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Chapter 1 
Introduction and Scope 

 Environmental Catalysis 

Catalysis plays a major role in controlling serious air pollution problems, and the development of 

innovative environmental catalysts is crucial towards developing a more sustainable chemical 

industry.1,2 Environmental catalysis is an umbrella term covering a diverse set of topics such as  

• The removal of exhaust gases (e.g. NOx, CO, and HxCy) from gasoline and diesel engines 

• The removal of sulfur compounds and the conversion of volatile organic compound 

(VOC) 

• Liquid and solid waste treatment 

• Greenhouse gas abatement 

Environmental catalysis is not limited to refining and the chemical production industry, but also 

serves a prominent role in the emission treatment in a plethora of activities such as in electricity 

generation, food production, pulp and paper manufacturing, tanning and transportation. Clearly, 

environmental catalysis spreads the concept of catalysis from the chemistry precincts to the general 

area of industrial production and daily life and acts as a central technology for improving the quality 

of life and a sustainable future. 

Environmental catalysts often operate in more extreme reaction conditions than catalysts for 

chemical production or refineries such as very low or very high temperatures, in the presence of non-

removable poisons, with very high space velocities or with ultra-low concentrations. Besides these 

more extreme operating conditions, they are often expected to operate efficiently with a broad range 

of different feeds or under fast changes in feed composition. Clearly, a big challenge in 

environmental catalysis is the design of high performance catalysts with high stability.3,4 

 Three-Way Catalyst (TWC) 

As early as 1970, it was noticed that unburned hydrocarbons and nitrogen oxides under the 

influence of sunlight produced a photochemical smog, leading to various health issues. Not soon 

after this realization, catalysts were being developed for the treatment of automotive exhaust gas. 

Now, these catalysts are widely applied for the control and suppression of the environmental impact 
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of the exhaust emission of the gasoline-powered vehicles by converting the basic air contaminants 

CO, HxCy and NOx to their corresponding more benign products CO2, N2, and H2O, as shown in 

Figure 1.1. The concept of employing a single catalyst for these three reactions was coined the three-

way catalyst (TWC).5  

 

 

Figure 1.1 Schematic diagram of automotive emission clean-up. 

 

The TWC typically consists of a cordierite or stainless steel-based monolithic substrate having a 

honeycomb structure. On the monolith, a high surface area support and oxygen storage material is 

coated. This support stabilizes platinum group metals (Pt, Pd and Rh) which act as the active 

components. 

The function of the support is twofold. It increases the surface area and prevents the catalysts 

components from sintering. Typically, γ -Al2O3 is employed due to its high surface area, although θ-

Al2O3 can also be found, especially in high temperature applications. The thermal stability of 

alumina can be further improved by addition of other oxides such as CeO2 (vide infra), La2O3 and 

BaO. 

TWC should not only be thermally stable, they should also be very active under air fuels ratios far 

away from the stoichiometric point. Strong fluctuations in the feed composition varying from fuel-

rich (reducing conditions) to fuel-poor (oxidizing conditions) are to be expected for these catalysts. 

As such, the support is required to have a significant oxygen storage capacity (OSC).  

Despite many efforts to optimize the thermal stability and OSC of TWCs, they are still prone to 

sintering when exposed to very high temperatures, which leads to the loss of catalytic activity and 

selectivity.6 Therefore, it is highly desirable to improve the OSC and enhance the thermal stability 

against high-temperature sintering in the development of TWC. The development of next-

generation TWC therefore requires a fundamental understanding of the catalytic mechanism, the 

role of the support and its interplay with the active component. 
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 Cerium oxide (CeO2) support 

Automotive three-way catalysts (TWC) consist of noble metals, supports with large specific 

surface areas and some additives.7 Oxygen storage components of automotive catalysts are for the 

most part base-metal oxides capable of undergoing a relatively rapid change in oxidation state upon 

a change in redox potential of the exhaust gas.8 The change in oxidation state is associated with the 

reversible removal and addition of oxygen and hence the designation oxygen storage. Over the past 

decades, cerium oxide has been extensively used as an active component of the automotive exhaust-

gas purification devices in order to improve catalyst durability, textural properties and catalyst 

activity.9,10 Ceria is one of the most commonly used components since in addition to its oxygen 

storage capacity, it also imparts an improved resistance to thermal loss of the BET surface area of 

the alumina support, and stabilizes the active precious metals in a finely dispersed state.11-16 

Moreover, ceria has been proven to improve the thermal stability of the support as well as to increase 

the reactivity and selectivity of the supported metal particles in catalytic reactions.14-18 

Typical catalysts contain transition metals (e.g. Rh, Pt, Au, Cu and Pd) or their oxides. The 

intimate contact between precious metals and ceria support is essential for the enhanced oxygen 

storage capability and outstanding thermal stability.15,19 Technologically, ceria is relevant in 

abatement of toxic exhaust gas discharges, for removal of soot from diesel engine tail gases, for 

removal of organics from wastewater, in redox and electrochemical reactions, and as an additive to 

combustion catalysts. The redox process involves the phase transformation of cerium oxide and is 

usually attainable at temperatures above 600 K.20 The emissions of pollutants are high during the 

cold-start of a combustion engine until the catalyst reaches high operating temperatures.21 There 

have been continuous efforts to further lower the operating temperatures and increase the low-

temperature redox activity of cerium oxide to reduce pollution under the cold-start condition.22-26 

Furthermore, because of its relatively high oxygen ion conductivity at intermediate temperatures 

(800-1100 K), ceria finds application as a solid electrolyte in solid oxide fuel cell.27,28 This 

widespread applicability mainly originates from the outstanding oxygen storage capability and the 

ease in forming and healing of oxygen vacancies at the surface of ceria. 

Cerium oxide has a cubic fluorite (CaF2) structure (Figure 1.2; left), in which the cation sublattice 

is a super-stable frame because of ionic bonding.29 Cerium oxide has a high melting temperature 

(>2500 K) because of its cubic fluorite structure, which consists of a cubic close-packed array of Ce 

ions wherein all tetrahedral cavities are filled by oxygen ions.30 In contrast to F anions in CaF2, 

oxygen anions in cerium oxide are very active and have a high mobility even at temperatures as low 

as 573 K, resulting in redox cycles under low oxygen partial pressures.31  
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Figure 1.2 Fluorite-type structure of ceria. 

 

The morphology of an oxide support is an important macroscopic structural factor that affects the 

catalyst structure and catalytic performance of oxide-supported catalysts.32 Ceria (CeO2) is among 

the oxide nanocrystals which have been successfully synthesized with various uniform and well-

defined morphologies.33,34 Its catalytic performance as function of its various morphologies has been 

explored extensively.32,35 The most common surface terminations of ceria are (111), (110) and (100) 

with corresponding calculated surface energies of 0.56, 1.40 and 1.68 J·mol-1.36,37 The relative 

stability of various terminations of ceria is also verified by experiments employing X-ray 

photoelectron spectroscopy (XPS) and low-energy electron diffraction (LEED) techniques.38  

The ceria surfaces differ in topology by the coordination of oxygen and cerium atoms. The 

CeO2(111) surface exposes three-fold O and seven-fold Ce atoms, the CeO2(110) surface exposes 

three-fold O and six-fold Ce atoms, and the CeO2(100) surface exposes two-fold O and six-fold Ce 

atoms. It is noted that CeO2(111) has a compact structure comprising of an uninterrupted Ce-O 

bonding network all over the surface, whereas, the CeO2(110) and CeO2(100) surfaces contain 

separated rows of CeO2 units. These structural differences are consistent with the fact that the (111) 

termination of ceria is the most stable one. 

 

 

Figure 1.3 Bulk truncated structures (top view and side view) of CeO2(111), CeO2(110) and 

CeO2(100) surfaces. 
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The termination of ceria can influence the dispersion of transition metals. It has been shown that 

metal atoms are more easily dispersed on the (100) facet due to the stronger interaction between 

the metal atoms and support.11 The defective step-edges of CeO2(111) mainly contain (110) 

terminations,39 and can also exhibit a stronger incorporation of metal atoms.40,41 The CeO2(111) 

terraces generally show a weaker binding to metal atoms than the (110) or (100) surfaces or defect 

sites (e.g. step-edges). Hence, metal atoms on CeO2(111) terraces prefer to agglomerate into large 

clusters or nanoparticles.42 The termination of ceria can influence the morphology and dispersion 

of the supported metals, and accordingly strongly influence the performance of catalytic reactions 

such as CO oxidation, the water-gas shift (WGS) reaction, CO2 hydrogenation and soot oxidation.43-

46  

 Defects and single-atom catalysts (SACs)  

For reducible oxides like CeO2, oxygen vacancies (VO) are generally involved in catalytic processes 

over the surface, e.g. in CO oxidation, NO reduction, and CH4 oxidation. Upon VO formation, the 

excess electrons localize into empty 4f orbitals of surface Ce4+ to produce Ce3+ cations.47,48 Generally, 

oxygen vacancies can diffuse on the defective support surfaces via O anion migration. It is generally 

believed that the excess electrons preferentially localize on Ce atoms in next-nearest neighbour 

(NNN) positions relative to VO in the surface.47,48 Therefore, the O anion migration always 

accompanies the hopping of excess electrons in which the surface local lattice distortion takes place. 

This complex of electron and lattice distortion is termed a polaron, as illustrated in Figure 1.4.  

 

 

Figure 1.4 Schematic illustration of polaron in the defective CeO2(111) surface. After removal of an 

oxygen atom from the surface (upper-left), the electrons involved in the Ce-O bonds migrate to the 

two neighboring Ce4+ atom to form two Ce3+ atom (bottom-left). The localization of the excess 

charges results in a polarization of the electron density, which is termed a polaron (right). 
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Polaron transport results into the excellent n-type conductivity in defective ceria as a solid oxide 

fuel cell,49-51 and plays an important role in electro- or photo-catalysis.52-54 Furthermore, the 

reducibility of the ceria surface often plays a crucial role, because the resulting oxygen vacancies can 

act as a site for the adsorption and activation of molecular oxygen or nitric oxide for subsequent 

oxidation reactions.55-58 Moreover, the diffusion of oxygen vacancies can also occur in catalytic 

reactions at the interface between metal particles and the reducible oxide support. While VO 

diffusion is fast compared to the chemical reactions,47 it is generally ignored in simulations of 

catalytic reactions at the interface between metal particles and the reducible oxide support. 

Cation defects are also very important in heterogeneous catalysis, for instance in the solid solution 

catalysts. By substituting the Ce atoms for a metal atom M, the MxCe1-xO2- solid solution catalysts 

are obtained. It is generally accepted that metal dopants can substantially improve the catalytic 

activity, because the doping of metal atoms can lower the formation energy of oxygen vacancies.59,60 

Moreover, the doped metal atoms are highly dispersed and maximize the atomic efficiency. It acts 

as a kind of single-atom catalyst (SAC), and the doped metal atoms are remarkably stable and 

resistant to sintering. Recently, Datye’s group have produced a series of excellent treatises on the 

solid solution catalysts for CO oxidation.61,62 It is expected that the incorporation of metal atoms in 

ceria results in the exceptional reactivity of ceria in environmental catalysis. 

Step-edges of reducible oxides are deemed to be an active defect to strongly trap single metal 

atoms to produce SACs. This is mainly because the oxygen atoms on step-edges are 

undercoordinated and can strongly interact with the single metal atoms. Dvorak et al. successfully 

realized the synthesis of Pt single atoms on step-edges of CeO2.40 Recently, Datye and co-workers 

also observed that the Pt single-atoms on step-edges of CeO2 serve a comparable CO oxidation 

reactivity.41 

For the construction of single-atom catalysts, defects always play a vital role. On CeO2(111) 

terraces, single metal atoms are generally unstable and prone to agglomerate to form larger clusters 

and particles via Ostwald ripening.42 Since defects are able to strongly interact with single metal 

atoms as compared to the intact terrace surface,  they are necessary for preventing the sintering of 

single metal atoms. For the stability of single metal atoms on non-oxide supports, e.g. graphene and 

MoS2, the construction of defects is also indispensable.63-66 These pure and isolated SACs are 

dubbed “isolated single-atom catalysts”, as illustrated in Figure 1.5, and can act as highly active sites 

for some catalytic reactions. 

In addition, there is another kind of single-atom catalyst which depends on the reaction conditions 

and are produced from the supported particles, named “non-isolated single-atom catalysts”. Under 
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operating conditions, the reactants, especially gaseous adsorbates like CO, can dislodge metal atoms 

to form metal-carbonyl species which leads to CO oxidation at the interface between metal particles 

and oxide supports.67-69 After the reaction, the dislodged metal atoms re-integrate back to their initial 

positions. The metal atom thus operates in a dynamic fashion by migration between the supported 

metal particles and the oxide support during the whole CO oxidation cycle. Because of this dynamic 

nature, it is termed non-isolated SACs. 

 

 

Figure 1.5 Schematic illustration of various kinds of single-atom catalysts. 

 

Recently, SACs are attracting more and more attention due to their excellent catalytic reactivity 

and maximized utilization of metal atoms.70-72 The evaluation of the stability and reactivity of SACs 

is thus important to receiving a more fundamental understanding of these materials. In this work, 

we have investigated a series of metal atoms dispersed on and in ceria for CO oxidation and CH4 

oxidation. 

 CO and CH4 oxidation  

Automotive exhaust gas emission control is a still a serious challenge.73 The three major primary 

pollutants in engine exhaust gases are NOx, HC and CO. The catalyst concept became known as a 

three-way catalyst (TWC) which can simultaneously remove all three pollutants.  
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CO oxidation. Catalytic oxidation of carbon monoxide is generally studied not only because of its 

importance in environmental clean-up, but also as a prototypical reaction for heterogeneous 

catalysis.74 The oxidation of CO on metal surfaces is usually described by the following set of 

elementary reaction steps: 

(1) CO + * → CO*  CO adsorption; 

(2) O2 + * → O2*   O2 adsorption;  

(3) O2* + * → 2O*   O2 dissociation;  

(4) CO* + O* → CO2*  CO2 formation; 

(5) CO2* → CO2   CO2 desorption; 

or alternatively without O2 dissociation: 

(1) CO + * → CO*  CO adsorption; 

(2) O2 + * → O2*   O2 adsorption;  

(3) CO* + O2* → OCOO*  CO2 precursor;  

(4) OCOO* → CO2 + O*  CO2 desorption. 

The typical examples for both cases are CO oxidation with O2 dissociation on palladium 

surfaces;75 while without O2 dissociation on gold surfaces.76 The reaction proceeds according to a 

Langmuir-Hinshelwood (L-H) mechanism, in which all reactant species firstly adsorb on the 

support and then participate in reactions.  

Usually, CO adsorption on platinum-group metals (Ni, Pd, Pt) is quite strong, varying in the range 

of 100-150 kJ/mol depending on the particle morphology and size, therefore, CO oxidation 

generally begins at T > 200-250 ℃.77-79 Strongly oxidized palladium/platinum in the form of 

PdO/PtO particles do not apparently exhibit the low-temperature catalytic activity, while the 

deposition of dispersed palladium/platinum on oxides (e.g. SiO2, Al2O3, MgO, and TiO2) can 

substantially shift CO oxidation activity to the low-temperature range.80-84 The low-temperature CO 

oxidation over the ceria-supported metals (e.g. Pd and Pt) occurs typically according to a Mars-van 

Krevelen (MvK) mechanism, in which the surface ceria lattice O atoms are involved and the 

resulting oxygen vacancies are active centers for O2 adsorption and activation.25,85-87 The elementary 

reaction steps of CO oxidation at the interface between metal particles and oxides (e.g. CeO2) in the 

MvK mechanism with O2 dissociation are shown below: 

(1) CO + * → CO*  CO adsorption; 

(2) CO* + [O] → [CO2*]  CO2 formation; 

(3) [CO2*] → CO2 + []  CO2 desorption; 
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(4) [] + O2 → [O2*]  O2 adsorption;  

(5) [O2*] → O* + [O]  O2 dissociation; 

(6) CO + * → CO*  CO adsorption; 

(7) CO* + O* → CO2*  CO2 formation; 

(8) CO2* → CO2   CO2 desorption; 

or alternatively without O2 dissociation: 

(1) CO + * → CO*  CO adsorption; 

(2) CO* + [O] → [CO2*]  CO2 formation; 

(3) [CO2*] → CO2 + []  CO2 desorption; 

(4) [] + O2 → [O2*]  O2 adsorption; 

(5) CO + * → CO*  CO adsorption; 

(6) CO* + [O2*] → [OCOO*] CO2 precursor; 

(7) [OCOO*] → CO2 + [O] CO2 desorption. 

with the following overall reaction:  

2CO(g) + O2(g) → 2CO2(g) ΔE = -6.56 eV (-633 kJ/mol). 

Palladium and cerium oxide are the basic components of TWC and play almost indispensable 

roles in deep oxidation of carbon monoxide and hydrocarbons at low temperature (T < 150 ℃).77 

Wide application of ceria in deep oxidation reactions is related to its ability to easily donate and 

accept oxygen atoms.88 Palladium is one of the most active metals interacting with surface oxides 

and is significantly cheaper than rhodium and platinum. Palladium is characterized by its relatively 

high oxygen affinity. Oxidation of palladium supported on ceria can weaken the CO adsorption and 

accordingly facilitate the low-temperature CO oxidation activity via the MvK mechanism.16,56  

On platinum-group metals supported on ceria, the LH mechanism is typically preferred. While for 

gold supported on ceria, a lot of theoretical work demonstrates that the MvK mechanism is favored. 

The preferred mechanism is largely determined by the feasibility of O2 dissociation, which depends 

on the O affinity of the various metals. The reason that the MvK mechanism is preferred for Au is as 

follows. Au has a much lower O affinity than the other metals such as Pd and Pt. Therefore, the 

required barrier for O2 dissociation on gold or at the interface of Au/CeO2 is relatively high at 

around 1.37 eV.89  

In essence, the CO oxidation activity also depends on the formation energy of oxygen vacancies 

at the interface between metal particles and ceria. How to reduce the energy cost for VO formation 

is also an important issue. Theoretically and experimentally, it was found that the doping of metal 
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atoms into ceria can lower the VO formation energy and promote the catalytic oxidation 

reactions.58,90-94 The defects, like step-edges of ceria, also determine a lower energy cost of VO 

formation as well as the thermodynamically meta-stable terminations of ceria. Obviously, the high 

activity of low-temperature CO oxidation requires a moderate CO binding and a low formation 

energy of VO. 

CH4 oxidation. Methane (CH4) is a potent greenhouse gas with a global warming potential ca. 20 

times higher than that of CO2.
15 Accordingly, it is desirable to develop technologies to remove 

residual CH4 present from the exhaust of increasingly popular natural gas engines.95-99 The challenge 

is to develop highly active catalysts that can operate at the relatively low temperature of the exhaust 

gas. The high Pd loading in the current generation of preferred Pd/CeO2 catalysts poses a cost 

challenge. Reducing the Pd-loading requires a deeper understanding of the nature of the active 

sites.15,100-102 In automotive three-way catalysis, Pd is already extensively used to catalyze 

hydrocarbon oxidation.103-106 The function of CeO2 in these catalysts is mainly to store and release 

oxygen, while more recently it was found that it has the ability to maintain a high dispersion of 

transition metals.8,107,108 Although the importance of a close interaction between Pd and CeO2 in 

catalytic oxidation chemistry has been clearly demonstrated,15,96,100,109 the exact structure of the 

active Pd species remains unclear. 

  

 

Figure 1.6 Schematic illustration of CH4 activation and dissociation over catalyst surface. 

 

Several studies mention the importance of bulk PdO for high CH4 combustion activity.15,96,100,104,110 

Computational studies support this by showing that the (101) surface termination of PdO contains 

under-coordinated Pd atoms which are able to form a strong -adsorption complex with CH4.104,110-

113 Conventionally, CH4 dissociation on metal surfaces follows a Eley-Rideal (ER) mechanism 

owing to the weak adsorption, in which the gaseous CH4 molecule is directly dissociated into CH3 

fragment and H atom by support. The PdO surface with under-coordinated Pd atoms can provide a 

strong CH4 adsorption and C-H bond activation via -complex formation, and then a Langmuir-
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Hinshelwood mechanism for CH4 dissociation is preferred. The high dispersion of Pd on/into CeO2 

can produce undercoordinated Pd atoms for CH4 -adsorption. After CH4 dissociation, the next 

deep oxidation follows the MvK mechanism involving lattice O atoms which can stabilize the C-

intermediates and promote the entire oxidation towards CO2 and H2O. 

 Computational methods   

Molecular modeling is indispensable to better understand the reaction mechanisms in 

heterogeneous catalysis. With the increasing developments of computational power and more 

efficient computational methods, very accurate prediction of the effects of catalyst composition and 

structure on the reactivity becomes feasible. Quantum chemical methods based on electronic 

structure calculations, including semi-empirical methods and ab initio methods, have made 

significant contributions to interpret experimental data and elucidate reaction mechanisms of 

catalytic reaction at the molecular level.  

In order to predict the energetic, physical, chemical and spectroscopic properties of atomic and 

molecular systems (including condensed state systems), the Schrödinger equation must be solved. 

For obtaining the properties of ground states of the studied systems, it is sufficient to solve the time-

independent Schrödinger equation within the Born-Oppenheimer approximation. The time-

independent Schrödinger equation for a molecular system is 

𝐻Ψ(𝐱1, 𝐱2, … , 𝐱𝑁; 𝐑1, 𝐑2, … , 𝐑𝑁𝑛) = 𝐸Ψ(𝐱1, 𝐱2, … , 𝐱𝑁; 𝐑1, 𝐑2, … , 𝐑𝑁𝑛) (1.1) 

in which X1,X2,…,XN represent the spin and Cartesian coordinates of the N electrons, and 

R1,R2,…,RNn represent the nuclear coordinates of the Nn nuclei in the system. The Hamilton 

operator can be written as: 

𝐻 = 𝑇𝑒 + 𝑇𝑛 + 𝑉𝑒𝑛 + 𝑉𝑒𝑒 + 𝑉𝑛𝑛  (1.2) 

Wherein, 

𝑇𝑒 = −
ħ2

2𝑚𝑒
∑ ▽𝜇

2𝑁𝑒
𝜇=1  (1.3) 

𝑇𝑛 = −
ħ2

2
∑

▽𝜅
2

𝑚𝜅

𝑁𝑛
𝜅=1  (1.4) 

𝑉𝑒𝑛 = −∑ ∑
𝑍𝜅𝑒

2

4𝜋𝜀0|𝑟𝜇−�⃗⃗�𝜅|

𝑁𝑛
𝜅=1

𝑁𝑒
𝜇=1  (1.5) 

𝑉𝑒𝑒 = −∑ ∑
𝑒2

4𝜋𝜀0|𝑟𝜇−�⃗⃗�𝜈|

𝑁𝑒
𝜈>𝜇

𝑁𝑒
𝜇=1  (1.6) 

in which Te and Tn are the kinetic terms of N electrons (e) and Nn the nuclei (n) of the system, 

respectively. Vee, Vnn and Ven are the corresponding potential terms. Under the Born-Oppenheimer 
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approximation, the term Vnn is not part of the electronic Hamiltonian and it is simply a constant that 

is added to the total energy of the system. 

The two most applied methodologies to solve the Schrödinger equation are the wavefunction 

based method and the density functional theory (DFT) method. In wavefunction based methods, 

the standard treatment is the Hartree-Fock (HF) method, in which the wavefunction is expanded 

as the antisymmetric combination of one-electron orbitals which replaces the exact Hamiltonian of 

equations (1.2) for a set of non-interacting electrons.114 Each of the electrons move in the average 

field of the other electrons. The orbitals obey non-linear integro-differential Fock equations, thus an 

iterative method has to be employed to achieve self-consistent solutions. In practice, the HF spin-

orbitals are expanded in a pre-chosen basis set. Then the variational technique is adopted to find the 

suitable values of the expansion coefficients to minimize the energy functional. The HF method 

satisfies the exchange requirements because of the antisymmetric nature of the Slater determinant, 

but it neglects the other electron correlation effects which results in a relatively large error. To reach 

chemical accuracy, post-HF methods are developed, such as Moller-Plesset perturbation theory (e.g. 

MP2, MP3 and MP4), Configuration Interaction (CI) and Coupled Cluster (CC) methods. 

However, these methods are computationally very expensive, limiting their usage to small systems.  

In 1964, Hohenberg and Kohn demonstrated that the electron density can be used to obtain 

ground state properties.115 The electron density is a function of only three spatial coordinates and is 

defined as below 

𝜌(𝑟) = 𝑁 ∫…∫|Ψ(�⃗�1, �⃗�2, … , �⃗�𝑁)|
2𝑑�⃗�1𝑑�⃗�2…𝑑�⃗�𝑁  (1.7) 

where ρ determines the chance of finding any of the N electrons within the volume dr arbitrarily of 

the position and the spin of the other N-1 electrons. Obviously, the electron density integrated over 

all space should be equal to the number of electrons in the system as given by  

∫ 𝜌(𝑟)𝑑𝑟 = 𝑁 (1.8) 

For the development of DFT, two key principles were postulated. Firstly, a one-to-one mapping 

between the external potential and the electron density is established. Secondly, it is shown that the 

ground state energy can be found using the variational principle, where the density that gives the 

lowest energy is the exact ground state density. 

Although these two principles provide a proof that the total ground-state energy can be obtained 

from the ground-state density, the exact description to obtain ρ(r) was not clear until Kohn released 

another paper in 1965.116 Herein, similar to the HF approximation, they introduced the idea of one-

electron orbitals and the kinetic energy approximation of the system by the kinetic energy of the 

non-interacting orbitals. This yields the following expression for the total energy 
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𝐸 = ∑ 𝜀𝑖 −
1

2
∫∫

𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|

𝑁
𝑖 𝑑𝑟𝑑𝑟′ + 𝐸𝑋𝐶[𝜌] − ∫ 𝜈𝑋𝐶𝜌(𝑟)𝑑𝑟 (1.9) 

Unfortunately, there is one unknown term in this equation: the exchange-correlation energy EXC, 

which includes the non-classical aspects of the electron-electron interaction along with the 

component of the kinetic energy of the real system different from the fictious non-interacting system. 

Since EXC is not known exactly, many approximations have been introduced to calculate this term. 

To use the Kohn-Sham (KS) equations, the form of the exchange-correlation function has to be 

known. The simplest variant of the exchange-correlation approximations is the local density 

approximation (LDA), which is exact for the ideal case of the uniform electron gas.117 The kinetic 

and exchange energies of such a system are easily evaluated and the correlation energy can be 

established using accurate Monte-Carlo simulations. The LDA approximation for the exchange-

correlation energy can be written as 

𝐸𝑋𝐶−𝐿𝐷𝐴[𝜌(𝑟)] = ∫𝜌(𝑟)𝜀𝑋𝐶−𝑢𝑛𝑖𝑓(𝜌(𝑟))𝑑𝜌(𝑟) (1.10) 

in which εXC-unif is the exchange-correlation energy per particle in the homogeneous electron gas of 

density ρ(r).  

The LDA is an oversimplification of the actual density distribution and leads to an overestimation 

of bond energies. Strictly, it is only valid for slowly varying densities, which is obviously not the case 

for many chemical systems. It was therefore a surprise that it works relatively well and much of the 

current understanding of metals and semiconductors is derived from applying the LDA 

approximation. Partly, the successful application of LDA was attributed to up-holding so-called 

sum-rules.  

The obvious improvement to the LDA is not only taking into account the local electron density in 

the evaluation of the exchange-correlation energy but also including the electron density gradient as 

well, known as the generalized gradient approximation (GGA).118 The general expression is below 

𝐸𝑋𝐶−𝐺𝐺𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋𝐶−𝑢𝑛𝑖𝑓(𝜌(𝑟),▽ 𝜌(𝑟))𝑑𝜌(𝑟) (1.11) 

Thus, GGA is semi-local, comprised of correlations to the LDA while, like LDA, ensuring 

consistency with the sum-rules. For many properties such as geometries and ground state energies, 

GGA yields better results than their LDA counterparts. The most widely used GGA for chemical 

applications are the PW91 and PBE functional. The latter version has several offspring, such as 

revPBE, RPBE, PBE-WC and PBE-sol. The most widely used flavor is PBE, which has been used in 

all of the reported DFT calculations within this thesis.  

For chemical reactions, ab initio methods can be applied not only to investigate the 

thermodynamic properties like enthalpy (H), entropy (S) and free energies (G) associated with the 

reaction intermediates, but also to determine the kinetics of chemical reactions. The latter is 
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typically calculated within the framework of transition state theory (TST) which approaches the 

problem of calculating a reaction rate for a rarely occurring elementary reaction by separating space 

into two regions called the reactant region and the product region. The reactant region defines the 

general region in which the system can be found before reacting, and the product region defines 

what is thought of as a product of the elementary reaction in question. The border between these 

two regions is referred to as the transition state. The lowest energy configurations in the reactant 

and product regions are referred to as the initial state and final state of an elementary reaction, 

respectively.119 The reaction proceeds via the transition state, located at the first-order saddle point 

of the potential energy surfaces along the reaction coordinate.120 Reacting molecules are activated 

to the transition state by collisions with the surrounding molecules. Overcoming the energy barrier 

is only possible in the forward reaction. When applying transition state theory to the potential energy 

surfaces, quantum tunneling effect is assumed negligibly and the Born-Oppenheimer approximation 

is also invoked. Furthermore, two key assumption are made in transition state theory. (i) The atoms 

in the reactant states have energies that conform to a Boltzmann distribution. This should be 

satisfied if the system has had enough time to thermally equilibrate and we are dealing with a 

sufficiently large number of species (i.e. in the order of 1023). (ii) Once the system attains the 

transition states, with a velocity towards the product configuration, it will not reenter the initial state 

region again. Transition state theory is very often used in its harmonic approximation which is 

applicable under the normal assumptions of transition state theory but further demands that the 

potential energy surface is smooth enough for a harmonic expansion of the potential energy to make 

sense. The procedure for determining the harmonic TST rate constant follows a series of well-

defined steps. Firstly, an initial state is determined as the lowest energy point in the reactant region, 

next a first-order saddle point on the potential energy surface needs to be determined. A first-order 

saddle point is a stationary point on the potential energy surface in which one and only one 

eigenmode of vibration is negative. It is based on the force analysis of atoms and can be categorized 

into two types. One is so-called “surface waling” which only needs an initial guess for the transition 

state structure and then optimization identifies the saddle point based on the local force and 

curvature information. Another approach is the so-called “chain of states” method which needs a 

series of structures between the initial and final states of one elementary reaction. The advantage of 

the latter is that a reaction pathway is obtained to ensure the correct transition state of the specified 

reaction. It is generally implemented in the Climbing Image Nudged Elastic Band (CI-NEB) 

algorithm.121  
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Figure 1.7 Schematic diagram of an elementary reaction. 

