysis, the catalyst is in the same phase as 

the reactants, and in heterogeneous catalysis, the catalyst is in a different phase, e.g. the surface 

of a solid as a catalyst and reactants in gas-phase.2

1.1 Heterogeneous catalysis 

The beginning of heterogeneous catalysis is closely related to industrial processes for the 

production of organic (mainly derived from coal) and inorganic (mostly sulfur and chlorine 

compounds) chemicals.3 One of the most notable industrial process based on heterogeneous 

catalysis is the Haber-Bosch process for the production of ammonia from nitrogen and 

hydrogen, using an iron-based solid catalyst.4 Nowadays, heterogeneous catalysis is involved 

in around 90% of the production of commercial chemical products.5 Catalytic action typically 

occurs on a material’s surface, with which reactants interact and are transformed into products. 

Therefore, characterizing the interaction between a material’s surface and reactants, 

intermediates and products is essential to understand the role of the catalyst in a particular 

reaction.

When a reactant interacts with a surface, the interaction can be physical (physisorption) or 

chemical (chemisorption) in nature. Physisorption is a weak interaction based on the 

polarization of the adsorbate and the surface, while chemisorption involves the formation of a 

chemical bond between the adsorbate and the surface.2 Both interactions can be classified in a 

broad term called adsorption.6 Chemisorption depends strongly on the nature of the adsorption 
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site, where different adsorption sites are available in a surface. Although there are many types 

of adsorption sites, the sites that promote catalytic activity are called active sites.  

If the interaction of a reactant with the active site of a solid catalyst is too strong, the active 

sites in the catalyst will not regenerate and deplete over time (this is known as poisoning of the 

catalyst).7 If the strength of the adsorption is too weak, adsorbates will desorb or diffuse (i.e., 

migrate to a different adsorption site) from the active site too quickly for a reaction to take 

place. The Sabatier principle8 expresses that the optimum performance of a catalyst is achieved 

when the interaction between the adsorbate and the active site is of an intermediate strength 

such that poisoning is avoided and dissociation or diffusion are slower than the catalytic 

reaction.  

Another relevant aspect for heterogeneous catalytic reactions is the nature of the solid catalyst. 

Transition metals (TM) are known to catalyze diverse types of surface reactions such as 

hydrogenation,9 dehydrogenation,10 Fischer–Tropsch Synthesis,11 among many others. Metal 

oxides are also commonly used as solid catalysts12 for reactions like selective oxidation of 

hydrocarbons,13 oxygen evolution,14 hydrogen evolution reactions,15 etc.  

To improve the performance of a solid catalyst, it is necessary to increase the number of active 

sites or modify their chemical properties to enable new reaction mechanisms. This can be 

achieved by nanostructuring active components (increasing surface to volume ratios).16–18 

Another common strategy is the combination of metals and metal oxides to promote the 

formation of new active sites, often resulting in very complex structures such as doped surfaces, 

solid solutions, or supported metal particles of different composition and structural 

arrangements.19 Many of these structures are composed of up to millions of atoms, with ideal 

sizes typically in the nanometer scale. 

1.2 Nanostructured catalysts 

Different nanostructures can be used as catalysts. Metallic nanoparticles20 are a prime example 

because of their increased surface to volume ratio and their higher proportion of 

undercoordinated edge and corner sites, which may have higher activity.21 To stabilize 

nanoparticles and prevent their agglomeration, they are deposited on the surface of another 

material, which then becomes a support. The support can also influence the chemical properties 

of the nanoparticles, and the particle-support interface can even participate in chemical 

reactions. The new properties that emerge from this interaction have been labeled as Metal-

Support Interactions (MSI).22,23  
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MSI depend on the chemical nature of both the nanoparticles and the support, with metallic 

nanoparticles supported on metal oxides being more frequently studied, although oxide 

particles supported on metal surfaces (known as inverse catalysts) have also been 

investigated.24 The interaction of nanoparticles with the support influences their structure and 

size and can give rise to electronic perturbations such as electron transfer. Solid nanostructured 

catalysts are usually quite disordered systems with particles of different sizes and shapes. This 

makes them hard to characterize and precludes establishing reliable relationships between their 

structure and chemical properties. This is especially relevant at the metal-support interface, 

since the interaction between the particles, support, reactants and intermediates at the atomic 

scale will define the catalytic activity of these systems.   

The properties of oxide supports are also relevant in defining the chemical properties not only 

at the metal-support interface but also of the metal nanoparticle as a whole. They can participate 

in chemical reactions via reactive surface oxygen atoms (reducible oxide) through vacancy 

formation25 or as non-innocent non-reducible supports.26 If the oxidation state of surface metal 

atoms in the oxide can change27 due to the interaction with adsorbates or the supported metal 

nanoparticle, new active sites will be generated, and the mechanistic complexity will increase. 

For these reasons, cerium oxide (CeO2) has emerged as a relevant support material for not only 

metallic nanoparticles, but also oxide particles and nanostructures of higher dimensionality.28 

1.3 Cerium oxide and catalytic applications 

Cerium (Ce) is a lanthanide with an electronic configuration of [Xe] 6s2 5d1 4f1. Its most 

common oxidation states are +3 and +4, where the ‘+4’ oxidation state has a noble gas 

electronic configuration, and ‘+3’ oxidation state exhibits a localized electron in a 4f orbital. 

Interestingly, Ce is as abundant as copper in earth’s crust29 and has different technological 

applications, such as in fuel cells30,31 and antibacterial activity.32,33  

As a catalytic material, CeO2 exhibit properties such as Oxygen Storage Capacity (OSC),34,35 

which is related to facile formation and healing of O vacancies, and an active Ce4+/Ce3+ redox 

couple.36–38 These properties enhance the reactivity of CeO2, which participates in relevant 

industrial chemical reactions such as the Water-Gas Shift (WGS) reaction or as part of Three-

Way Catalyst (TWC).39–42 

The structural characteristics of CeO2 surfaces also influence their catalytic activity,43 where 

the most common exposed terminations are (111), (110) and (100). Their predominance 

determines the shape of CeO2 crystals, forming octahedral, rods or cubic nanocrystals, 
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respectively. Which termination is exposed by CeO2 nanocrystals also influences the particle 

size of supported metals and their chemical reactivity towards oxidation reactions.44–46 

Metallic nanoparticles supported on CeO2 can activate surface oxygen atoms to take part in 

oxidation reactions through Mars-van Krevelen reaction mechanism,47 which highlights the 

importance of the reactivity of the support and the different modification strategies to achieve 

more effective and efficient catalysts. Metallic nanoparticles can also transfer electrons to 

CeO2, changing the nature of active sites in the supported particles.48,49  

CeO2 can also act as a support for oxide nanostructures, either in the form of oxide clusters,50,51 

monolayers, or thin films.52–55 This highlights the diverse and rich chemistry of CeO2 surfaces, 

which makes it very difficult to elucidate the origin of catalytic activity of CeO2-based 

materials through experimental evidence only. 

1.4 Computational simulations and models 

Computational simulations have become essential to understand different aspects and uncover 

the complexity around heterogeneous catalysis at the atomic level.56 The increase in 

computational power in the last years57 has made simulations of increasingly complex systems 

composed of hundreds of atoms a routine task. Such computational capacity has made feasible 

the study of the properties of matter on increasingly larger time and length scales.58  

In the case of heterogeneous catalysts, aspects such as catalyst structure, environmental effects, 

mechanistic complexity, and how these aspects relate to each other have become accessible for 

inquiry by means of experimental model catalysts. A model catalyst is a simplification of a real 

catalyst that keeps its most relevant structural features without significantly affecting its 

activity and facilitating the characterization of active sitesç.58–60 The reduced complexity of 

such experimental model catalysts is also easier to address with representative computational 

models than the typically more disordered  industrial catalysts.  

Among the different simulation techniques available, quantum mechanical calculations based 

on the Density Functional Theory have been the most successful in obtaining atomic-level 

insights on the catalytic activity of solid surfaces.61 The computational description of more 

complex nanostructures is still challenging, but represents a step forward in the understanding 

and rational design of new solid catalysts. 
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1.5 Objectives and outline of the thesis 

The main objective of this thesis is to use computational modeling based on Density Functional 

Theory to explore different types of nanostructured catalysts supported on CeO2 and 

characterize their electronic, structural, and chemical properties. To address this objective, the 

following nanostructures are considered: 

 A metallic Pt cluster, for which there are gaps in the understanding of the effect of 

electron transfer to the oxide support on the stability and chemical properties of the 

system. A more efficient computational methodology is required to enable the 

systematic study of such electronic metal support interactions to address its effects on 

the adsorption sites of Pt clusters. 

 A 2D FeOx thin film, to rationalize experimental observations about the structural and 

electronic properties of the resulting oxide-oxide interface. Experimental evidence 

suggests a complex structural arrangement and redox behavior as result of the 

interaction with CeO2, although the structure of the interface and the extent to which 

the Fe2+/Fe3+ and Ce4+/Ce3+ redox couples can stabilize this system is unclear.  

 An oxidized PtOx cluster, to explore its catalytic properties for CO oxidation reaction 

at temperatures as low as -40ºC. Currently, there is not a convincing mechanistic 

explanation supporting the experimentally measured activity at such low temperatures 

and the role of the reducibility of CeO2 is unclear.  

Although the proposed nanostructures explore different structural configurations, their choice 

is motivated by the impact that the reducibility of CeO2 can have on their electronic and 

chemical properties and the general relevance of the CeO2 support in heterogeneous catalysis. 

The present thesis is structured as follows: 

Chapter 2 briefly describes the theoretical background and the computational methods used 

throughout this thesis. 

Chapter 3 proposes a computational protocol for systematically addressing Electronic Metal 

Support Interactions on cerium oxide-based materials, using as a test system a supported Pt 

cluster. The effects of the interaction with the support on the chemical reactivity of the Pt cluster 

are explored under the suggested computational strategy. 

Chapter 4 describes an experimental-computational collaboration to study the modification of 

cerium oxide with iron. In particular, a crystalline FeOx/CeO2 oxide-oxide interface is 
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identified, and its structural and electronic properties are elucidated with computational 

modeling. 

Chapter 5 evaluates the reactivity of ceria-supported PtOx clusters for CO oxidation at 

temperatures below 0ºC. A reaction mechanism is proposed and kinetic Monte Carlo 

simulations are used to explore the catalytic activity of these clusters at different temperatures. 

In Chapter 6, the main conclusions of this thesis are reported. 
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Chapter 2: Theoretical background and methodology 

2.1 The Schrödinger equation 

The main objective of quantum chemistry is to describe the behavior of electrons in atomic and 

molecular systems. The approach is based on solving the Schrödinger equation:1 

                  (2.1) 

This is an eigenvalue equation where  is the Hamiltonian operator,  is the wave function 

which represents the electrons and nuclei of an atomic or molecular system and ε is the energy 

associated with the Hamiltonian operator applied to this wave function. The Hamiltonian 

operator describes the energy of a system by the following equation: 

 

(2.2) 

where the first and second terms are the kinetic energy of electrons and nuclei, respectively; 

the third term is the electron-nucleus attraction and the fourth and fifth term are the electron-

electron and nucleus-nucleus repulsion, respectively. 

Given that nuclei are much heavier than electrons in terms of mass, it is assumed that electrons 

move in a field of fixed nuclei. This assumption is called the Born-Oppenheimer 

approximation2 and reduces the Hamiltonian operator to an electronic Hamiltonian where the 

kinetic energy of nuclei is 0 and the nucleus-nucleus interaction is constant with the form: 

 

(2.3) 

The system to which the Hamiltonian operator is applied is described by the wave function: 

     (2.4) 

Where  represents the spatial and spin coordinates of each electron in the system. But for the 

wave function to have a physical interpretation, the product of the wave function and its 

complex conjugate of it must be taken: 
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    (2.5) 

as this corresponds to the probability density function.  

There are certain mathematical properties that the wave function must satisfy to be a good 

representation for electrons in an atomic or molecular system. First, since electrons are 

indistinguishable from each other, any change in the coordinates of 2 electrons will not change 

the probability of finding those electrons in the same space: 

  (2.6) 

Second, the fact that electrons are fermions which have spin values that are half integers (1/2 

and -1/2) means the wave function should be antisymmetric with respect to the change in 

coordinates of 2 electrons in the system: 

   (2.7) 

Which is the generalization of Pauli’s exclusion principle which states that 2 electrons cannot 

occupy the same state.  

Lastly, given the probabilistic interpretation of the wave function, as shown in eq. 2.5, the 

integration over the space defined by the spatial coordinates of the electrons should be unity. 

 

(2.8) 

If the wave function satisfies this requirement, it’s said to be normalized. 

Wave function methods are based on the use of spin orbitals as representations of the wave 

function. Spin orbitals have a spatial part (spatial orbital) and a spin component, where for a 

single spatial orbital, two spin orbitals can be obtained:3 

 or     (2.9) 

where  is the spatial part and  is the spin part of the wave function. 

For the spin orbitals to satisfy the Pauli principle, the wave function for the whole system can 

be written as a Slater determinant of spin orbitals:4  

   (2.10) 
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Where  represents the number of electrons in the system,  is a normalization factor 

related to the orthogonal nature of the spin orbitals. 

Although they offer high accuracy, wave function methods become extremely expensive for 

large numbers of electrons. However, there is another approach for calculating the electronic 

structure based on the electron density called “Density Functional Theory”. 

2.2 Density Functional Theory 

Density Functional Theory (DFT)5 is a methodology which uses as a central quantity the 

electron density. The electron density can be written as follows: 

 

(2.11) 

which expresses the probability of finding an electron in a given volume element. This quantity 

must vanish when the distance goes to infinity and the result of integrating it must be the total 

number of electrons of the described system.  

If the objective is to describe the properties of a system composed of electrons moving around 

fixed nuclei (following the Born-Oppenheimer approximation) solving the Schrödinger 

equation, using the electron density requires it to fulfill some conditions which are known as 

the Hohenberg-Kohn theorems.6  

2.2.1 Hohenberg-Kohn Theorems 

Two theorems demonstrate that the electron density satisfy the requirements to solve the 

Schrödinger equation. The first theorem states: “The external potential  of a non-

degenerate electronic state is a unique functional of the electron density ”. This theorem 

proves that from an external potential, the total energy of the system can be calculated as: 

    (2.12)    

The term  is known as the universal functional, independent of the number of electrons 

and nuclear coordinates. 

The second theorem states: “For a given density , if this density minimizes the energy, then 

the ground state energy can be obtained variationally”.  This can be expressed simply as:  

      (2.13) 
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Although this is another expression of the variational principle which is central for wave 

function methods, both theorems allow us to replace the 3N dimensions of the wave function 

with the electronic density that depends only on three spatial coordinates. 

2.2.2 Modern implementation of DFT: Kohn-Sham equations 

Under the formalism provided by the Hohenberg-Kohn theorems, Kohn and Sham provided a 

method to compute the energy of any given system.7 Their proposal was to replace the real 

system with a system of N non-interacting particles under an effective potential  that 

matches the original density . Then the total electron density can be expressed as: 

 

(2.14) 

Where the term  is a one electron orbital labeled as the Kohn-Sham (KS) orbital. Having 

calculated the electron density from the KS orbitals, the energy of the system can now be 

expressed as: 

 

(2.15) 

Here, the term TKS[ρ] is the Kohn-Sham kinetic energy of the electrons in the non-interacting 

system and the effective potential  can be considered as follows: 

        (2.16) 

where  is the external potential,  is the Coulombic repulsion between electrons 

and  is the exchange-correlation potential. The exchange-correlation potential is the 

functional derivative of the exchange-correlation functional  and represents the energy 

difference between the non-interacting system and the real many-body system. The exact 

expression of the  in unknown and must be approximated for calculating the total energy 

of a system.  

2.2.3 Exchange-correlation functionals 

In order to perform a DFT calculation, an approximate  must be used. Several functionals 

have been proposed over the years with increasing complexity and computational cost. These 
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functionals have been classified in Jacob’s Ladder,8 which showcases different levels of 

sophistication with the last step in the ladder being the exact form of the exchange-correlation 

functional. The first and simplest approximation to the  is the Local Density 

Approximation (LDA),9 which depends only on the electron density and describes it as a 

homogeneous electron gas. 

 

(2.17) 

This family of functionals have good performance for bulk metals which have homogeneous 

electronic distributions, but for atoms and molecules its accuracy is rather poor. 

The next step is the Generalized Gradient Approximation (GGA) functionals,10 where the 

gradient of the density ( ) is included explicitly. 

 

(2.18) 

The inclusion of  allows an appropriate description of variations in the electron density 

for smaller systems such as atoms or molecules. Further improvements on  come from 

including the Laplacian of the density in what are known as meta-GGA functionals or including 

part of non-local exchange from HF into the  forming the hybrid functionals. 

In this thesis, only the GGA functional Perdew-Wang 91 (PW91)11 is used for all calculations. 

PW91 offers a good compromise between accuracy and computational cost for systems with 

large numbers of atoms.12,13 

2.2.4 Extended systems 

To perform a DFT calculation and correctly describe the electron density, basis functions are 

needed. For atomic and molecular systems, localized basis functions such as Gaussian-type 

orbitals (GTO) or Slater-type orbitals (STO) are used.3,14 However, systems with periodic 

structures such as solids need to be described by other types of basis functions such as plane 

waves. 

    (2.19) 
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where k is a wave vector. Plane waves are not centered around atoms but are distributed across 

space which makes them very convenient to evaluate periodic systems. However, large 

numbers of plane waves are required to describe all electrons in atoms, especially those in core 

regions. To address this issue, the Projector Augmented Wave (PAW)15 method is used. This 

method treats core electrons as fixed electrons using pseudopotentials and explicitly evaluating 

only valence electrons that are relevant for chemical processes such as bonding.  

For this thesis, the PAW method as implemented in the Vienna Ab-initio Simulation Package 

(VASP)16–18 is used for all calculations. The energy convergence threshold for the self-

consistent field calculation is 5×10–6 eV and for geometry optimizations, atoms are allowed to 

displace until the forces acting upon them are smaller than 0.05 eV Å-1.     

2.2.5 On-site Coulomb interactions: DFT+U 

In DFT calculations using approximations to the  such as GGA functionals, there is an 

incomplete cancelation of the unphysical interaction between an electron and the electron 

distribution to which that same electron belongs. This is called the self-interaction error (SIE) 

and in the case of strongly correlated systems with electrons localized on d or f orbitals, it can 

lead to wrong half-occupancies of these orbitals. An effective approach to deal with SIE and 

obtain a correct physical localization of these electrons is to introduce an additional term to the 

total energy, through a semi-empirical parameter Ueff which specifies the strength of the on-site 

Coulomb interaction: 

 

(2.20) 

where  is the density matrix of the orbitals to which the correction is applied. The result 

of this correction is an energy penalty for half-occupied states, making either a fully occupied 

state or an unoccupied state lower in energy (i.e. more stable). 

In this thesis, Ueff values of 4 eV for 4f electrons of Ce and 5 eV for 3d electrons of Fe are used, 

as described in references 19 and 20, respectively. The implementation of this correction in 

VASP corresponds to the approach proposed by Dudarev et. al.21 

2.2.6 Dispersion corrections 

Another limitation of DFT is the lack of description of dispersion or Van der Waals (VdW) 

forces. These arise from fluctuations of the electron density that originates instantaneous 
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dipole-dipole interactions. Dispersion forces are long-range forces, in distances from atomic 

nuclei where the electron density is smaller. To account for these forces, a straightforward 

solution is provided by including a semi-empirical term to the total DFT energy:22 

     (2.21) 

The dispersion energy term is given by: 

 

(2.22) 

where  is a scaling factor that depends on the density functional chosen,  is the dispersion 

coefficient for the atom pair  and  is the interatomic distance between atoms . The  

term is a damping function to avoid errors for small  values. 

For this thesis, Grimme’s D2 correction23 was used for the PW91 functional where  and 

values for Ce are 20.0 (J·nm6/mol) and 1.860 Å,24,25 for Fe are 10.8 (J·nm6/mol) and 1.562 

Å23 and for O atoms, the values are 0.7 (J·nm6/mol) and 1.342 Å.23 

2.3 Transition State Theory 

The first assessment of the rate of a chemical reaction was done by Arrhenius26 in 1889 to 

explain the temperature dependence of reaction rates: 

     (2.23) 

where  is a pre-exponential factor,  is the activation energy of the reaction,   is the gas 

constant and  is the temperature in Kelvin.  

Later, Transition State Theory27,28 postulates the existence of an intermediate structure between 

reactants and products, called the transition state (TS). In this theory, reactants and products 

are located at local minima points of a Potential Energy Surface (PES), which correlates the 

energy of chemical species with their coordinates in space.29 In a chemical reaction there is a 

change in the structure of reactants that requires a displacement through the PES from one local 

minima point to the other. The displacement of the atoms of the reactants will generate an 

intermediate structure, the TS. This TS is considered a saddle point in the PES because it 

minimizes the forces acting upon the atoms, while being a local maximum of the energy. 
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The energy difference between the reactants and the TS is the activation energy and is related 

to the reaction rate by the following equation: 

 

(2.24) 

where  is Boltzmann’s constant,   is Planck’s constant and with  and  being the 

partition function of the TS and the reactants, respectively. 

For the calculation of transition states, the Nudged Elastic Band (NEB)30 method is used. This 

method optimizes a certain number of intermediate structures (images) between reactants and 

products. The optimization of the images considers the total force acting on the image as a sum 

of a spring force along the reaction coordinate and the force perpendicular to the reaction 

coordinate. The structure of a TS is the one where the forces along the reaction coordinate are 

zero. An improvement of the NEB method is the Climbing Image Nudged Elastic Band (CI-

NEB),31 where the forces on the image with the highest energy are calculated only 

perpendicular to the reaction coordinate without considering forces along the reaction 

coordinate. 

In this thesis, the NEB and CI-NEB methods are used to calculate transition states, where the 

CI-NEB method is applied to refine reaction coordinates calculated initially with the NEB 

method. 

2.4 Kinetic Monte Carlo simulations 

Electronic structure calculations have become an indispensable tool for rationalizing catalytic 

activity and reaction kinetics, where they can be used to understand the average kinetic 

properties of a catalyst based on the coverage by adsorbates. This requires a catalyst with 

uniform active sites, but real catalysts have different types of active sites which necessitate a 

more detailed description. 

Kinetic Monte Carlo (kMC)32 is a set of simulation techniques for reaction kinetics where 

reactive events are defined, and their occurrences are randomly generated. In kMC simulations, 

a system consists of a set of active sites where reactive events take place and the main objective 

is to solve the chemical master equation: 
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(2.25) 

where  is the probability to find the system in the state  and  corresponds to the 

transition rate from state  to , as given in eq. 2.24. The states can be defined as the specific 

occupation of a given site. 

There are several methods to perform a kMC simulation. One of them is the First Reaction 

Method (FRM) which consists on chronologically executed reactive events based on a random 

uniform time of occurrence: 

 

(2.26) 

For a process ,  is the time when the event takes place,  is the initial time,  is the 

rate constant for the process and  is a random uniform value in the interval from 0 to 1. 

In this thesis, kMC simulations are performed using the FRM as implemented in the 

MonteCoffee application developed by Jørgensen and Grönbeck.33  
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Chapter 3: Electronic Metal-Support Interactions: Pt/CeO2 case 

systems. 