 

The normal nudged elastic band (NEB) is a method for finding saddle points and minimum 

energy paths between known reactants and products. The method works by optimizing a number 

of intermediate images along the reaction path. Each image finds the lowest energy possible while 

maintaining an equal spacing to neighboring images on the reaction coordinate. This constrained 

optimization is done by adding spring forces along the band between images and by projecting out 

the component of the force due to the potential perpendicular to the band. The climbing 

image nudged elastic band is a small modification to the NEB method in which the highest energy 

image is driven up to the saddle point. This image does not feel the spring forces along the band. 

Instead, the true force at this image along the tangent is inverted. In this way, the image tries to 

maximize its energy along the band, and minimize in all other directions. When this image converges, 

it will be at the exact saddle point. 

 Scope of the thesis 

The aim of this thesis is to develop a deeper understanding of the factors that determine the 

catalytic activity of reducible oxide supported metal catalysts for several important technological 

reactions. The main system to be discussed is Pd/CeO2 but also other metals and supports are 

included in our investigations. Methods are discussed that allow resolving the nature of active sites 

under practical conditions, the relevance of single-atom catalysts and the role of the metal-support 

interface. The work starts with a short study of the conductivity of defective ceria, providing a good 

introduction into the nature of the ceria support and the role of oxygen vacancies.  
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In Chapter 2, we address charge transport on the defective CeO2(111) surface in a systematic 

manner by carrying out DFT+U calculations for two different mechanisms. The CeO2(111) surface 

was chosen as it is the most stable surface termination of ceria. We will show that charge transport 

proceeds by hopping of a polaron prior to oxygen migration. By carrying out a detailed analysis of 

the hopping processes, we gain a detailed understanding about the underlying mechanism of oxygen 

anion migration and polaron hopping. During polaron hopping, it is found that the transferring 

electron is equally shared by the two Ce ions, explaining why polaron hopping is coupled to a 

phonon mode of ceria. 

In Chapter 3, we employed DFT to determine the stability and mobility of isolated Pd atoms and 

Pdn clusters (n = 2−21) on CeO2(111). On the basis of activation barriers for the migration of such 

adsorbed atoms and clusters, we discuss possible ripening mechanisms for Pd/CeO2. We also 

investigated the role of CO as an adsorbate that influences the sintering process. 

In Chapter 4, we used DFT calculations to establish different structures for the doping of a Pd 

atom in CeO2(111) surface. We identify a different structure than usually assumed to be most stable 

(octahedral configuration). We show that removal of surface oxygen is easier from the newly 

identified square-planar Pd-doped CeO2(111) structure than from the octahedral Pd-doped 

CeO2(111) one. It will be shown that this new site is a potential active site for CH4 activation. While 

octahedrally coordinated Pd in the surface of ceria cannot adsorb CO, a low-barrier catalytic cycle 

for CO oxidation was found for the new structure, in which the flexibility of Pd coordination upon 

CO adsorption and surface O atoms feature prominently. 

In Chapter 5, we show for the first time that one Ce ion in the CeO2(111) surface can be 

substituted by two Pd ions, resulting in a thermodynamically stable configuration. This 

configuration renders Pd not only stable against sintering but is also very reactive towards the C-H 

bonds in CH4. One of the Pd ions is three-fold coordinated by lattice O atoms, while the other is 

four-fold coordinated by lattice O atoms. The coordinative unsaturation of this Pd atom results in 

strong CH4 chemisorption and activation. We will demonstrate the broader applicability of this 

concept by computing stability and reactivity of other transition metal doped CeO2 surfaces. These 

insights are in good agreement with available experimental data. 

In Chapter 6, we introduce a novel and advanced methodology to determine the stability of CO-

covered supported single atoms and metal nanoparticles (NPs) of various size as a function of 

temperature and CO pressure. We use DFT calculations to determine the binding energies of 

supported single atoms and NPs and also to determine the stabilizing effect of adsorbed CO, which 

depends on temperature and pressure. We explicitly take into account coverage and lateral 
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interaction effects of adsorbed CO. We construct the stability diagram of supported metal NPs with 

respect to a supported single metal atom in the presence of adsorbed CO. This leads to predictions 

about the stability of NPs and a critical size below which the NP will disperse into supported single 

metal atoms. We employ this methodology to predict the stability of single Pt atoms on 

stoichiometric CeO2(111) and stepped CeO2(111) surfaces. Finally, we determine potential energy 

diagrams for the CO oxidation cycle for a single Pt atom on these two surface and other relevant 

models for the Pt/CeO2 system. CO oxidation rates are predicted by the graph-theoretical kinetic 

Monte-Carlo (GT-kMC) algorithm. 

In Chapter 7, we carried out a DFT study to investigate the CO oxidation mechanism for metallic 

Pdn clusters (n = 1-4, 7, 10 and 20), Pd3Ox and single Pd atoms on stoichiometric and defective ceria. 

The microkinetic simulations were performed to analyze the CO oxidation reactivity. We firstly 

investigated the size effect of the supported Pd clusters on CO oxidation activity. And we also 

compared the CO oxidation reactivity of single Pd atoms dispersed on the defects of CeO2. Finally, 

we explored the correlation of the CO oxidation mechanisms and reactivity with the oxidation states 

of the supported Pd clusters.  We emphasize the importance of Pd2+ in small oxidized Pd clusters to 

explain the low-temperature CO oxidation activity of Pd/CeO2 catalysts. 

In Chapter 8, we considered various structural models of Au/CeO2 to investigate the Au-CeO2 

interface. These include an isolated Au atom on the CeO2(111) terrace, on a surface oxygen vacancy, 

and at a step edge site of the CeO2(111) surface. We also included the case where an Au atom 

replaces a Ce atom in the top Ce layer of the CeO2(111) surface and investigated the removal of O 

atoms surrounding the Au dopant. Au particles were investigated by placing Au10, Au13, Au20 and 

Au38 clusters  on the CeO2(111) terrace. Based on our the developed model in Chapter 6, we 

constructed phase diagrams that represent the stability of Au(CO) complexes on terrace or step-

edge sites of the CeO2(111) surface in comparison to CeO2(111)-supported Au nanoparticles on 

CeO2 at a given temperature and CO partial pressure. The results identify conditions under which 

one may expect isolated Au(CO) complexes to be more stable than Au nanoparticles. We also 

explored kinetic barriers for the dislodging of Au(CO) complexes from different Au clusters. The 

activation barriers depend on the presence of CO and are typically in the 0.12-0.66 eV range. 

Microkinetic modeling of CO oxidation was finally used to compare the catalytic activity of different 

models. These simulations demonstrate that isolated Au atoms present a very low CO oxidation 

activity and instead it is more likely that the low-temperature CO oxidation activity derived from the 

interface between Au nanoparticles and CeO2 in a MvK mechanism. The present study highlights 

the dynamic nature of Au on CeO2, especially in the presence of CO. 



18 

 

 References 

(1) Armor, J. N. Appl. Catal. B: Environ. 1992, 1, 221-256. 

(2) Centi, G.; Ciambelli, P.; Perathoner, S.; Russo, P. Catal. Today 2002, 75, 3-15. 

(3) Schwach, P.; Pan, X.; Bao, X. Chem. Rev. 2017, 117, 8497-8520. 

(4) Wacławek, S.; Padil, V. V.; Černík, M. Ecol. Chem. Eng. S 2018, 25, 9. 

(5) Martınez-Arias, A.; Fernández-Garcıa, M.; Hungrıa, A.; Iglesias-Juez, A.; Duncan, K.; Smith, R.; Anderson, J.; Conesa, J.; 

Soria, J. J. Catal. 2001, 204, 238-248. 

(6) Wang, Q.; Zhao, B.; Li, G.; Zhou, R. Environ. Sci. Technol. 2010, 44, 3870-3875. 

(7) Martın, L.; Arranz, J.; Prieto, O.; Trujillano, R.; Holgado, M.; Galan, M.; Rives, V. Appl. Catal. B: Environ. 2003, 44, 41-

52. 

(8) Yao, H.; Yao, Y. Y. J. Catal. 1984, 86, 254-265. 

(9) Di Monte, R.; Kaspar, J.; Fornasiero, P.; Ferrero, A.; Gubitosa, G.; Graziani, M. Stud. Surf. Sci. Catal. 1998, 116, 559. 

(10) Trovarelli, A.; Leitenburg, C. d.; Dolcetti, G. Chemtech 1997, 27. 

(11) Wu, T.; Pan, X.; Zhang, Y.; Miao, Z.; Zhang, B.; Li, J.; Yang, X. J. Phys. Chem. Lett. 2014, 5, 2479-2483. 

(12) Yen, H.; Seo, Y.; Kaliaguine, S.; Kleitz, F. Angew. Chem. 2012, 124, 12198-12201. 

(13) Dvořák, F.; Camellone, M. F.; Tovt, A.; Tran, N.-D.; Negreiros, F. R.; Vorokhta, M.; Skála, T.; Matolínová, I.; 

Mysliveček, J.; Matolín, V. Nature Comm. 2016, 7, 10801. 

(14) Guo, L. W.; Du, P.-P.; Fu, X.-P.; Ma, C.; Zeng, J.; Si, R.; Huang, Y.-Y.; Jia, C.-J.; Zhang, Y.-W.; Yan, C.-H. Nature Comm. 

2016, 7, 13481. 

(15) Cargnello, M.; Jaén, J. D.; Garrido, J. H.; Bakhmutsky, K.; Montini, T.; Gámez, J. C.; Gorte, R.; Fornasiero, P. Science 

2012, 337, 713-717. 

(16) Meng, L.; Lin, J. J.; Pu, Z.- .; Luo, L.-F.; Jia, A. P.; Huang, W. X.; Luo, M.-F.; Lu, J. Q. Applied Catalysis B: Environmental 

2012, 119, 117-122. 

(17) Nunan, J. G.; Robota, H. J.; Cohn, M. J.; Bradley, S. A. J. Catal. 1992, 133, 309-324. 

(18) Liang, X.; Wang, X.; Zhuang, Y.; Xu, B.; Kuang, S.; Li, Y. J. Am. Chem. Soc. 2008, 130, 2736-2737. 

(19) Miki, T.; Ogawa, T.; Haneda, M.; Kakuta, N.; Ueno, A.; Tateishi, S.; Matsuura, S.; Sato, M. J. Phys. Chem. 1990, 94, 

6464-6467. 

(20) Gao, P.; Kang, Z.; Fu, W.; Wang, W.; Bai, X.; Wang, E. J. Am. Chem. Soc. 2010, 132, 4197-4201. 

(21) Shelef, M.; McCabe, R. W. Catal. today 2000, 62, 35-50.  

(22) Andreeva, D.; Idakiev, V.; Tabakova, T.; Ilieva, L.; Falaras, P.; Bourlinos, A.; Travlos, A. Catal. Today 2002, 72, 51-57. 

(23) Luo, M.-F.; Ma, J.-M.; Lu, J.-Q.; Song, Y.-P.; Wang, Y.-J. J. Catal. 2007, 246, 52-59. 

(24) Tamura, M.; Tomishige, K. Angew. Chem. 2015, 127 878-881. 

(25) Slavinskaya, E.; Gulyaev, R.; Zadesenets, A.; Stonkus, O.; Zaikovskii, V.; Shubin, Y. V.; Korenev, S.; Boronin, A. Appl. 

Catal. B: Environ. 2015, 166, 91-103. 

(26) Ke, J.; Zhu, W.; Jiang, Y.; Si, R.; Wang, Y. J.; Li, S. C.; Jin, C.; Liu, H.; Song, W. G.; Yan, C.-H. ACS Catal. 2015, 5, 5164-

5173. 

(27) Adijanto, L.; Sampath, A.; Yu, A. S.; Cargnello, M.; Fornasiero, P.; Gorte, R. J.; Vohs, J. M. ACS Catal. 2013, 3, 1801-

1809. 

(28) Milliken, C.; Guruswamy, S.; Khandkar, A. J. Am. Ceramic Soc. 2002, 85, 2479-2486. 

(29) Zhang, F.; Chan, S.-W.; Spanier, J. E.; Apak, E.; Jin, Q.; Robinson, R. D.; Herman, I. P. Appl. Phys. Lett. 2002, 80, 127-

129. 



19 

 

(30) Adachi, G.-y.; Imanaka, N. Chem. Rev. 1998, 98, 1479-1514. 

(31) Bevan, D.; Kordis, J. J. Inorg. and Nuclear Chem. 1964, 26, 1509-1523. 

(32) Gao, Y.; Wang, W.; Chang, S.; Huang, W. ChemCatChem 2013, 5, 3610-3620. 

(33) Sun, C.; Li, H.; Chen, L. Energ. Environ. Sci. 2012, 5, 8475-8505. 

(34) Ho, C.; Yu, J. C.; Kwong, T.; Mak, A. C.; Lai, S. Chem. Mater. 2005, 17, 4514-4522. 

(35) Yi, G.; Xu, Z.; Guo, G.; Tanaka, K.-i.; Yuan, Y. Chem. Phys. Lett. 2009, 479, 128-132. 

(36) Skorodumova, N.; Baudin, M.; Hermansson, K. Phys. Rev. B 2004, 69, 075401. 

(37) Yang, Z.; Woo, T. K.; Baudin, M.; Hermansson, K. J. Chem. Phys. 2004, 120, 7741. 

(38) Siokou, A.; Nix, R. The J Phys. Chem. B 1999, 103, 6984-6997. 

(39) Nilius, N.; Kozlov, S. M.; Jerratsch, J.-F.; Baron, M.; Shao, X.; Vines, F.; Shaikhutdinov, S.; Neyman, K. M.; Freund, H.-

J. ACS Nano 2012, 6, 1126-1133. 

(40) Dvořák, F.; Camellone, M. F.; Tovt, A.; Tran, N.-D.; Negreiros, F. R.; Vorokhta, M.; Skála, T.; Matolínová, I.; 

Mysliveček, J.; Matolín, V. Nature Comm. 2016, 7, 10801. 

(41) Jones, J.; Xiong, H.; DeLaRiva, A. T.; Peterson, E. J.; Pham, H.; Challa, S. R.; Qi, G.; Oh, S.; Wiebenga, M. H.; 

Hernández, X. I. P. Science 2016, 353, 150-154. 

(42) Su, Y. Q.; Liu, J. X.; Filot, I. A. W.; Hensen, E. J. M. Chem. Mater. 2017, 29, 9456-9462. 

(43) Carrettin, S.; Concepción, P.; Corma, A.; Lopez Nieto, J. M.; Puntes, V. F. Angew. Chem. In. Ed. 2004, 43, 2538-2540. 

(44) Yi, N.; Si, R.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Energ. Environ. Sci. 2010, 3, 831-837. 

(45) Du, X.; Zhang, D.; Shi, L.; Gao, R.; Zhang, J. J. Phys. Chem. C 2012, 116, 10009-10016. 

(46) Aneggi, E.; Wiater, D.; de Leitenburg, C.; Llorca, J.; Trovarelli, A. ACS Catal. 2013, 4, 172-181. 

(47) Su, Y. Q.; Filot, I. A. W.; Liu, J. X.; Tranca, I.; Hensen, E. J. M. Chem. Mater. 2016, 28, 5652-5658. 

(48) Li, H. Y.; Wang, H. F.; Guo, Y. L.; Lu, G.-Z.; Hu, P. Chem. Comm. 2011, 47, 6105-6107. 

(49) Naik, I.; Tien, T.-Y. J. Phys. Chem. Solids, 1978, 39, 311-315. . 

(50) Kharton, V.; Figueiredo, F.; Navarro, L.; Naumovich, E.; Kovalevsky, A.; Yaremchenko, A.; Viskup, A. P.; Carneiro, A.; 

Marques, F.; Frade J. R. J. Mater. Sci. 2001, 36, 1105-1117. 

(51) Kolodiazhnyi, T.; Charoonsuk, T.; Seo, Y.-S.; Chang, S.; Vittayakorn, N.; Hwang, J. Phys. Rev. B 2017, 95, 045203. 

(52) Primo, A.; Marino, T.; Corma, A.; Molinari, R.; Garcia, H. J. Am. Chem. Soc. 2011, 133, 6930-6933. 

(53) Khan, M. M.; Ansari, S. A.; Pradhan, D.; Han, D. H.; Lee, J.; Cho, M. H. Ind. Eng. Chem. Res. 2014, 53, 9754-9763. 

(54) Campbell, C. T.; Peden, C. H. Science 2005, 309, 713-714. 

(55) Su, Y.; Liu, J. X.; Filot, I. A. W.; Zhang, L.; Hensen, E. J. M. ACS Catalysis 2018, 8, 6552-6559. 

(56) Liu, J. X.; Su, Y.; Filot, I. A. W.; Hensen, E. J. M. J. Am. Chem. Soc. 2018, 140, 4580-4587. 

(57) Martínez-Arias, A.; Soria, J.; Conesa, J. C.; Seoane, X. L.; Arcoya, A.; Cataluña, R. J. Chem.Soc. 1995, 91, 1679-1687. 

(58) Nolan, M. J. Mater. Chem. 2011, 21, 9160-9168. 

(59) Su, Y. Q.; Filot, I. A. W.; Liu, J. X.; Hensen, E. J. M. ACS Catal. 2017, 8, 75-80. 

(60) Krcha, M. D.; Mayernick, A. D.; Janik, M. J. Journal of catalysis 2012, 293, 103. 

(61) Nie, L.; Mei, D.; Xiong, H.; Peng, B.; Ren, Z.; Hernandez, X. I. P.; DeLaRiva, A.; Wang, M.; Engelhard, M. H.; Kovarik, 

L. Science 2017, 358, 1419-1423. 

(62) Peterson, E. J.; DeLaRiva, A. T.; Lin, S.; Johnson, R. S.; Guo, H.; Miller, J. T.; Kwak, J. H.; Peden, C. H.; Kiefer, B.; 

Allard, L. F. Nature Comm. 2014, 5, 4885. 

(63) Li, H.; Wang, L.; Dai, Y.; Pu, Z.; Lao, Z.; Chen, Y.; Wang, M.; Zheng, X.; Zhu, J.; Zhang, W. Nature Nanotechnol. 2018, 

13, 411-417. 



20 

 

(64) Deng, J.; Li, H.; Xiao, J.; Tu, Y.; Deng, D.; Yang, H.; Tian, H.; Li, J.; Ren, P.; Bao, X. Energ. Environ.Sci. 2015, 8, 1594-

1601. 

(65) Qiu, H. J.; Ito, Y.; Cong, W.; Tan, Y.; Liu, P.; Hirata, A.; Fujita, T.; Tang, Z.; Chen, M. Angew. Chem. In. Ed. 2015, 54, 

14031-14035. 

(66) Fei, H.; Dong, J.; Arellano-Jiménez, M. J.; Ye, G.; Kim, N. D.; Samuel, E. L.; Peng, Z.; Zhu, Z.; Qin, F.; Bao, J. Nature 

Comm. 2015, 6, 8668. 

(67) Wang, Y. G.; Mei, D.; Glezakou, V.-A.; Li, J.; Rousseau, R. Nature Comm. 2015, 6, 6511. 

(68) Ouyang, R.; Liu, J.-X.; Li, W. X. J. Am. Chem. Soc. 2013, 135, 1760-1771. 

(69) Liu, J. C.; Wang, Y. G.; Li, J. J. Am. Chem. Soc 2017, 139, 6190-6199. 

(70) Qiao, B.; Wang, A.; Yang, X.; Allard, L. F.; Jiang, Z.; Cui, Y.; Liu, J.; Li, J.; Zhang, T. Nature Chem. 2011, 3, 634-641. 

(71) Yang, X. F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. Acc. Chem. Res. 2013, 46, 1740-1748. 

(72) Wang, A.; Li, J.; Zhang, T. Nature Reviews Chemistry 2018, 2, 65-81. 

(73) Twigg, M. V. Appl. Catal. B: Environ. 2007, 70, 2-15. 

(74) Freund, H. J.; Meijer, G.; Scheffler, M.; Schlögl, R.; Wolf, M. Angew. Chem. In. Ed. 2011, 50, 10064.-10094 

(75) Zhang, C.; Hu, P. J. Am. Chem. Soc. 2001, 123, 1166-1172. 

(76) Tang, D.; Hu, C. J. Phys. Chem. Lett. 2011, 2, 2972-2977. 

(77) Boronin, A.; Slavinskaya, E.; Danilova, I.; Gulyaev, R.; Amosov, Y. I.; Kuznetsov, P.; Polukhina, I.; Koscheev, S.; 

Zaikovskii, V.; Noskov, A. Catal. Today 2009, 144, 201-211. 

(78) Bourane, A.; Bianchi, D. J. Catal. 2004, 222, 499-510. 

(79) Oh, S. H.; Hoflund, G. B. J. Phys. Chem. A 2006, 110, 7609-7613. 

(80) Oh, S. H.; Hoflund, G. B. J. Catal. 2007, 245, 35-44. 

(81) Chen, M.; Cai, Y.; Yan, Z.; Gath, K.; Axnanda, S.; Goodman, D. W. Surf. Sci. 2007, 601, 5326-5331. 

(82) Xu, X.; Goodman, D. W. J. Phys. Chem. 1993, 97, 7711-7718. 

(83) Ivanova, A.; Slavinskaya, E.; Gulyaev, R.; Zaikovskii, V.; Stonkus, О.; Danilova, I.; Plyasova, L.; Polukhina, I.; Boronin, 

A. Appl. Catal. B: Environ. 2010, 97, 57-71. 

(84) Ding, K.; Gulec, A.; Johnson, A. M.; Schweitzer, N. M.; Stucky, G. D.; Marks, L. D.; Stair, P. C. Science 2015, 350, 189-

192. 

(85) Gulyaev, R.; Stadnichenko, A.; Slavinskaya, E.; Ivanova, A.; Koscheev, S.; Boronin, A. Appl. Catal. A: General 2012, 439, 

41-50. 

(86) Pozdnyakova, O.; Teschner, D.; Wootsch, A.; Kröhnert, J.; Steinhauer, B.; Sauer, H.; Toth, L.; Jentoft, F. C.; Knop-

Gericke, A.; Paál, Z. J. Catal. 2006, 237, 1-16. 

(87) Liu, H. H.; Wang, Y.; Jia, A.-P.; Wang, S.-Y.; Luo, M.-F.; Lu, J.-Q. Appl. Surf. Sci. 2014, 314, 725-734. 

(88) He, H.; Dai, H.; Au, C. Catal. Today 2004, 90, 245-254. 

(89) Xu, Y.; Mavrikakis, M. J. Phys. Chem. B 2003, 107, 9298-9307. 

(90) Krcha, M. D.; Mayernick, A. D.; Janik, M. J. J. Catal. 2012, 293, 103-115. 

(91) Zhao, Y.; Teng, B. T.; Wen, X.-D.; Zhao, Y.; Zhao, L. H.; Luo, M.-F. Catal. Comm. 2012, 27, 63-68. 

(92) Hu, Z.; Metiu, H. J. Phys. Chem. C 2011, 115, 17898-17909. 

(93) Babu, S.; Thanneeru, R.; Inerbaev, T.; Day, R.; Masunov, A. E.; Schulte, A.; Seal, S. Nanotechnology 2009, 20, 085713. 

(94) Liu, X.; Zhou, K.; Wang, L.; Wang, B.; Li, Y. J. Am. Chem. Soc. 2009, 131, 3140-3141. 

(95) Taifan, W.; Baltrusaitis, J. Appl. Catal. B: Environ. 2016, 198, 525-547. 

(96) Colussi, S.; Gayen, A.; Farnesi Camellone, M.; Boaro, M.; Llorca, J.; Fabris, S.; Trovarelli, A. Angew. Chem. In. Ed. 2009, 

48, 8481-8484. 



21 

 

(97) Gélin, P.; Primet, M. Appl. Catal. B: Environ. 2002, 39, 1-37. 

(98) Hu, Z.; Li, B.; Sun, X.; Metiu, H. J. Phys. Chem. C 2011, 115, 3065-3074. 

(99) Shin, T. H.; Ida, S.; Ishihara, T. J. Am. Chem. Soc. 2011, 133, 19399-19407. 

(100) Meng, L.; Lin, J.-J.; Pu, Z.-Y.; Luo, L. F.; Jia, A.-P.; Huang, W.-X.; Luo, M.-F.; Lu, J. Q. Appl. Catal. B: Environ. 2012, 

119, 117-122. 

(101) Colussi, S.; Trovarelli, A.; Vesselli, E.; Baraldi, A.; Comelli, G.; Groppi, G.; Llorca, J. Appl. Catal. A: General 2010, 390, 

1-10. 

(102) Hoffmann, M.; Kreft, S.; Georgi, G.; Fulda, G.; Pohl, M.-M.; Seeburg, D.; Berger-Karin, C.; Kondratenko, E. V.; 

Wohlrab, S. Appl. Catal. B: Environ. 2015, 179, 313-320. 

(103) Martin, N. M.; Van den Bossche, M.; Hellman, A.; Grönbeck, H.; Hakanoglu, C.; Gustafson, J.; Blomberg, S.; 

Johansson, N.; Liu, Z.; Axnanda, S. Acs Catal. 2014, 4, 3330-3334. 

(104) Hellman, A.; Resta, A.; Martin, N.; Gustafson, J.; Trinchero, A.; Carlsson, P. A.; Balmes, O.; Felici, R.; van Rijn, R.; 

Frenken, J. J. Phys. Chem. Lett. 2012, 3, 678-682. 

(105) Weaver, J. F. Chem. Rev. 2013, 113, 4164-4215. 

(106) Weng, X.; Ren, H.; Chen, M.; Wan, H. ACS Catal. 2014, 4, 2598-2604. 

(107) Zheng, T.; Junjun, H.; Yunkun, Z.; Wenzheng, X.; Jieli, H. J. Rare Earths 2014, 32, 97-107. 

(108) Jen, H. W.; Graham, G.; Chun, W.; McCabe, R.; Cuif, J.-P.; Deutsch, S.; Touret, O. Catal. Today 1999, 50, 309-328. 

(109) Zhu, Y.; Zhang, S.; Shan, J. J.; Nguyen, L.; Zhan, S.; Gu, X.; Tao, F. ACS Catal. 2013, 3, 2627-239. 

(110) Bossche, M. V. d.; Grönbeck, H. J. Am. Chem. Soc. 2015, 137, 12035-12044. 

(111) Kinnunen, N. M.; Hirvi, J. T.; Suvanto, M.; Pakkanen, T. A. J. Phys. Chem. C 2011, 115, 19197-19202. 

(112) Antony, A.; Asthagiri, A.; Weaver, J. F. J. Chem. Phys. 2013, 139, 104702. 

(113) Chin, Y.-H.; Buda, C.; Neurock, M.; Iglesia, E. J. Am. Chem. Soc. 2013, 135, 15425-15442. 

(114) Koch, W.; Holthausen, M. C. A chemist's guide to density functional theory; John Wiley & Sons, 2015. 

(115) Hohenberg, P.; Kohn, W. Phys. Rev. 1964, 136, B864. 

(116) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, A1133. 

(117) von Barth, U.; Hedin, L. J. Phys. C: Solid State Phys. 1972, 5, 1629-1642. 

(118) Langreth, D. C.; Perdew, J. P. Phys. Rev. B 1980, 21, 5469.  

(119) Nillson, A.; Pettersson, L.; Norksov, J.; Elsevier: Amsterdam: 2008. 

(120) Chorkendorff, I.; Niemantsverdriet, J. Concepts of Modern Catalysis and Kinetics 2003, 1. 

(121) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. J. Chem. Phys. 2000, 113, 9901. 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

 



 

Chapter 2 
Charge Transfer over the Defective CeO2(111) Surface 

 

ABSTRACT 
First principles calculations have been performed to explore the charge transport process over 

defective CeO2(111). Charge transport can proceed either by direct migration of the oxygen anion 

(i.e., vacancy diffusion) or by a polaron-hopping-assisted mechanism. Based on DFT+U 

calculations, we found that the latter process is significantly more favorable than the former. The 

overall barrier for charge transport involving polaron migration followed by oxygen diffusion is 

determined by the barrier for polaron hopping, which amounts to 0.18 eV. This computed value is 

in good agreement with the experimental barrier for ceria with a low defect density. We have shown 

by a careful analysis of the magnetization density, the density of states and the reaction pathway 

trajectory that this process is phonon induced. Our results provide valuable insights into carrier drift 

processes over defective metal oxide surfaces. 
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2.1 Introduction 

The main use of ceria is as a critical component for oxygen storage in three-way catalysts for 

gasoline exhaust gas clean-up.1-5 Ceria is also employed as an electrolyte in solid oxide fuel cells,6,7 as 

support in catalysts for the water-gas shift reaction,8,9 as well as a reactive material for hydrogen 

production and purification.7,10 In these applications, the reducibility of the ceria surface often plays 

a critical role, that is, two Ce4+ ions are reduced to Ce3+ upon removal of a surface oxygen atom. The 

resulting oxygen vacancies (VO in Kröger-Vink notation) in the ceria surface play an important role 

as they can act as a site for the adsorption and activation of molecular oxygen.11-13 The Ce3+ ions in 

the surface may also be involved in catalytic reactions.14,15 Upon surface reduction the excess 

electrons are mainly localized in empty Ce 4f orbitals at low defect concentration, while at higher 

defect concentration they can also be localized at oxygen vacancies. These excess electrons in 

defective ceria give rise to n-type conductivity, which involves motion of the charge carriers in a band 

or by a hopping-diffusion mechanism.16 The localization of the excess electrons in Ce 4f orbitals also 

gives rise to ferro-magnetic behavior.17,18 Defective ceria has also been extensively investigated as a 

material to drive photocatalytic reactions with the defects narrowing down the band gap into the 

visible light region.14,19-21 

In all of these processes, the Ce3+/Ce4+ redox couple plays an important role as does charge 

transport which involves polaron hopping and oxygen migration. In the past, the stability of oxygen 

vacancies at the surface and the bulk of ceria and the localization of the excess electrons have been 

extensively investigated by density functional theory (DFT). Usually, a Hubbard-like 

approximation is used for accurate treatment of the electron correlation in the localized Ce-f 

orbital.22-27 A general finding is that the two electrons left after oxygen removal from the surface are 

preferably localized in 4f orbitals of Ce atoms in next-nearest neighbor (NNN) positions relative to 

the oxygen vacancy.22,23 Surface oxygen vacancy diffusion usually involves a two-step exchange 

mechanism, involving migration of an O atom from the subsurface layer to the initial surface vacancy, 

followed by migration of an adjacent surface O atom to the subsurface position, so that effectively a 

surface O atom has moved into the adjacent surface vacancy. The highest barrier in this exchange 

mechanism is for migration of the subsurface oxygen to the surface vacancy; Hu’s group has 

estimated this barrier to be 0.44 eV for a defective CeO2(111) surface.24 Nakayama et al. used a 

relatively simple method28 to estimate the barrier for polaron hopping is smaller than 0.20 eV; these 

authors employed the nudged-elastic band (NEB) method to compute a value for the activation 

barrier for oxygen migration of 0.40 eV,29 which is quite similar to the value provided by Hu and co-
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workers. Sanz’s group employed the linear interpolation scheme, which is based on Marcus theory, 

to estimate that the barrier for polaron hopping is about 0.30 eV.26 The barrier for migration of 

oxygen between Ce4+ ions was computed to be 0.12 eV. Wang et al. investigated oxygen migration 

in bulk ceria and predicted a barrier of 0.43 eV.27 

Despite these relevant works, a consistent picture about charge transport in defective ceria is 

lacking. The debate centers around the sequence of polaron hopping and oxygen migration, that is, 

should polaron hopping precede oxygen migration or vice versa. Herein, we addressed this issue in 

a systematic manner by carrying out DFT+U calculations for these two mechanisms for the 

defective CeO2(111) surface. The CeO2(111) surface was chosen as it is the most stable surface 

termination of ceria. We will show that charge transport proceeds by hopping of the polaron prior 

to oxygen migration. By carrying out a detailed analysis of the involved processes, we gain detailed 

understanding about the underlying mechanism of oxygen anion migration and polaron hopping. 