3.1 Introduction 

Metal-Support Interactions (MSI) induce significant changes in the electronic and geometrical 

properties of supported metals.1–3 These changes can notably affect the catalytic performance 

of the latter. The first type of MSI to be identified was Strong Metal-Support Interactions 

(SMSI) inhibiting the chemisorption of molecules on noble metals supported on TiO2 resulted 

from the encapsulation by the oxide.4  

EMSI (Electronic Metal Support Interactions) are a particular type of MSI referred to a electron 

transfer processes taking place between a metal particle and a reducible support. This effect 

was first identified for Pt clusters supported on CeO2,5 and since then this behavior has been 

observed for different metals and reducible oxides.6–10  

EMSI opens new possibilities for tuning reactivity through changes on the oxidation state of 

metal atoms at the interface with the support.11 Different charge states of supported metal 

particles can be exploited to modify their chemical reactivity and thus promote new catalytic 

processes of fundamental and applied importance.12,13 

Important factor for the evaluation of the EMSI effects on the chemical reactivity at metal-

oxide interfaces is the characterization of the different charge states of the supported metallic 

species.14–16 These states are described by the total number of electrons that a metal particle 

can donate to the reducible oxide (or receive from the latter).17 Such electron donation often 

results in a high number of possible electronic states defined by the number of reduced atoms 

in the oxide support and positions of the reduced atoms with respect to the metal particle.18,19 

The stability of different electronic states and the effect of changes in the oxidation states of 

metal particles and reducible supports are not well understood. Factors such as particle size, 

chemical evolution of supported particles due to oxidative or reductive reaction conditions may 

hinder the extent up to which EMSI can influence the catalytic activity at the metal-oxide 

interface.20–24 

Computational simulations allow a detailed exploration of the multitude of electronic states of 

supported metal particles and predicting the influence of various states on the chemical 

reactivity of the metal-oxide interface.25 However, a systematic approach to EMSI is lacking 
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due to numerous electronic states involved, difficulties with the accurate description of highly 

correlated materials (for instance, CeO2), and designing representative structural models of 

supported metal particles. 

This chapter outlines a computational methodology for a systematic characterization of the 

EMSI in CeO2-based materials. In particular, a Pt8/CeO2(111) model is studied, addressing its 

different electronic states by explicitly considering the electron transfer process, changes in the 

charge state of the supported Pt8 cluster and impact of these phenomena on the chemical 

properties of the metal-oxide interface.  

3.2 Computational Models 

Pt particles are represented by an 8 atoms platinum cluster supported on a (3 3) CeO2(111) 

surface formed by 3 O-Ce-O tri-layers. The bottom tri-layer of the surface model is kept fixed 

on bulk positions. (Figure 3.1).  

 

Figure 3.1: Pt8/CeO2 model, where a) top view and b) side view. Numbers indicate the labels designated 
for different Ce atoms in the surface (bold numbers) and Pt atoms of the cluster (italic numbers), 
respectively. Beige, red and grey spheres represent Ce, O and Pt atoms and the dashed lines outline the 
3 3 CeO2 surface supercell. 

The lattice parameter of the CeO2(111) support is 5.41 Å, which is the experimental lattice 

parameter, and it is compressed by 1.46% with respect to the optimized lattice parameter of 

5.49 Å obtained for the PW91+U methodology described in Chapter 2.  

To describe the changes in the oxidation state of Ce atoms in the support, a special 

pseudopotential that fixes 4f electrons in the core to explicitly define a Ce3+ cation is used. This 

potential is called Ce_3 (11 May 2000) in the VASP pseudopotential library and for the purpose 

of this work it will be called Ce4f-core potential. In the same venue, the pseudopotential that 

treats explicitly the 4f electron of Ce atoms will be labeled as Ce4f-valence potential. The use 
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of Ce4f-core potentials along with local relaxations at the non-spin polarized level results in 

pre-conditioned structures with the desired number and positions of Ce3+ cations that induce 

structural perturbations in the surface. 

Using this previously optimized structure and a proper initial guess for the magnetization of 

the corresponding Ce3+ (± 1), a local relaxation at the spin polarized level with an explicit 

treatment of 4f electrons is carried out. However, this procedure does not ensure the 

convergence to the desired electronic state. 

In a (3 3) supercell, the Pt clusters are separated by ~5.9 Å from their respective periodic 

images, thus ensuring a good compromise between particle density and computational cost. 

Another important aspect is that a (3 3) supercell consists of 9 surface Ce atoms, which makes 

possible a systematic evaluation of different electronic states, considering different numbers 

and positions of Ce3+ around the Pt8 cluster. 

3.3 Results 

For the characterization of different electronic states of Pt8/CeO2, it is necessary to calculate 

the total energy of systems with different numbers and positions of Ce3+ cations. For that the 

electronic states accessible for the system are calculated using the Ce4f-core potential to 

describe the present Ce3+ cations and the standard Ce4f-valence potential to describe the Ce4+ 

cations. This approach has the advantage of precisely defining different electronic states. On 

the other hand, it introduces changes in the basis sets of systems with different numbers of Ce3+ 

cations, which hampers energy comparison of such systems. To overcome this problem, 

structures obtained with the Ce4f-core potential are subsequently optimized using the Ce4f-

valence potential, treating explicitly 4f electrons. Thus, obtained results allow for comparison 

of electronic states of a given stoichiometry with different numbers of Ce3+ cations and the 

identification of the most stable electronic state. Energies obtained for electronic states 

calculated with Ce4f-core potential can be shifted by the energy differences between the most 

stable states for each particular number of Ce3+, as shown in Figure 3.2 
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Figure 3.2: Relative energies of electronic states calculated with Ce4f-core (black marks) and Ce4f-
valence (red marks) potentials for different numbers and positions of Ce3+ cations formed by electron 
transfer from the Pt8 cluster to the CeO2(111) support. Numbers next to the red marks indicate the 
positions of Ce3+ labeled in Figure 3.1 and dashed lines connect the same electronic states calculated 
combining the Ce4f-core with Ce4f-valence potentials (for the 4f1-Ce3+ and 4f0-Ce4+ cations, 
respectively) and solely using the Ce4f-valence potentials for both the Ce3+ and Ce4+ cations.

ΔE(Ce4f-core) shows that different electronic states can feature energy differences up to 0.82 

eV, depending on the relative positions of Ce3+ cations on the surface with respect to the Pt8

cluster. The most stable electronic state corresponds to 3 transferred electrons to the CeO2(111) 

surface; the energy difference with the most stable states for 2, 1 and 0 transferred electrons is 

0.03, 0.22 and 0.54 eV, respectively. Also, there are several states with energy differences below 

0.1 eV which imply a high mobility of Ce3+ cations on the surface.

As can be seen in Figure 3.2, the energy differences between the same electronic states 

described by Ce4f-core and Ce4f-valence potentials do not match exactly, but a trend of 

stabilization observed by explicitly accounting for the 4f electron is reasonably well 

reproduced. These energy differences in case of the usage of Ce4f-core potential can be 

attributed to such factors as absent magnetic coupling of 4f electrons, the impossibility of core 

electrons to participate in bonding (Ce-O bonds) and stronger electrostatic interactions.
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Interesting trends have been observed regarding the formation of Ce3+ cations. Positions close 

to the Pt8 cluster seem to be more favorable for the localization of 4f electrons. This may be 

explained by the interaction between the Pt8 cluster and the CeO2 surface, where Pt-O bonds 

will lead to distorted Ce-O bonds, creating more space around those Ce atoms to accommodate 

an extra electron. Also, the formation of a Ce3+ cation will create distortions in the surface Ce-

O bonds, where an O-Ce4+ bond is ~2.3 to 2.45 Å long, while an O-Ce3+ bond is somewhat 

longer, ~2.4 to 2.6 Å. The O-Ce3+ bond distances are in very good agreement, when calculated 

using Ce4f-core and Ce4f-valence potentials to describe Ce3+ cations. The close agreement of 

the bond-lengths obtained by using the two kinds of potentials in describing this key structural 

parameter further corroborates the strategy to use the Ce4f-core potential to precondition the 

structure of Pt8/CeO2 before describing Ce4f electrons explicitly. 

After illustrating the reliability of the Ce4f-core potentials to describe the formation of Ce3+ 

cations in the CeO2(111) surface area, the next step is to analyze the effects of EMSI on the 

electronic structure of the supported Pt8 cluster. Given the different computational approaches 

that can be used to explore EMSI, such as Ce4f-core potentials or the consideration of spin 

polarization, it is important to address the impact of these approaches on the description of the 

electronic properties of the Pt8 cluster. The changes in the electronic structure of the Pt8 cluster 

upon electron transfer are described by the evolution of its Density of States (DOS) and by a 

Bader charge analysis. 
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Figure 3.3: Total Density of States of the Pt8 cluster supported on CeO2(111) for the most stable 
electronic state calculated for a particulate number of Ce3+ cations formed: electron transfer (ET) of 0, 
1, 2 and 3. Energies are shifted with respect the Fermi levels indicated by the vertical dashed line. 

Given the complexity of the electronic structure of the entire Pt8 cluster for different electronic 

states (see Figure 3.3), the projected Density of States (pDOS) on specific atoms of the Pt8 

cluster is analyzed comparing the state with no electrons transferred with the most stable state 

with 3 electrons transferred (Figure 3.4), for a Pt atom at the interface with the CeO2 support 

and a Pt atom in the upper layer of the cluster most distant from the support. 
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Figure 3.4: Projected Density of States (pDOS) of a) Pt-1 and b) Pt-8 atoms (the numbers are the labels 
defined in Figure 3.1) for the most stable electronic state obtained (3 electrons transferred) and the 
electronic state without electrons transferred to the CeO2 support. The vertical dashed line indicates the 
Fermi level as reference value for the energy values. 

From the pDOS plots, it can be inferred that EMSI noticeably influence interface Pt atoms, 

while Pt atoms that are not in direct contact with the surface are barely affected. Another result 

is inhomogeneous charge redistribution upon electron transfer, given the shift in the pDOS 

peaks for the interface Pt-8 atom. 

The inhomogeneous effect of EMSI in the electronic structure of the supported Pt8 cluster is 

also described by a Bader charge analysis. The differences in the atomic charges of the Pt8 

cluster calculated for different electronic states show that interface atoms are the most affected 

by electron transfer (Figure 3.5). 
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Figure 3.5: Bader charges (q) of atoms of the Pt8 cluster supported on CeO2. The charges are calculated 
for the most stable electronic state from 0 to 3 electrons transferred (ET), with Pt atoms colored 
according to their respective charge indicated by the right-hand side color bar: red is negative charge 
and blue is positive charge. Black circles denote Ce3+ cations in the surface. 

After exploring the EMSI effects on the electronic structure of Pt8 clusters, the next step is to 

evaluate the chemical properties of the clusters and how electron transfer can impact them. 

From the characteristics evaluated from pDOS and Bader charges, two adsorption sites are 

defined in the cluster at the interface and in the second (upper) layer, exploiting the features 

derived from the electronic structure analysis performed. First, it is necessary to assess how 

suitable Ce4f-core potentials are for the description of chemical properties of the cluster such 

as adsorption energies. For this, a CO molecule is used as a probe molecule comparing different 

adsorption sites and electronic states. 
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Figure 3.6: CO adsorption on second layer (Pt-1) and interface (Pt-8) atoms of the Pt8 cluster supported 
on CeO2(111). Adsorption energies are calculated using spin-restricted and Ce4f-core (circles) approach 
compared to the corresponding spin-unrestricted and Ce4f-valence (squares) data. The adsorption 
geometry is illustrated on the right-hand side panels. 

CO adsorption energy is calculated as: 

Eads = E(Ads-Pt8/CeO2) – E(Ads) – E(Pt8/CeO2) 

where E(Ads-Pt8/CeO2) and E(Pt8/CeO2) are the total energies of the system with and without 

the adsorbate, respectively. As seen in Figure 3.6, the Ce4f-core potential shows quantitative 

agreement in describing the changes induced in the electronic structure of supported Pt8 clusters 

with respect to Ce4f-valence potential, with the biggest difference in adsorption energy below 

~0.1 eV and thus reproducing the changes in the chemical properties of Pt8 sufficiently well.  

Beyond CO molecule, the effect of EMSI on the chemical reactivity has been evaluated for 

three other typical adsorbates and reactants - H atom, H2O and OH molecules (Figure 3.7). 
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Figure 3.7: Adsorption energy of H, H2O, OH and CO on Pt8/CeO2(111) for the most stable electronic 
states from 0 to 3 transferred electrons. The black and red markers represent the second (upper) layer 
adsorption site and the interface adsorption site, respectively. The adsorption sites evaluated are 
illustrated in the right-hand side panels. 

The adsorption energies at the interface site evolve as a consequence of EMSI, where upon 

electron transfer the interaction of the adsorbates becomes stronger while the second-layer site 

is much less affected. Given that without electron transfer the second-layer site is a more 

favorable adsorption site, EMSI can strengthen the adsorption energy on the interface site by 

up to 0.3-0.5 eV and produce an inversion in the preferred adsorption site. An intriguing aspect 

of the adsorption energy change is that the EMSI does not alter the bond distances between Pt 

atoms and the adsorbate. This effect might be attributed to electrostatic interactions between 

Ce3+ centers and interface Pt atoms. 
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3.4 Conclusions 

The results presented in this chapter have provided backgrounds for a computational strategy 

to systematically evaluate EMSI effects on platinum clusters supported by CeO2. The use of 

the Ce4f-core potential has allowed an exhaustive evaluation of all electronic states available, 

revealing energy differences up to 0.8 eV between electronic states with different numbers of 

Ce3+ cations and their positions with respect to the supported Pt cluster, establishing a 

stabilization of ~0.5 eV due to the transfer of up to 3 electrons towards the CeO2(111) support. 

Changes in the electronic structure of the Pt8 cluster due to EMSI were addressed by means of 

pDOS and Bader charge analysis, which revealed that interface Pt atoms are the most affected 

by EMSI. The use of the Ce4f-core potential reproduces reliably the changes in the electronic 

structure of Pt atoms, both in terms of orbital filling and charge distribution. 

Chemical properties of supported Pt clusters are also affected by EMSI, where changes in their 

electronic structure and charge distribution at the metal-oxide interface strengthens bonding 

with different adsorbates. The chemical properties at cluster sites that are not in the interface 

are barely changed for the different electronic states sampled. This suggests the possibility of 

tuning chemical properties through the electron transfer from metal particles to reducible oxide 

supports by changing the positively charged states of reactive metal centers. 

To summarize, the Ce4f-core potential allows for a systematic and reliable exploration of 

electronic states generated due to EMSI on CeO2 supports. The data calculated using this 

potential reproduces the changes in the electronic structure and chemical properties of 

supported metal clusters, overcoming previous convergence issues happened with the Ce4f 

electron localization when using the common Ce4f-valence potential. 
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Chapter 4: Electronic and Structural Properties of FeO/CeO2 

system 

4.1 Introduction 

Cerium oxide (CeO2) is a relevant material for different applications such as energy storage or 

heterogeneous catalyst for reactions like water-gas shift (WGS) reaction,1 because of its easily 

removable surface oxygen atoms and the properties of the Ce4+/Ce3+ redox pair.1,2 CeO2 can 

also be modified by metals in the form of either supported metal particles (giving rise to MSI) 

or as dopants.3,4 Although ceria-supported noble metals have shown excellent catalytic 

performance,5 their high cost limit scaling and wide implementation. This makes the 

modification of CeO2 by more abundant and cheaper transition metals (TM) an attractive 

choice to improve its catalytic performance and cost-effectiveness.4 

Among the different TM, iron (Fe) has been explored as a promising alternative to modify 

CeO2,6–11 improving its catalytic performance for reactions such as CO oxidation and NO 

oxidation.12–17 This can be attributed to changes in the morphology with a higher number of 

active sites, favorable electron transfer between Fe2+-Ce4+ and Fe3+-Ce3+ sites, enhanced 

oxygen vacancy formation (and the related oxygen storage capacity) of ceria, and stabilization 

of more dispersed supported metal particles.16 

Despite evidence of the improved catalytic activity by Fe-modified CeO2, the nature of the Fe-

Ce interaction is still debated. There are contradictory reports about the formation of solid 

solutions after Fe doping.14,18 Other studies focused on the combined redox behavior of Ce 

(Ce4+/Ce3+) and Fe (Fe2+/Fe3+) and how this is a consequence of more favorable oxygen 

vacancy formation,7,12,19 while similar studies show absence of Ce3+ due to the distribution of 

Fe3+ and decreased oxygen vacancy concentration.18 It is worth noting that most of these studies 

are focused on complex powder catalysts, rather than well-ordered model catalysts. 

An experimental-computational collaboration was carried out to obtain a better understanding 

of the catalytic materials formed by combining Fe and CeO2 interaction, studying model 

Fe/CeO2 catalysts by combining spectroscopic, microscopic and computational techniques. 

The main objective of this chapter is to present computational results obtained from DFT 

calculations to describe the stability, structural and electronic properties of the FeOx/CeO2 

oxide-oxide interface. 
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4.2 Experimental results

The model system prepared experimentally shows many of the surface sites that define the 

catalytic properties of FeOx-CeO2 systems: CeO2(111) facets and step edges, FeOx 3D clusters, 

FeOx 2D layer and the FeOx/CeO2 interface. Importantly, a 2D FeOx thin film supported on the 

CeO2 was observed by scanning tunneling microscopy (STM) and low energy electron 

diffraction (LEED), as observed in Figure 4.1. STM images reveal a thin film structure, with a 

constant average height over the CeO2 support while LEED images show the unit cell of both 

CeO2 and FeO and a Moiré superstructure as consequence of the FeO-CeO2 interface.

Figure 4.1: Experimental measurements of the structure of the FeOx thin film supported on CeO2. a) 
STM image. The red line corresponds to a height profile shown in the bottom right plot. b) LEED 
measurement indicating the symmetry of the unit cells of the CeO2(111) surface,the 2D FeOx layer, and 
the Moiré superstructure formed (shown by blue, green and red parallelograms, respectively).

The oxidation state of Fe atoms that belong to the FeOx 2D layer was characterized by X-ray 

photoelectron spectroscopy (XPS), shown in Figure 4.2. XPS shows a higher proportion of 

Fe3+ over Fe2+ in the thin film, but also reveals information about the oxidation states of Fe 

atoms in the diverse types of nanostructures formed at the CeO2 surface. 
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Figure 4.2: XPS Fe 2p core level spectra of FeOx nanostructures on the CeO2(111) surface, where a-d) 
are FeOx clusters of different sizes, e) is a 2D FeOx thin film and f) big oxidized FeOx clusters formed 
by the same treatment than the 2D FeOx thin films. Green, blue, pink and grey peaks correspond to the 
oxidation states of Fe2+, Fe3+, Feδ+ and Fe0 respectively. 

4.3 Computational Models 

Different structural models were proposed to study the stability, electronic structure, and 

geometric features of the two-dimensional FeOx thin films, both exhibiting, as revealed through 

the experimental techniques, a single layer FeO film with the hexagonal symmetry supported 

on the CeO2(111) surface. In particular, we considered a smaller 2 2 supercell of the hexagonal 

FeO monolayer (ML) supported on a √3 √3 supercell of the CeO2(111) surface (Figure 4.3a), 

and a larger  6 6 supercell of the same FeO hexagonal ML supported on a 5 5 supercell of 
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the CeO2 (111) surface (Figure 4.3b). These models allow evaluating different properties of the 

system such as stability with respect to Fe-doped models and 3D FeOx particles, electron 

transfer from FeO to CeO2, structural features,and reactivity towards further oxidation of the 

FeO ML. 

Figure 4.3: Structural models for FeO/CeO2(111) interface. a) FeO(2 2)/CeO(√3 √3) and b) 
FeO(6 6)/CeO2(5 5) supercells respectively. Blue and red circles correspond to Fe and O atoms from 
the FeO thin film, while beige and orange circles represent Ce and O atoms from the CeO2 support. In 
b), regions with different positions of Fe atoms with respect to the CeO2 support are indicated and the 
dashed lines denote the supercell boundaries.

Since the optimized lattice parameters of the hexagonal FeO ML and the CeO2(111) surface 

are incommensurate (3.35 and 5.48 Å respectively), it is necessary to apply a some strain 

(artificial expansion or compression) in one of the components to make both supercells 

commensurate. To explore the properties of FeO minimizing the biases from the structural 

design of the models, the lattice parameters of the CeO2 support were modified. For the 

FeO(2 2)/CeO(√3 √3) model, a compressive strain of 0.16% was applied while for the 

FeO(6 6)/CeO2(5 5) an expansion of its lattice parameter by 3.63% was necessary to make 

the FeO and CeO2 supercells commensurate. For both models, 10 Å of vacuum were considered 

in the z-axis, while the CeO2 support consists of three O-Ce-O tri-layers with the bottom tri-

layer kept fixed on bulk positions.

As shown in Figure 4.3, the FeO(2 2)/CeO(√3 √3) model consists of 4 FeO units supported 

on 3 CeO2 surface units. This computationally tractable system size makes feasible the 

evaluation of different orientations of the FeO ML with respect to the CeO2 support and of 

various resulting electronic states. By contrast, the FeO(6 6)/CeO2(5 5) model reproduces 
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the coexistence of different Fe-CeO2 positions in the Moiré lattice, but the large size of this 

system limits the number of evaluated orientations and electronic states.

4.4 Results

Using DFT calculations, the structural of the two different models was locally relaxed, 

revealing that the interactions between the FeO ML and the CeO2 support leads to a corrugated 

FeO structure. The FeO(2 2)/CeO(√3 √3) model shows a corrugation of ~0.7 Å, while the 

FeO(6 6)/CeO2(5 5) model shows a corrugation of ~2.3 Å. The height profiles of both 

models can be seen in Figure 4.4. 

Figure 4.4: Height profile for the a) FeO(2 2)/CeO(√3 √3) and b) FeO(6 6)/CeO2(5 5) models. 
Atoms from the CeO2 support are shown as white circles (small circles are O atoms and big circles are 
Ce atoms), while the atoms of the FeO thin film are colored according to their z-coordinate with respect 
to the CeO2 support, as indicated in the colorbar in the right-hand side. Top and side views for both 
models are shown.

For the FeO(6 6)/CeO2(5 5) model, the corrugation leads to the formation of Ce-OFeO and 

Fe-OCeO2 bonds, with bond distances between 2.6 ~ 2.7 Å (close to the 2.43 Å of Ce-O bonds 

in the clean surface) for the former and between 1.9 ~ 2.2 Å (similar to 1.93 Å on FeO ML) for 

the latter.
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Both models show a very similar adhesion energy (-0.47 ev/FeO unit and -0.45 eV/FeO unit 

for the FeO(2 2)/CeO(√3 √3) and FeO(6 6)/CeO2(5 5) model respectively), given by 

equation Y: 

Eadh = E(FeO/CeO2) – E(FeO) – E(CeO2) 

Since the energy difference between the freestanding FeO ML and the monoclinic phase of 

bulk FeO is -0.36 eV, the adhesion energies suggest that forming the oxide-oxide interface is 

more thermodynamically favorable than forming 3D FeO. It is also important to note the 

relevant effect of dispersion forces in this system, where up to -0.2 eV of the adhesion energy 

corresponds to Van der Waals interactions.  