During polaron hopping, it is found that the transferring electron is equally shared by the two Ce 

ions, explaining why the polaron hopping is coupled to a phonon mode of ceria. 

2.2 Methodology 

All calculations were performed using the Vienna ab initio simulation package (VASP).30. The ion-

electron interactions were represented by the projector-augmented wave (PAW) method31 and the 

electron exchange-correlation by the generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional.32 We carried out spin-polarized 

calculations. The Kohn-Sham valence states were expanded in a plane-wave basis set with a cut off 

energy of 400 eV. For Ce and O atoms, the (5s,5p,6s,4f,5d) and (2s,2p) states were treated as 

valence states.33 We have used the DFT+U approach, in which U is a Hubbard-like term describing 

the on-site Coulombic interactions.34 It improves the description of localized states in ceria where 

standard LDA and GGA functionals fail. For Ce,  a value of U = 4.5 eV was adopted, which was 

calculated self-consistently by Fabris et al.35 using the linear response approach of Cococcioni and 

de Gironcoli36 and which is within the 3.0-5.5 eV range that provides localization of the electrons 

left upon oxygen removal from CeO2. 36 The reliability of this choice for U has been tested for many 

processes involving ceria.36-40 For all surface calculations, the model was a periodic slab with a (3×3) 

surface unit cell, and for the Brillouin zone integration, a Monkhorst-Pack 1×1×1 mesh was used. 

The bulk equilibrium lattice constant (5.49 Å) previously calculated by PBE+U (U = 4.5 eV) was 

used.41 The CeO2(111) slab model is four Ce-O-Ce layers thick and the vacuum gap was set to 15 
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Å. The bottom layer was frozen to their bulk position and only three top Ce-O-Ce layers were 

allowed to relax.  

In order to create a surface vacancy, one oxygen atom from the top layer was removed. In this way, 

a single oxygen vacancy was introduced in the CeO2(111) surface, which corresponds to a defect 

concentration (x) of 0.028 for the given unit cell. The climbing image nudged-elastic band (CI-NEB) 

algorithm42,43 was used to identify the transition states for oxygen migration and polaron hopping 

over the defective CeO2(111) surface. 

 

 

Figure 2.1 Schematic description of the defective CeO2(111) surface with one oxygen vacancy and 

two Ce3+ ions in next-nearest neighbor (NNN) positions. The left figure shows an oxygen vacancy 

obtained by removal of a surface O atom, the right figure the more stable configuration obtained by 

migration of a subsurface O atom to the surface, resulting in a vacancy below the surface. The nearest 

and next-nearest neighbor atoms are indicated.  

2.3 Results and discussion 

Oxygen anion migration. We removed one surface oxygen atom from the stoichiometric 

CeO2(111) surface to create an oxygen vacancy. The two excess electrons associated with the 

removal of O are initially localized in the 4f orbital of the Ce4+ ions nearest neighbor (NN) to the 

oxygen vacancy. The computed oxygen vacancy formation energy compared to gas-phase oxygen is 

2.38 eV, in good agreement with the literature.23 It should be stressed that the defect formation 

energy obtained at the PBE+U (4.5 eV) level is underestimated by approximately 1.4 eV compared 

to the best experimental estimate.41 The initial configuration is less stable by 0.23 eV compared with 

the configuration with the two Ce3+ ions in next-nearest neighbour (NNN) positions relative to the 

oxygen vacancy in the surface. The latter configuration is shown in Figure 2.1a. The most stable 

configuration is obtained when the subsurface O atom migrates to fill the surface oxygen vacancy. 

Figure 2.1b shows this configuration, which involves an oxygen vacancy in the subsurface layer and 
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the Ce3+ ions in NNN positions. The oxygen vacancy formation energy for this most stable state is 

2.04 eV. In order to avoid inclusion of metastable configurations,46 we confirmed that all 

configurations are local energy minima by visualizing the spin densityas also done by Allen and 

Watson.41 Figure 2.2 depicts the spin density isosurfaces of surface oxygen vacancies with two excess 

electrons in NN-NN (IS1), NN-NNN (IS2) and NNN-NNN (IS3) sites, respectively. The 

visualized electron density isosurfaces demonstrate that excess electrons are located in similar 4f 

orbitals as indicated by Allen and Watson to provide the lowest electronic energy.41 Next, we focus 

on the ionic charge transport by oxygen anion mobility involving vacancies. The oxygen vacancy can 

diffuse by migration of subsurface and surface oxygen atoms. Figure 2.3 shows the two possible 

pathways for the migration of an oxygen atom into the surface vacancy, starting from the state IS1 

obtained after removal of an O atom. The migration of a subsurface O atom into the vacancy (IS1 

 IS2’) involves a barrier of 0.40 eV. In the IS2’ configuration, one of the excess electrons is localized 

on a subsurface Ce ion below the oxygen vacancy. This implies that direct oxygen migration from 

IS1 also involves transfer of one electron from the surface Ce3+ ion in NN site to the subsurface Ce4+ 

ion. The barrier of 0.40 eV is consistent with computed values from literature,24,27 but much higher 

than the experimentally observed value for charge transport in ceria at this defect concentration.16 

We also computed the barrier for direct oxygen migration without the electron transfer, which is 

much higher at 0.77 eV than the barrier for the concerted machanism. This is due to the strong 

repulsion between the oxygen anion and the excess eletrons localized on the two involved Ce ions. 

This result finding implies that concerted migration of oxygen and electron transfer does not 

represent well the experimental situation. Concerted oxygen migration process is then followed by 

polaron hopping, i.e., IS2’  IS3’ (note IS3’ = IS4) and IS5  IS6 to obtain the most stable 

configuration IS6, which is equal to the configuration in Figure 2.1(right). 

 

 

Figure 2.2 Spin density isosurfaces (blue) of IS1, IS2 and IS3. The white and red atoms are Ce and 

O, respectively. The black shadow indicates the oxygen vacancy. 
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The alternative mechanism involves first polaron hopping, i.e., IS1  IS2 and IS2  IS3, followed 

by migration of the subsurface O atom to fill the surface O vacancy (IS4). In this configuration, the 

two excess electrons are localized in next-next-nearest neighbor and NN sites. Further polaron 

hopping, involving IS4  IS5 and IS5  IS6, leads to the same most stable configuration as for the 

first mechanism. Notably, the O migration step IS3  IS4 proceeds with a barrier of 0.15 eV, which 

is much lower than the barrier obtained for IS1  IS2’ O migration. The results show that oxygen 

migration is much more easy with the two excess electrons localized at NNN sites rather than at NN 

sites. We verified that the use of other values for U had only a small influence on this barrier. That is, 

for values of U of 3.0 eV and 5.0 eV, which is within the acceptable range at the GGA+U level,16 we 

found barriers of 0.14 eV and 0.13 eV, respectively. For a higher value of U = 6.0 eV, we find a slightly 

lower barrier of 0.08 eV.  

 

 

Figure 2.3 Reaction pathway diagram of charge transport over the defective CeO2(111) surface. 

Both a direct oxygen migration pathway and a polaron-migration-assisted pathway are 

visualized.The first pathway (IS1  IS2’→IS3’ IS5) involves oxygen migration from the 

subsurface to the surface. The second pathway (IS1  IS2 IS3  IS4  IS5) starts with polaron 

hopping followed by migration of the subsurface O atom to the surface. The asterisk in IS2’ denotes 

a polaron below the vacancy in the second Ce layer. ΔER denotes the reaction enthalpy, ΔEO denotes 

the relative energy as compared to IS1 and ΔEa denotes the reaction barrier. All energies are given 

in eV. 
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The above calculations for oxygen migraiton were based on the ferromagnetic (FM) states of all 

speices. If oxygen migration takes place from the anti-ferromagnetic (AFM) state of IS3, the energy 

barrier is slightly smaller at 0.11 eV. However, the AFM state of IS3 is unstable, and turns into the 

FM state. Several experimental works41 have demonstrated that reduced ceria is ferromagnetic. By 

employing LDA+U  calculations, Lee et al. found that the FM state is more stable than the AFM 

state when the excess electrons are both in NN sites (IS1).41 In contrast, Deskins et al. reported that 

the AFM state is 0.01 eV more stable than the FM state in defective TiO2, when the two excess 

electrons are located at NN sites.41 In the present study, we find that the AFM state of IS1 is 0.03 eV 

more stable than the FM state. On the other hand, the FM and AFM states for IS2 have the same 

energy, while the FM state of IS3 is 0.04 eV more stable than the AFM state. The FM state of IS6 

(i.e., subsurface vacancy with two excess electrons both in NNN sites) is also more stable than the 

AFM state by 0.02 eV. These minor differences consistently show that the excess electrons tend to 

localize at NNN sites, which results in ferromagnetic behavior. We infer that electron transfer plays 

an important role in ferromagnetism observed in experiments with defective ceria materials. 

Comparing the two charge transport mechanisms explored, we can conclude that, as far as O 

migration is concerned, the mechanism involving polaron hopping prior to oxygen migration is 

preferred. As the barrrier of the O migration first mechanism is significantly higher than the 

experimentally observed value, we conclude that charge transport is not likely to occur in this way. 

Then the barriers for the polaron hopping in the preferred mechanism should be sufficiently low to 

be consistent with experiment.16 This will be addressed in the next section. 

 

 

Figure 2.4 Schematic representation of (top) direct O migration and (bottom) polaron-assisted O 

migration mechanisms. 
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We finally note that further charge transport will involve migration of a surface O atom into the 

subsurface vacancy (illustrated in Figure 2.4), followed by polaron transport into the most stable 

electron NNN localization and subsurface O migration to the surface, which gives rise to 

conductivity in ceria. 

Polaron Transport. As evidently the location of the excess electrons strongly affects oxygen 

mobility in ceria, it is crucial to determine the barriers involved with the electron mobility. For this 

purpose, we studied the hopping of the two excess electrons from NN sites to NNN sites (IS1 → IS3) 

as illustrated in Figure 2.3. The overall process is exothermic by 0.23 eV. CI-NEB calculations 

indicate that the transition state for this process is located 0.18 eV above the initial state (Figure 

2.5a).  This applies to both polaron hopping steps. Overall, charge transport in this polaron 

migration assisted O migration mechanism involves a barrier of 0.18 eV. This value is in very good 

agreement with the experimental value of 0.19 eV for charge transport over ceria surfaces 

determined at nearly similar defect density.16 Our result is more accurate than the one obtained by 

Masanobu et al., who used a linear interpolation scheme between the initial and final state involving 

semi-static single point optimization for configurations along the reaction coordinate.29 The more 

accurate and reliable adabatic energy barrier employing CI-NEB algorithm involves full 

optimization of the ionic positions and convergence of the electron density along the reaction 

coordinate. Earlier attempts to describe this process of polaron hopping using the small polaron 

model by Holstein44-46 and Marcus-Hush theory26,47,48 were too simple and provided only estimates 

for the barrier. The successful application of the CI-NEB algorithm depended on the use of small 

atomic displacements per ionic iteration step to account for the relatively shallow potential energy 

surface. Using this method, we obtained a more accurate value for the polaron hopping barrier of 

0.18 eV. In the next sections, we investigate the nature of polaron hopping by a detailed structural 

and electronic analysis. 

Phonon-electron coupling. Electron-phonon coupling is known to facilitate polaron hopping in 

ionic crystals and polar semiconductors.49-54 Shoko et al. suggested that phonons can assist the 

polaron transport in reduced ceria and, accordingly, the overall charge transport.55 This result is 

reasonable as it is known that CeO2 is a strong electron-phonon coupled system, and the observed 

red-shift of the absorption band in the UV region upon reduction of ceria may be the result of an 

interfacial polaron effect, arising from electron-phonon coupling.56,57 For the analogous TiO2 system, 

a specific phonon involving asymmetric displacement of bridging O anions during polaron transfer 

has been identified.58,59 Figure 2.5b shows that the 4f orbital of the Ce3+ ion in the density of states 

(DOS) shifts from below to above the Fermi level (the positive part in Figure 2.5b) along the 

reaction coordinate, which is the phonon eigenvector. In other words, the adjacent Ce4+ ion accepts 
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the electron initially present on Ce3+ (the negative part in Figure 2.5b). At the transition state, the 

DOS peaks for the two 4f orbital of these two Ce ions lie almost exactly at the Fermi level (black line 

in Figure 2.5b). This situation reflects that in the transition state both Ce ions share the electron. 

Besides, the localized 4f states are very near to the Fermi level, which implies that they are also very 

close to the conduction band minimum. 

 

 

Figure 2.5 (a) Reaction energy diagram of the polaron transport process on the top surface involving 

hopping of two electrons from NN to NNN positions relative to the surface vacancy. (b) Density of 

states (DOS) analysis for the first hopping process (hopping I) along reaction coordinate. The 

positive part represents the transfer of the electron from the Ce3+ rendering a Ce4+ ion, the negative 

part the reduction of the Ce4+ ion to Ce3+ (the dashed arrows shows the reaction coordinate). 

 

To further verify the localized electron distribution, we investigated and visualized the 

magnetization density along the reaction coordinate for polaron hopping (Figure 2.6). It is 

worthwhile to note that all interpolated optimized configurations have the same electronic spin 

direction and total magnetization. Indeed, in line with the DOS results, the electron completely 

localizes on one of the two Ce ions in IS1 and IS2 (the integrated magnetization density equals 

0.952). In the transition state the magnetization of the two involved Ce ions is 0.663 and 0.447, 

which implies that the shifting electron is approximately shared equally between the two Ce ions. 

Along the Ce3+ → Ce4+ electron transfer coordinate, the local lattice Ce3+-(O)2-Ce4+ displays a subtle 

distortion which is a phonon mode. Despite the small difference in magnetization, the Ce-O bond 

lengths for both Ce ions is the same (2.37 Å) in the transition state; the initial Ce3+-O and Ce4+-O 

bond lengths are 2.46 Å and 2.30 Å, respectively. Thus, phonon-electron coupling plays an 

important role in the polaron hopping process. Dupuis and Deskins have already suggested that the 
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transferred electron will be shared between two involved Ti ions at the transition state during 

polaron hopping in titania.58,59 In our work, we confirm such mechanism for the first time for ceria. 

Importantly, it indicates that the electron does not directly jump from Ce3+ to Ce4+ cation, but 

involves electron-phonon coupling. 

 

 

Figure 2.6 Electron hopping visualization made by rendering the isosurface (yellow) of the 

difference of the spin-up and spin-down electron density. Magnetization density is in IS1, TS1 and 

IS2 states, respectively. 

2.4 Conclusion 

DFT+U calculations are able to provide detailed insight into the mechanism of the charge 

transport process over the defective CeO2(111) surface. Charge transport can proceed either by 

direct migration of the oxygen anion (i.e., vacancy diffusion) or by a polaron-hopping-assisted 

mechanism. The latter process is significantly more favorable than the former. After the migration 

of the polaron to an adjacent Ce ion in one of the NNN sites, the oxygen atom is bound less strongly 

and migrates with a lower barrier of only 0.15 eV as compared to a barrier of 0.40 eV found for the 

alternative situation with the polaron remaining in the NN site. Exploration of the polaron hopping 

by careful CI-NEB calculations allowed identifying a transition state in which the transferring 

electron is equally shared between the two Ce ions. By studying the magnetization, the density of 

states and the structure (viz. the Ce-O bond lengths), we confirm that the electron transfer is linked 

to a lattice distortion. In other words, polaron hopping can be assisted by a phonon.  The overall 

barrier for charge transport involving polaron migration followed by oxygen diffusion is determined 

by the barrier for polaron hopping, which amounts to 0.18 eV. This computed value is in good 
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agreement with the experimental barrier for ceria with a low defect density. These results provide 

deeper understanding into the mechanism of carrier drift in defective metal oxide semiconductors, 

which is important in various settings related to photocatalysis and electrocatalysis in which 

defective materials such as ceria and other metal oxides feature. 
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Chapter 3 
A Theoretical Study of Ripening Mechanisms of Pd 

clusters on Ceria 

 

ABSTRACT 
We carried out density functional theory calculations to investigate the ripening of Pd clusters on 

CeO2(111). Starting from stable Pdn clusters (n=1-21), we compared how these clusters can grow 

through Ostwald ripening and coalescence. As Pd atoms have a higher mobility than Pdn clusters 

on the CeO2(111) surface, Ostwald-ripening is predicted to be the dominant sintering mechanism. 

Particle coalescence is only possible when very small clusters with less than 5 Pd atoms are 

involved. These ripening mechanisms are facilitated by adsorbed CO through lowering barriers for 

the cluster diffusion, detachment of a Pd atom from clusters, and transformation of initial planar 

clusters. 

 

 

 
 

 

 

 

This Chapter has been published as  

Su Y. Q.; Liu J. X.; Filot I. A. W.; Hensen E. J. M. Chem. Mater. 2017, 29, 9456-9462. 



36 

 

3.1 Introduction 

Metallic nanoparticles dispersed on high surface area oxide supports are widely applied as 

catalysts in diverse technology areas such as energy conversion, chemicals manufacture and 

environmental protection.1 Considerable effort has been devoted to understand the influence of 

the nanoparticle size on catalytic performance.2-4 The active phase can vary in size from isolated 

metal atoms or clusters of a few atoms up to nanoparticles containing thousands of atoms.5-7 A 

usual deactivation mechanism of supported nanoparticle catalysts is sintering, as it causes an 

undesired reduction in metal surface area. Sintering is usually though to involve either particle 

migration (Smoluchowski ripening), in which nanoparticles diffuse over the surface and coalesce 

with other particles, or atomic migration, in which atoms of the nanoparticles are detached and 

diffuse over the support to attach to another nanoparticle.8,9 The latter mechanism is well-known 

as Ostwald ripening and the main driving force is the minimization of the excess surface free 

energy. Based on the Gibbs-Thomson relation that describes the concentration of atomic species 

at support sites near a nanoparticle,10 various mean-field kinetic models for describing the sintering 

process have been considered.9,11-16   

Experimental data on nanoparticle sintering usually favor Ostwald ripening as the main sintering 

mechanism.9,15 On the other hand, Jak et al. found by scanning tunneling microscopy study that 

particle coalescence is the main mechanism for the sintering of very small Pd particles supported 

on TiO2.15 Datye and co-workers mention that particle coalescence can be relevant at high 

temperature and for nanoparticles are in close proximity on an oxide support.9 It has also been 

observed that common adsorbates such as CO can affect the sintering process.17,18 Ouyang et al. 

showed the importance of metal-carbonyl complexes in atomic transport pathways during Ostwald 

ripening, but also mentioned their role in the redispersion of supported metal nanoparticles.17  

Ceria is extensively used as a support material, mainly because of its high oxygen storage 

capacity.19 The primary application of ceria-based catalysts is in automotive three-way convertor 

technology, which is essential to the clean-up of exhaust gas from gasoline engine.20-22 Pd is now 

frequently used as a cheaper alternative to Pt for catalyzing CO and hydrocarbon oxidation.23-25 As 

thermal sintering of the active phase contributes to the deactivation of these catalysts, it is 

important to gain a deep understanding of the sintering mechanisms of initially highly dispersed 

Pd/CeO2 systems. Ceria as a support is also known for the unusual sinter resistance of noble 

metals supported on its CeO2(111) surface.26 The agglomeration of Pd on ceria has not yet been 

investigated with atomic-level precision. This can amongst others be achieved by quantum-
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chemical calculations as for instance shown for the sintering of initially highly dispersed Pt on 

TiO2.27 Although isolated Pd atoms on ceria display promising low-temperature performance,28 

sintering during occasional high-temperature operation will cause sintering and reduced catalytic 

performance. Accordingly, it is interesting to investigate the ripening mechanism of Pd on ceria.  

In the present work, we employed density functional theory (DFT) to determine the stability 

and mobility of isolated Pd atoms and Pdn clusters (n = 2-21) on CeO2(111), which is the most 

stable surface termination of ceria.8 Based on activation barriers for the migration of such adsorbed 

atoms and clusters, we discuss possible ripening mechanisms for Pd/CeO2. We also investigated 

the role of CO as an adsorbate on the sintering process. 

3.2 Methodology 

We carried out spin-polarized calculations within the density functional theory (DFT) 

framework as implemented in the Vienna ab initio simulation package (VASP).29 The ion-electron 

interactions are represented by the projector-augmented wave (PAW) method30 and the electron 

exchange-correlation by the generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional.31 The Kohn-Sham valence states were 

expanded in a plane-wave basis set with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), 

O(2s,2p), Pd(4d5s) and C(2s,2p) electrons were treated as valence states. The DFT+U approach 

was used, in which U is a Hubbard-like term describing the on-site Coulombic interactions.32 This 

approach improves the description of localized states in ceria, where standard LDA and GGA 

functionals fail. For Ce,  a value of U = 4.5 eV was adopted, which was calculated self-consistently 

by Fabris et al.33 using the linear response approach of Cococcioni and de Gironcoli34 and which is 

within the 3.0-4.5 eV range that results in the localization in Ce 4f orbitals of the electrons left 

upon oxygen removal from ceria.35  

For Pdn/CeO2(111) calculations, the model was a periodic ceria slab with a (4×4) surface unit 

cell. For Brillouin zone integration, a 1×1×1 Monkhorst-Pack mesh was used. The bulk 

equilibrium lattice constant (5.49 Å) previously calculated at the PBE+U level (U = 4.5 eV) was 

used.36 The CeO2(111) slab model is two Ce-O-Ce layers thick and the vacuum gap was set to 15 

Å. The atoms in the bottom layer were frozen to their bulk positions and only the top Ce-O-Ce 

layers were relaxed. The climbing image nudged-elastic band (CI-NEB) algorithm37,38 was used to 

identify the transition states for the migration of Pd over the surface and CO oxidation mechanism 

for selected models. 
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For reference purposes, we examined gas-phase Pdn clusters with n = 2-20, 38, 55, 85, 146 and 

231. Their initial structures were taken from literature,7,39-48 and their geometry was further 

optimized showed in Figure 3.1. For these gas-phase Pdn clusters, the cohesive energy (Ecoh) was 

computed via  

Ecoh = (n.EPd - EPdn)/n                                                                                               (1). 

Figure 3.2 shows the relation between the Ecoh and the number of atoms in the cluster (Ecoh vs. n-

1/3).48 Extrapolation to large n results in an estimate of the bulk cohesive energy at 4.27 eV, in 

reasonable agreement with the experimental value of 3.9 eV.49 

 

 

  Figure 3.1 Lowest-energy structures of Pdn clusters with n = 2-20, 38, 55, 85, 146 and 231. 

 

For the generation of Pdn species (n = 1-21) on CeO2(111), we started from several stable 

geometries identified for supported Pdn-1 clusters (initially starting from Pd1/CeO2) and explored 

stable geometries upon addition of the nth Pd atom. This approach has already been adopted to 

investigate the polymorphism of gold nanoclusters on a reduced ceria surface.50 The interface of 

the largest Pd21 cluster with the ceria surface is small enough to be accommodated in a (4×4) unit 

cell. For a Pd41 cluster, we considered a larger (6×6) supercell. 



39 

 

For Pdn clusters supported on the CeO2(111) surface, the cohesive energy can be obtained by 

taking into account the adhesional energy between the Pdn cluster and the CeO2(111) slab.51 Then 

the cohesive energy per Pd atom for the supported Pdn cluster can be computed from  

Ecoh = (n.EPd + Eceria - EPdn-ceria)/n                                                                                            (2). 

The stability of Pdn clusters on CeO2(111) was evaluated by computing the energy involved to 

detach one Pd atom (Edet) considering reactions of the type 

Pdn/ceria + ceria →   Pdn-1/ceria + Pd/ceria                                                                                           (3), 

resulting in 

Edet = EPd(n-1)-ceria + EPd-ceria - EPdn-ceria - Eceria                                                                                             (4). 

In these formulae, EPd, EPdn, Eceria and EPdn-ceria are the electronic energies of an isolated Pd atom, 

the Pdn cluster, the empty stoichiometric CeO2(111) surface and the Pdn/CeO2(111) model, 

respectively.  

 

 

Figure 3.2 Predicted cohesive energies of Pdn clusters, with n = 2-20, 38, 55, 85, 146 and 231 as a 

function of n-1/3. 

3.3 Results and discussion 

Structure of Pdn clusters on CeO2(111) (n = 1-21, 41). We tackled the problem of identifying 

stable structures by adding Pd atom by atom to stable supported Pdn clusters starting from 

optimized Pd1/CeO2(111). We determined the most stable configuration for each ceria-supported 

Pdn cluster from several candidates. Figure 3.3 shows the structures of optimized Pdn clusters on 

the CeO2(111) surface. Other configurations and the corresponding energy differences are 
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collected in Appendix A. The cohesive energies for the Pdn clusters with n = 1-21 are given in in 

Figure 3.4.  

 

 

Figure 3.3 Stable Pdn clusters (n = 1-21) on the CeO2(111) surface (Color code: red, surface O; 

light-yellow, Ce; coral, subsurface O; dark-cyan, 1st – 4th Pd; green, 5th – 10th Pd; blue, 11th – 20th 

Pd; black, 21st Pd).  

 

A Pd atom preferentially adsorbs close to an O-hollow site between two O anions of the 

CeO2(111) surface (Pd1a). The adsorp tion energy is 2.08 eV, which is substantially lower than 

the cohesive energy of bulk Pd. The cohesive energy for the Pd2 cluster is 2.30 eV. Two stable 

locations for the Pd3 cluster were found. Adsorbing Pd3 at the O-hollow site (Pd3a) is more stable 

than placing it at the Ce-hollow site (Pd3b). The three-dimensional tetrahedral Pd4 cluster (Pd4a) 

is 0.18 eV more stable than its planar counterpart (Pd4c), which shows that Pd binds stronger to 

other Pd atoms than to the interface of the cluster and the ceria support. 

A stable Pd5 cluster is obtained by adding a Pd atom to the Pd4 cluster in the Ce-hollow site of 

the ceria surface (Pd5a). Another nearly equally stable structure involves migration of the 

additional Pd atom in the top layer to a location above the Ce-hollow site (Pd5b). This migration 

is very easy with a barrier lower than 0.10 eV. The preferred structure of Pd6 is derived from Pd5 by 

adsorbing a Pd atom in a O-hollow site of the ceria surface (Pd6a). The cohesive energy of this 

cluster is 2.95 eV. The seventh Pd atom can be placed on one of the available three-fold Pd sites at 

the interface formed by the 5 Pd atoms (Pd7a). Placement of the seventh Pd atom on the surface 

Ce-hollow site (Pd7c) is 0.39 eV less favorable. The eighth Pd atom is used to complete the filling 

of the three three-fold sites on the Pd5 layer (Pd8a) or by placing it on the ceria surface (Pd8b). 

These two states have almost the same energy. The ninth Pd atom completes the formation of a 
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Pd7 hexagon at the ceria surface with two Pd atoms adsorbed in the second layer (Pd9c). It should 

be noted that there is a slightly more stable structure (Pd9a, ΔE = -0.14 eV). We show the slightly 

less stable structure for Pd9, as the structure of the favorable Pd10 cluster (Pd10b) is derived from it. 

Adding the tenth Pd atom to the more stable Pd9 cluster results in a quite unfavorable structure 

(Pd10c), nearly 1 eV less stable than the most stable Pd10 cluster (Pd10a). Pd10b is 0.08 eV less 

stable than Pd10a. The cohesive energy of the most stable Pd10 cluster is 3.18 eV. The eleventh Pd 

atom is located on a four-fold site of the Pd10 cluster (Pd11a), a configuration that is 0.24 eV more 

stable than the one obtained by adsorption adjacent to the cluster on the surface O-hollow site 

(Pd11c). The twelfth Pd atom is preferentially located on the ceria surface in an O-hollow site 

coordinating to the eleventh Pd atom (Pd12a) instead of adsorbing on one of the remaining four-

fold site of the Pd11 cluster (Pd12c). Such structures are less stable by 0.32 eV. Addition of further 

Pd atoms follows the same sequence until Pd16, i.e., first a Pd atom is added to a four-fold site 

followed by placement of another Pd atom on the ceria surface coordinating to this atom. This 

leads to formation of a symmetric Pd16 cluster with a bilayer structure, the first layer consisting of 

10 atoms, the second one of 6 atoms (Pd16a). The next three Pd atoms can be placed on three-

fold Pd sites, the twentieth at the resulting three-fold site of the Pd19 cluster (Pd20a). The twenty-

first Pd atom is placed on a hollow site of the supported Pd20 cluster (Pd21a), distant from the 

surface. We verified that placing the optimized gas-phase Pd19 cluster on the ceria surface (Pd19b) 

yielded a structure that was substantially 1.77 eV less stable than the Pd19 cluster optimized on the 

ceria surface. Conversely, the supported Pd21 cluster is much less stable than the optimum gas-

phase Pd21 cluster.  

 

Figure 3.4 Cohesive energies of ceria-supported Pd (black), the same Pd clusters after removal of 

the ceria support (red) and corresponding gas-phase clusters (blue). 
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Figure 3.4 shows that the cohesive energy increases strongly with increasing Pd cluster size up to 

a 10 Pd atoms. The cohesive energy for clusters between 11 and 20 atoms is nearly constant. The 

reason is that the number of Pd atoms forming Pd-O bonds with the ceria support is 7 for all of 

these clusters. Although with growing cluster size there are more Pd atoms in the bottom layer, the 

Pd-O bond distances are much longer (~2.20 Å) as compared to the other Pd-O distances (~2.07 

Å). We also constructed a Pd41 cluster according to the same approach outlined above (see 

Appendix A). After placing this cluster on a slightly larger ceria surface unit cell so as to reduce 

lateral interactions between the periodic images of these large particles, we found that it also forms 

7 strong Pd-O bonds. Its cohesive energy is 0.13 eV higher than that of the Pd21 cluster, showing 

that the cohesive energy only slowly approaches the cohesive energy of bulk Pd. 

We also examined the cohesive energy of the optimized clusters on the ceria support after 

removing the ceria support showed in Figure 3.4. The resulting values are substantially lower than 

the cohesive energies for the corresponding clusters supported on ceria. The difference, which 

includes the influence of the adhesion of the Pd cluster on ceria, becomes smaller for larger clusters. 

Figure 3.4 also shows the cohesive energies of optimized gas-phase clusters. These are slightly 

higher than those of the free Pd clusters taken from the ceria support, indicating that the supported 

cluster adopt a slightly less favorable structure under the influence of the support. 

 

 

Figure 3.5 Detachment energies of a Pd atom from ceria-supported Pdn clusters (n = 2-20) in the 

absence and presence of CO. 

 

Sintering . We first computed the activation barrier for the migration of a single Pd atom on the 

CeO2(111) surface from its most stable site to an adjacent site. The low computed barrier of 0.14 

eV implies that the diffusion of atomic Pd in the Ostwald ripening mechanism is very facile. This 
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result is similar to the low barrier reported for the diffusion of a Pd atom on Al2O3 surface by Sautet 

and co-workers.13 It is interesting to mention that the oxidation of a single Pd atom can stabilize 

the Pd atom at the ceria surface. We found that the barrier for diffusion of a PdO2 cluster adsorbed 

on CeO2(111) is 0.91 eV, substantially higher than the barrier for diffusion of a Pd atom.28 

Relevant to Ostwald ripening is the energy needed to detach a Pd atom from a cluster and place it 

on the ceria support. 

Figure 3.5 shows the energy cost to detach a Pd atom from Pdn clusters adsorbed on the 

CeO2(111) surface and place it on the CeO2(111) surface at infinite distance of the remaining 

cluster. The lowest detachment energy is for the Pd2 cluster (~0.4 eV), while clusters containing 11, 

17 and 20 atoms also have detachment energies below 1 eV. The highest detachment energies 

(~1.7 eV) are for Pd10, Pd14 and Pd19 clusters. These data show that some clusters are more stable 

than others. Adsorption of CO on the supported clusters can facilitate this process. CO adsorption 

lowers the detachment energy for clusters with more than 4 Pd atoms. For this, we assumed that 

CO remains adsorbed on the detached Pd atom. The reason for the lower detachment energy in 

the presence of CO is the stronger binding of CO to a single Pd atom (Eads = -2.40 eV) in 

comparison to Pd clusters with more than 4 Pd atoms which have a CO adsorption energy 

between -2.00 eV and -2.40 eV. Recently, Li et al. used molecular dynamics simulations to show 

that CO can promote single gold atom detachment from Aun clusters supported on a ceria 

surface.52 Accordingly, we expect that such process can also occur resulting in formation of isolated 

Pd-CO species on ceria. 

 

 

Figure 3.6 (a) Migration mechanism of a Pd4 cluster via a direct “translation” mechanism and a 

two-step mechanism involving “rotational migration”. (b) Potential energy diagrams for the 

migration of a stable tetrahedral Pd4 cluster on the CeO2(111) surface via direct translational 

migration (black), two-step migration (red) and CO-assisted two-step migration (blue). 
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We also considered the migration of whole clusters, which his relevant for particle coalescence. Figure 

3.6 shows two different pathways for the diffusion of the most stable tetrahedral Pd4 cluster on the 

CeO2(111) surface. The diffusion barrier, involving a translational migration of the cluster to a similar 

adjacent site at the surface is 1.83 eV. We also explored an alternative mechanism in which the cluster 

rotates in two steps over the surface as shown in Figure 3.6b. This migration proceeds with an 

appreciably lower overall barrier of 1.35 eV as compared to translation migration. For the rotational 

mechanism, we also explored how CO adsorption to the Pd4 cluster influences the migration process. In 

the presence of one co-adsorbed CO on a hollow site of the supported Pd4 cluster, the barrier decreased 

to 1.03 eV showed in Figure 3.7. We expect that adsorption of more CO molecules will further facilitate 

this migration process. 

 

Figure 3.7 CO adsorption on the hollow site of supported Pd4 cluster. 

 

We also determined activation barriers for these two mechanisms for supported Pd2, Pd3, Pd7 

and Pd10 clusters showed in Figure 3.8-3.11. Figure 3.12 shows the strong correlation between the 

barrier and the number of Pd atoms in the cluster. We also added the Pd atom to the correlation 

for the two-step mechanism, because its diffusion also involves two steps with barriers of 0.06 eV 

and 0.14 eV. The latter value is the overall barrier reported in Figure 3.12. These correlations 

indicate that the two-step mechanism is preferred over the direct one. 

 

 

Figure 3.8 Potential energy profiles of Pdn clusters (n=2, 3, 7, 10) migration on CeO2(111) surface 

via two-step mechanism involving cluster rotation. 
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Figure 3.9 Relevant configurations of Pdn clusters (n=2, 3, 7, 10) diffusion involving rotation on 

CeO2(111) surface. 

 

 

Figure 3.10 Potential energy profiles of Pdn clusters (n= 3, 7, 10) migration on CeO2(111) surface 

via direct mechanism. 

 

 

Figure 3.11 Relevant configurations of Pdn clusters (n= 3, 7, 10) diffusion directly on CeO2(111) 

surface. 



46 

 

 

Figure 3.12 The migration barrier for Pdn cluster migration via the direct mechanism (red) and the 

two-step mechanism involving cluster rotation (black) against the number of Pd atoms in the 

clusters. 

 

Overall, the presented data show that Ostwald ripening will be the more likely sintering 

mechanism for Pd clusters dispersed on ceria. This agrees well with experimental findings and 

results of mean-field kinetic modeling describing nanoparticle sintering on oxide supports.9,15 For 

the smallest Pd clusters with 2 and 3 atoms the migration barriers (0.37 eV and 0.71 eV, 

respectively) are lower than the detachment energies of these clusters (0.44 eV and 1.06 eV, 

respectively). The detachment energy for the Pd4 cluster is lower than the barrier for migration 

over the ceria surface. On the other hand, CO can facilitate the detachment of Pd, implying that 

both mechanism play a role in the sintering of Pd4 clusters. According to Figure 3.12, the barrier 

for Pd5 migration is 1.57 eV, which is much higher than the detachment energy of a Pd atom (1.23 

eV). These results demonstrate that clusters with more than 4 Pd atoms will only display limited 

mobility on the CeO2(111) surface. Frenken and co-workers have shown that coalescence is 

preferred for very small Pd clusters on TiO2.15 We have also shown the importance of adsorbate-

induced migration. Adsorption of CO reduces these migration barriers. In addition to CO, Pd can 

also be covered by O atoms during CO oxidation. On the other hand, as discussed above, 

oxidation of Pd causes a much lower mobility of isolated Pd atoms.28 

It is important to point out that Ostwald ripening will initially lead to planar clusters. Planar Pd2 

and Pd3 clusters are the most stable ones. Adding a fourth Pd atom results in a planar structure, 

whereas the tetrahedral Pd4 cluster is more stable. Figure 3.13 shows the reaction energy diagram 
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for the migration of one of the four Pd atoms in a planar Pd4 cluster to form a tetrahedral Pd4 

cluster. The activation energy barriers for this transformation in the absence and presence of CO 

are 0.89 eV and 0.72 eV, respectively. These values are lower than typical detachment energies for 

most clusters and, accordingly, we do not expect that such transformation will be the limiting 

factor in the sintering of highly isolated Pd into 3-dimensional nanoparticles. 

 

 

 

Figure 3.13 Transformation between planar and tetrahedral Pd4 clusters (IS, TS and FS are initial, 

transition and final state). 

 

The current insights about Pd migration and sintering pertain to the most stable surface 

termination of CeO2. We speculate that ceria surface defects such as vacancies and steps may 

stabilize Pd. For instance, Petersen et al. showed that heating Pd supported on La-stabilized 

alumina results in redispersion of PdO, most likely due to trapping of Pd atoms in surface 

vacancies.53 On the other hand, it is predicted that detachment of Pd species from PdO faces high 

barriers.54 We surmise that high temperature oxidation can overcome high activation barriers for 

the detachment of Pd atoms from large Pd or Pd-oxide clusters. Finally, Datye and co-workers 

elegantly showed that Pt-oxide can disperse atomically at ceria step-edge sites, essentially implying 

that high-temperature oxidation Ostwald ripening.55 Inspired by this, we explored the possible 

trapping of Pd on a stepped CeO2(111) site. A Pd atom binds very strongly to this ceria surface 
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step (-3.56 eV) and its diffusion barrier along the step is 1.67 eV, much higher than the value of 

0.14 eV on the terrace. The diffusion of this Pd atom to the terrace is also difficult with a barrier of 

1.58 eV as shown in Figure 3.14. It implies that the single Pd atom prefer to bind to ceria defects. 

Moreover, when a Pd2 cluster is adsorbed along this step, it spontaneously dissociates into 2 

isolated Pd atoms along the ceria edge showed in Figure 3.15. 

 

 

Figure 3.14 (a) Pd1 and Pd2 on steps of CeO2(111). (b) Diffusion pathways of single Pd atom on 

step and terrace of CeO2(111). (Color code: red, surface O of terrace; coral, subsurface O of 

terrace; light-yellow, Ce; dark-cyan, Pd). 

 

 
Figure 3.15 (a) Diffusion of single Pd atom on step (black line) and from terrace to step (red 

line) of CeO2(111). (b) Optimization of Pd2 cluster on step of CeO2(111). (Color code: red, 

surface O of terrace; light-yellow, Ce; coral, subsurface O of terrace; dark-cyan, Pd).  
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3.4 Conclusion 

In summary, density functional theory was used to clarify the structure and formation through 

Ostwald ripening and particle coalescence of Pdn clusters on the most stable (111) termination of 

ceria. Ostwald ripening is predicted to be the preferred mechanism for growth of the clusters. 

Small clusters of a few Pd atoms can also migrate and contribute to sintering through particle 

coalescence. The migration of Pdn clusters on CeO2 strongly depends on the number of Pd atoms 

in clusters. Adsorbed CO facilitates these sintering processes through lowering barriers for the 

cluster diffusion, detachment of a Pd atom from clusters, and transformation of initial planar 

clusters. The present work shows how Pd atoms or clusters on CeO2 are prone to thermal sintering 

into larger clusters via Ostwald ripening and coalescence involving small clusters. 
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Chapter 4 
Stable Pd-Doped Ceria Structures for CH4 Activation and 

CO Oxidation 

 

ABSTRACT 
Doping CeO2 with Pd atoms has been associated with catalytic CO oxidation, but current surface 

models do not allow CO adsorption. Here, we report a new structure of Pd-doped CeO2(111), in 

which Pd adopts a square planar configuration instead of the previously assumed octahedral 

configuration. Oxygen removal from this doped structure is favorable. The resulting defective Pd-

doped CeO2 surface is active for CO oxidation and is also able to cleave the first C–H bond in 

methane. We show how the moderate CO adsorption energy and dynamic features of the Pd atom 

upon CO adsorption and CO oxidation contribute to a low-barrier catalytic cycle for CO oxidation. 

These structures, which are also observed for Ni and Pt, can lead to a more open coordination 

environment around the doped transition metal center. These thermally stable structures are 

relevant to the development of single-atom catalysts. 
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4.1 Introduction 

Ceria (CeO2) is a key component in environmental catalysis with main applications in the 

treatment of exhaust gases of combustion processes. The ability to reversibly store oxygen and the 

propensity to stabilize transition metals in high dispersion render CeO2 a useful support for CO 

oxidation.1-3 Pd is already used in three-way catalytic converter technology, because it is cheaper 

than Pt and Rh and its combination with CeO2 results in excellent low-temperature CO oxidation 

activity.4-8 Pd/CeO2 is also an effective catalyst for the combustion of methane, which is of growing 

interest to avoid detrimental CH4 slip from natural-gas powered combustion processes.9,10 

For these oxidation reactions, the importance of a close interaction between Pd and CeO2 has 

been stressed. 4,5,7,11 The identification of the nature of the active Pd sites in Pd/CeO2 remains a 

considerable challenge. Ionic Pd in the surface or the bulk of ceria and metallic and oxidized Pd 

atoms, clusters and nanoparticles on the surface have all been considered in this context.4,5,7,11-15 

Although metallic Pd nanoparticles on CeO2 are active in CO oxidation,13 high catalytic 

performance at low temperature has been linked to doping of Pd ions into the CeO2 surface.4,11 On 

contrary, we recently showed that isolated PdOx species are the active sites for low-temperature CO 

oxidation.16 Gulyaev et al. contended that the active sites for CO oxidation are highly dispersed PdOx 

clusters supported on a Pd–CeO2 solid solution.12 

For CH4 oxidation, the role of ionic Pd has also been discussed.8,17 Trovarelli and co-workers 

suggested that the active sites are isolated square planar PdO4 moieties in the CeO2 surface.8,17 Lu 

and co-workers mentioned that ionic Pd in CeO2 is more active than PdO on CeO2.18 Tao and co-

workers reported the promise of transition metal dopants in CeO2 for CH4 oxidation.19 Thus, it is 

important to determine the way CH4 is activated on Pd-doped CeO2. 

Determining the location of highly dispersed Pd in or on the CeO2 surface remains an 

experimental challenge.5,17,20 Priolkar et al. used EXAFS to show that Pd in Pd/CeO2, prepared by a 

one-step solution combustion method,  coordinates to only three O atoms.5 Watson and co-workers 

reported that Pd and Pt prefer a square planar coordination in the bulk of CeO2, in which each Pd 

atom is coordinated by four O atoms.21,22 Boronin and co-workers suggested that Pd2+ ions retain a 

nearly square planar coordination in PdxCe1-xO2-x- solid solutions.20 Quantum-chemical modeling 

can aid in determining the catalytic role of candidate structures of Pd-doped CeO2. The most stable 

structure identified for single-atom Pd-doped CeO2 involves replacement of a surface Ce atom by 

Pd,23-26 which results in octahedral Pd species. A problem of this proposed structure is that it cannot 

adsorb CO.11 



53 

 

We identified by state-of-the-art density functional theory (DFT) a novel stable structure for a 

single Pd atom doped in the CeO2(111) surface. This structure is different from the octahedral 

configuration that has been previously considered to be the most stable structure of Pd-doped 

CeO2(111).11,23-29 We will show that removal of surface oxygen is easier from the square planar Pd-

doped CeO2(111) structure than from the octahedral Pd-doped CeO2(111) one. This results in 

increased CH4 activation. While octahedrally coordinated Pd in ceria cannot adsorb CO, a low-

barrier catalytic cycle for CO oxidation was found for the new structure, in which the flexibility of 

Pd upon CO adsorption and surface O atoms feature prominently. 

4.2 Methodology 

4.2.1 DFT calculations  

We carried out spin-polarized calculations within the DFT framework as implemented in the 

Vienna ab initio simulation package (VASP).30 The ion-electron interactions were represented by 

the projector-augmented wave (PAW) method31 and the electron exchange-correlation by the 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional.32 The Kohn-Sham valence states were expanded in a plane-wave basis set 

with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Pd(4d5s) and C(2s,2p) 

electrons were treated as valence states. We have used the DFT+U approach, in which U is a 

Hubbard-like term describing the on-site Coulombic interactions.33 This approach improves the 

description of localized states in ceria, where standard LDA and GGA functionals fail. For Ce, a value 

of U = 4.5 eV was adopted, which was calculated self-consistently by Fabris et al.34 using the linear 

response approach of Cococcioni and de Gironcoli35 and which is within the 3.0-4.5 eV range that 

provides localization of the electrons left upon oxygen removal from ceria.36 For the calculations of 

Pd-doped CeO2(111), we used a periodic slab with a (4×4) supercell in which one of the surface Ce 

atoms was substituted by Pd. The CeO2(111) slab model is three Ce-O-Ce layers thick and the 

vacuum gap was set to 15 Å. The atoms in the bottom layer was frozen to their bulk position and 

only the top two Ce-O-Ce layers were allowed to relax. The bulk lattice constant (5.49 Å) as 

previously calculated using the PBE+U (U = 4.5 eV) functional was used.37 For the Brillouin zone 

integration, a Monkhorst-Pack 1×1×1 mesh was used. The climbing image nudged-elastic band (CI-

NEB) algorithm38,39 was used to identify the transition states for the surface reorganization induced 

by the Pd dopant, for relevant CH4 activation on selected models and for the CO oixdaiton. 
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4.2.2 Microkinetics Simulations   

The calculated activation energies are applied to compute the forward and backward rate 

constants for CO oxidation. For surface reactions, the rate constants for the forward and backward 

elementary reaction were determined by the Eyring equation40: 

b

EaTS
k Tbk T Q

k e
h Q

−

=  (1) 

where k is the reaction rate constant in s-1; kb, T, h and Ea are the Boltzmann constant, temperature, 

Planck’s constant and the activation barrier, respectively. QTS and Q refer the partition functions of 

the transition and ground states, respectively. As an approximation, the pre-factor
TS

bk T Q
A

h Q
= is 

set to 1013 s-1 for all the elementary surface reactions. 

For non-activated molecular adsorption, the rate of adsorption is determined by the rate of surface 

impingement of gas-phase molecules. The flux of incident molecules is given by Hertz-Knudsen 

equation41: 
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Therefore, the molecular adsorption rate constant can be written as:  
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where P is the partial pressure of the adsorbate in the gas phase, A’  is the surface area of the 

adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.  

For the desorption process, it is assumed that there are three rotational degrees of freedom and 

two translational degrees of freedom in the transition state. Accordingly, the rate of desorption is 

given by  
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where σ and θ are the symmetry number and the characteristic temperature for rotation of gaseous 

CO2, respectively. Edes is the desorption energy of CO2 molecules.  

The approach to microkinetic simulations has been presented in detail elsewhere.42,43 Differential 

equations for all the surface reaction intermediates were constructed using the rate constants and 

the set of elementary reaction steps. For each of the M components in the kinetic network, a single 

differential equation is obtained in the form as below: 



55 

 

1 1

j
k

MN
j

i j i k

j k

r k c



= =

 
=  

 
    (5) 

In this equation, kj is the elementary reaction rate constant (see equation 1), j

i is the 

stoichiometric coefficient of component i in elementary reaction step k and ck is the concentration 

of component k on the catalytic surface.  

The CO oxidation rate is calculated by the in-house developed MKMCXX program.42-44 Steady-

state coverages were calculated by integrating the ordinary differential equations in time until the 

changes in the surface coverages were very small. Because chemical systems typically give rise to stiff 

sets of ODEs, we have used the backward differentiation formula method for the time integration.43 

The rates of the individual elementary reaction steps can be obtained based on the calculated steady-

state surface coverages. In our simulations, the gas phase contained a mixture of CO and O2 in 2:1 

molar ratio at a total pressure of 1 atm, and T = 300 K. 

The elementary reaction steps that contribute to the rate control over the overall reaction can be 

determined by degree of rate control (DRC) concept introduced by Campbell et al.45-47 For 

elementary step i, the degree of rate control XRC,i can be defined as 
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 (6), 

where ki, Ki  and r are the rate constants, the equilibrium constant for step i and the reaction rate, 

respectively. Furthermore, the DRC coefficients have to obey the sum rule over all steps i in the 

mechanism in such a way that46: 

RC, 1i

i

X =  (7), 

4.2.3 Ab initio thermodynamics   

We used the ab initio thermodynamics approach of Reuter and Scheffler to assess the relative 
stability of various Pd-doped states in ceira as a function of oxygen pressure and temperature.48 
The free energy of Pd-doped surface states is determined as follows: 

 Δ𝐺 = ΔE +
n

2
𝜇𝑂2

(𝑇, 𝑃) 

        = (E𝑃𝑑−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
+ 

n

2
E𝑂2

−  E𝑃𝑑−𝑑𝑜𝑝𝑒𝑑) + 
n

2
𝜇𝑂2

(𝑇, 𝑃) (8), 

where E𝑃𝑑−𝑑𝑜𝑝𝑒𝑑  and E𝑃𝑑−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
 are the electronic ground state energies of the Pd-doped 

CeO2(111) and the Pd-doped CeO2(111) after removing n oxygen atoms, respectively, E𝑂2
 the 

electronic ground state energy of gaseous O2, and 𝜇𝑂2
(𝑇, 𝑃) the chemical potential of gaseous O2. 
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The chemical potential of gaseous oxygen can be correlated to the thermodynamic state in the 
following manner:  

 𝜇𝑂2
(𝑇, 𝑃) = 𝜇𝑂2

(𝑇, 𝑃𝜃) + 𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃
) 

= [𝐻𝑂2
(𝑇, 𝑃𝜃) − 𝐻𝑂2

(0 𝐾, 𝑃𝜃)] − T[𝑆𝑂2
(𝑇, 𝑃𝜃) − 𝑆𝑂2

(0 𝐾, 𝑃𝜃)] 

        +𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃 ) (9), 

where the enthalpy 𝐻𝑂2
(𝑇, 𝑃𝜃) and entropy 𝑆𝑂2

(𝑇, 𝑃𝜃)  of gaseous O2 were obtained from the 

standard thermodynamic tables.49 The entropy of the solids is neglected.  

4.2.4 Partition function for gaseous CH4   

Rotational partition function 𝑞𝑟  can be simply described as below: 

𝑞𝑟 =
8𝜋2(2𝜋𝑘𝐵𝑇)

3
2
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1/2
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4𝜋𝜀𝐶𝐻4

)
3

2 (10). 

Here we roughly assume that Ix = Iy = Iz = I, and I is the moment of inertia along one axis which is 

in the same line of one C-H bond. Rotational constant of methane 𝜀𝐶𝐻4
=0.655 meV.50,51  

Rotational character temperature 𝛩𝑇 =
ℎ2

8𝜋2𝑘𝐵𝐼
=

𝜀𝑟𝑜𝑡

𝑘𝐵
, and 𝜀𝑟𝑜𝑡 is rotational constant. For CH4 

molecules in gas phase, 𝜀𝐶𝐻4
= 0.655 meV. Boltzmann constant 𝑘𝐵 = 1.38×10-23 J/K, and Plank 

constant ℎ= 6.63 ×10-34 J·s. 

Along one C-H bond of CH4, there is a C3 axis, and the symmetry number σC-H = 3. Because CH4 

has four C-H bonds, the total symmetry number σCH4 = ¾. Then rotational partition function 𝑞𝑟  can 

be re-written as below: 

𝑞𝑟 =
32𝜋2

3
(

𝑘𝐵𝑇

4𝜋𝜀𝐶𝐻4

)
3

2 (11). 

Vibrational partition function 𝑞𝜈  can be closely written as below: 

𝑞𝑇𝑆 =
1

1−exp (−
ℎ𝜈

𝑘𝐵𝑇
)
  (12), 

where ν is vibrational frequency. We can calculate the harmonic frequencies to estimate the 

vibrational partition function. 

Translational partition function 𝑞𝑡  can be expressed as below: 

𝑞𝑡 = V(
2𝜋𝑚𝑘𝐵𝑇

ℎ2 )
3

2 =
𝑘𝐵𝑇

𝑃𝐶𝐻4/𝑃𝜃 (
2𝜋𝑚𝑘𝐵𝑇

ℎ2 )
3

2 (13). 

The nuclear and electronic partition functions are both neglected, and the total partition function 

𝑞 can be written as below: 
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𝑞 = 𝑞𝜈 · 𝑞𝑟 · 𝑞𝑡 =
1

1−exp (−
ℎ𝜈

𝑘𝐵𝑇
)

·
32𝜋2

3
(

𝑘𝐵𝑇

4𝜋𝜀𝐶𝐻4

)
3

2 ·
𝑘𝐵𝑇

𝑃𝐶𝐻4/𝑃𝜃 (
2𝜋𝑚𝑘𝐵𝑇

ℎ2 )
3

2 (14), 

where h is Planck constant, kB is Boltzmann constant, T is temperature, PCH4 is methane pressure, P  

is standard pressure, and m is the molecular mass of methane.   

According to transition state theory, the rate constant k of dissociative adsorption of gaseous 

methane can be described as  

𝑘 =
𝑘𝐵𝑇

ℎ

𝑞𝑇𝑆

𝑞𝐶𝐻4

𝑒(−Ea)/𝑘𝐵𝑇 (15), 

in which 𝑞𝑇𝑆  and 𝑞𝐶𝐻4
are the partition functions for CH4 in the transition state and the gas phase, 

respectively. The partition function 𝑞𝐶𝐻4
relates to CH4 in the gas phase: 

𝑞𝐶𝐻4
=

1

1−exp (−
ℎ𝜈

𝑘𝐵𝑇
)

·
32𝜋2

3
(

𝑘𝐵𝑇

4𝜋𝜀𝐶𝐻4

)
3

2 ·
𝑘𝐵𝑇

𝑃𝐶𝐻4/𝑃𝜃 (
2𝜋𝑚𝑘𝐵𝑇

ℎ2 )
3

2 (16), 

where 𝑞𝑇𝑆  refers to the immobile transition state:  

𝑞𝑇𝑆 =
1

1−exp (−
ℎ𝜈

𝑘𝐵𝑇
)
 (17). 

 

 

Figure 4.1 The calculated rotational partition of methane by our formula in black line, compared 

with the reported values in red line.52  



58 

 

4.3 Results and discussion 

The initial surface model was constructed by replacing a Ce atom by a Pd atom in the (111) surface 

of CeO2. This substitution is favorable (ΔE = −3.62 eV), in line with the literature.25 The resulting 

structure corresponds to the previously identified configuration in which Pd is octahedrally 

coordinated (Pd-dop-I in Figure 4.2). The energy to create an O vacancy (VO) for Pd-dop-I (ΔE = 

0.85 eV) is much lower than for the stoichiometric CeO2(111) surface (ΔE = 2.24 eV),53,54 reflecting 

the weaker bonding of a surface O atom to Pd in comparison to Ce.24 Pd adopts a square planar 

coordination in the resulting defective Pd-dop-I-VO structure in which two O atoms lie in top surface, 

and the other two in the second O layer (in Figure 4.3). 

 

 

Figure 4.2 Potential energy diagram for the transformation between the previously most stable 

stoichiometric Pd-dop-I and defective Pd-dop-I-VO structures and the herein found Pd-dop-II, Pd-

dop-II-VO, and Pd-dop-II-2VO structures of Pd-doped CeO2(111) (color code: white, Ce; gray, 

irrelevant O; red, relevant O; green, Pd).  

 

As the EXAFS study of Priolkar et al. suggested the existence of a stable structure with a lower Pd–

O coordination,5 we carefully explored alternative structures of the Pd-doped CeO2 surface. This 

resulted in the identification of a stoichiometric Pd-dop-II structure shown in Figure 4.2, in which 

the Pd atom is coordinated in a square planar manner by four O atoms, i.e., one surface O atom, two 

subsurface O atom, and one O atom in the third atomic layer of CeO2 with respective Pd–O bond 

lengths of 1.92 Å, 2.01 Å, and 1.97 Å. This square planar Pd configuration can be obtained from the 

octahedral Pd-dop-I structure by a surface reconstruction, which involves a small barrier of only 0.53 

eV. Pd-dop-I and Pd-dop-II are equally stable.  
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A square planar structure has already been reported for Pd doped in the less stable CeO2(100) 

surface and the bulk of CeO2.21,22,55,56 It is important to stress that this already known structure 

resembles Pd-dop-I-VO. The structure of Pd-doped-II is different from these structures as 

highlighted in Figure 4.3. 

 

 

Figure 4.3 Illustration of the difference between Pd-dop-I-VO and Pd-dop-II-VO. (color code: 

white, Ce; grey, irrelevant O; red, relevant O; green, Pd).  

 

Different from Pd-dop-I, the formation of an O vacancy in Pd-dop-II is exothermic (ΔE = −0.56 

eV). This is important, because the resulting defective structure Pd-dop-II-Vo is strongly 

thermodynamically favored over Pd-dop-I and its defective counterpart Pd-dop-I-VO. Figure 4.2 

also shows that Pd-dop-I-VO is metastable, as it can very easily transform into the much more stable 

Pd-dop-II-VO structure (Eact = 0.07 eV). The removal of a second O atom from Pd-VO-II to obtain 

Pd-dop-II-2VO is unfavorable (ΔE = +1.09 eV). This energy is, however, still much lower than the 

energy required to create an O vacancy in the stoichiometric CeO2(111) surface. By removing the 

second O atom, two Ce3+ ions are formed.  