An important aspect of the FeO/CeO2 interface that arose during these calculations is the redox 

behavior between the FeO ML and the CeO2 surface – several electronic states are possible 

where electrons are transferred from Fe2+ species to Ce4+, giving rise to Fe3+ and Ce3+ centers. 

The most stable state found for the FeO(6 6)/CeO2(5 5) model exhibited 6 such transferred 

electrons, resulting in a 1:5 Fe3+/Fe2+ ratio and 6 reduced Ce3+ centers. The 

FeO(2 2)/CeO(√3 √3) model allowed for a more systematic evaluation of this phenomenon, 

showing that states with a 1:3 Fe3+/Fe2+ ratio are more stable by up to 0.1 eV per FeO unit than 

states without transferred electrons. The formation of Ce3+ cations was evaluated using Ce4f-

core potentials, following the same procedure described in Chapter 3. The different electronic 

states obtained are shown in Figure 4.5. 
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Figure 4.5: Electronic states and formal Fe and Ce atomic oxidation states of systems with different 
numbers of transferred electrons (TE) for the FeO(2 2)/CeO(√3 √3) model (a, b and c) and for the 
FeO(6 6)/CeO2(5 5) model (d). Blue and white circles are Fe and O atoms from the FeO thin film, 
while beige, black and orange circles represent Ce4+, Ce3+ and O atoms from the CeO2 support. The 
labels on the blue circles describe the oxidation state of the corresponding Fe atom (2+ or 3+).

This phenomenon was coined Electronic Oxide Support Interactions (EOSI) and is analogous 

to the EMSI described in Chapter 3, with the difference being the nature of the supported 

specie. EOSI can be identified by calculation of Bader charges and by the change in the 

magnetic moments of Fe atoms. Bader charges of Fe2+ are typically ~1.4 |e| while for Fe3+ they 

are ~1.8 |e|. Due to changes in 3d orbital occupation, the magnetic moment of Fe atoms also 

increases from ~3.7 μB to ~4.1 μB and correlates with the projected density of states (pDOS) of 

Fe atoms as seen in Figure 4.6.
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Figure 4.6: Projected Density of States (pDOS) of Fe atoms with oxidation state 2+ (a) and 3+ (b). The 
electronic configuration of the corresponding Fe atoms is depicted in the right-hand side of the pDOS 
plots.

The electronic structure of the optimized models agrees partially with the experimental results. 

Both Fe3+ and Fe2+ species were revealed by XPS, but with a higher Fe3+/Fe2+ ratio than in the 

DFT calculations. The higher 1:5 Fe2+/Fe3+ experimental ratio suggests that the oxidation of 

the FeO ML can only be partially attributed to electron transfer to the CeO2 support and other 

oxidation mechanisms may be present. To explore this, the stability of states of 2D FeOx-further 

oxidized by O adsorption were sampled using the FeO(2 2)/CeO(√3 √3) model, where O

were added to evaluate the relative stabilities of Fe4O4, Fe4O5 and Fe4O6 oxidation states as 

illustrated in Figure 4.7.
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Figure 4.7: Different oxidation states of FeO(2 2)/CeO(√3 √3) model. The change on the oxidation 
state is due to the adsorption of one (a) or two (b) O atoms on the FeO thin film, resulting in Fe4O5 and 
Fe4O6 structures, respectively. Small and big white circles are O and Ce atoms from the CeO2 support, 
while colored big circles and small circles are Fe and O from the FeOx thin film, color coded with 
respect to their distance to the CeO2 support (colorbar in the right-hand side).

The results for the Fe4O5 state, which exhibits 2 Fe2+ and 2 Fe3+ cations, indicates that the 

addition of one O atom to the reoxidizes the only present Ce3+ cation to Ce4+ and one Fe2+ to 

Fe3+. Upon adding an additional O atom to form the  Fe4O6 state, the two remaining  Fe2+

cations are oxidatized to Fe3+. The calculated adsorption energies are -0.72 and -1.26 eV for 

the first and second O atom, respectively. These values indicate a favorable oxidation process 

on the supported FeO ML by gas-phase O2.

Fe-doped CeO2 has been calculated by replacing one Ce atom with an Fe atom on a supercell 

of CeO2(2√3 2√3) to compare the stability between the FeO ML with respect to Fe-doped 

CeO2 systems (Figure 4.8), which have been described as important structures in catalysts 

based on Fe and CeO2 following the reaction:

FeO + (x/2)O2 + Ce36O72 FeCe35O71+x + CeO2

For this reaction, x takes values of 1, 0 or -1 depending on the oxidation state of the surface, 1 

being a fully oxidized surface, 0 with one O vacancy and -1 with 2 O vacancies. FeO 

corresponds to the monolayer and CeO2 to bulk ceria. The doping energy can be calculated as:

Edop = E(FeCe35O71+x) + E(CeO2) – E(FeO) – E(Ce36O72) – (x/2)E(O2)
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The calculated values for Edop are 0.66, 1.09 and 2.66 eV for the system with 0, 1 and 2 

vacancies respectively. It can be seen that doping CeO2 with Fe is an endothermic process, 

requiring energy while the formation of the FeO ML is an exothermic process which is 1.13 

eV more stable than Fe-doped CeO2 structures. 

 

Figure 4.8: Fe-doped structures of fully oxidized and fully reduced CeO2(111). Blue, orange, beige and 
green represent Fe, O, Ce4+ and Ce3+, respectively. To form O vacancies, the atoms indicated with 
asterisk in the left-hand side image are removed. 

4.5 Conclusions 

Different computational models were constructed to characterize the structure, electronic 

properties, and chemical reactivity of an experimentally prepared 2D FeO monolayer supported 

on the CeO2 (111) surface. FeOx species were deposited on CeO2 to synthesize the model 

catalyst, giving rise to an ordered hexagonal 2D FeOx thin film, as observed by STM and 

LEED. 

The DFT results indicate that the FeO 2D layer is more thermodynamically stable than bulk 

FeO or the Fe-doped CeO2(111) surface. The stability of the FeOx monolayer is attributed to 

dispersion forces in the oxide-oxide interface, to the formation of Fe-Oceria and O-Ce bonds, to 

electron transfer from the FeO thin film to the CeO2 support, and to further oxidation of the 

FeO film. 
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Chapter 5: Low temperature CO oxidation reaction catalyzed by 

supported PtOx clusters 

5.1 Introduction 

CO oxidation is a relevant process for the conversion of exhaust gases1,2 and an important test 

reaction for heterogeneous catalysis.3 Substantial efforts for the development of efficient 

catalysts for this reaction have been made, with proposed catalysts ranging from noble metals 

to oxide-based materials.4–8 

Cerium dioxide (CeO2) is one of the widely used oxide materials for oxidation reactions in 

heterogeneous catalysis,9–11 given its prominent oxygen storage capacity and the abilities of 

modifying chemical properties of metal particles supported thereon, through metal-support 

interactions (MSI).12–14 

MSI have proven to facilitate improving the efficiency of CeO2-based oxidation catalysts,  in 

particular, to lower the temperature required for starting the CO oxidation.15 Platinum 

supported on CeO2 surface reveals strong oxidative catalytic activity partly related with its high 

structural diversity resulting in a variety of exposed surface active species ranging from single 

atoms (ions) and small clusters to nanoparticles.16–25 The structural diversity of the Pt/CeO2 

catalytic materials makes several CO oxidation mechanism possible, of which the Langmuir-

Hinshelwood (LH) and Mars-van Krevelen (MvK) mechanisms are typically discussed to 

explain the catalytic activity towards CO oxidation.20,26,27 

 Another characteristic of Pt supported on CeO2 is that already under quite mild oxidizing 

conditions, Pt particles can react with gas-phase O2 molecules to form oxidized PtOx species,28–

33 which revealed significant catalytic activity in the CO oxidation starting at temperatures as 

low as -40ºC.32,34 This low temperature activity of PtOx species cannot be explained by the LH 

or MvK mechanism, since their rate determining step (RDS) involves too high activation 

energy to break O-O bonds (LH) or to create surface O vacancies (MvK). For the MvK, an 

activation energy of 0.9 eV has been reported24 with computational kinetic studies showing CO 

oxidation catalytic activity well above room temperature.27 So far, there are no mechanistic 

insights in the literature that unambiguously rationalize the observed CO oxidation catalytic 

activity of PtOx particles supported on CeO2 below 0ºC. 

The objective of this chapter is to use density functional theory to evaluate the reactivity of a 

Pt6O9/CeO2(111) model system towards CO and O2, to propose reaction mechanisms that can 
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rationalize the high CO oxidation catalytic activity of Pt/CeO2 nanomaterials observed below 

room temperature and to perform kinetic Monte Carlo simulations to address the relevancy of 

the proposed mechanisms for the low temperature CO oxidation. 

5.2 Computational Models 

A Pt6O9 cluster supported on CeO2(111) is used as the structural model for this chapter (Figure 

5.1). This model was taken from an ab-initio thermodynamic study performed by Quinlivan 

Dominguez et al. (ref. 35) where this cluster was shown to be the most stable under oxidizing 

conditions of various ceria-supported species comprising 6 Pt atoms. 

 

Figure 5.1: Structural model of Pt6O9 cluster supported on CeO2(111) surface. Grey, dark red, beige 
and light red balls are Pt, O of Pt6O9, Ce and O of CeO2 atoms, respectively. Atoms in the Pt6O9 cluster 
are labeled with capital letters (Pt) and numbers (O). The dashed line corresponds to a symmetry plane 
of the cluster, which makes atoms with primed and non-primed labels equivalent. The left-hand side 
panel is a top view of the model and the right-hand side is a side view. 

The CeO2 surface is represented by two O-Ce-O tri-layers and a 4 4 surface supercell with 12 

Å of vacuum in the z direction, where the bottom tri-layer is fixed on bulk positions with an 

optimized lattice parameter of 5.49 Å.  

5.3 Kinetic Simulations 

Kinetic Monte Carlo Simulations were performed within the first reaction method36 

implemented in the MonteCoffee package.37 The active sites on the Pt6O9 cluster are considered 

independent from each other and a list of neighbors is constructed to define the connectivity of 

Pt atoms to surrounding O atoms and the reactive events possible for a given site. Simulations 

were performed in the temperature range from -100ºC to 100ºC and 10 simulations were done 

for each temperature to ensure the statistical accuracy. 
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5.4 Results 

The reactivity of the Pt6O9 cluster supported on the surface of CeO2 can be evaluated by the 

adsorption energies of CO molecules. The calculated CO adsorption energies on top of different 

Pt atoms of the supported Pt6O9 cluster are shown in Table 5.1. 

Pt atom Eads(CO), eV 

C -0.86 

D -0.83 

A (A’) -0.69 

B (B’) -0.19 
 
Table 5.1: Adsorption energy of CO on different Pt atoms of the Pt6O9 cluster supported on CeO2(111). 
Pt atoms are labeled as specified in Figure 5.1. 

The adsorption energy of CO is calculated as follows: 

Eads = E(COtop-Pt6O9/CeO2) – E(Pt6O9/CeO2) – E(CO), 

where E(COtop-Pt6O9/CeO2) and E(Pt6O9/CeO2) are, respectively, the total energies of the 

Pt6O9/CeO2 system with and without CO adsorbed on top of a Pt atom, while E(CO) is the total 

energy of the gas-phase CO molecule. 

Another aspect of the reactivity of the Pt6O9 cluster is how strongly bound its O atoms are. This 

can be assessed by calculating the O vacancy formation energy E(Ov): 

E(Ov) = E(Pt6O8v(#)/CeO2) + 1/2*E(O2) – E(Pt6O9/CeO2), 

where E(Pt6O8v(#)/CeO2) is the total energy of a reduced Pt6O8 cluster with an O vacancy in 

the O site # labeled according to Figure 5.1. ½E(O2) is the energy of one O atom in the free O2 

molecule defined as a half of its total energy E(O2). The O vacancy formation energies for the 

Pt6O9 cluster supported on CeO2(111) are listed in Table 5.2. 