In order to determine the stability of the various structures as a function of temperature and O2 

partial pressure, we carried out an ab initio thermodynamics analysis. The resulting phase diagram 

in Figure 4.4 shows that Pd-dop-II-VO is the most stable structure at typical temperatures and in an 

oxygen atmosphere. The fully oxidized Pd-doped surface (Pd-dop-II) is only stable at very high O2 

pressure. The removal of another O atom from Pd-dop-II-VO will occur at very high temperature 

(T > 715 °C at 1 atm O2 pressure). Removal of more O atoms from Pd-dop-II-2VO is even less 

favorable, costing more than the removal of O from the stoichiometric CeO2(111) surface. This 

suggests that a single Pd atom embedded in the CeO2(111) surface is very stable. Based on the 

oxygen vacancy formation energies, we can estimate under which conditions the O atoms close to 

Pd can be removed. This would lead to the reduction of Pd, after which Pd can easily diffuse over 

the ceria surface and form metallic Pd clusters or large nanoparticles (NPs).57  It is seen in Figure 4.4 

that this process is thermodynamically only possible above 800 °C at practical oxygen pressures, in 
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agreement with experimental observation.58 We also found that Pd embedded in a Ce vacancy of 

CeO2(111) is 1.94 eV more stable than in a Pd vacancy of PdO(101). This shows that Pd will not 

segregate from its location in the CeO2(111) surface under practical conditions.  

 

 

Figure 4.4 Diagram showing the stability of different Pd-doped CeO2(111) surface structures as a 

function of the temperature and the O2 pressure based on an ab initio thermodynamic analysis using 

first-principles DFT data. 

 

 

Figure 4.5 Partial density of states (pDOS) of Pd-4d and O-2p orbitals (O atom adjacent to Pd) in 

Pd-dop-I, Pd-dop-II, and Pd-dop-II-VO. 

 

In order to gain an understanding of the electronic structure of Pd-doped CeO2(111), we studied 

the partial density of states (pDOS) for Pd-dop-I, Pd-dop-II, and Pd-VO-II. Figure 4.5 presents the 
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partial DOS for the Pd atom and the adjacent O atom. There are no Ce3+ ions in Pd-dop-I, implying 

that Pd is in the +4 oxidation state. This is also reflected by the unoccupied Pd-4d state located 

slightly above the Fermi level. These states become occupied in the Pd-dop-II structure, 

corresponding to the formal reduction of Pd4+ to Pd2+. This reduction is related to the cleavage of 

two of the Pd–O bonds, which results in electron transfer from the lattice O atoms to Pd. The 

changes in the geometric and electronic structures are corroborated by the increasing Pd–O bond 

lengths for these two O atoms and the appearance of an unpaired electron in one of the 2p orbitals 

of the lattice O atoms. The radical character of these two O atoms is also evident from their magnetic 

moment of 0.534 B. As no Ce 4f states are filled, the Pd atom is in the +2 oxidation state. Finally, 

the removal of one of these two O atoms to obtain Pd-dop-II-V0 results in the conversion of the 

other O- ion to an O2- ion, as follows from the disappearance of the occupied 2p state in the DOS. 

When the second O atom is removed, two Ce4+ ions are reduced to the +3 state, meaning that the 

Pd atom maintains the +2 oxidation state. The oxidation states of the two Pd configurations are in 

line with crystal ligand field theory, which predicts that Pd4+ (d6) is preferentially octahedrally 

coordinated by O and that Pd2+ (d8) prefers to reside in a square planar oxygen coordination 

environment.59 

 

Table 4.1 Adsorption energies (Eads) and activation energies (Eact) with respect to the gas phase, 

reaction rate constants k for C–H bond activation in CH4, and abundance F of the various surface 

models (𝑃𝐶𝐻4
= 0.1 atm, 𝑃𝑂2

= 1 atm, and T = 700 K).   

Surface sites Eads (eV) Eact (eV) k (s-1) F 

CeO2(111) −0.18 1.36 5.25 × 10-14 - 

Pd-dop-I −0.17 0.75 1.29 × 10-9 0.0183 

Pd-dop-II −0.15 0.12 5.25 × 10-5 <0.001 

Pd-dop-II-VO −0.16 0.83 2.91 × 10-10 0.979 

Pd-dop-II-2VO -0.19 1.14 2.01 × 10-12 0.0025 

 

We then explored the reactivity of the various Pd-doped CeO2 surface models towards the first C–

H bond in CH4. In this step, CH4 directly reacts with a surface O atom to form a methyl radical and 

a surface hydroxyl species.60 Table 4.1 shows that CH4 only weakly interacts with the surface. 

Therefore, C–H bond activation will follow an Eley–Rideal mechanism. The activation energies 

with respect to the gas phase for Pd-dop-I, Pd-dop-II, Pd-dop-II-VO, and the stoichiometric 

CeO2(111) surface are 0.75 eV, 0.12 eV, 0.83 eV, and 1.36 eV, respectively. The activation energy 

is 1.14 eV for C–H activation by the O atom bound to Pd in Pd-dop-II-2VO, similar to the value of 
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1.22 eV for the PdO(100) surface.61 For all of the transition states, the C–H and O–H bond lengths 

are between 1.13 Å and 1.45 Å, and the C-H-O valence angle is around 170°. Figure 4.6 and 4.7 show 

the corresponding structures of the searched transition states. After CH4 dissociation, the H atom 

binds to a surface lattice O atom and the CH3 radical will diffuse to another surface O atom. The 

activation energy of 1.36 eV for the stoichiometric CeO2(111) model agrees with the value reported 

in literature.62,63 Clearly, C–H bond activation in CH4 is most favorable on Pd-dop-II. The more 

stable Pd-dop-II-VO structure presents an activation barrier of 0.83 eV, still much lower than that for 

the stoichiometric CeO2(111) surface and close to the value computed for the Pd-dop-I surface 

model. The reaction rates predicted for dissociative CH4 adsorption are listed in Table 4.1. Although 

Pd-dop-II shows the highest intrinsic activity, its low abundance under typical reaction conditions 

implies that its contribution to CH4 activation will be negligible. Despite the fact that Pd-dop-I and 

Pd-dop-II-VO exhibit comparable rates, the much higher abundance of Pd-dop-II-VO means that this 

state is the dominant catalytically active species for CH4 activation, in line with the suggestion of 

Trovarelli and co-workers.17 Figure 4.8 shows that the activation energy of dissociative CH4 

adsorption strongly correlates with the oxygen vacancy formation energy. The more weakly an O 

atom is bound to the surface the lower the activation energy for CH4 activation. The most reactive 

atom is the unstable O atom adjacent to Pd dopant in Pd-dop-II, the least a ceria surface O atom. 

 

 

Figure 4.6 The dissociative process of CH4 over Pd-dop-I carried out by CI-NEB algorithm. (color 

code: red, surface and bulk O; coral, subsurface O; white, Ce; blue, Pd). The only imaginary 

frequency is 699 cm-1 along the reaction coordinate, indicative of the correct TS geometry. The 

corresponding change of bond length of C-H and O-H is also showed along the reaction coordinate. 
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Figure 4.7 The TS configurations of CH4 activation by CeO2(111), Pd-dop-II, Pd-dop-II-VO and 

Pd-dop-II-2VO. (color code: red, surface and bulk O; coral, subsurface O; white, Ce; blue, Pd). The 

above and below numbers are C-H and O-H distance in TS configuration, respectively.  

 

 

Figure 4.8 Linear scaling relationship is between activation energy of CH4 dehydrogenation and 

formation energy of oxygen vacancy. 

 

As it has been speculated that Pd atoms doped in CeO2 play an important role in CO 

oxidation,4,5,11,15 we also explored possible reaction cycles for CO oxidation to CO2. Figure 4.9 shows 

the free energy pathways computed at 300 K. The conventional structure cannot catalyze CO 

oxidation as the Pd atom does not adsorb CO.11 In contrast, CO can adsorb on the Pd ion in Pd-

dop-II (IM1  IM2) with an energy of −0.58 eV. The oxidation of CO by a CeO2 lattice O atom is 

facile, and the activation energy is only 0.03 eV. CO2 desorption (IM3  IM4) is exergonic by 1.33 

eV. Adsorption of a subsequent CO molecule (IM4  IM5, ΔG = −0.36 eV) results in surface 

reorganization, in which Pd migrates to the first atomic (O) layer of the surface, after which Pd is 

surrounded by two surface O, one subsurface O, and CO. This CO molecule will react with one of 

the O atoms in the second O atomic layer (IM5  IM6) involving an activation barrier of 0.61 eV. 
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This reaction is slightly preferred over the reaction with a surface O atom (IM5  IM6’, Eact = 0.73 

eV). After CO2 desorption (IM6  IM7, ΔG = −0.78 eV), the preferred square planar coordination 

is restored with one VO in the first O atomic layer and one VO in the second O atomic layer, denoted 

by Pd-dop-II-2VO-sub. Then, O2 adsorption (IM7  IM8) occurs with ΔG = −1.14 eV followed by 

dissociation (IM8  IM1) with Eact = 1.52 eV. Alternatively, CO adsorption (IM7  IM9, ΔG = 

−0.13 eV) results in surface reorganization and reaction with a surface O atom (IM9  IM10) to 

form another CO2 with a barrier of 0.73 eV. This process is exergonic (ΔG = −1.99 eV), and CO2 

desorption (IM10  IM11, ΔG = 0.35 eV) leads to Pd-dop-II-3VO, a structure with three O 

vacancies, two in the first O atomic layer and one in the second O atomic layer. Adsorption of 

molecular O2 (IM11  IM12, ΔG = −1.03 eV) followed by dissociation (IM12  IM4; Eact = 0.54 

eV) results in healing of the two O vacancies, thereby restoring Pd-dop-II-VO. We also considered 

the alternative pathway: after CO2 desorption occurs from the IM6’ state to form Pd-dop-II-2VO, 

O2 adsorption (IM7’  IM8’) is slightly exergonic by −0.38 eV and involves a barrier of 1.52 eV for 

O2 dissociation. 

 

 

Figure 4.9 Free energy (in eV) pathways for CO oxidation by Pd-doped CeO2(111) at T = 300 K 

(free energy computed by considering the entropies of gas phase species; the numbers in 

parentheses are activation energies). Transition states are indicated by the dashed blue/black lines 

(color code: white, Ce; gray, irrelevant O; red, relevant O; black, C; green, Pd). 
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Micro-kinetics simulations were used to identify the preferred reaction pathway under practical 

conditions. In this way, we found that CO is predominantly oxidized via the sequence (IM4  IM5 

 …  IM11  IM12), which starts from Pd-II-VO and involves the removal of two O atoms 

before O2 heals these two vacancies. The CO oxidation rate of this cycle at 300 K is ~109 and ~106 

times higher than the two cycles starting from Pd-dop-II, i.e. IM1  IM8 and IM1  IM8’, 

respectively. The rate-controlling step for the overall process is the second CO oxidation event (IM9 

 IM10). The rate of the other two cycles is mainly suppressed by the high barrier to O2 dissociation. 

The key aspects of the dominant catalytic cycle are the relatively weak adsorption of CO, which leads 

to moderate activation barriers for recombination with the lattice O atoms in the first and second O 

atomic layers of CeO2, and the uplifting out of the surface of the Pd atom from its initial location 

upon CO adsorption. This reorganization around the active Pd center facilitates the recombination 

of CO with an O atom. Figure 4.10 highlights the role of adsorbed CO in this reorganization process. 

This is the first reported catalytic cycle for CO oxidation of a single Pd atom doped in the CeO2(111) 

surface. The predicted rate is several orders of magnitude lower than the computed rate of CO 

oxidation by an isolated PdO species supported on the CeO2(111) surface.16 Thus, we conclude that 

a single metal atom PdO species supported on the surface is a more active CO oxidation catalyst 

than a single Pd atom embedded in the CeO2(111) surface. 

 

 

Figure 4.10 Relevant configurations and energy change for Pd uplifting from the subsurface O layer 

to surface O layer. (color code: white, Ce; grey, irrelevant O; red, relevant O; black, C; green, Pd). 

 

To verify the generality of the predicted square-planar structure, we considered similar structures 

with Ni and Pt, which are the other important group 10 elements used in combination with ceria for 

CH4 activation.62,64,65 Figure 4.11 shows the corresponding potential energy diagrams (cf. Figure 
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4.3). Ni, Pd and Pt can form similar square planar structures. Their stability increases going from Pt 

< Pd < Ni. Only the stoichiometric square planar Pt structure is slightly less stable than the 

octahedral one. Yet, in all cases, it is favorable to remove an O atom from the square planar structure. 

These structures are always more stable than those obtained by removing an O atom from the 

octahedral structure. Notably, doing so for Ni-dop-I leads to an unstable structure that transforms 

without barrier to Ni-dop-II-VO, consistent with the high stability of this structure.  

 

 

Figure 4.11 Potential energy diagrams for the transformation between stoichiometric and defective 

Ni- and Pt-dop-I and Ni- and Pt-dop-II structures (color code: white, Ce; gray, irrelevant O; red, 

relevant O; green, Pt; blue, Ni). 

4.4 Conclusion 

In conclusion, we have used quantum-chemical calculations to identify an alternative structure for 

a single Pd atom doped in the most stable surface termination of CeO2. Compared with the 

conventional octahedrally coordinated PdO6 moiety, the novel square planar PdO4 structure is more 

reactive due to the radical character of the two surface O atoms. Creating a vacancy in this square 

planar structure is energetically favorable, and the resulting defective surface is the most stable 

structure under oxidative conditions. Similar structures exist for the Ni- and Pt-doped surfaces. A 

surface O atom nearby the Pd dopant can easily activate the first C–H bond in CH4. In contrast to 

octahedrally coordinated Pd, the square planar configuration can adsorb CO. The relatively weak 

CO adsorption results in moderate activation barriers for recombination with the O atoms of CeO2. 

The novel structure identified in this study paves the way for deeper exploration and optimization 

of CeO2 surfaces towards single-atom catalysts with high activity and stability. 
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Chapter 5 
Highly Active and Stable CH4 Oxidation Catalysts by 

Substitution of Ce4+ by Two Pd2+ in the CeO2(111) 

Surface 

 

ABSTRACT 
Methane (CH4) combustion is an increasingly important reaction for environmental protection, for 

which Pd/CeO2 has emerged as the preferred catalyst. There is a lack of understanding of the nature 

of the active site in these catalysts. Here, we use density functional theory to understand the role of 

doping of Pd in the ceria surface for generating sites highly active towards the C-H bonds in CH4. 

Specifically, we demonstrate that two Pd2+ ions can substitute one Ce4+ ion, resulting in a very stable 

structure containing a highly coordinatively unsaturated Pd cation that can strongly adsorb CH4 and 

dissociate the first C-H bond with a low energy barrier. An important aspect of the high activity of 

the stabilized isolated Pd cation is its ability to form a strong -complex with CH4, which leads to 

effective activation of CH4. We show that also other transition metals like Pt, Rh and Ni can give rise 

to similar structures with high activity towards C-H bond dissociation. These insights provide us 

with a novel structural view of solid solutions of transition metals such as Pt, Pd, Ni and Rh in CeO2, 

known to exhibit high activity in CH4 combustion. 

 

 
This Chapter has been published as  

Su Y. Q.; Liu J. X.; Filot I. A. W.; Zhang L.; Hensen E. J. M. ACS Catal. 2018, 8, 6552-6559. 
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5.1 Introduction 

Methane (CH4) is a significant greenhouse gas with a global warming potential ca. 20 times higher 

than that of CO2.
1 Accordingly, it is desirable to develop technologies to remove residual CH4 

present from the exhaust of increasingly popular natural gas engines.2-6 The challenge is to develop 

highly active catalysts that can operate at the relatively low temperatures of the exhaust gas. The high 

Pd loading in the current generation of preferred Pd/CeO2 catalysts poses a cost challenge, requiring 

a deeper understanding of the nature of the active sites.1,7-9 In automotive three-way catalysis, Pd is 

already extensively used to catalyze hydrocarbon oxidation.10-13 The function of CeO2 in these 

catalysts is mainly to store and release oxygen, while more recently its ability to maintain a high 

dispersion of transition metals has been emphasized.14-16 Although the importance of a close 

interaction between Pd and CeO2 in catalytic oxidation chemistry has been clearly 

demonstrated,1,3,7,17 the exact structure of the active Pd species remains unclear. It has for instance 

been shown that isolated PdOx species on the surface of CeO2 are crucial for the low-temperature 

CO oxidation performance in Pd/CeO2.18  

Several studies mention the importance of bulk PdO for high CH4 combustion activity.1,3,7,11,19 

Computational studies support this by showing that the (101) surface termination of PdO contains 

under-coordinated Pd atoms able to form a strong -adsorption complex with CH4.11,19-22 

Conventionally, CH4 dissociation on metal surfaces relies on high CH4 translational energies to 

enhance the sticking probability. In the context of low-temperature CH4 activation, a Langmuir-

Hinshelwood mechanism for CH4 combustion is preferred. A recent study of Weaver and co-

workers also showed that CH4 adsorbs strongly on under-coordinated Ir atoms in the IrO2(110) 

surface, resulting in low-temperature C-H bond activation.23  

However, the activity of PdO alone is not sufficient to explain the Pd-CeO2 synergy observed for 

CH4 activation. Cargnello et al. showed that PdO species at the Pd-ceria interface account for the 

high CH4 combustion activity, while PdO reduction into metallic Pd at T > 850 °C is causing 

deactivation.1 Trovarelli and co-workers proposed that highly dispersed Pd, specifically Pd in a PdO4 

square-planar coordination environment, is the most likely active site for CH4 oxidation.3 Lu and co-

workers showed that removal of PdO nanoparticles from a PdO/Ce1-xPdxO2- catalyst significantly 

improves CH4 oxidation, emphasizing the important role of a solid solution of Pd in CeO2.7 The 

relevance of such solid solutions in ceria-based catalysis is increasingly recognized.24-27 Recent 

literature also suggests that solid ceria solutions of Pt, Pd, Ni and Rh may be crucial to explain CH4 

combustion at low temperature.7,17,28-30  
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Usually, doping of transition metals in ceria is modeled by replacing a ceria surface atom by a 

transition metal atom. For Pd-doped CeO2(111), we recently considered a conventional octahedral 

configuration as well as a novel and more stable square-planar configuration for CH4 oxidation.27 

The predicted CH4 dissociation rates on these models were lower than on PdO(101) due to weak 

CH4 adsorption.24,27 Earlier, Janik and co-workers considered models in which more than one Pd 

atom are embedded in the ceria lattice and which can lead to facile CH4 activation in combination 

with PdO clusters.26,31 We emphasize that these models including the thermodynamically stable 

(111)-3Pd2+ configuration also cannot explain the experimentally observed high CH4 oxidation 

activity of Pd-CeO2 solid solutions. Janik and co-workers proposed that the Pd2+ ↔ Pd4+ transitions 

contribute to the high activity of Pd-CeO2 solid solution.26,31 However, structures containing Pd4+ 

(e.g., (111)-1Pd4+/2Pd2+) are thermodynamically unstable under reaction conditions. 

Thermodynamically stable models will only contain Pd2+,27 in agreement with experimental XPS 

and XRD data on Pd-CeO2 solid solution.3,32-34  

An important corollary of previous data for single-Pd-atom modified CeO2 surfaces is that CH4 

bonding is extremely weak, i.e., only physical adsorption occurs.24,27 Accordingly, adsorbed CH4 is 

not effectively activated by Pd2+ in these configurations. As a result, the computed energy barriers 

for CH4 dissociation are higher than 0.9 eV and the dissociative adsorption of CH4 is endothermic.27 

Thus, from a computational point of view models considered hitherto cannot explain the high 

catalytic activity of transition metal doped CeO2.24-27,31,35 In the present work, we show for the first 

time that one Ce ion is substituted by two Pd ions, resulting in a very thermodynamically stable 

configuration which is not only sinter-stable but also very reactive towards the C-H bonds in CH4. 

One of the Pd ions is three-fold coordinated by lattice O atoms, while the other is four-fold 

coordinated by lattice O atoms. The coordinative unsaturation of this Pd atom results in strong CH4 

chemisorption and activation. We will demonstrate the broader applicability of this concept by 

computing stability and reactivity of other transition metal doped CeO2 surfaces. These insights are 

in good agreement with available experimental data. 

5.2 Methodology 

5.2.1 DFT calculations  

We carried out spin-polarized calculations within the DFT framework as implemented in the 

Vienna ab initio simulation package (VASP).36 The ion-electron interactions were represented by 

the projector-augmented wave (PAW) method37 and the electron exchange-correlation by the 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-
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correlation functional.38 The Kohn-Sham valence states were expanded in a plane-wave basis set 

with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Pd(4d5s) and C(2s,2p) 

electrons were treated as valence states. We have used the DFT+U approach, in which U is a 

Hubbard-like term describing the on-site Coulombic interactions.39 This approach improves the 

description of localized states in ceria, where standard LDA and GGA functionals fail. For Ce, a value 

of U = 4.5 eV was adopted, which was calculated self-consistently by Fabris et al.40 using the linear 

response approach of Cococcioni and de Gironcoli41 and which is within the 3.0-6.0 eV range that 

provides localization of the electrons left upon oxygen removal from ceria.42 For the calculations of 

TM-doped CeO2(111) (TM = transition metal = Pd, Pt, Ni, Rh, Cu and Zn), we used a periodic 

slab with a (4×4) supercell in which one of the surface Ce atoms was substituted by one TM atom. 

The CeO2(111) slab model is three Ce-O-Ce layers thick and the vacuum gap was set to 15 Å. The 

atoms in the bottom layer was frozen to their bulk position and only the top two Ce-O-Ce layers 

were allowed to relax. The bulk lattice constant (5.49 Å) as previously calculated using the PBE+U 

(U = 4.5 eV) functional was used.43 For the Brillouin zone integration, a Monkhorst-Pack 1×1×1 

mesh was used. To examine the influence of the size of the Monkhorst-Pack grid, we computed the 

CH4 adsorption energy on a Pd1/Pd-dop-II model at Monkhorst-Pack 1×1×1 and 2×2×2 meshes. 

Both the absolute and CH4 adsorption energies are the same for both mesh sizes. Accordingly, we 

computed all energies in the G-point. The climbing image nudged-elastic band (CI-NEB) 

algorithm44,45 was used to identify the transition states for the CH4 activation and dissociation on 

selected models. 

5.2.2 Microkinetics Simulations   

The dissociation of CH4 from a molecularly adsorbed precursor state was described by the 

following kinetic scheme23,46 

4 4  *   *
ads

des

k

k
CH CH⎯⎯→+ ⎯⎯  ; 

   4 3* *rk
CH O CH H O+ ⎯⎯→ + − . 

Here, [O] is a lattice oxygen atom neighboring a Pd atom. To compute the reaction rate of CH4 

dissociation, we follow a Langmuir-Hinshelwood type kinetic model,47 in which we assume that the 

C-H bond dissociation step is slower than the adsorption/desorption steps of CH4 (i.e., adsorption 

of CH4 is quasi-equilibrated). CH4 dissociation is usually considered to be irreversible. The 

equilibrium constant K for molecular CH4 adsorption is given by 

4
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in which kads and kdes are the adsorption and desorption rate constants, PCH4 is the methane partial 

pressure and qCH4 and q*  are the coverage with CH4 and the fraction of empty sites, respectively. The 

site balance leads to the following expression for the coverage of molecularly adsorbed CH4 

4

4

4
1

CH

CH

CH

KP

KP
 =

+

 (2). 

The equilibrium constant can be written as  

[ ( , )]/( , )/ ads BB E T P k TG T P k T
K e e

− −−
= =  (3), 

where ΔG(T,P), Eads, and (T,P) are the Gibbs free energy change due to molecular CH4 adsorption, 

the DFT-computed adsorption energy of molecularly adsorbed CH4 and the chemical potential of 

gaseous CH4 at the temperature T and pressure P, respectively. The chemical potential of methane 

was given as below 
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where P is the standard atmospheric pressure, and the enthalpy H and entropy S of methane were 

obtained from standard thermodynamic tables.48  

The rate for CH4 dissociation can then be written as  

4
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  (5), 

in which the rate constant kr is computed from the computed activation barrier for C-H bond 

dissociation in adsorbed CH4 according to  

/a BE k TB
r

k T
k e

h

−
=  (6). 

5.2.3 Chemical potential of Pd single atoms and nanoparticles on CeO2(111)   

The chemical potential of Pd nanoparticles (NPs) on the ceria surface was calculated based on the 

Gibbs-Thomson relation,49,50     

 ( ) 2 /NPs NPsR R =   (7), 

where Ω is the molar volume of bulk metal atom, R is the radius of supported Pd NPs, and NPs is 

the surface energy of the NPs on ceria support. For Pd NPs on ceria, we assumed that the surface is 

mainly composed of 77.6% (111) termination and 22.4% (100) termination based on Wulff 

construction.51  
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The surface energy of Pd NPs on ceria can be calculated by the average of the surface energy of 

various Pd terminations: 

NPs i if =  (8).      

Herei is the surface energy of various terminations, and fi is the percentage of corresponding 

terminations. In our study, we determined that the surface energy of Pd(111) and Pd(100) is 0.1323 

and 0.142 eV/Å2, respectively. Then, we can estimate that the surface energy of Pd NPs is 0.1345 

eV/Å2. The chemical potential of Pd NPs on ceria surface is 2.69/R eV.  

The chemical potential of Pd single atom on various sites is approximately calculated using the 

binding energy of Pd single atom on certain site of ceria surface with respect to the bulk Pd atoms 

(bulk = 0): 

1 1/ 1( )Pd Pd site Pd siteE E E = − +  (9), 

where EPd1/site is the total energy of the slab containing Pd atom bound to certain site, Esite is the 

energy of the slab containing certain site, and EPd1 is the energy of bulk Pd atom. 

 

 

Figure 5.1 (a) Optimized configurations of Pd atoms dispersed on CeO2(111). (color code: white 

= Ce; gray = O; red = O neighbouring Pd; cyan = Pd); (b) chemical potential m of Pd atoms 

dispersed on CeO2(111) (dashed lines) and Pd NPs on CeO2(111) as a function of the nanoparticle 

radius R (full line). The chemical potential of bulk Pd is set to zero: mbulk = 0. 

5.3 Results and discussion 

Focusing first on Pd, its substitution for Ce in the CeO2 surface is energetically favorable and 

lowers the energy to remove an oxygen surface atom, which creates an oxygen vacancy (VO).26,27 

While most theoretical studies assume an octahedral Pd coordination arising from the Pd for Ce 
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substitution (retaining the initial octahedral coordination of Ce4+ in the surface), we demonstrated 

that a stable structure exists with nearly the same energy in which Pd adopts a square-planar 

configuration.27  This structure is much more active in CO oxidation than the octahedral structure. 

The conventional octahedral (Pd-dop-I) and the alternative square-planar (Pd-dop-II) models for 

Pd-doped CeO2 are shown in Figure 5.1a. CH4 adsorption is however weak on these Pd-doped 

surfaces, resulting in a low rate of C-H bond dissociation,27 orders of magnitude lower than 

experimentally observed rates.7 Given the importance of under-coordinated surface atoms in PdO, 

we should also consider atomically dispersed Pd atoms on the CeO2(111) surface (Pd1/CeO2(111) 

in Figure 5.1a) as candidate active sites. However, a previous computational study showed that these 

isolated Pd atoms on CeO2(111) will easily agglomerate into larger clusters via Ostwald ripening.52 

Therefore, we explored an alternative structure in which we added a Pd atom to the single Pd-doped 

CeO2.   

 

 

Figure 5.2 Potential energy surface of the diffusion of an additional Pd atom placed on Pd1/Pd-dop-

II to an adjacent CeO2 surface site. 

 

Figure 5.1a also shows the surface obtained by adding a Pd atom to the Pd-dop-II surface model 

(denoted as Pd1/Pd-dop-II). Adding a Pd atom is favorable (ΔE = -1.66 eV) with respect to bulk Pd, 

which indicates that the surface Pd atom is very stable in this position. This is further confirmed by 

the much higher diffusion barrier to an adjacent CeO2 surface site of 3.37 eV (Figure 5.2) in 

comparison to the value of 0.14 eV for Pd1/CeO2.52 When we add a Pd atom to the Pd-dop-I model, 

the resulting structure spontaneously relaxed to Pd1/Pd-dop-II during geometry optimization in 
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Figure 5.3. Adding another Pd atom to Pd1/Pd-dop-II is unfavorable (ΔE = +1.51 eV with respect 

to bulk Pd). Figure 5.1b shows the chemical potential of the different models in comparison to the 

chemical potential of supported Pd metal clusters as a function of their size.53 While Pd1/CeO2(111) 

and Pd2/Pd-dop-II are less stable compared to ceria-supported Pd clusters, Pd-dop-II and Pd1/Pd-

dop-II are favored over supported Pd clusters and bulk Pd. Pd1/Pd-dop-II is also stable with respect 

to the O stoichiometry under typical reaction conditions. The removal of surface O atoms bound to 

the three-fold and four-fold Pd atoms from this structure cost 2.48 eV and 2.72 eV, respectively. 

Thus, the O atoms are more strongly bound to the Pd atoms than the O atoms in the stoichiometric 

CeO2 surface.54 It is also important to mention that adsorption of an O atom on the coordinatively 

unsaturated Pd atom of Pd1/Pd-dop-II is very weak (-0.10 eV). Taken together, these results imply 

that Pd1/Pd-dop-II is the thermodynamically expected structure under typical oxidative reaction 

conditions. 

 

 

Figure 5.3 Optimization curves of TM atom anchored on TM-dop-I (TM = Pd and Pt). 

 

In essence, the structure is the result of the substitution of one Ce4+ ion by two Pd2+ ions, which is 

in line with the much larger radius of Ce4+ (0.97 Å) compared to Pd2+ (0.64 Å).33,55-57  The ionic radii 

are shown in Table 5.1, while Figure 5.4 highlights the possibility to replace a Ce4+ ion by two Pd2+ 

ions. Table 5.1 also shows that other transition metals can lead to similar structure and this topic will 

be discussed below. For the Pd case, one of the Pd atoms is coordinated by four lattice O atoms, 

while the other one is coordinated by three O atoms. We emphasize that this structure is very 

different from earlier proposed doping models.24-27,31,35 The unusual aspect of the novel model is that, 

unlike earlier models, it contains a stable three-coordinated Pd ion, which we expect to strongly 

adsorb CH4. Therefore, we explored in the following the adsorption and activation of CH4 on the 

Pd1/Pd-dop-II structure. 
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Table 5.1 Ionic radii of various metal ions. 

Metal cerium nickel palladium Platinum 

Ions Ce3+ Ce4 Ni2+ Ni4+ Pd2+ Pd4+ Pt2+ Pt4+ 

R (Å) 1.04 0.97 0.69 0.48 0.64 0.63 0.80 0.62 

 

Metal cerium rhodium copper zinc 

Ions Ce3+ Ce4 Rh2+ Rh3+ Rh4+ Cu+ Cu2+ Zn2+ 

R (Å) 1.04 0.97 0.72 0.67 0.615 0.46 0.62 0.74 

 

 

Figure 5.4 Illustration of the replacement of (left) one lattice Ce4+ ion by (right) two Pd2+ ions (ionic 

radii of Ce4+ and Pd2+ used).   

 

 

Figure 5.5 (a) Initial, transition and final states of CH4 dissociation by the Pd1/Pd-dop-II structure; 

(b) energy profiles of CH4 adsorption and dissociation by various Pd-containing models; (c) 

computed CH4 dissociation rates (T = 300-1000 K, PCH4 = 0.1 atm). 
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CH4 adsorption and dissociation are the crucial steps in the CH4 combustion process.23,58 The 

adsorption energy of CH4 on the Pd1/Pd-dop-II model is -0.59 eV, which is slightly higher than the 

value of -0.47 eV computed for the PdO(101) surface. CH4 adsorbs only weakly on Pd-dop-II. The 

adsorption energy of -0.15 eV is nearly similar to the adsorption energy on the stoichiometric CeO2 

surface.27 From this difference, we infer that the presence of a coordinatively unsaturated Pd2+ ion 

leads to stronger adsorption. Figure 5.5a shows the initial adsorption structure of CH4 as well as the 

transition and final states for its dissociation into CH3 and H, resulting in Pd-CH3 and OH fragments. 

The potential energy surfaces for CH4 adsorption and dissociation of CH4 on this and other models 

are depicted in Figure 5.5b. The activation barrier for CH4 dissociation on Pd1/Pd-dop-II is 0.60 eV. 

The adsorption energies of CH4 on most other models are significantly lower than for Pd1/Pd-dop-

II with comparable or higher barriers (e.g., 0.64 eV for PdO(101) and 0.70 eV for Pd1/CeO2(111)). 

The exception is Pd-dop-II, on which CH4 can be activated with an energy barrier of only 0.27 eV. 

As discussed before, the low barrier is due to the high activity of the surface O radical.27 The Pd-dop-

II structure is however not stable and the reactive O atom is spontaneously removed to form the 

thermodynamically much more stable Pd-dop-II-VO structure. The activation energy of CH4 

dissociation on this stable surface is 0.99 eV.27 

In order to compare C-H bond dissociation for the different surface models, we considered a 

Langmuir-Hinshelwood kinetic scheme in which gaseous CH4 is quasi-equilibrated with adsorbed 

CH4, followed by the slow C-H bond dissociation step, resulting in Pd-CH3 (CH3*) and O-H (H*) 

species.23 This kinetic model together with the computed DFT-energetics predicts that CH4 

dissociation proceeds with the highest rate on Pd1/Pd-dop-II and then decreases in the order Pd-

dop-II > PdO(101) > Pd(211) > Pd-dop-II-VO (Figure 5.5c). Although the activation barrier for the 

C-H bond dissociation on Pd-dop-II is the lowest among the models investigated, the weak 

adsorption of CH4 results in a very low CH4 coverage and, henceforth, a low overall reaction rate. 

The thermodynamically preferred structure Pd-dop-II-VO has the lowest overall reaction rate.  

We compare these data to the work of Janik’s group on Pd/CeO2 for CH4 activation, who studied 

doping of ceria with multiple Pd atoms.26,31 Considering only Pd-doping of ceria, a higher activity 

than PdO(101) is only predicted for their (111)-1Pd4+/2Pd2+ structure.26 However, according to 

their  ab initio phase diagram this structure is not stable under relevant reaction conditions, while 

the most stable (111)-3Pd2+ structure exhibits a more than two orders of magnitude lower activity 

than PdO(101). We also note that the C-H bond distance in the transition states for CH4 

dissociation presented by Janik and co-workers is longer than 2 Å. This distance is too long to 

represent a C-H bond as one would expect to exist in the transition state for C-H bond dissociation 

of CH4. For instance, the C-H distance in the transition states of CH4 dissociation shown in Figure 
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5.5a is around 1.4 Å, close to values reported in the literature.22,23,27,30 Detailed configurations and 

the potential energy surface for CH4 dissociation on Pd1/Pd-dop-II are shown in Figure 5.6. Janik 

and co-workers also investigated PdO clusters supported on Pd-doped ceria.31 The computed 

reactivity of these models for CH4 dissociation are much lower than that of PdO(101).31 Thus, we 

can firmly conclude that our proposed model comprised of two Pd2+ ions in the CeO2(111) surface 

as a model for a solid Pd-CeO2 solution can provide a good explanation for the experimentally 

observed high CH4 dissociation activity after removal of PdO from a catalyst containing PdO 

clusters on a Pd-CeO2 solid solution.7 In essence, the coordinatively unsaturated Pd cation in 

Pd1/Pd-dop-II is highly reactive towards methane’s C-H bonds due to the formation of a strong -

complex similar to the complex proposed for CH4 adsorption on IrO2(110).23 

 

 

Figure 5.6 CH4 dissociation on Pd1/Pd-dop-II from CI-NEB calculations. 

 

We compared in more detail the (electronic) structure of CH4 adsorbed on Pd1/Pd-dop-II and 

PdO(101). In both surfaces, the Pd cation is three-fold coordinated (Figure 5.7). Charge analysis 

shows that CH4 adsorption on Pd1/Pd-dop-II leads to an increase of the Pd cation charge, while the 

reverse holds for the Pd cation in is the case for PdO(101). The latter is in line with an earlier 

computational study.11 Electron density difference plots before and after CH4 adsorption on the two 

surfaces in Figure 5.7 show that there is a redistribution of electron density between CH4 and the 
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surface. Moreover, there is clear evidence for the formation of a -complex in Pd1/Pd-dop-II. A 

density of state analysis in Figure 5.8 indicates that 4d-electrons from the Pd surface cation in 

Pd1/Pd-dop-II effectively overlap with the 1t2 frontier molecular orbitals of CH4 and henceforth 

strengthen the adsorption of CH4. This type of interaction is absent in the CH4 adsorption complex 

with PdO(101). Figure 5.7 also shows that the local coordination environment around CH4 

adsorbed on Pd1/Pd-dop-II is more favorable for the formation of an O-H bond during C-H bond 

cleavage. Notably, the C-H bond that will finally dissociate is elongated more in the CH4 adsorption 

complex with Pd1/Pd-dop-II (1.13 Å) than in the corresponding complex with PdO(101) (1.09 Å). 

This result is important as it shows that a Pd cation at the interface with Pd-doped CeO2 can strongly 

adsorb and activate CH4. 

 

 

Figure 5.7 (a-b) Adsorption and transition states of CH4 by Pd1/Pd-dp-II. (c-d) Adsorption and 

transition states of CH4 by PdO(101). (e-f) Electron density difference contours of CH4 adsorption 

on Pd1/Pd-dop-II and PdO(101). (Color code: cyan = Pd; red = O; off-white = Ce; grey = C; white 

= H). 
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Figure 5.8 Projected density of states of gaseous CH4, pure Pd1/Pd-dop-II and PdO(101), and the 

adsorbed CH4 on these two models. On Pd1/Pd-dop-II, 1t2 frontier molecular orbitals of CH4 

interacts with 4d-orbitals of Pd atom, giving rise to an effective bonding between them. After CH4 

adsorption, the 4d-electron distribution has an obvious change by shift to the lower energy range 

and overlap with the 1t2 frontier molecular orbitals of CH4. While CH4 adsorption on PdO(101), 

the energy level of 1t2 frontier molecular orbitals of CH4 just shifts to the lower energy range and 

nearly does not interacts with the 4d-oribitals of Pd atom, because the 4d-electron distribution 

nearly does not change after CH4 adsorption. 

 

 

Figure 5.9 Simulated STM images of Pd1/Pd-dop-II (a, b, c) and Pd1/CeO2(111) (d, e, f) versus the 

different heights. 

 

We also simulated STM images in Figure 5.9 to show the characters of the identified novel 

strucutre Pd1/Pd-dop-II. The coordinatively unsaturated Pd atom in Pd1/Pd-dop-II is situated in 

the similar height of the top-surface lattice O atoms, about 1.38 Å lower than the highly dispersed 

Pd atom on terrace of CeO2(111). Accordingly, at the same distance between the tip and support 
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surface, the later has a stronger current response than the former in STM image. The STM technique 

is expected to distinguish the local structure of this novel model.  

 

 

Figure 5.10 Energy diagram for the reaction CH4(g) + 2 O2(g) → CO2(g) + 2 H2O(g) on Pd1/Pd-

dop-II. The structure of selected intermediates (Int) are depicted (all structures in Appendix B). 

The active site * is the three-fold Pd atom of Pd1/Pd-dop-II; [O] represents a surface lattice O atom 

involved in the reaction; VO represents the oxygen vacancy. (color code: white = Ce; gray = O; red 

= lattice O neighbouring Pd or O of molecular O2, H2O or CO2; cyan = Pd; blue = H). 

 

We investigated the feasibility of complete CH4 oxidation on the Pd1/Pd-dop-II model. Figure 

5.10 shows the potential energy diagram for the complete catalytic cycle. After CH4 dissociation, the 

resulting CH3* species can be further dehydrogenated to Pd-CH2 (CH2*) species and another O-H 

species (Int2 → Int3). This process is endothermic by 0.55 eV, and requires overcoming an activation 

barrier of 1.05 eV. The CH2 species on the three-fold Pd atom will migrate to a neighboring lattice 

O atom to form a CH2O species (ΔE = -1.79 eV) with a barrier of only 0.48 eV. Next, an O2 molecule 

will adsorb on the three-fold Pd atom (Int4 → Int5, Eads = -0.86 eV). The reaction then further 

proceeds via a sequence of facile H-transfer steps on the surface forming OOH species that are 

involved in C-H bond dissociation and H2O formation. The third C-H bond dissociation step in 

CH2O is highly exothermic (ΔE = -3.09 eV). After H2O desorption (Int7 → Int8), rotation of OCHO 

occurs, enabling further O2 adsorption (Int9 → Int10), C-H bond cleavage and formation of CO2. 

CO2 desorption costs 0.52 eV, leaving one oxygen vacancy (Int11 → Int12). Dissociation of OOH 
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heals this vacancy (Int12 → Int13), while the other OH fragment reacts with the remaining H atom 

to form another H2O molecule (Int13 → Int14). H2O desorption (ΔE = +1.55 eV) completes the 

catalytic cycle.  

Overall, the reaction pathway for complete CH4 oxidation for the novel Pd1/Pd-dop-II model 

appears to be feasible. Weaver and co-workers reported that the formation of the CH2 intermediate 

is the most difficult step (Ea = 1.44 eV) for CH4 oxidation on PdO(101).21 The highest barrier for 

our model is significantly lower (Ea = 1.05 eV). Taking into account entropy, we computed that the 

rate of this C-H bond activation step at 623 K is still two orders of magnitude higher than the overall 

process of adsorption and dissociation of CH4. The reaction energy diagram also emphasizes the 

influence of competitive adsorption of O2 and H2O. This will shift the operating window of this 

catalyst to a temperature regime where vacant Pd sites are available. We can compare the O2 and 

H2O adsorption energies of respectively -0.82 eV and -1.55 eV to those for PdO(101), i.e. -1.58 eV 

and -1.01 eV, respectively. Thus, while O2 inhibition is alleviated in our model with respect to 

PdO(101), competition with H2O is more prominent. Based on the gas phase entropy of H2O, we 

can predict that the free energy of H2O desorption is lower than the highest barrier at around 500 K. 

The occurrence of these competitive effects has been experimentally demonstrated by Weaver and 

co-workers in a TPD study for PdO(101).59 The systematic study for PdO(101) by Bossche and 

Gronbeck showed that CH4 oxidation is inhibited by molecular H2O adsorbed on under-

coordinated Pd sites at low temperature.19 Summarizing, Pd1/Pd-dop-II provides a model on which 

CH4 can be activated in a facile manner and a complete reaction cycle leading to CO2 and H2O is 

possible.  

 

 

Figure 5.11 TM doped-CeO2(111), with TM = Ni, Pd, Pt, Rh, Cu and Zn. For most TM atoms, the 

square-planar coordination is favored over octahedral coordination. O atoms in the subsurface O 

atomic layer are in pink and the other lattice O atoms are in red. 
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Encouraged by these insights, we also investigated the effect of modification of CeO2 with Ni, Pt, 

Rh, Cu and Zn, because the former three give rise to active CH4 combustion catalysts in solid 

solutions,17,29,30 while the latter two are expected to be low active catalysts. The substitution of all of 

these transition metals in the CeO2(111) surface is favorable against the bulk of the corresponding 

transition metal (Table 5.2). Except for Pt, these transition metals adopt the same square-planar 

configuration as Pd (Figure 5.11).27 The most stable configuration for Pt is the octahedral one, 

which is likely related to the larger size of Pt in comparison to the other substituents (Table 5.1). 

Placement of another like transition metal atom on the doped site is also exothermic, showing the 

generality of the stabilization of transition metal atoms on doped CeO2. Next, we investigated CH4 

adsorption on these structures. The adsorption energy is highest on Pt1/Pt-dop and decreases in the 

order Pt1/Pt-dop > Pd1/Pd-dop > Rh1/Rh/dop > Ni1/Ni-dop ≈ Cu1/Cu-dop > Zn1/Zn-dop. The 

electron density difference plots for CH4 adsorbed on Pt1/Pt-dop and Zn1/Zn-dop shown in Figure 

5.12 show an effective -complex formation for the Pt case similar to Pd, while it is absent for Zn. 

The activation barrier for C-H bond dissociation follows roughly the reverse trend with Zn1/Zn-

dop having the highest activation barrier and Pt1/Pt-dop the lowest.  

 

 

Figure 5.12 Electron density difference contours of CH4 adsorption on pure CeO2(111), PdO(101) 

and TM1/TM-dop-II (TM = Ni, Pd, Pt, Rh, Cu and Zn). The yellow color means positive change 

of electron density, and the blue color means the negative change of electron density. On all TM-

modified CeO2 surface except Cu and Zn, CH4 forms an effective chemical bond. For Zn, the 

electron density of CH4 nearly does not change after adsorption, indicative of no electron transfer 

between CH4 and Zn. 
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Table 5.2 Insertion energy of the first TM atom into one lattice Ce position atom (Eads-TM1) and 

the second TM atom (Eads-TM2) with respect to corresponding TM bulk atoms. Adsorption energy 

Eads, activation energy Ea, reaction energy ΔE of CH4 dehydrogenation, and the rate of CH4 

dissociation by TM1/TM-dop-II. PCH4 = 0.1 atm, and T = 623 K 

TM1/TM-dop-II Ni Pd Pt Cu Rh Zn 

Eads (TM1, eV) -4.79 -3.62 -4.04 -4.20 -4.24 -4.79 

Eads (TM2, eV) -2.03 -1.66 -0.61 -1.22 -1.21 -3.65 

Eads (CH4, eV) -0.42 -0.59 -0.81 -0.41 -0.46 -0.17 

Ea (eV) 0.62 0.60 0.49 0.75 0.52 1.10 

ΔE (eV) -0.42 -0.49 -0.77 -0.70 -0.55 0.52 

r (molecules·site-1·s-1) 1.41 55.7 3.30 × 104 9.42 × 10-2 21.2 1.04 × 10-6 

 

 

Figure 5.13 (a) Computed CH4 dissociation rates for various TM1/TM-dop-II structures as a 

function of temperature with PCH4 = 0.1 atm and (b) relation between CH4 dissociation barrier and 

the distance between the reactive TM atom and the H atom of the activated C-H bond in CH4 in 

the adsorbed state. 

 

Using the kinetic model for CH4 adsorption and dissociation, we found that the computed rates 

decreases in the order Pt1/Pt-dop >> Pd1/Pd-dop > Rh1/Rh/dop > Ni1/Ni-dop > Cu1/Cu-dop > 

Zn1/Zn-dop in Figure 5.13a. At a temperature of 623 K and a CH4 pressure of 0.1 atm, the 

dissociation rate is higher for the Pt-doped structure than the Pd-doped one. Figure 5.13b 

emphasizes the strong correlation between the activation barrier and the distance between the 
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surface and CH4 in the adsorbed state. The decreasing activity at high temperature is because the 

free energy for desorption is higher than the activation barrier for CH4 dissociation. The free energy 

change for CH4 adsorption is given by ΔEads – TΔSads, in which ΔEads and TΔSads represent the 

enthalpy and entropy contributions. The activation free energy barrier is roughly equal to the 

activation barrier, as the entropy change during CH4 dissociation starting from the -complex is 

negligible in comparison with the entropy change during adsorption or desorption. The predicted 

high activity computed for Pt1/Pt-dop-II provides a good explanation for the experimentally 

reported high activity of a Ce1-xPtxO2- solid solution.28,60 In a similar manner, Ni- and Rh-promoted 

CeO2 catalysts have also been noted for their promising activity in CH4 combustion.61-65 

5.4 Conclusion 

We investigated a novel structure of a solid solution of Pd in CeO2 with the purpose of explaining 

the high activity of Pd-CeO2 solid solutions towards CH4 activation. We show that two Pd2+ ions 

can substitute one Ce4+ ion in the stable CeO2(111) surface, resulting in a structure that is stable 

under oxidative conditions. CH4 will strongly adsorb as a -complex on the Pd cation that is 

coordinatively unsaturated. The CH4 adsorption energy is higher on this novel structure than on 

PdO(101). Consequently, the activation barrier for dissociation of the adsorbed CH4 molecule is 

lower for Pd1/Pd-dop-II. Kinetic simulations show that CH4 dissociation proceeds with the highest 

rate on this structure. We also show that similar structures can be obtained by doping the CeO2(111) 

surface with Pt, Ni, Rh, Cu and Zn. Specifically, the more reactive transition metals Pt, Ni and Rh 

can lead to strong CH4 adsorption complexes, low C-H activation barriers and a high CH4 

dissociation activity. The concept of substituting two transition metal ions for one Ce4+ ion in ceria 

is important as it results in a very stable structure containing a highly reactive coordinatively 

unsaturated transition metal. We expect that this insight opens up new possibilities to rationally 

design active and stable catalysts of surface doped oxides. 
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Chapter 6 
A Novel Approach for the Assessment of the Stability of 

Atomically Dispersed Pt on Ceria 

 

ABSTRACT 
Heterogeneous single-atom catalysts involve isolated metal atoms anchored to a support, 

displaying high catalytic performance and stability in many important chemical reactions. We 

present a general theoretical framework to establish the thermodynamic stability of metal single 

atoms and metal nanoparticles on a support in the presence of adsorbates. As a case study, we 

establish for Pt-CeO2 the CO partial pressure and temperature range within which Pt single atoms 

are more stable than Pt nanoparticles. Density functional theory and kinetic Monte-Carlo 

simulations demonstrate that Pt atoms doped into the CeO2 surface exhibit a very high CO 

oxidation activity and thermodynamic stability in comparison to models involving Pt single atoms 

on terraces and steps of CeO2. An intermediate CO adsorption strength is important to explain a 

high activity. Our work provides a systematic strategy to evaluate the stability and reactivity of 

single-atoms on a support. 
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6.1 Introduction 

Supported metal catalysts are extensively used in exhaust gas clean-up because of their high 

catalytic activity for CO and hydrocarbon oxidation and NOx reduction.1-5 The size of the 

supported metal nanoparticles (NPs) is often decisive for the catalytic performance.6-10 Due to 

their highly under-coordinated nature, supported single-metal atom catalysts (SACs) can display a 

very high catalytic activity. SACs are rapidly becoming a new frontier in heterogeneous 

catalysis.2,5,11-16 Besides the low coordination number of the catalytic metal atom, the support 

usually plays an important role in the catalytic cycle, akin to non-innocent ligands in homogeneous 

catalysts.17,18 In environmental catalysis, ceria is one of the most used catalyst supports, because it 

can reversibly store oxygen atoms and also strongly interacts with transition metals, leading to a 

large metal-support interface.19,20 Generally, single atoms are more mobile on a support than NPs 

and, thus, prone to agglomeration.21-23 Stabilization of single atoms on oxide supports is therefore 

of critical importance for the design of better SACs.  

The preparation and performance of Pt SACs on ceria have recently been extensively 

studied.5,13,24-30 Recent experimental and theoretical data show that surface defects, such as steps 

and vacancies, can trap single Pt atoms.5,24,31,32 Fabris and co-workers suggested that Pt2+ ions can 

be stabilized on ceria steps due to the presence of more reactive surface oxygen anions.13 Datye and 

co-workers also contended that single Pt atoms can be strongly adsorbed on step-edge sites of 

ceria.24 Another recent work from the same group highlighted the importance of isolated Pt2+ on 

ceria for low-temperature CO oxidation.5 Earlier, the utility of isolated Pt atoms on reducible iron 

or titanium oxides for CO oxidation has been discussed.2,4,33 Alternative to being trapped on step-

edges, Pt single atoms can also strongly interact with the less stable CeO2(100) surface by 

coordinating to four surface oxygen atoms in a square-planar configuration.13,28 Substitution of a 

lattice Ce atom by Pt on CeO2(111) results in an octahedral PtO6 coordination.5,34 Recent work 

demonstrated that this surface configuration can reconstruct into a square-planar coordination of 

Pt.31 Oxygen can easily be removed from the latter structure, resulting in an oxygen vacancy in a 

stable surface under typical CO oxidation conditions.  

Another means of obtaining highly dispersed supported metal systems is by strong adsorption of 

reactants that can lead to the break-up and dispersion of metal clusters and nanoparticles into 

single atoms.35-40 For instance, Berko et al. observed by scanning tunneling microscopy a very rapid 

disintegration of TiO2-supported Rh NPs of 1-2 nm to atomically dispersed Rh at 300 K and a 

pressure of 10-1 mbar CO.37 Iwasawa and co-workers reported that CO is able to disperse Rh into 
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single atoms on Al2O3.39 Li and co-workers carried out density functional theory (DFT) and 

molecular dynamics (MD) calculations to investigate CO-induced dislodging of Au atoms at the 

interface of Au NPs and ceria.35,41 These calculations show that adsorption of CO can lower the 

barrier for the dislodgment of an Au atom from a small ceria-supported Au cluster. Recently, Li 

and co-workers developed a methodology to predict the thermodynamic stability of supported 

single atoms in comparison to metal NPs of varying size in the presence of adsorbates.35 This 

works forms an extension of a methodology introduced by another group to study Ostwald 

ripening and disintegration of supported metal NPs under reaction conditions.36 These 

approaches are based on the Gibbs-Thomson equation.42,43 This relation assumes spherical metal 

NPs in a continuum approximation, which only holds for relatively large NPs. Accordingly, these 

methodologies are not valid for a solid particle on substrates due to the anisotropy of the 

supported particles, which expose different surface facets of varying reactivity.44-46 

In the current work, we introduce a novel and general approach to determine the stability of CO-

covered supported single atoms and metal NPs of various sizes as a function of temperature and 

CO pressure. We use density functional theory (DFT) to determine the binding energies of 

supported single atoms and NPs and develop an approach to take into account the stabilizing 

effect of adsorbed CO molecules, which depends on temperature and pressure. We explicitly take 

into account CO coverage and lateral interaction effects of adsorbed CO. We construct the 

stability diagram of supported metal NPs with respect to a supported single metal atom in the 

presence of adsorbed CO. This leads to predictions about the stability of NPs and a critical size 

below which the NP can disperse into supported single metal atoms in the presence of CO. We 

employ this methodology to predict the stability of single Pt atoms on stoichiometric CeO2(111) 

and stepped CeO2(111) surface and Pt atoms doped into the CeO2(111) surface. Finally, we 

compute potential energy diagrams for the CO oxidation cycle for a single Pt atom on these two 

surfaces and other relevant single-atom models for the Pt/CeO2 system. CO oxidation rates are 

predicted by the graph-theoretical kinetic Monte-Carlo (GT-kMC) algorithm.47 

6.2 Methodology 

6.2.1 DFT calculations  

We carried out spin-polarized DFT calculations as implemented in the Vienna ab initio 

simulation package (VASP).48 The ion-electron interactions are represented by the projector-

augmented wave (PAW) method49 and the electron exchange-correlation by the generalized 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
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functional.50 The Kohn-Sham valence states were expanded in a plane-wave basis set with a cut-off 

energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Pd(4d5s) and C(2s,2p) electrons were 

treated as valence states. The DFT+U approach was used, in which U is a Hubbard-like term 

describing the on-site Coulombic interactions.51 This approach improves the description of 

localized states in ceria, where standard LDA and GGA functionals fail. For Ce,  a value of U = 4.5 

eV was adopted, which was calculated self-consistently by Fabris et al.52 using the linear response 

approach of Cococcioni and de Gironcoli53 and which is within the 3.0-6.0 eV range that results in 

the localization in Ce 4f orbitals of the electrons left upon oxygen removal from ceria.54  

For Pt/CeO2(111), we use a periodic ceria slab with a (4×4) surface unit cell. For Brillouin zone 

integration, a 1×1×1 Monkhorst-Pack mesh was used. The bulk equilibrium lattice constant (5.49 

Å) previously calculated at the PBE+U level (U = 4.5 eV) was used.55 The CeO2(111) slab model 

consists of three Ce-O-Ce layers and a vacuum gap of 15 Å. The atoms in the bottom layer were 

frozen to their bulk positions and only the top two Ce-O-Ce layers were relaxed. The climbing 

image nudged-elastic band (CI-NEB) algorithm56,57 was used to identify the transition states in the 

elementary reaction steps of CO oxidation. 

6.2.2 Graph-theoretical kinetic Monte-Carlo (GT-kMC)   

The DFT calculated energetics and vibrational frequencies were input in the GT-kMC 

framework as implemented in the software package Zacros.58  

For non-activated adsorption as employed in this work, we assume an early 2D gas-like transition 

state. The rate constants of adsorption and desorption are calculated as59,60 

2

x st
ads

x B

P A
k

m k T
=

 (1), 

, ( ) , ( ) 2 , ( )

,

exp( )
vib X gas rot X gas trans D X gas desB

des

vib X B

q q q Ek T
k

q h k T

  −
=  (2). 

Here Px, Ast, and m are the partial pressure of a species x, the area of an adsorption site, and the 

molecular mass of the adsorbent, respectively. For each surface reaction, the rate constants were 

calculated by transition state theory in an Arrhenius form,61 yielding  

‡ ‡  ( )
exp( )

fwdB
fwd

R B

Ek T Q
k

h Q k T


= −  (3) 

and       
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exp( )revB

rev

P B

Ek T Q
k

h Q k T


= −  (4),                       
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where kfwd (krev) is the rate constant of the forward (reverse) elementary reaction step, kB the 

Boltzmann constant, T the temperature and h Planck’s constant.Q
‡
, QR and QP are the quasi-

partition functions of the transition, reactant and product states, respectively. Finally, ‡

fwd

 E (σ)  

( ‡

rev

 E (σ) ) is the activation energy for configuration  in the forward (backward) direction. Other 

inputs to the software include the operating conditions (temperature, pressure and gas-phase 

composition), a lattice structure, energetics of each surface species and the reaction mechanism 

parameterized by equations (1)-(4).47,62 We did not take into account lateral interactions, because 

we only consider dispersed single Pt atoms and their neighboring sites; as such interactions 

between adsorbates are irrelevant. The GT-kMC supports site-dependent chemistry. Three types 

of sites were considered in each unit cell including a Pt atom, to which CO can adsorb, and two 

oxygen vacancy sites, where O2 can adsorb and dissociate. 

The chemical master equation describes the time evolution of the probability pi(t) of finding the 

system in a particular state i63 

( )
( ) ( )i

i j j j i i
j i

dp t
w p t w p t

dt
→ →


 =  −   (5). 

i jw → denotes the propensity of the system going from state i to j, which is related to the rate 

constants of the microscopic events.64,65 Solving the chemical master equation numerically is often 

impractical due to the large number of possible states. Instead, the kMC framework solves the 

chemical master equation stochastically. At each instant, the probability of a queue of events out of 

the reaction mechanism is generated and one event is chosen proportional to its probability 

'

0
( ) exp[ ]TST TST

i i i ip k k d


 =  −  (6), 

where t is the current time and τi is the time increment between event i and the next event. In 

order to find the time increment, one uses the exponential distribution 

1
ln(1 )i TST

i

u
k

 = − −  (7). 

Here u is a random number sampled from the uniform distribution between 0 and 1. By 

comparing the time increment τi, we choose the event with the smallest time increment to fire. 

Next, the lattice and simulation time are updated. The procedure is repeated until the stopping 

criteria are reached. In practice, to reduce stochastic noise, multiple independent trajectories 

generated using different random seeds are run in parallel and averaged. Given long enough 

simulation time, steady state properties such as average surface species coverages, turnover 

frequency (TOF), and reaction orders can be obtained. 
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The degree of rate control (DRC) XRC,i proposed by Campbell and coworkers is used in 

identifying the rate-determining step at various conditions.66 The total pressure is fixed at 0.1 bar 

with a fixed CO to O2 ratio of 2. 

,

,

ln( )

ln
j i i

RC i

i k K

TOF
X

k


 
=  

 

 (8). 

We varied the pre-exponential factors by 1% and computed the corresponding TOF. The partial 

derivative is taken holding the rate constants for other steps and equilibrium constants unchanged 

for step i. The elementary step with the largest XRC,i value is the rate-determining one.  