O atom E(Ov), eV 

2 (2’) 1.71 

1 (1’) 1.76 

5 (5’) 1.92 

4 2.17 
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3 (3’) 2.23 
 
Table 5.2: O vacancy formation energy E(Ov) for the Pt6O9 cluster supported on the CeO2(111) surface 
calculated with respect to a half of the total energy of free O2 molecule. The labels for the oxygen atoms 
correspond to those in Figure 5.1. 

From Figure 5.1, O1 and O2 atoms are not in direct contact with the CeO2(111) support. 

Therefore, these atoms are called herein as top layer ones, while the atoms O3, O4 and O5 are 

called bottom layer atoms. It is important to note that the O vacancy formation energies from 

the cluster are substantially lower than the O vacancy formation energy from the CeO2(111) 

slab with the O atom closest to the Pt6O9 cluster (PtA) characterized by E(Ov) = 3.02 eV. 

Considering the reactivity of the supported Pt6O9 cluster with respect to CO (Table 5.1) and 

oxygen (Table 5.2), the oxidation of a CO molecule proceeds through the formation of activated 

O-CO complexes, with formation energies 

ΔEf(O-CO) = E(O-CO-Pt6O9/CeO2) – E(COtop-Pt6O9/CeO2), 

where E(O-CO-Pt6O9/CeO2) is the total energy of the O-CO complex adsorbed on the Pt6O9 

cluster. Then, the subsequent CO2 desorption energy is calculated as: 

ΔEdes(CO2) = E(Pt6O8(v#)/CeO2) + E(CO2) - E(O-CO-Pt6O9/CeO2), 

where E(CO2) is the total energy of a gas-phase CO2 molecule. 

Energies for the process of CO oxidation are listed in Table 5.3, showing the formation of O-

CO complexes on different adsorption sites of Pt6O9/CeO2, the activation energy of such 

process and the desorption energy of CO2. 

O-CO/Pt ΔEf(O-CO), eV E≠, eV ΔEdes(CO2) ,eV 

1A -1.23 0.32 -0.30 

1C -1.15 0.45 -0.38 

1D -1.38 0.30 -0.14 

2D -1.82 0.52 0.24 

3A -1.24 0.10 0.19 

5A -1.03 0.43 -0.33 
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5C -1.49 0.39 0.13 

 
Table 5.3: Energies of the activated O-CO complexes adsorbed on Pt6O9/CeO2. The adsorption site is 
indicated by labels of the O atom reacting with CO and the Pt atom where CO is adsorbed, as defined 
in Figure 5.1. ΔEf(O-CO) is the formation energy of O-CO/Pt, E≠ is the activation energy for this 
reaction and ΔEdes(CO2) is the desorption energy of CO2 from the O-CO/Pt complex. 

The desorption of CO2 results in a reduced Pt6O8 cluster, where the O vacancy can be located 

in the top layer (atom O1 – site v1) or in the bottom layer (atom O3 – site v3), since the formation 

of these sites requires the smallest activation energy. The Pt6O8 can be re-oxidized by the 

adsorption of a gas-phase O2 molecule in the available vacancy site, resulting in a Pt6O10 cluster 

with an extra O atom available for the second CO oxidation reaction. This reaction path follows 

the reactant sequence +CO/+O2/+CO to form a closed catalytic cycle. 

The adsorption energy of O2 on the vacancy sites v1 and v3 are -1.67 eV and -1.84 eV, 

respectively. On the resulting Pt6O10, the adsorption and activation of CO leading to CO2 

desorption follows a similar path to the first CO2 desorption reaction, i.e. the formation of an 

activated O-CO/Pt complex as an intermediate step to CO2 desorption. The energy values for 

these reactions are shown in Table 5.4. 

Site  Eads(CO), eV E≠, eV ΔEdes(CO2), eV 

PtAv1 -0.49 0.76a -2.88 

PtCv1 -0.43 0.99a  

PtDv1 -0.51 0.17 -2.86 

PtAv3 -0.52 0.56b -3.16 

a) Transition states structures of these high activation barriers were calculated with lower accuracy. 
b) Transition state corresponds to desorption of CO2 instead of O-CO formation.  

Table 5.4: Adsorption energies of CO (Eads(CO)) on Pt sites of Pt6O10 near an O2 molecule adsorbed in 
a vacancy site v1 or v3. E≠ is the activation energy for O-CO formation and ΔEdes(CO2) is the desorption 
energy of CO2. 

With the desorption of the second CO2 molecule, a full catalytic cycle is described. Since the 

O atoms from the cluster involved are different, we can label the resulting cycles as the top 

layer cycle (Figure 5.2) and the bottom layer cycle (Figure 5.3). 
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Figure 5.2: Potential energy diagram of the top layer catalytic cycle for CO oxidation. The O atom from 
the cluster involved in this cycle belongs to the top layer of the Pt6O9 cluster. The energy values in the 
diagram are the changes in energy with respect to the previous step in the reaction coordinate. Values 
in green correspond to the calculated activation energies.
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Figure 5.3: Potential energy diagram of the bottom layer catalytic cycle for CO oxidation, involving O 
atoms from the bottom layer of the Pt6O9 cluster. The energy values in the diagram are the change in 
energy with respect to the previous step in the reaction coordinate. Values in green are the activation 
energies.

The rate determining step (RDS) for the top layer cycle (Figure 5.2) is characterized by the 

activation energy 0.30 eV, while the desorption of the second CO2 molecule requires the 

activation energy 0.17 eV. The bottom layer cycle has an activation energy 0.19 eV for the 

desorption of the first CO2 molecule and 0.56 eV for the second CO2 molecule, making the 

second CO2 desorption the RDS of this catalytic cycle.

To evaluate the activity of the proposed mechanism described for the top layer and bottom layer 

catalytic cycles in Figures 5.2 and 5.3, adsorption and activation energies are used as input for 

kinetic Monte Carlo (kMC) simulations. The reaction list is:
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Pt6O9 + CO ↔ CO(D)-Pt6O9                                                                    (R1-TL) 

Pt6O9 + CO ↔ CO(A)-Pt6O9                                                                    (R1-BL) 

CO(D)-Pt6O9 → Pt6O8(v1) + CO2                                                        (R2-TL) 

CO(A)-Pt6O9 ↔ O(3)CO(A)-Pt6O9                                                         (R1.5-BL) 

O(3)CO(A)-Pt6O9 → Pt6O8(v3) + CO2                                            (R2-BL) 

Pt6O8(v1) + O2 ↔ Pt6O10(v1)                                                                    (R3-TL) 

Pt6O8(v3) + O2 ↔ Pt6O10(v3)                                                                    (R3-BL) 

Pt6O10(v1) + CO ↔ CO(D)-Pt6O10(v1)                                            (R4-TL) 

Pt6O10(v3) + CO ↔ CO(A)-Pt6O10(v3)                                            (R4-BL) 

CO(D)-Pt6O10(v1) → CO2 + Pt6O9                                                        (R5-TL) 

CO(A)-Pt6O10(v3) → CO2 + Pt6O9                                                        (R5-BL) 

Here, reactions R1 to R5 represent each step of the catalytic cycles previously described, with 

a reactant sequence of CO/O2/CO. The labels TL and BL describe the top layer and the bottom 

layer cycles, respectively. R1 and R4 are CO adsorption/desorption steps and R2 and R5 are 

CO2 desorption steps, with the intermediate step R1.5-BL in the case of the bottom layer cycle. 

R3 is the adsorption/desorption step of O2 on the vacancy site created by the CO2 desorption 

in step R2. 

Calculated turnover frequencies (TOF) are shown in Figure 5.4. The TOF value for the top 

layer cycle at -40ºC is similar to the TOF value reported for CO oxidation on metallic (not 

oxidized) Pt particles supported on CeO2 at much higher temperature around 100ºC.  
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Figure 5.4: Calculated turnover frequency (TOF) values in temperature range from -100 to 100 °C for 
the CO oxidation taking place according to the catalytic cycles shown in Figures 5.2 and 5.3: red line – 
top layer cycle, green line – bottom layer cycle. 

The TOF values of the bottom layer cycle are notably smaller, by 2-3 orders of magnitude, than 

the top layer cycle values in temperatures from -60ºC to 60ºC. The difference of the RDS 

between bottom layer and top layer cycles drive the kinetics of the process below room 

temperature. 

5.5 Conclusions 

The CO oxidation reactivity of the Pt6O9 cluster supported on CeO2(111) was studied by means 

of DFT calculations and kMC simulations. The reactivity was determined by analyzing CO 

adsorption and O vacancy formation. The latter reveals easily removable O atoms with vacancy 

formation energies by 0.8 to 1.3 eV smaller than O vacancy formation energies in the 

CeO2(111) support at the interface with the Pt6O9 cluster.  

These easily removable O atoms enable an alternative reaction pathway that rationalizes 

atomic-level reasons for CO oxidation reaction taking place below room temperature. O atoms 

from the cluster as well as gas-phase O2 are involved in CO oxidation with the activation 

energies from 0.10 to 0.56 eV. 
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A reaction mechanism is proposed, where two different catalytic cycles comprising O atoms 

from the top layer and from the bottom layer of the cluster are evaluated. The most favorable 

reaction mechanism involves a reactant sequence of +CO/+O2/+CO, with the top layer cycle 

and the bottom layer cycle having a RDS with the activation barriers 0.30 eV and 0.56 eV, 

respectively. 

Using DFT reaction and activation energies as inputs for kMC simulations results in the 

catalytic activity for CO oxidation at temperatures around -40ºC, with the TOF as high as that 

reported at 100ºC for metallic (not oxidized) Pt supported on CeO2(111). This strongly suggests 

that the CO oxidation activity at temperatures well below room temperature is mediated by Pt 

oxide clusters and gas-phase O2, with CeO2(111) support acting essentially as a spectator in the 

proposed reaction mechanisms. 
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Abstract.  

Calculated activation barriers for CO oxidation on Pt/CeO2 catalysts in the literature exceed 

0.9 eV. This is inconsistent with the experimentally observed CO oxidation at temperatures 

below 0ºC, characterized by the activation barriers of ca. 0.1 eV. This study addresses this 

problem by DFT modelling of various CO oxidation pathways on supported platinum-oxide 

(PtOx) clusters, which were shown by us to be stable even at very low oxygen pressure. These 

reaction pathways involve oxygen of PtOx clusters and gas phase O2 and not lattice oxygen of 
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the CeO2 support. Our calculations showed that CO adsorbed on PtOx clusters can be pre-

oxidized with an activation barrier as low as 0.3 eV by forming bent O-CO intermediates with 

reactive O atoms of the clusters and then desorb as CO2. Gas-phase O2 heals thus created O 

vacancies and provides O atoms for the subsequent CO oxidation to complete the catalytic 

cycle. According to the kinetic simulations using our DFT data the proposed CO oxidation 

mechanisms are consistent with the experimental observations of the high catalytic activity 

well below room temperature. These new mechanistic insights pave the way for designing 

oxidation catalysts at very low temperatures, which are not based on precious metals. 
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Introduction 

CO oxidation is an important process for conversion of toxic exhaust gases.1,2 It is 

also a test reaction for obtaining fundamental insights in the heterogeneous 

catalysis.3,4 Significant efforts have been devoted to developing efficient CO oxidation 

catalysts ranging from noble metals5,6 to oxide-based materials.7,8 Among the latter, 

cerium dioxide (CeO2, ceria)9 has been a prominent compound given its oxygen 

storage capacity and quite strong metal-support interactions that influence the 

chemical properties of metal particles supported on the CeO2 surfaces.10–14   

Efficiency of these catalysts can be further improved, for instance, by lowering the 

temperature required for starting the CO oxidation. Several studies have focused on 

the lowering CO oxidation temperature, achieving regime of the so-called low 

temperature oxidation of CO (LTO CO).15 Pt is widely used as an active component of 

good LTO CO catalysts. When supported on CeO2, Pt can adopt such diverse 

structures as single atoms,16–20 small clusters,21–24 and nanoparticles.25,26  This 

structural diversity gave rise to other factors relevant for rationalizing the catalytic 

activity of Pt, for instance, the oxidation states of Pt atoms,27–30 CeO2 surface facets,31 

modification of the CeO2 support by its doping32,33 or mixing with other oxides.34,35 

Different parameters of the Pt/CeO2 nanomaterials define the Langmuir-Hinshelwood 

(LH) and Mars-van Krevelen (MvK) mechanisms commonly used to explain the CO 

oxidation catalytic activity.25,36,37 

Another feature of Pt deposited on ceria is that under oxidizing conditions, Pt 

particles can evolve to oxidized Pt species (PtOx),38–43 which have demonstrated 

catalytic activity at temperatures as low as -40ºC.42,44 The  LH and MvK mechanisms 

discussed in the literature rely on quite high activation barriers for either the O-O bond 

breaking (LH) or the creation of a surface O oxygen vacancy in the support (MvK). For 
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instance, activation energies up to 0.9 eV23 have been reported for the MvK 

mechanism, where kinetic studies showed significant catalytic activity well above room 

temperature.37 Therefore, new mechanistic insights are required for rationalizing the 

high CO oxidation catalytic activity of PtOx/CeO2 nanomaterials at temperatures below 

0ºC. 

In this work, density-functional theory (DFT) calculations and kinetic Monte Carlo 

(kMC) simulations are performed to evaluate the reactivity of Pt6O9/CeO2 model 

catalyst towards CO and oxygen. Reaction mechanisms are proposed to rationalize 

activity of this catalytic system for CO oxidation at very low temperature. Several 

explored catalytic cycles show that when both the Pt6O9 cluster on CeO2 and gas 

phase O2 molecules provide O atoms for the CO oxidation, the involved activation 

energies become notably lower than those in alternative reaction mechanisms 

requiring taking O atoms from the CeO2 support. According to the kMC results based 

on the present DFT data the proposed mechanisms are consistent with the CO 

oxidation catalytic activity at temperatures lower than 0ºC.   

 

Computational details 

Computational methods  

Spin polarized DFT calculations were performed with the Vienna Ab-initio Simulation 

Package (VASP).45–47 Valence electrons were described by plane wave basis set with 

a cutoff energy of 415 eV. The interaction between core and valence electrons was 

described using the projector augmented wave method (PAW).48 The PAW potentials 

describe explicitly 2s and 2p electrons of C and O atoms, 5d and 6s electrons of Pt 

atoms and 5s, 5p, 6s, 5d and 4f electrons of Ce atoms. The PW9149 generalized 

gradient approximation (GGA) functional was used adding a Hubbard-U50 term for 
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Ce4f electrons, U = 4.0 eV,51 to better describe their localization underestimated by 

GGA. 

Electronic structure convergence criterion was 5.0×10-6 eV and geometry 

optimizations were considered converged, when forces acting on atoms which were 

allowed to displace became smaller than 0.05 eV/Å. The climbing image nudge elastic 

band method (CI-NEB)52 is used to calculate transition state structures. The true 

character of the latter was confirmed by only one negative vibrational frequency, 

whereas all positive vibrational frequencies characterized every found local minimum 

structure. 

Structural model 

The Pt cluster used in this work is taken from ref. 53, where Pt6O9 on CeO2(111) 

surface (Fig. 1) was found to be the most favorable structure under slightly oxidizing 

conditions for all conceivable Pt6Ox stoichiometries. The CeO2(111) surface was 

represented by slabs with 2 O-Ce-O tri-layers, the thickness sufficient for the present 

study, and a 4 4 supercell with 12 Å of vacuum between neighboring slabs. For all 

DFT calculations, the O-Ce-O tri-layer in contact with the Pt6O9 cluster was allowed to 

relax while keeping the bottom tri-layer fixed in bulk positions with the optimized lattice 

parameter of 5.49 Å.  
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Figure 1: Globally optimized structure of Pt6O9 cluster supported on CeO2(111) surface, ref. 

53: top view – left panel, side view – right panel. Color coding of atoms: Pt - grey, O of Pt6O9 

– dark red, O of CeO2 – light red, Ce – beige. Pt atoms of the Pt6O9 cluster are labeled with 

capital letters and its O atoms with digits. The dashed line displays a symmetry plane of the 

cluster, which makes the corresponding atoms with primed and not primed labels equivalent.  

Kinetic simulations 

Kinetic Monte Carlo simulations were performed using the first reaction method54 as 

implemented in the MonteCoffee package.55 The active sites of Pt on the Pt6O9 cluster 

were considered independent from each other, while constructing a list of neighbors 

that defines the connectivity of Pt atoms to surrounding O atoms and specifying events 

possible for a given site. The simulations were performed in the range -100 to 100 ºC 

and 10 simulations were run for each temperature to ensure statistical accuracy. 

Results and discussion 

The reactivity of the Pt6O9 cluster on CeO2(111) can be probed through the 

adsorption of CO on-top of different Pt atoms of the cluster. The resulting adsorption 

energies Eads(CO), listed in Table 1, were calculated as follows: 

Eads = E(COtop-Pt6O9/CeO2) – E(Pt6O9/CeO2) – E(CO), 

where E(COtop-Pt6O9/CeO2) and E(Pt6O9/CeO2) are the total energies of the CeO2-

supported Pt6O9 with and without CO adsorbed in on-top positions of Pt atoms, 

respectively. E(CO) is the total energy of the gas-phase CO molecule. 
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Pt atom Eads(CO), eV 

C -0.86 

D -0.83 

A (A’) -0.69 

B (B’) -0.19 
 

Table 1: Adsorption energy Eads(CO) of one CO molecule on-top sites of the different Pt atoms 

of the Pt6O9 cluster on CeO2(111) surface (see Figure 1 for labels of the Pt atoms). Eads(CO) 

values for each pair of the primed and non-primed Pt atoms are equal. 

 

Oxidation of the adsorbed CO molecule could precede using oxygen provided by the 

reducible CeO2 support via the MvK mechanism.23,37 An alternative is to use for the oxidation 

oxygen atoms from the oxygen-rich Pt6O9 cluster. To this end, the O vacancy formation energy 

E(Ov) for the Pt6O9 cluster on CeO2(111) was calculated to estimate the energetic propensity 

of the cluster oxygen atoms for CO oxidation (see Table 2). 

O atom E(Ov), eV 

2 (2’) 1.71 

1 (1’) 1.76 

5 (5’) 1.92 

4 2.17 

3 (3’) 2.23 
 

Table 2: O vacancy formation energy E(Ov) for the Pt6O9 cluster on CeO2(111) surface (see 

Figure 1 for labels of the O atoms). These values are notably lower than E(Ov) = 3.02 eV 

calculated for removal of a surface O atom of CeO2(111) closest to the PtA atom, which is 

representative of E(Ov) values for the interface O sites of CeO2(111).    
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As seen in Figure 1, the O1 and O2 atoms have no direct bonds with the CeO2 support. To 

differentiate them from the O3, O4 and O5 atoms forming bonds with the support, O1 and O2 

atoms are called top layer ones, while O3, O4 and O5 are called bottom layer O atoms. Data in 

Table 2 show that top layer O atoms are energetically easier to remove than bottom layer O 

atoms and the vacancy formation energies in the cluster in general are smaller than in 

CeO2(111) at the Pt6O9/CeO2 interface. 

Oxidation of the adsorbed CO molecule by O atoms of the Pt6O9 cluster is initiated by the 

interactions resulting in the O-CO complexes, whose formation energies are 

ΔEf(O-CO) = E(O-CO-Pt6O9/CeO2) – E(COtop-Pt6O9/CeO2), 

where E(O-CO-Pt6O9/CeO2) is the total energy of the adsorbed O-CO complex on 

Pt6O9/CeO2 and E(COtop-Pt6O9/CeO2) is the total energy of CO adsorbed on top of a Pt atom 

in Pt6O9/CeO2. Subsequent CO2 desorption is characterized by the energy 

ΔEdes(CO2) = E(Pt6O8(v#)/CeO2) + E(CO2) - E(O-CO-Pt6O9/CeO2), 

where E(Pt6O8(v#)/CeO2) is the total energy of the resulting Pt6O8/CeO2 complex with v# 

specifying the O atom removed from the cluster by the desorbed CO2 and E(CO2) is the total 

energy of the gas-phase CO2 molecule. Several key O-CO and CO2-desorbed structures were 

calculated along with the transition states to the O-CO structures. The ΔEf(O-CO), E≠ and 

ΔEdes(CO2) values are shown in Table 3. 

The formation of the O-CO complex is a favorable process stabilizing the system 1.0 to 1.8 

eV. The energy barriers for this process are quite low, 0.1 - 0.5 eV. The subsequent CO2 

desorption is slightly endothermic or slightly exothermic, depending on the structure. The 

reactivity of Pt6O9 towards CO oxidation shows that overall, using Pt6O9 as the source of 

oxygen atoms, notably lower activation energies can be achieved compared to the 0.9 – 1.0 eV 

activation energies for metallic Pt particles.23,37 
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O-CO/Pt ΔEf(O-CO), eV E≠, eV ΔEdes(CO
2
) ,eV 

1A -1.23 0.32 -0.30 

1C -1.15 0.45 -0.38 

1D -1.38 0.30 -0.14 

2D -1.82 0.52 0.24 

3A -1.24 0.10 0.19 

5A -1.03 0.43 -0.33 

5C -1.49 0.39 0.13 

 

Table 3: Energies characterizing the activated O-CO complexes on Pt6O9/CeO2. The O-CO/Pt 

sites are coded by the labels of the O atom reacting with CO and of the Pt atom, on which CO 

is adsorbed (see Figure 1). For instance, the notation 1A specifies that the O1 and PtA atoms 

form this O-CO complex. ΔEf(O-CO) is the formation energy of O-CO/Pt from the on top 

adsorbed CO and O atom of Pt6O9, E≠ is the activation energy for this reaction, and ΔEdes(CO2) 

is the energy of CO2 desorption with respect to O-CO/Pt. 

The oxidation of the first CO molecule and CO2 desorption results in the formation of a 

reduced Pt6O8/CeO2 system, probably with a vacancy in the top layer O1 atom site or the bottom 

layer O3 atom site, since those are the sites with the lowest activation energies. Two further 

reaction paths starting from these structures are conceivable.  

The first path is a re-oxidation of the cluster by the adsorption of an O2 molecule at the 

vacancy site resulting in the Pt6O10 cluster with an extra O atom for another CO oxidation 

reaction, following the reactant sequence +CO/+O2/+CO. 

The second path involves the adsorption of a CO molecule on the Pt6O8 cluster, further 

reduction to a Pt6O7 cluster after CO2 desorption and re-oxidation to Pt6O9 by the adsorption 
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of an O2 molecule in the last step, with a reactant sequence of +CO/+CO/+O2. This reaction 

path will not be discussed. 

In both paths, the adsorption of CO or O2 on the sites around the newly created vacancy v1 

or v3 are competitive processes. The adsorption energies for CO on the v1 and v3 vacancy sites 

are shown in Table 4. Adsorption energies Eads(O2) of an O2 molecule in the oxygen vacancies 

v1 and v3 of the Pt6O8 cluster are -1.67 eV and -1.84 eV, respectively. 

 

Site Eads(CO), eV 

PtAv1 -1.26 

PtCv1 -0.64 

Pt2Dv1a -1.50 

PtC-PtDv1 -1.50 

PtAv3 -2.39 

 

Table 4: Adsorption energies Eads(CO) of a CO molecule on Pt atom sites near O vacancy sites 

v1 or v3 of the Pt6O8 cluster formed after the first CO molecule oxidized. 