6.2.3 Ab initio thermodynamics   

CO(T,P) can be estimated as  

 𝜇CO(𝑇, 𝑃) = 𝜇CO(𝑇, 𝑃𝜃) + 𝑅𝑇𝑙𝑛 (
𝑃CO

𝑃𝜃 )    

                  = [𝐻CO(𝑇, 𝑃𝜃) − 𝐻CO(0 𝐾, 𝑃𝜃)] − T[𝑆CO(𝑇, 𝑃𝜃) − 𝑆CO(0 𝐾, 𝑃𝜃)] 

               +𝑅𝑇𝑙𝑛 (
𝑃CO

𝑃𝜃 ) (9), 

where the enthalpy 𝐻CO(𝑇, 𝑃𝜃) and entropy 𝑆CO(𝑇, 𝑃𝜃) of gaseous CO can be obtained from the 

standard thermodynamic tables.67 

We used the ab initio thermodynamics approach of Reuter and Scheffler to assess the relative 

stability of various Pt-doped states in ceria as a function of oxygen pressure and temperature.68 The 

free energy of Pt-doped surface states is determined as follows: 

Δ𝐺 = ΔE +
n

2
𝜇𝑂2

(𝑇, 𝑃) = (E𝑃𝑡−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
+  

n

2
E𝑂2

− E𝑃𝑡−𝑑𝑜𝑝𝑒𝑑) +  
n

2
𝜇𝑂2

(𝑇, 𝑃)     (10), 

where E𝑃𝑡−𝑑𝑜𝑝𝑒𝑑  and E𝑃𝑡−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
 are the electronic ground state energies of the Pt-doped 

CeO2(111) and the Pt-doped CeO2(111) after removing n oxygen atoms, respectively, E𝑂2
 the 

electronic ground state energy of gaseous O2, and 𝜇𝑂2
(𝑇, 𝑃) is the chemical potential of gaseous 

O2. The chemical potential of gaseous oxygen can be correlated to the thermodynamic state in the 

following manner:  

 𝜇𝑂2
(𝑇, 𝑃) = 𝜇𝑂2

(𝑇, 𝑃𝜃) + 𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃
) 

= [𝐻𝑂2
(𝑇, 𝑃𝜃) − 𝐻𝑂2

(0 𝐾, 𝑃𝜃)] − T[𝑆𝑂2
(𝑇, 𝑃𝜃) − 𝑆𝑂2

(0 𝐾, 𝑃𝜃)] + 𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃 )          (11), 

where the enthalpy 𝐻𝑂2
(𝑇, 𝑃𝜃)  and entropy 𝑆𝑂2

(𝑇, 𝑃𝜃)  of gaseous O2 were obtained from 

standard thermodynamic tables.67 The entropy of the solids is neglected.  

For the construction of stability diagram of Pt NPs respect to Pt dopant,  
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with CO adsorption at low temperature, Ptn(CO)m + (CeO2)(111) + ½O2 → Ptn-1(CO)m-1 + 

(CeO2)1 + CO/Pt-dop-II-VO; without CO adsorption at high temperature, Ptn + (CeO2)(111) + 

½O2 → Ptn-1 + (CeO2)1 + Pt-dop-II-VO.  

where Ptn(CO)m is the supported Ptn cluster with m adsorbed CO molecules, (CeO2)(111) is the 

adopted CeO2(111) support, (CeO2)1 is one CeO2 unit of ceria bulk, and CO/Pt-dop-II-VO is the 

model of CO adsorbed on Pt-dop-II-VO. 

6.3 Results and discussion 

Stability of supported NPs and SAs. The driving force for sintering of supported metal catalysts is 

the reduction in surface free energy of particles. Metals usually cannot be kept in atomic dispersion 

on a support, because a metal adatom usually does not bind strong enough to the support.21 The 

cohesive energy is typically used to account for the strength of metallic bonds in NPs. Its absolute 

value decreases when particles become smaller, indicative of the weaker metallic bonds in NPs 

compared to bulk metal. When a nanoparticle is placed on a support, the total energy is lowered by 

the interactions due to the surface metal atoms interacting with the support. However, the 

influence of the support on the total energy is minor for particles with more than 20 atoms and we 

can use the cohesive energy of the corresponding free NP in vacuum as a first approximation as 

demonstrated for Pd NPs on CeO2(111).21 In order to compare stabilities, this cohesive (or 

binding) energy per metal atom for the supported NP system can be compared to the binding 

energy of a single metal adatom placed on a support. We develop our approach here for Pt on the 

most stable CeO2(111) surface. The resulting expressions for the binding energies of ceria-

supported Pt NPs and a ceria-supported single Pt atom, Pt1/CeO2(111), are  

1
( )

n

n

Pt Ptbind

Pt

nE E
E

n

−
=  (12) 

and 

1 2 1 2 1 2/ (111) (111) / (111)

bind

Pt CeO Pt CeO Pt CeOE E E E= + −  (13), 

where
1PtE ,

PtnE  ,
2 (111)CeOE and

1 2/ (111)Pt CeOE are the energies of a free single Pt atom, a 

free Pt NP, the CeO2(111) slab and the Pt1/CeO2(111) model, respectively, and  n is the number 

of Pt atoms in a NP. The binding energy for a free metal NP of n atoms scales with n-1/3 (Figure 

6.1).69,70 We compute a binding energy of 3.21 eV for a single Pt atom on the most stable 

CeO2(111) termination, which is close to the earlier reported value of 3.30 eV.13  
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Figure 6.1 Scaling relationship between the binding energy of Pt NPs and the number of Pt atoms 
in NPs. 

 

 

Figure 6.2 Schematic illustration of the relative stability of Pt SAs and NPs on CeO2 in the 

presence of adsorbed CO molecules.  

 

Adsorbates like CO stabilize a supported single Pt adatom more than a Pt NP because of the 

stronger adsorption of CO to a single metal atom and also because only a fraction of the Pt atoms 

in a NP are covered by CO. The binding energy of a single Pt atom with adsorbed CO as a 

function of temperature (T) and pressure (P) is given by 

1 2 1 2 1 2/ (111) / (111) / (111)( , ) [ ( , )]bind bind CO ads

Pt CO CeO Pt CeO Pt CeO COE T P E E T P−= − −  (14), 
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in which  is the chemical potential of CO in the gas phase at temperature T and a CO partial 

pressure P with respect to a reference state of CO in the gas phase at standard conditions. The 

computed adsorption energy of CO on Pt1/CeO2(111), 
1 2/ (111)

CO ads

Pt CeOE − , is -3.45 eV. Accordingly, 

we can rewrite Eq. 14 as 

1 2/ (111) ( , ) 6.66 ( , )bind

Pt CO CeO COE T P T P= +  (15). 

CO adsorption also stabilizes a supported Pt NP. The stabilization will depend on the number of 

available surface Pt atoms and the CO coverage at a certain T and P. Therefore, we evaluate the 

binding energy per Pt atom for such a system by taking into account that CO adsorbs to m Pt 

atoms of a given NP at a given temperature and pressure 

1 1( )

( )

( ) ( )
n m n n n

n m n

CO ads CO ads

Pt CO Pt CO Pt Pt Pt Ptbind bind

Pt CO Pt

nE mE E nE E mE mE
E E

n n n

− −+ − − −
= = = −  (16). 

Here, 
n

CO ads

PtE −  is the average CO adsorption energy obtained from the DFT-computed data 

( ) ( )
n m n

n

Pt CO Pt COCO ads

Pt

E E mE
E

m

−
− +

=  (17). 

Thus, the binding energy of a CO-covered Pt NP can be expressed in terms of the binding 

energy of the free Pt NP and a correction for the adsorption of CO. This correction term can be 

computed in the following manner by taking the chemical potential of CO molecules into account  

  

[ ( , ) ( , )]
( , , ) [ ( , ) ( , )]

                  ( ) [ ( , ) ( , )]

n

n

n

CO ads

Pt CO CO ads

Pt CO

CO ads

CO Pt CO

m E T P T P N m
E n P T E T P T P

n n N

n E T P T P




  

−

−

−

−
 = = −

= −

 (18), 

where (n) = N/n, i.e. the ratio between the number of surface Pt sites to which CO can adsorb 

(N) and the total number of Pt atoms (n) and  = m/N, i.e. the surface coverage at given 

temperature and pressure.  

As we show below, (n) depends strongly on the particle size and to some extent on the particle 

wetting of the support 

( ) ( ) ( )

2 2 2

( ) ( )
     

2 2 ( )

n bulk bulk n bulk n

n

bulk n bulk n

atom bind bind bind bind

Pt Pt Pt

Pt

atom

bind bind bind bind

Pt Pt

atom atom

E nE n E E n E E

A A NA

E E E En

N A n A





− − −
= = =

− −
= =

 (19), 
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1/35.529
( )

2 2

n

n n

bind bind

bulk Pt

Pt atom Pt atom

E E n
n

A A


 

−−
= =  (20), 

in which 
bind

bulkE is the binding energy of Pt bulk (6.40 eV),
nPt is the surface energy of Pt NPs and 

Aatom = A/N is the area of a surface atom of Pt. To compute the surface energy of Pt, we use the 

Wulff construction to estimate that sufficiently large NPs consist of 65% (111) and 35% (100) 

facets. The surface free energy is then the weighted surface energy based on DFT-computed values.  

 

 

Figure 6.3  (a) Predicted dispersion of free and supported NPs. The predicted dispersion of free 

NPs by formula 20 in text (black line). The dispersion of the supported NPs with non-wetting and 

half-wetting is in red and blue line, respectively. (b) The dispersion of free NPs obtained by the 

empirical formula  = 1.12/D for Pt, here D is diameter of free NPs. (c) Illustrative scheme of Pt 

NPs on support with non-wetting and half-wetting, respectively. 

 

Eq. 20 can be generally used for the prediction of the dispersion of free metal NPs. For the 

supported NPs considered in our study, we assume that one of the surface facets of the 

cuboctahedra NPs (predicted by the Wulff theorem) forms an interface with the CeO2(111) 

support. In this way, we can determine (n) as a function of n for the non-wetting case. The 

deviation between (n) for free and supported NPs is relatively small. We also considered the case 

of partial wetting in which half of the Wulff shape is visible in a Winterbottom approach.44,71
 This 

partial wetting case results in a lower (n) for given n (Figure 6.3). Nevertheless, (n) depends 

much less on the wetting degree than on n.  

Based on these assumptions for the surface energy and (n) we can write the correction term as 

  ,( , , ) ( ) [ ( , , ) ( , )]
n

CO ads

i i CO Pt CO

i

E n T P n f E i T P T P  − = −  (21),  
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in which f1 and f2 are the fractions of the NP surface occupied by (111) and (100) facets. The 

binding energy per Pt atom for our Ptn/CeO2(111) system at a given temperature and pressure is 

then given by  

  ( ) ,( , , ) ( ) [ ( , , ) ( , )]
n m n n

bind bind CO ads

Pt CO Pt i i CO Pt CO

i

E n T P E n f E i T P T P  −= − −  (22). 

 

 

Figure 6.4 (a) Computed CO adsorption energy on Pt(111) and Pt(100) facets as a function of 

the CO coverage and (b) CO coverage at given temperature and CO partial pressure for Pt(111).  

 

The coverage dependence of the CO adsorption energy for the Pt(111) and Pt(100) surface 

facets was evaluated by DFT calculations of CO adsorption in a (3×3) surface unit cell and fitted 

with polynomial functions (Figure 6.4a). At a given T and P, the corresponding coverage of CO 

can be determined by36,72 

[ ( )]
( ) ( , )i

CO ads

i Pt iCO

Pt i CO

i

d E
dE T P

d

 
 



−
= =  (23), 

where ( )CO

Pt idE  is the differential adsorption energy of CO molecules on a particular facet (here, 

either the (111) or (100) facet). As an example, Figure 6.4b shows the CO coverage on Pt(111) 

facets as function of T and P. These predictions compare well with available experimental data for 

single crystal Pt(111) data.73-75  

We can now determine n, T and P for which a Pt NP with n Pt atoms covered with CO is equally 

or less stable than a CO-covered single Pt atom located on CeO2(111) at the same T and P 

1 2
    / (111) ( )( , ) ( , , )

n m

bind bind

Pt CO CeO Pt COE T P E n T P  (24). 
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We depict the results in Figure 6.5a in which the isolines represent this condition for a given n. 

Figure 6.5a predicts that, at a typical condition of low-temperature CO oxidation (PCO = 10-5 atm, 

T =  100 ℃), Pt(CO) can be dislodged from Pt NPs of up to ~150 atoms on the CeO2(111) 

terrace.  Particles larger than this critical size will not break up to form Pt SA. With increasing CO 

partial pressure, Pt SAs can compete with larger Pt NP. The reason is that the higher coverage of 

CO on the Pt NPs means that the larger number of Pt-CO bonds can increasingly outweigh the Pt-

Pt interactions in the Pt NP. If, on the other hand, the temperature is raised, the CO coverage will 

decrease and increasingly smaller Pt NPs can break up to form single Pt(CO) complexes. Figure 

6.5b and 6.6 show how these predictions are affected by the wetting of the CeO2(111) surface by 

the Pt NP. Clearly, the main trends remain very similar, while increasing wetting leads to a lower 

dispersion and a lower stability of Pt NPs. 

 

 

Figure 6.5 Stability diagrams of the supported Pt NPs as a function of temperature and CO partial 

pressure with respect to isolated Pt SAs (a) on the terrace of CeO2(111) with non-wetting and (b) 

wetting, (c) on the step-edges of CeO2(111), and (d) on the terrace of CeO2(100). The grey area 

relates to Pt NPs with less than 38 atoms, which were not considered in this study. 
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Figure 6.6 The stability diagram of Pt NPs on terrace of CeO2(111) at the different dispersion (ω 

= 0.5, 0.4 and 0.3).  

 

 

Figure 6.7 Dislodging of Pt atom from Pt4/CeO2(111). (a) The determined energy profiles along 

with the dislodging of Pt atom using CI-NEB algorithm; (b) the corresponding configurations. 

(Color code: red, lattice O; white, Ce; blue, Pt; grey, C; pink, O of CO). 

 

It is important to emphasize that these predictions refer to thermodynamic stability of an 

isolated Pt(CO) species in comparison to CO-covered Pt NPs. In experiment, the size of the NPs 

is determined by the preparation and reduction method.76 In the presence of CO, dislodging of a 

Pt(CO) species from a supported Pt NP will require overcoming a kinetic barrier. We determined 

the activation barrier for this process at the Pt-CeO2 surface for two small Pt clusters. The 
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activation barrier for dislodging a Pt atom from a Pt4 cluster located on the CeO2(111) surface is 

2.46 eV. This barrier decreases to 0.45 eV when a CO molecule is adsorbed to the dislodging Pt 

atom. When the Pt4 cluster is covered by 4 CO molecules, the cluster will spontaneously break up 

into 4 Pt(CO) species (Figure 6.7). The activation barrier for dislodging a Pt atom from a Pt8 

cluster amounts to 2.14 eV and 0.61 eV in the absence and presence of CO, respectively (Figure 

6.8). As the dislodgement process takes place at the perimeter, we expect that the barrier will 

slightly increase when the Pt clusters become larger, but remain below 1 eV. Therefore, these 

results demonstrate that dislodgement of Pt atoms in the presence of CO is feasible at typical 

reaction conditions.  

 

 

Figure 6.8 Dislodging of Pt atom from Pt8/CeO2(111). (a) The determined energy profiles along 

with the dislodging of Pt atom using CI-NEB algorithm; (b) the corresponding configurations. 

(Color code: red, lattice O; white, Ce; blue, Pt; grey, C; pink, O of CO). 

 

Table 6.1 CO adsorption energy Eads and vibrational frequency  on Pt(111) and Pt(100). 

facets Pt(111) Pt(100) 

sites Top Bridge Hollow Top Bridge 

Eads (eV) -1.87 -1.97 -2.01 -2.24 -2.53 

 (cm-1) 2090 1874 1770 2080 1871 

 

It is also useful to discuss the computed vibrational frequency of 2047 cm-1 for isolated Pt(CO) 

on the CeO2(111) surface. Notably, this value is significantly different from the typical frequencies 

of linearly adsorbed CO on Pt(111) and Pt(100) of 2090 cm-1 and 2080 cm-1, respectively.77-80 
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Bazin et al. observed a main vibration of adsorbed CO at 2046 cm-1 and attributed this to linear 

CO adsorption on a Pt atom at the Pt-CeO2 interface in Pt/CeO2.81 Teschner and co-workers also 

reported that linear CO adsorption leads to the strongest adsorption at the Pt-CeO2 boundary and 

a vibrational frequency of 2054 cm-1.82  Based on our data, we speculate that these signals should 

not be attributed to Pt(CO) at the Pt-CeO2 interface but instead to dislodged Pt(CO). We also 

refer to related studies of IR spectroscopy of CO adsorption on isolated and nanoparticulate Pt 

catalysts on other oxide supports.4,83  

Next, we considered the stability of Pt SA on a stepped CeO2(111) surface.13,24 The binding 

energy of a Pt atom at the ceria step-edge is much higher (5.54 eV) than on CeO2(111) (3.21 eV). 

This leads to a higher propensity of ceria step-edge sites to break up Pt NP, as shown in Figure 6.5c. 

These results show that atomically dispersed Pt can be stabilized on a ceria step edge over a much 

wider range of conditions than on the CeO2(111) surface.24 The finding that this stability extends 

to high temperature and low CO coverage can explain why ceria-supported small Pt NPs are 

atomically dispersed at high temperatures, where kinetic barriers for atom dislodgement from Pt 

NPs can be easily overcome.5,24 Based on the similar stability of Pt(CO) complexes on the 

CeO2(111) step and CeO2(100), we predict that Pt SA can also be stabilized over a wide range of 

conditions on the more open CeO2(100) surface (Figure 6.5d). The higher binding energy of 

Pt(CO) to stepped CeO2(111) and CeO2(100) compared to CeO2(111) is consistent with the 

reported stronger binding of a single Pt atom on these surfaces.84 

 

 

Figure 6.9 Pt SAs located at a CeO2(111) step before (a) and after (b) O2 dissociation, and (c-f) 

doped into the CeO2(111) surface (color code: white, Ce; grey, irrelevant O; red, relevant O; 

black, C; blue, Pt). 
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Pd doping in the CeO2(111) surface has recently been explored in the context of stable CO and 

CH4 oxidation catalysis.31 Replacing a Ce by a Pd atom results in a highly stable structure. Figure 

6.9c-f shows similar structures for a Pt atom doped in the CeO2(111) surface. Pt-dop-I contains an 

octahedral Pt atom obtained by directly substituting Ce by Pt. Pt-dop-II represents a slightly less 

stable structure (ΔE = +0.36 eV) in which Pt is located in the surface in a square-planar 

coordination between 4 ceria lattice O atoms. Whereas removal of a surface O atom from Pt-dop-I 

is endothermic (ΔE = 1.75 eV), forming an O vacancy (VO) on Pt-dop-II is exothermic (Pt-dop-II-

VO, ΔE = -0.35 eV). Removing a further O atom from Pt-dop-II-VO is unfavorable (ΔE = 1.23 eV), 

however. A potential energy diagram is shown in Figure 6.10. Notably, Figure 6.9d-f shows that the 

local geometry around Pt in Pt-dop-II is very similar to that of a Pt atom in the step-edge to which 

two excess O atoms are bound (Figure 6.9b).13 A phase diagram of these doped structures 

depicted in Figure 6.11a predicts that, under typical CO oxidation conditions, Pt-dop-II-VO is a 

stable structure, while at high temperature Pt-dop-II-2VO can also be present. 

 

 

 

Figure 6.10 Potential energy diagram for the transformation between the previously most stable 

stoichiometric Pt-dop-I and defective Pt-dop-I-VO structures and the herein found Pt-dop-II, Pt-

dop-II-VO, and Pt-dop-II-2VO structures of Pt-doped CeO2(111) (color code: white, Ce; gray, 

irrelevant O; red, relevant O; blue, Pt).  

 

We also explored the stability of a Pt(CO) species embedded in the CeO2(111) surface (Figure 

6.11b). This configuration is more stable than Pt NPs over a broad temperature and CO pressure 

range, indicating that this is another candidate Pt SA structure. We determined the activation 
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barrier for the diffusion of a Pt SA from a position on the CeO2(111) surface to a ceria lattice 

position (potential energy diagram shown in Figure 6.12). Whilst the barrier is 2.23 eV, the overall 

process in which a Ce atom spontaneously diffuses to a surface position is exothermic. We 

speculate that the Ce atom will be stabilized by oxygen and may migrate to other defects on the 

ceria surface. The relatively high barrier implies that the doping process can readily occur when 

Pt/CeO2 is calcined above 500 ⁰C. In the next section, we will focus on the mechanism of CO 

oxidation on single Pt atoms on different CeO2 surfaces. 

 

 

Figure 6.11 (a) Stability diagram of different Pt-doped CeO2(111) surface structures as a function 

of the temperature and the O2 pressure based on an ab initio thermodynamic analysis using first-

principles DFT data and (b) stability diagram of the supported Pt NPs as a function of 

temperature and CO partial pressure with respect to isolated Pt SA doped in CeO2(111) using the 

Pt-dop-II-VO model.  

 

 
Figure 6.12 The potential energy surface of Pt migration from Pt surface into lattice position. 
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Figure 6.13 CO oxidation pathways by Pt SAs on CeO2(111), on CeO2 steps and doped in the 

CeO2(111) surface. 

 

CO oxidation. Having established the conditions under which isolated Pt1(CO) complexes are 

stable on the CeO2(111) terrace and step-edges, we will now compare the rate of CO oxidation on 

different isolated Pt species. We also explored alternative locations of a Pt SA involving doping of 

the CeO2(111) surface. We first discuss CO oxidation of a Pt SA on CeO2(111). Co-adsorption of 

O2 on Pt(CO) is unfavorable (Eads = 0.08 eV). This implies that CO oxidation via a conventional 

Langmuir−Hinshelwood (LH) mechanism is unlikely. Therefore, we explored a Mars-van 

Krevelen (MvK) mechanism involving lattice O atoms of the ceria support.5,25,85 Figure 6.13 shows 

the potential energy surface for CO oxidation. We describe the catalytic CO oxidation cycle 

starting from Pt1O/CeO2(111). Pt1O/CeO2(111) can strongly adsorb CO (Eads = -1.41 eV, int0 → 

int1). Adsorbed CO2 forms by reaction of adsorbed CO with the non-lattice O atom (Eact = 0.12 

eV). The CO2 adsorption energy is -1.30 eV. The resulting Pt atom will strongly adsorb CO (Eads = 

-3.45 eV, int3 → int4). A second CO2 molecule is formed by reaction of adsorbed CO with a ceria 

lattice O atom. The barrier for this reaction is 1.51 eV, much higher than for the first step. CO2 is 

also strongly adsorbed on the Pt SA (Edes = 2.38 eV, int5 → int6). Desorption leads to the formation 

of a VO. O2 can adsorb to this vacancy strongly (∆E = -3.08 eV, int6 → int7). Subsequent O2 

dissociation is facile, overcoming a low energy barrier of 0.11 eV, regenerating the active site (int7 

→ int0). We also studied CO oxidation by a small Pt4 cluster involving the interface between the Pt 

cluster and ceria via a MvK mechanism. The overall barrier for CO oxidation is 1.64 eV (potential 
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energy diagram in Figure 6.14). For Pt1O2 on steps shown in Figure 6.9b, the removal of one of the 

non-lattice O atoms costs 1.93 eV, similar to the energy needed to remove a two-fold lattice O 

atom of the step-edge site of CeO2 (ΔE = 1.95 eV). Ceria lattice O atoms bound to the Pt atom are 

extremely stable (ΔE = 3.61 eV). CO adsorption on the Pt1O2/step model is relatively weak (Eads = 

-0.59 eV, int0 → int1), contrary to the suggested strong CO adsorption on Pt adsorbed to a ceria 

step.24 CO2 formation occurs without an energy barrier. The resulting Pt1O species can strongly 

bind CO (Eads = -2.97 eV, int3 → int4). Adsorbed CO reacts with a neighboring lattice O atom of 

the step-edge by overcoming an energy barrier of 0.83 eV (ΔE = 0.33 eV, int4 → int5). CO2 

desorption costs 1.31 eV and one VO is left on the step edge. O2 adsorption and subsequent 

dissociation are facile reactions, leading to the regeneration of Pt1O2 on the step-edge.  

 

Figure 6.14 CO oxidation by Pt4 on the terrace of CeO2(111). (Color code: red, lattice O; white, 

Ce; blue, Pt; grey, C; pink, excess O or O of CO and O2). The barriers are in parentheses. In this 

CO oxidation cycle, one excess O and one lattice O are involved.  

 

For Pt-dop-I, the CO adsorption energy on the Pt atom is -1.69 eV. CO adsorbs stronger on Pt 

than on Pd in this configuration because of the larger size of Pt.32 Several studies suggested that 

CO oxidation on Pt-doped ceria involves an Eley-Rideal mechanism, starting from weakly 

physisorbed CO on Pt-dop-I and involving the very unstable intermediate Pt-dop-I-VO.5,34 

Strongly adsorbed CO molecule can, however, easily abstract a ceria lattice O atom, essentially 

without an activation barrier, to give CO2 and Pt-dop-I-VO. We found that this structure very easily 

converts into Pt-dop-II-VO with a very low activation barrier (see the Supporting Information). 
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CO adsorption on the Pt SA in Pt-dop-II-VO results in the uplifting of the Pt atom onto the top 

surface (int0 → int1), similar to what was predicted for CO adsorption on Pd-dop-II-VO.31 The CO 

adsorption energy is -1.51 eV. Next, the adsorbed CO molecule reacts with a ceria lattice O atom 

via a MvK mechanism to obtain CO2 by overcoming an activation barrier of 0.86 eV. CO2 

desorption costs 0.94 eV and the Pt atom will relocate to its initial lattice position. A second CO 

oxidation event involves CO adsorption (Eads = -1.57 eV, int3 → int4), association of adsorbed CO 

with another ceria lattice O atom (Eact = 0.97 eV) and facile CO2 desorption. O2 adsorption on one 

of the VO is exothermic by 1.91 eV. The activation barrier for the dissociation of adsorbed 

molecular oxygen is 0.59 eV. This reaction regenerates the initial Pt-dop-II-VO structure (int7 → 

int0). Thus, even if CO oxidation starts from Pt-dop-I, the main catalytic cycle involves Pt-dop-II 

structures. 

It is interesting to compare the CO adsorption energies on Pt1/CeO2(111) (-3.45 eV), Pt-dop-

II-VO (-1.51 eV) and Pt1O2/ step (-0.59 eV). The adsorption energy decreases with increasing Pt 

coordination to O atoms. Although the Pt atom in Pt-dop-II-VO has the same coordination as PtO2 

in the step, the neighboring O atom in the former structure can assist the uplifting of the Pt atom 

onto the top surface and explain the strong difference in reactivity.   

 

 

Figure 6.15 (a) Arrhenius plot of the rate of CO oxidation on three types of Pt SA on ceria and (b-

d) Steady-state coverages of dominant surface states of Pt SAs on CeO2(111) during CO oxidation 

(p = 0.1 atm, CO/O2 ratio = 2). 
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Next, we employed the GT-kMC simulations to determine the catalytic performance of these 

candidate sites in CO oxidation. The lattice for these kinetic Monte Carlo simulations consisted of 

100 Pt SA in a particular configuration in a 1010 cell matrix. Each cell contains one Pt atom and 

2 empty sites for accommodating O atoms. The steady-state turnover frequencies (TOF) and 

occupation of the states along the potential energy surface expressed in terms of fractional 

coverages are reported in Figure 6.15. The total pressure is set to 0.1 atm and the CO-to-O2 ratio 

to 2. 

Figure 6.15a shows the CO oxidation rates of the different Pt SAs supported on ceria as a 

function of the temperature. The Pt-dop-II-VO site is much more reactive than the Pt1O2/step 

model, while the Pt1/CeO2(111) is nearly inactive for CO oxidation under practical conditions. 

Recently, Datye and co-workers also suggested that atomically dispersed Pt on steps of CeO2 

exhibits low low-temperature CO oxidation activity.5,24 Our study alternatively suggests that Pt 

atoms doped into the surface can be very active for CO oxidation.  

 

 

Figure 6.16 (a) and (c) Effect of temperature and total pressure on the reaction order with respect 

to CO and O2 over Pt1O2/step and Pt-dop-II-VO, respectively. The red color suggests positive 

reaction order, whereas the blue color suggests negative reaction order. Green indicates zero 

reaction order. The reaction order plots follow the same trend as the coverage plots. When the 

sites are poisoned by CO, the reaction order with respect to CO is near 0. When the sites are 

empty, the reaction order with respect to CO and O2 approaches 1. (b) and (d) Effect of 

temperature on the rate-determining steps during CO oxidation over Pt1O2/step and Pt-dop-II-VO, 

respectively. The red color suggests high sensitivity, whereas the blue color suggests low sensitivity. 
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Further insight can be obtained by inspecting the dominant surface states during CO oxidation 

in Figure 6.15b-d. For Pt1O2/step, the dominant state (MARI, most abundant reaction 

intermediate) is CO adsorbed on Pt1O/step. This suggests that the CO oxidation step is the rate-

limiting step due to the strong binding of CO to the single Pt atom. CO adsorption is rather strong 

on Pt1/CeO2(111) model, resulting in the CO adsorbed state on Pt1O/CeO2(111) being the 

MARI at high temperatures and adsorbed CO2 at low temperature. On Pt-dop-II-VO, the CO 

oxidation steps are faster, resulting in CO2 desorption becoming rate-controlling. At high 

temperature (T>600 K), the system is in the initial state Int0 (Pt-dop-II-VO), where CO oxidation 

becomes rate-limiting. Reaction orders were also computed and emphasize that CO reaction 

orders are zero when the MARI is a CO-adsorbed state and unity for an empty surface (Figure 

6.16a and c). This discussion is further supported by a degree of rate control analysis (Figure 6.16b 

and d). Overall, we find that strong CO adsorption leads to higher barriers for CO oxidation. 

Moderate CO bonding of a Pt atom embedded in the CeO2(111) surface is therefore preferred to 

achieve high CO oxidation activity. 