The adsorption of O2 on a O vacancy site is stronger than CO adsorption, except for CO on 

PtAv3, where quite strong adsorption can even lead to the site blocking (poisoning).  

For the first reaction pathway proposed, CO adsorption energies are calculated for the 

Pt6O10(v1) and Pt6O10(v3) on Pt sites adjacent to the adsorbed O2 molecule, considering also 

energy barriers for the formation of O-CO activated complexes and CO2 desorption as 

displayed in Table 5. On the site PtAv3, the adsorption energy of CO is slightly smaller in 

magnitude than the activation energy for CO2 formation on the same site. CO desorption and 
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CO2 formation can be regarded as competitive events, while on the site PtDv1 the activation 

energy for CO2 formation is around 3 times smaller than that for CO desorption.  

Site  Eads(CO), eV E≠, eV ΔEdes(CO2), eV 

PtAv1 -0.49 0.76a -2.88 

PtCv1 -0.43 0.99a  

PtDv1 -0.51 0.17 -2.86 

PtAv3 -0.52 0.56b -3.16 

a) The transition state structures characterizing these relatively high activation barriers were 
optimized with lower accuracy. 

b) The transition state corresponds to the desorption of CO2 instead of O-CO formation. 

Table 5: Adsorption energies Eads(CO) of CO on Pt sites of Pt6O10 near an O2 molecule 

adsorbed in a vacancy site v1 or v3. E≠ is the activation energy for the O-CO formation, 

ΔEdes(CO2) is the energy of CO2 desorption with respect to O-CO/Pt6O10.  

With the desorption of the second CO2 molecule and regeneration of the Pt6O9 cluster on 

CeO2(111), a complete catalytic cycle is described with two different sets of elementary 

reactions that follow the same reactant sequence +CO/+O2/+CO. Since these paths involve 

different O atoms from the cluster, we can refer to them as the top O layer cycle (Figure 2) and 

the bottom O layer cycle (Figure 3). The rate determining step (RDS) for the top layer cycle is 

the first CO2 formation, with an energy barrier of 0.30 eV, while the second CO2 formation has 

a barrier of 0.17 eV. For the bottom layer cycle, the first CO oxidation has a barrier of 0.19 eV 

while the second CO oxidation is the RDS with an energy barrier of 0.56 eV. Overall, the top 

layer cycle has a lower RDS and its barrier is around 3 times lower than the 0.9 – 1.0 eV 

activation energy reported for CO oxidation following the MvK mechanism on metallic Pt 

particles supported on CeO2.23,37  
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Figure 2: Potential energy diagram of the top layer catalytic cycle for CO oxidation, which 

involves O atoms from the top layer of the Pt6O9 cluster. The energy values shown in the 

diagram correspond to the change in energy with respect to the previous step in the reaction 

coordinate; the values in green are the activation energies.
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Figure 3: Potential energy diagram of bottom layer catalytic cycle for CO oxidation, involving 

O atoms from the bottom layer of the Pt6O9 cluster. The energy values shown in the diagram 

correspond to the change in energy with respect to the previous step in the reaction coordinate; 

the values in green are the activation energies. 

Computational kinetic studies

The set of reactions described for the top layer and bottom layer catalytic cycles shown in 

Figures 2 and 3, along with their respective reaction energies and activation energies are used 

as input for the present kinetic Monte Carlo simulations. The considered reactions are:

Pt6O9 + CO ↔ CO(D)-Pt6O9                                                                    (R1-TL)

Pt6O9 + CO ↔ CO(A)-Pt6O9                                                                    (R1-BL)

CO(D)-Pt6O9 → Pt6O8(v1) + CO2                                                                    (R2-TL)
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CO(A)-Pt6O9 ↔ O(3)CO(A)-Pt6O9                                                             (R2-BL) 

O(3)CO(A)-Pt6O9 → Pt6O8(v3) + CO2                                                         (R2.5-BL) 

Pt6O8(v1) + O2 ↔ Pt6O10(v1)                                                                    (R3-TL) 

Pt6O8(v3) + O2 ↔ Pt6O10(v3)                                                                    (R3-BL) 

Pt6O10(v1) + CO ↔ CO(D)-Pt6O10(v1)                                                         (R4-TL) 

Pt6O10(v3) + CO ↔ CO(A)-Pt6O10(v3)                                                         (R4-BL) 

CO(D)-Pt6O10(v1) → CO2 + Pt6O9                                                                    (R5-TL) 

CO(A)-Pt6O10(v3) → CO2 + Pt6O9                                                                    (R5-BL) 

Reactions R1-R5 represent each step of the catalytic cycles with a reactant sequence of 

CO/O2/CO. The labels TL and BL describe the top layer and bottom layer catalytic cycles, 

respectively. R1 and R4 correspond to CO adsorption steps, R2 and R5 are CO2 desorption 

steps with an intermediate step R2.5-BL in the case of the bottom layer cycle. R3 is O2 

adsorption on the vacancy site created by the CO2 desorption from R2. 
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Figure 5: Calculated turnover frequency (TOF) values at different temperatures for the CO 

oxidation reaction described by the catalytic cycles shown in Figures 2 and 3: red line – top 

layer cycle, green line – bottom layer cycle.  

The calculated turnover frequency (TOF) values are shown in Figure 5. For the top layer 

cycle the TOF at -40 ºC is close to the value reported for the CO oxidation on metallic Pt 

particles supported on CeO2 at ca. 100 ºC.37 

The TOF values of the bottom layer cycle are consistently smaller by 2-3 orders of magnitude 

than the values of the top layer cycle in the temperature range -60ºC to 60ºC. Despite smaller 

activation energy for the first CO oxidation in the bottom layer cycle, the difference in energy 

of the RDS drives the kinetics of the process below room temperature. 

Conclusions 

CO oxidation reaction catalyzed by Pt6O9/CeO2(111) model at very low temperatures was 

studied applying DFT calculations and computational kinetic simulations. The reactivity of the 

supported Pt6O9 cluster was addressed by considering CO adsorption and formation of oxygen 

vacancies in the cluster. The cluster features easily removable oxygen atoms with up to 1.3 eV 

smaller O vacancy formation energies than the vacancy formation energies in the CeO2(111) 

slab at the interface with the Pt6O9 cluster.  

Several reaction pathways are explored, where O atoms from the Pt6O9 cluster as well as gas 

phase O2 are involved in the CO oxidation. These pathways involve CO activation by forming 

O-CO intermediates with O atoms from the cluster before CO2 desorption with small activation 

energies ranging from 0.10 to 0.52 eV. Gas phase O2 plays a dual role by healing the created 

O vacancies in the cluster and providing an extra O atom for the oxidation of a second CO 

molecule with the activation energies of 0.17 to 0.56 eV and thus completing a catalytic cycle. 

The conceivable reaction mechanisms can proceed via two different catalytic cycles. The 

first cycle involves O atoms in the top layer of the Pt6O9 cluster with a rate determining step 
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characterized by the activation energy of 0.30 eV. The second cycle proceeds via O atoms from 

the bottom layer of the cluster, in contact with the CeO2(111) support, and results in a rate 

determining step with the barrier of 0.56 eV. 

The reaction energies and activation barriers obtained from DFT calculations for both 

catalytic cycles are used as parameters for kinetic Monte Carlo simulations to calculate TOF 

values for these catalytic cycles at very low temperatures. Results of these simulations show a 

high catalytic activity already at temperature as low as ca. -40ºC. This finding is consistent 

with the experimental observations suggesting the low-temperature CO oxidation activity 

caused by interplay between supported Pt-oxide clusters and gas phase O2, with the CeO2 

support being a spectator in these reaction mechanisms. 

The insights gained in this work provide new mechanistic alternatives for designing efficient 

oxidation catalysts for reactions at very low temperatures based on supported metal oxide 

clusters not necessarily composed of scarce precious metals. 
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Chapter 6: Conclusions 

In the present doctoral thesis, computational simulations using DFT for different types of 

nanostructured catalysts supported on CeO2 were studied. Their geometric and electronic 

structures along with their chemical properties have been evaluated, obtaining relevant insights 

about the nature of the interaction of different types of nanostructures with the CeO2 support. 

The overall conclusions for the different types of nanostructures assessed are the following: 

Metallic Pt clusters 

 EMSI are observed due to the interaction between Pt8 clusters and a reducible CeO2(111) 

support. A systematic evaluation using Ce4f-core potentials revealed energy differences of 

up to 0.8 eV between electronic states differing in the number of Ce3+ and their positions 

in the CeO2 surface with respect to the Pt8 cluster. Systems with electrons transferred from 

Pt to CeO2(111) were found to be ~0.5 eV more stable than those without transferred 

electrons. 

 Interface Pt atoms of the Pt8 cluster are the most impacted by EMSI. This impact is 

noticeable in the electronic structure, in terms of 5d orbital occupation and an 

inhomogeneous charge distribution of the supported Pt8 cluster.  

 EMSI have an important effect on the chemical properties of the supported Pt8 cluster, as 

evidenced by the changes in adsorption energies of molecules such as H2O and CO at 

interface adsorption sites of the Pt8 cluster. 

 The systematic use of Ce4f-core potentials was proven capable of characterizing various 

electronic states and their resulting electronic structure and charge distribution of the 

supported Pt8 cluster.  

FeO 2D-thin film 

 The FeO(6x6)/CeO2(5x5) model revealed a periodic corrugated structure, with areas 

displaced away from the CeO2 support and other areas exhibiting Fe-O and O-Ce bonds at 

the oxide-oxide interface. This periodic structure was also observed by STM and LEED 

measurements. 

 Dispersion forces play a key role in the formation of the FeO 2D thin film over the CeO2 

support. Around 45% of the formation energy of FeO/CeO2 interface (-0.45 eV/FeO unit) 

comes from dispersion forces and makes the FeO thin film structure more favorable than 
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the formation of FeO bulk phase (-0.36 eV), indicating that the ceria-supported 2D 

structures are more stable that 3D FeO particles. 

 Both models used show electron transfer from the FeO thin film to the CeO2 support, in a 

process analogous to the EMSI, which is coined as EOSI. Computational models show a 

higher Fe2+/Fe3+ ratio (up to 3:1) than XPS measurements. Additional oxidation of the FeO 

2D thin film by oxygen adsorption, forming Fe4O5 and Fe4O6 is a favorable process which 

could rationalize XPS results. 

 Structural and electronic factors, such as structural corrugation, formation of Fe-O and Ce-

O interfacial bonds, electron transfer, dispersion forces and additional oxidation explain the 

stability of a FeO 2D thin film supported on CeO2. 

Oxidized PtOx clusters 

 The reactivity of Pt6O9 clusters supported on CeO2 evaluated by vacancy formation energy 

shows that it can be up to 1.3 eV lower than for an O vacancy formation on the CeO2 

support. 

 O atoms from the ceria-supported Pt6O9 cluster, as well as gas-phase O2 are involved in a 

reaction pathway for CO oxidation where activation energies are between 0.19 and 0.52 

eV.  

 A new reaction mechanism for CO oxidation is proposed with the Pt6O9 being the active 

component and the CeO2 support acting as a spectator, where the proposed reaction 

consumes 2 CO and 1 O2 molecules to produce 2 CO2 molecules. 

 Two different catalytic cycles are described for the mechanism where O atoms are 

abstracted from either the top layer or the bottom layer of the Pt6O9 cluster. The top layer 

cycle and bottom layer cycle have a RDS with activation energies of 0.3 and 0.56 eV, 

respectively.   

 With DFT values as inputs, kMC simulations reveal significant catalytic activity from -

40ºC. This suggests that low temperature CO oxidation is dependent on the presence of 

oxidative reaction conditions and a metal-oxide cluster structure as an active component. 
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