 

Table 6.2 Summarized rate-determining steps for CO oxidation on Pt1O2/ step and by Pt-dop-II-

VO at selected temperatures, Ptotal = 0.1 bar  

Site Type 300 K  500 K  700 K 

Pt1O2/ step CO2 desorption CO2 desorption CO2 desorption 

Pt-dop-II-VO CO2 desorption CO2 desorption CO oxidation 

 

6.4 Conclusion 

We developed a novel methodology to determine the thermodynamic stability difference 

between supported metal SAs and NPs in the presence of CO. Our approach takes into account 

the composition of the adsorbed layer as a function of the CO partial pressure and temperature. As 

an example, we investigated under which conditions Pt(CO) complexes may be more stable than 

(partially) CO-covered Pt NPs on the most stable CeO2 surface termination. We performed such a 

comparison for Pt(CO) on the stoichiometric CeO2 surface, a step-edge defect and we also 

considered that Pt can be doped into the CeO2 surface. The results of these considerations are 

stability diagrams showing where Pt SAs may be expected to form. We also performed some initial 

calculations showing typical barriers to be overcome for the dislodgement of a Pt SA from a Pt 

cluster. In general, the thermodynamic propensity for dislodgement increases with lower 

temperature and higher CO coverage. Kinetically, CO coverage facilitates the disruption of Pt-Pt 
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bonds. We determined reaction energetics for CO oxidation using different Pt SA models on CeO2 

and found that the doped model presents the highest catalytic turnover rate. This is mainly 

because CO strongly binds to a Pt SA located on the stoichiometric CeO2 surface. On the other 

hand, CO binds weakly to a Pt SA on a ceria step-edge site, resulting in low activity. The moderate 

CO binding energy suggests a Sabatier optimum for CO oxidation for the doped Pt SA. CO 

oxidation involves adjacent ceria O lattice atoms. The herein developed single-atom 

thermodynamic concept is expected to be generally applicable in heterogeneous catalysis as it 

allows to predict the relative stability of single-atom catalysts in the presence of an adsorbate at a 

given temperature and pressure. This study provides deeper insight into the stability and activity of 

single-atom catalysts, and establishes a useful concept facilitating the rational design of single-atom 

catalysts with high catalytic activity. 
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Chapter 7 
Active Sites at the Pd-CeO2 Interface for CO Oxidation 

 

ABSTRACT 
Pd/CeO2 shows high catalytic performance for CO oxidation at low temperature. The nature of the 

active sites and the role of the Pd-CeO2 interface remains unclear. We carried out a density 

functional theory study to investigate the CO oxidation mechanism for metallic Pdn clusters (n = 1-

4, 7, 10 and 20), Pd3Ox and single Pd atoms on stoichiometric and defective ceria. CO oxidation on 

metallic Pd clusters involves a Langmuir-Hinshelwood mechanism in which interface Pd sites play 

an important role for O2 activation. A Mars-van Krevelen mechanism for metallic Pd is less likely 

because CO is bound too strongly to these clusters. Oxidation of Pd clusters results in a lower CO 

binding energy and CO oxidation barrier. The mechanism shifts from Langmuir-Hinshelwood for 

metallic or slightly oxidized Pd clusters to Mars-van Krevelen, involving ceria lattice O atoms, for 

more deeply oxidized Pd clusters. Notably, the highest activity is displayed by Pd-oxide clusters in 

which Pd is in the +2 oxidation state. Deeper oxidation of these clusters to Pd4+ results in geometric 

hindrance of a Mars-van Krevelen mechanism. A single Pd atom on the CeO2(111) terrace, 

adsorbed on step-edges or Ce vacancies of the ceria support display lower activity and cannot 

account for the high CO oxidation activity of Pd/CeO2 at low temperature. An ab initio 

thermodynamics analysis shows that the Pd2+ state is most stable under typical CO oxidation 

conditions. We emphasize the importance of Pd2+ in small oxidized Pd clusters to explain the low-

temperature CO oxidation activity of Pd/CeO2 catalysts. 
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7.1 Introduction 

Ceria is extensively used as a support material in catalysis because of its high oxygen storage 

capacity.1 The primary application of ceria-based catalysts is in automotive three-way convertor 

technology, which is pivotal to the clean-up of the exhaust gas of gasoline engines.2-4 Rh, Pt and Pd 

dispersed on ceria are used to catalyze CO and hydrocarbon oxidation and NO reduction. Despite 

many important experimental and theoretical studies, the details of the mechanism of these 

reactions remain moot.3,5-13 Pd is typically used as a cheaper alternative to Pt for catalyzing oxidation 

reactions.14-16 The nature of the active phase in ceria-supported Pd is heavily debated. Active sites at 

the interface between Pd and CeO2 have recently been put forward to explain the high low-

temperature activity in CO oxidation. Strong interactions of typical transition metals with ceria lead 

to a high, possibly atomic metal dispersion. Kumatowaska et al. claimed that Pd atoms supported on 

CeO2 are more active than Pd doped in the ceria lattice.17 Fernandez-Garcia et al. suggested on the 

basis of room-temperature CO oxidation activity data that metallic Pd clusters are the active sites 

for CO oxidation.18 Hinokuma et al. found that thermal aging at 900℃ improves the catalytic 

activity of Pd/CeO2 for low-temperature CO oxidation, which was due to an increased metal-

support interactions involving a PdO → Pd phase transformation.19 Later work of the same group20 

showed that formation of Pd-O-Ce surface structures decreases the catalytic activity, compared with 

thermally aged samples where metallic Pd appeared to be highly dispersed, In contrast, Gulyaev and 

co-authors using essentially a similar preparation method for Pd/CeO2 concluded that opposite, 

namely that room-temperature CO oxidation is related to Pd-O-Ce active sites. These Pd-O-Ce 

sites are possibly part of a solid solution or highly dispersed PdOx structures on the ceria surface.21 

Zhou et al. came to a similar conclusion on the basis of XPS and EXAFS data, which allowed 

correlating high CO oxidation activity to oxidized Pd species.22 Excellent activity towards CO 

oxidation over a PdO/Ce1-xPdxO2- system was reported by Luo et al., emphasizing a synergetic 

effect of PdO at the interface of Ce1-xPdxO2- solid solution.23 Our recent work provided strong 

indications that atomically dispersed Pd-O species on the surface of ceria contribute significantly to 

CO oxidation at low temperature.24 

A number of computational studies aimed at investigating structure-performance relations for CO 

oxidation catalyzed by Pd/CeO2. Gong and co-workers proposed that the dominant CO oxidation 

pathway at low temperature takes place at the Pd-ceria interface.25 Liu et al. claimed that this reaction 

occurs by Pd doped in ceria via an Eley-Rideal (ER) mechanism.26 Song et al. found that a 

CeO2(110)-supported single Pd atom has a higher CO oxidation activity than a large Pd nanorod 
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model on the same support facet.27 Recently, we reported that a Pd atom doped into CeO2(111) will 

strongly decrease the formation energy of an oxygen vacancy (VO), resulting in a moderate CO 

adsorption energy and a preferred Mars-van Krevelen-type (MvK) mechanism.28 A systematic 

comparison of candidate active sites for CO oxidation at the Pd-ceria interface by computational 

modeling is lacking.  

Despite the emphasis on particular structures to explain the CO oxidation activity, it is likely that 

practical Pd/CeO2 catalysts contain different types of Pd species. Pd can be present on the surface as 

single atoms, clusters and nanoparticles or it can be doped into the bulk or surface of the ceria support. 

The particle size dependence of clusters, which are usually metallic, has not been studied yet. In a recent 

work, we investigated the most stable structures of Pdn clusters (n = 1-21) on CeO2(111), the most stable 

ceria termination, and the associated ripening mechanisms.29 Very small clusters tend to oxidize during 

CO oxidation.30  Usually, doping of transition metals in ceria are considered less important in catalysis, 

because it leads to strong coordination of the transition metal by O atoms of the ceria lattice. On the other 

hand, such a doped Pd cation can provide an anchoring site for another Pd atom closer to the surface that 

is strongly bound yet coordinatively unsaturated and, therefore, present high activity in CO and CH4 

oxidation. Finally, Pd can also be stabilized at other defects of the ceria surface such as steps.13,31 In order 

to compare the various structures for CO oxidation, we employed density functional theory (DFT) to 

determine the reaction energy profiles for several model structures (Figure 1). We included three 

different Pdn/CeO2(111) models with n = 1, 7 and 20, partially oxidized Pd1Ox (x = 1, 2) and Pd3Ox (x = 

1-6) clusters on CeO2(111) and Pd located at ceria steps and doped into the CeO2(111) surface. The 

microkinetic simulations were performed to analyze the CO oxidation reactivity. We investigated 

the size effect of the supported Pd clusters on CO oxidation activity. And we also compared the CO 

oxidation reactivity of single Pd atoms dispersed on the defects of CeO2. Finally, we explored the 

correlation of the CO oxidation mechanisms and reactivity with the oxidation states of the 

supported Pd clusters.     

7.2 Methodology 

7.2.1 DFT calculations  

Spin-polarized calculations within the density-functional theory framework were carried out as 

implemented in the Vienna ab initio simulation package (VASP).32 The ion-electron interactions 

were represented by the projector-augmented wave (PAW) method33 and the electron exchange-

correlation by the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional.34 The Kohn-Sham valence states were expanded in a plane-
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wave basis set with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Pd(4d5s) and 

C(2s,2p) electrons were treated as valence states. The DFT+U approach was used, in which U is a 

Hubbard-like term describing the on-site Coulombic interactions.35 This approach improves the 

description of localized states in ceria, where standard LDA and GGA functionals fail. For Ce,  a 

value of U = 4.5 eV was adopted, which was calculated self-consistently by Fabris et al.36 using the 

linear response approach of Cococcioni and de Gironcoli37 and which is within the 3.0-6.0 eV range 

that provides localization of the electrons left upon oxygen removal from ceria.38 For Pdn/CeO2(111) 

calculations, the model was a periodic ceria slab with a (4×4) surface unit cell. For the Brillouin zone 

integration, a 1×1×1 Monkhorst-Pack mesh was used. The bulk CeO2 equilibrium lattice constant 

(5.49 Å) previously calculated by PBE+U (U = 4.5 eV) was used.39 The CeO2(111) slab model is 

two Ce-O-Ce layers thick and the vacuum gap was set to 15 Å. The atoms in the bottom layer were 

frozen to their bulk position and only the top Ce-O-Ce layers were allowed to relax. The most stable 

configuration of Pdn/CeO2(111) were taken from our recent work in which we modelled metallic 

Pd clusters placed on CeO2(111).29 We also used Pd1Ox (x = 1-2) and Pd3Ox (x = 1-6) clusters on 

CeO2(111) to model small ceria-supported oxidized Pd clusters. Other models were comprised of 

a Pd atom on a stepped CeO2(111) surface and a Pd atom doped into the CeO2(111) surface. The 

climbing image nudged-elastic band (CI-NEB) algorithm40,41 was used to identify the transition 

states for the CO oxidation reaction. 

7.2.2 Microkinetics Simulations   

The calculated activation energies are applied to compute the forward and backward rate 

constants for CO oxidation. For surface reactions, the rate constants for the forward and backward 

elementary reaction were determined by the Eyring equation42: 

b

EaTS
k Tbk T Q

k e
h Q

−

=  (1), 

where k is the reaction rate constant in s-1; kb, T, h and Ea are the Boltzmann constant, temperature, 

Planck’s constant and the activation barrier, respectively. QTS and Q refer the partition functions of 

the transition and ground states, respectively. As an approximation, the pre-factor TS

bk T Q
A

h Q
=

 is set 

to 1013 s-1 for all the elementary surface reactions. 

For non-activated molecular adsorption, the rate of adsorption is determined by the rate of surface 

impingement of gas-phase molecules. The flux of incident molecules is given by Hertz-Knudsen 

equation43: 
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Therefore, the molecular adsorption rate constant can be written as:  
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where P is the partial pressure of the adsorbate in the gas phase, A’  is the surface area of the 

adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.  

For the desorption process, it is assumed that there are three rotational degrees of freedom and 

two translational degrees of freedom in the transition state. Accordingly, the rate of desorption is 

given by  
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where σ and θ are the symmetry number and the characteristic temperature for rotation of gaseous 

CO2, respectively. Edes is the desorption energy of CO2 molecules.  

The approach to microkinetic simulations has been presented in detail elsewhere.44,45 Differential 

equations for all the surface reaction intermediates were constructed using the rate constants and 

the set of elementary reaction steps. For each of the M components in the kinetic network, a single 

differential equation is obtained in the form as below: 
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   (5), 

in this equation, kj is the elementary reaction rate constant (see equation 1), j

i is the stoichiometric 

coefficient of component i in elementary reaction step k and ck is the concentration of component k 

on the catalytic surface.  

The CO oxidation rate is calculated by the in-house developed MKMCXX program.44-46 Steady-

state coverages were calculated by integrating the ordinary differential equations in time until the 

changes in the surface coverages were very small. Because chemical systems typically give rise to stiff 

sets of ODEs, we have used the backward differentiation formula method for the time integration.45 

The rates of the individual elementary reaction steps can be obtained based on the calculated steady-

state surface coverages. In our simulations, the gas phase contained a mixture of CO and O2 in 2:1 

molar ratio at a total pressure of 1 atm. 
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The elementary reaction steps that contribute to the rate control over the overall reaction can be 

determined by degree of rate control (DRC) concept introduced by Campbell et al.47-49 For 

elementary step i, the degree of rate control XRC,i can be defined as 

RC,

, ,

ln

ln
j i i j i i

i
i

i ik K k K

k r r
X

r k k
 

    
= =   

    

(6), 

where ki, Ki  and r are the rate constants, the equilibrium constant for step i and the reaction rate, 

respectively. Furthermore, the DRC coefficients have to obey the sum rule over all steps i in the 

mechanism in such a way that48: 

RC, 1i

i

X =  (7).  

7.3 Results and discussion 

Pdn-CeO2 interface. The structures of metallic Pdn clusters supported on CeO2(111) were taken 

from our recent work.29 We selected ceria-supported Pd1, Pd7 and Pd20 (Figure 7.1) to explore CO 

oxidation mechanism. The corresponding potential energy diagrams of CO oxidation, following the 

well-established Mars-Van Krevelen-type (M-vK) mechanism involving an O atom of the ceria 

support,50 are presented in Figure 7.2.  

 

 

Figure 7.1 Optimized structures of (a) Pd1, (b) Pd7, (c) Pd20,(d) Pd3, (e) Pd3O, (f) Pd3O4 on terrace 

of CeO2(111) and (g) Pd1 on steps of CeO2(111) and (h) a Pd atom doped into CeO2(111). Color 

code: cyan, Pd; red, surface and bulk O; orange, subsurface O; white, Ce; pink, added O. 
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Table 7.1 Oxygen vacancy formation energies (EVo) at the interface between Pdn clusters (n = 2-4, 

10, 20) and ceria.  

 

 EVo (eV) 

clusters corner  Edge nearby 

Pd1   2.42 

Pd2 _ _ 2.52 

Pd3 _ _ 2.55 

Pd4 2.56 _ 2.39 

Pd10 3.15 _ 2.49 

Pd20 3.13 2.99 2.51 

 

We emphasize that the M-vK cycle involves one CO2 formation step in which CO is oxidized by a 

ceria lattice O atom and one CO2 formation step with an O atom adsorbed on Pd, formed by O2 

dissociation between the ceria O vacancy and the Pd surface. For a single Pd atom adsorbed on CeO2, 

the calculated reaction barrier for CO2 formation via the M-vK step is 1.14 eV, in agreement with a 

previously reported computed value of 1.17 eV.25 For Pd7/CeO2, the energy barrier for the reaction 

of CO with a ceria lattice O atom is substantially higher (Eact = 1.54 eV). For the largest Pd20 cluster 

considered in this study, there are three different ceria lattice O atoms available for reaction with 

CO adsorbed on Pd: one along the edge of the clusters (edge O), one close to the corner of the Pd 

cluster (corner O) and one in a next-nearest position of the support (nearby O). A CO molecule 

adsorbed on a hollow site of the Pd20 cluster can directly react with an edge O atom with a barrier of 

1.11 eV. CO oxidation is very facile, when CO top-adsorbed to a corner Pd atom reacts with a corner 

O atom of the ceria (Eact = 0.39 eV). The overall barrier for CO oxidation is however higher, because 

CO migration from the most stable hollow site on the Pd20 cluster to the corner Pd atom costs 0.57 

eV. The total activation barrier for this process is lower than 1 eV, mainly due to the favorable 

geometry for CO oxidation with corner O atoms and the weaker adsorption of CO on a top Pd site 

on the Pd20 cluster. Another relevant aspect is that the Pdcorner-Ocorner bond is broken when CO moves 

to the Pdcorner atom, resulting in a decrease of the energy to remove the O atom from 3.13 eV to 2.08 

eV (Table 7.1). The reaction of CO with one of the nearby O atoms is much less favorable with a 
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reaction barrier of 2.31 eV. Clearly, the local geometry of the cluster strongly affects the CO 

oxidation barrier with different ceria surface O atoms. 

 

 

Figure 7.2 (a-b) The illustrated scheme of CO oxidation at Pd-CeO2 interface via the MvK and L-

H mechanisms, respectively. (c) Energy profiles of CO oxidation by Pd1, Pd7 and Pd20/CeO2(111) 

via M-vK mechanism. (d) Linear relationship of CO oxidation barrier Eact with distance dOC-O 

between carbon atom and lattice surface oxygen atoms. The detailed structural and energetic 

information is in Appendix C. 

 

The reaction of CO with a lattice O atom of the ceria support is the most difficult step in the CO 

oxidation mechanism. The desorption step of the first CO2 product molecule is facilitated by the 

strong increase of the entropy when CO2 is released into the gas phase. The activation barrier for 

the CO + O → CO2 reaction depends on the binding energies of CO and the lattice O atom. Table 

7.2 lists the CO adsorption energies and activation barriers for a larger set of Pdn clusters (n = 1-4, 

7, 10 and 20). CO adsorption energies vary between -2.58 eV and -2.00 eV, except for the Pd2 and 

Pd3 clusters which bind CO much stronger with energies of -2.98 eV and -3.06 eV, respectively. 

Table 7.1 also reports ceria O vacancy formation energies for the three types of O atoms for 

Pd1/CeO2, Pd2/CeO2, Pd3/CeO2, Pd4/CeO2, Pd10/CeO2 and Pd20/CeO2. For O atoms close to the 

metallic Pd cluster, the ceria O vacancy formation energy varies between 2.39 eV and 2.55 eV, close 
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to the value of 2.38 eV for the clean CeO2(111) surface. It requires more energy to remove the 

corner and edge O atoms close to a supported Pd cluster. Except for the corner O atom in Pd4/CeO2 

(2.56 eV), the ceria O vacancy formation energies are close to 3 eV. The reason for the lower value 

for Pd4/CeO2 is that removal of the corner atom results in Pd-Ce bonds that compensate the energy 

loss for O removal (Figure 7.3). For the Pd10 and Pd20 clusters, the nearby O atoms can be removed 

easily, but CO oxidation barriers are still high. This is because of the large distance between CO 

adsorbed on Pd and the nearby O atom. 

 

 

Figure 7.3 Oxygen vacancies at the interface of Pdn/CeO2(111) (n= 2-4, 10, and 20). 

 

Realizing that the local geometry at the metallic Pd-CeO2 may be important for the CO oxidation 

mechanism, we correlated the activation barrier of CO oxidation with the distance of adsorbed CO 

and various ceria surface lattice O atoms (Figure 7.2d). This correlation is stronger than the 

correlation with the ceria O vacancy formation energy. For instance, Pd2/CeO2 and Pd3/CeO2 have 

similar ceria O vacancy formation energies and CO adsorption energies, but the shorter distance 

between adsorbed CO and the nearby O atom results in a lower barrier for Pd2/CeO2. Another 

interesting comparison is the shorter top-adsorbed CO-corner O atom distance than the distance 

with nearby and edge O atoms around the Pd20 cluster. It explains the significant differences in the 

barriers for M-vK CO oxidation. These results demonstrate that the size of ceria-supported metallic 

Pdn clusters is not expected to strongly affect the CO oxidation and, instead, the reaction at the 
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metallic Pd-CeO2 interface should mainly depend on the local geometry, in particular the distance 

between adsorbed CO and the ceria lattice O atom.  

 

Table 7.2 CO adsorption energy Eads on various Pdn clusters (n=1-20) supported on CeO2(111) 

and the energy barrier Eb for CO oxidation via M-vK mechanism (default) at the interface between 

Pdn clusters and CeO2(111). Top-corner represents that CO adsorbs on the top site of interfacial 

corner Pd atom and then reacts with a corner O atom. 

Pdn/CeO2(111) Eads(CO*) / eV Eb (CO* + O  → CO2 + VO) / eV 

Pd1 -2.40 1.14 
Pd2 -2.98 1.35 

Pd3 -3.06 1.73 

Pd4 -2.58 1.79 (edge); 2.04 (corner) 

Pd5 -2.23 - 

Pd6 -2.28 - 

Pd7 -2.20 1.54 

Pd8 -2.36 - 

Pd9 -2.03 - 

Pd10 -2.31 1.70 (corner); 2.21 (edge) 

Pd11 -2.29 - 

Pd12 -2.43 - 

Pd13 -2.38 - 

Pd14 -2.31 - 

Pd15 -2.25 - 

Pd16 -2.29 - 

Pd17 -2.33 - 

Pd18 -2.33 - 

Pd19 -2.08; -1.50 (top-

corner) 

0.40 (top-corner) 

Pd20 -2.00; -1.43 (top-

corner) 

0.39 (top-corner); 1.11 (edge)  

 

For comparison, we also explored a conventional L-H mechanism for CO oxidation on the (111) 

termination of the supported Pd20 cluster. The barrier for the CO oxidation reaction with a three-

fold bound O atom is 1.06 eV, similar to the barrier in the M-vK mechanism and 0.44 eV higher than 

the reaction with the O atom bound to the Pd-Ce interface. Notably, the barrier for O2 dissociation 

on the (111)-type face of the supported Pd20 cluster of 1.13 eV is much higher than values of 0.62 

eV for a periodic Pd(111) surface51 and 0.49 eV for O2 adsorbed on ceria O vacancies. The higher 
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barrier on the supported Pd20 cluster is due to the donation of electrons of the Pd cluster to the ceria 

support, effectively decreasing the activation of adsorbed O2 as less d-electron density is donated in 

O2’s anti-bonding orbitals. The stronger activation of O2 on a ceria O vacancy is also apparent from 

the larger O-O bond in adsorbed O2 of 1.47 Å compared to the case for Pd20 (1.36 Å). 

Pd3Ox-CeO2 interface. We also investigated Pd3Ox (x = 1-6) clusters as a model for dispersed Pd 

oxide on ceria. Recently, we reported that Pd1On/CeO2(111) (n=0-2) can account for the high CO 

oxidation activity via an L-H mechanism involving co-adsorption of CO and O2.24 It was also 

established that the formation of Pd-oxide hinders migration and sintering of (metallic) Pd on ceria. 

Here, we explored a similar CO oxidation mechanism for larger Pd3Ox clusters on CeO2(111). We 

expect that the strong binding of the O atoms at the Pd-CeO2 boundary impedes the mobility of 

such clusters. To estimate the composition of the Pd3Ox in the CO+O2 reaction, a Helmholtz free 

energy analysis was carried out as described before.9 Figure 7.4a shows the Helmholtz free energies 

associated with oxidation by O2 and reduction by CO of Pd3Ox/ CeO2(111). It follows that Pd3O 

and Pd3O3 are good initial guesses for stable structures during a catalytic cycle. A Bader analysis 

predicts the average charge on Pd atoms of the supported Pd3Ox (x = 0-6) clusters to be +0.20, +0.60, 

+0.85, +1.03, +1.28, +1.25, and +1.41 e, respectively. The positive charge on the metallic Pd3 cluster 

on CeO2(111) shows that electron density is transferred from Pd3 to the CeO2(111) support. A 

magnetization analysis shows that one surface Ce3+ is present in Pd3/CeO2(111). The CO binding 

has a strong dependence on the charge state of the involved Pd atoms. Figure 7.4b shows that CO 

adsorption becomes weaker when the positive charge of the Pd atoms increases. A complete 

overview of the computed Bader charges for all three Pd atoms in the supported Pd3Ox clusters is 

provided in Table 7.3.  

 

Table 7.3 Bader charge of Pd atoms in Pd3Ox clusters supported on CeO2(111). 

species Bader (Pd1) in +e Bader (Pd2) in +e Bader (Pd3) in +e Bader-average in +e 

Pd3 0.37 0.12 0.11 0.20 

Pd3O 0.62 0.63 0.55 0.60 

Pd3O2 0.59 0.99 0.98 0.85 

Pd3O3 0.93 0.92 1.24 1.03 

Pd3O4 1.3 1.27 1.26 1.28 

Pd3O5 1.31 1.23 1.22 1.25 

Pd3O6 1.23 1.74 1.25 1.41 
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Due to the interaction of the Pd3 cluster with the CeO2(111) surface, the binding energy of an O 

atom is much higher (-2.15 eV) than on a periodic Pd(111) surface (-1.16 eV). It implies that the 

ceria-supported Pd cluster can enhance dissociative O2 adsorption. Recently, Rupprechter and co-

workers suggested that the perimeter sites of metal/oxides interfaces can favour oxygen adsorption 

and, thereby, improve the CO oxidation activity.52 Oxidation of these clusters to Pd3O5 and Pd3O6 

is thermodynamically unfavorable. There is also a strong driving force to remove the fifth and sixth 

O atom with CO as CO2. Next, we explored Pd3O and Pd3O3 as models for CO oxidation at the 

interface with CeO2.    

 

 
Figure 7.4 (a) Linear scaling relationship between CO adsorption energy and the charge states of 

the involved Pd atoms. The charge states are predicted by Bader charge analysis. (b) Helmholtz free 

energy change for the O2-oxidation (■) and CO-reduction (●) of Pd3Ox species on CeO2(111). (c) 

Reaction energy surface diagrams of the CO oxidation by Pd3Ox/CeO2(111) via the MvK 

mechanism except for the cycle between Pd3 and Pd3O2 (green line) via L-H mechanism. 

 

Potential energy diagrams for CO oxidation pathways over Pd3Ox/CeO2(111) are shown in 

Figure 7.4c. Firstly, we investigated CO oxidation by Pd3/CeO2(111) via L-H mechanism. O2 can 

be strongly adsorbed on Pd3/CeO2(111) (Int3 → Int4, Eads = -2.82 eV). Dissociation of adsorbed O2 

requires overcoming a barrier of 0.77 eV to obtain Pd3O2 with the two O atoms in a bridge and top 

positions. CO adsorption on this cluster is of moderate strength (Int5 → Int6, Eads = -1.53 eV), and 

is followed by reaction with an O atom on top of the Pd3 cluster, involving an activation barrier of 

0.84 eV. After CO2 desorption, the bridge O atom spontaneously migrates to the top to obtain the 

stable Pd3O cluster. CO adsorbs with an energy of -1.53 eV on Pd3O (Int0 → Int1), and can combine 

with the top O atom with an activation barrier of 1.16 eV. After CO2 desorption (Edes = 0.61 eV), 

the initial metallic Pd3 cluster is obtained again. The alternative reaction of CO adsorbed on 

Pd3O/CeO2(111) with a ceria lattice O atom involves an activation barrier of 1.47 eV via the M-vK 

mechanism. The relatively high barrier is due to the large distance between CO and the relevant 
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ceria lattice O atom. We already showed before that the activation barrier for CO oxidation 

involving CO adsorbed on Pd3/CeO2(111) with a ceria lattice O atom has an activation barrier of 

1.73 eV. Thus, a L-H mechanism appears to be preferred on Pd3, Pd3O and Pd3O2 on CeO2. 

Alternatively, CO adsorbed on Pd3O2/CeO2(111) can react with a ceria lattice O atom with an 

activation barrier of 0.77 eV. O2 can adsorb on the resulting ceria O vacancy. Its dissociation is very 

facile (Eact = 0.15 eV), resulting in Pd3O3/CeO2(111). The CO adsorption energy on the latter 

cluster is -1.77 eV. Recombination with a ceria lattice O atom has a barrier of 0.86 eV. The ceria O 

vacancy will be healed by adsorption and dissociation of O2, which is facile. The resulting 

Pd3O4/CeO2(111) structure adsorbs CO relatively weakly (Eads = -0.67 eV). This CO molecule 

prefers to remove a bridge-adsorbed O atom of Pd3O4 to form Pd3O3/CeO2(111), overcoming a 

low energy barrier of 0.15 eV. Accordingly, we infer that in moderately oxidized Pd3O3 on CeO2 the 

O atoms of the ceria surface can be involved in contrast to the less oxidized Pd3 clusters. The 

difference relates to the O bonding energy, which decreases when the Pd3 cluster becomes more 

oxidized. Notably, we found that a M-vK mechanism is not possible for Pd3Ox for x > 3, mainly 

because the distance between the adsorbed CO molecule and the ceria lattice O atoms is too large. 

Single-atom Pd/CeO2 interface. It has recently been experimentally demonstrated that step-type 

defects on the CeO2 surface can trap single Pt atoms.11,31 Earlier, we have shown that a single Pd atom 

is relatively strongly bound to a CeO2(111) step with an energy of 3.56 eV as compared to 

adsorption on the terrace CeO2(111) surface (Eads = 2.08 eV).29 Moreover, the diffusion of single 

Pd atom on the terrace of CeO2(111) is very facile (Eb = 0.14 eV), whereas the diffusion barrier on 

a step is 1.67 eV. This implies that stepped CeO2(111) is also a potential trap for Pd atoms.29 We 

explored a reaction mechanism for CO oxidation on this model (Figure 7.5). CO adsorption is 

relatively weak (Eads = -0.81 eV), while the activation barrier for removal of a lattice O atom from the 

step by CO is 0.92 eV. CO2 desorption costs 1.29 eV. The resulting ceria O vacancy can be healed 

by O2 adsorption, which is strongly exothermic (ΔE = -2.68 eV). The activation barrier for O2 

dissociation is 0.74 eV, which results in a PdO species in the step. CO adsorption on PdO is strong 

(Eads = -1.87 eV). The activation barrier for reaction with a ceria lattice O atom is 0.74 eV. After CO2 

desorption and migration of the excess O atom, the CO oxidation cycle is closed. O2 dissociation is 

more difficult on stepped sites than on terrace sites, but still easier than CO2 formation. The initial 

CO adsorption on stepped Pd atom is quite weak, which is in part due to the fact that it leads to the 

cleavage of one of the Pd-O bonds. Our earlier work suggested that a Pd atom embedded into the 

CeO2(111) surface can provide a moderate CO adsorption state and, accordingly, this site can be 

active towards CO2 formation via a M-vK mechanism.28 
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Figure 7.5 Energy profile of CO oxidation by CeO2(111)-stepped Pd atom via M-vK mechanism. 

Color code: dark-cyan, Pd; red, ceria lattice O; light-yellow, Ce; pink, added O; gray, C.  

 

 

Figure 7.6 Proposed CO oxidation pathway over Pd2-doped model. (color code: white = Ce; gray = 

O; red = lattice O neighboring Pd or O of molecular O2, H2O or CO2; cyan = Pd; black = C). 

 

Modeling has shown that doping may also involve the replacement of one Ce4+ ion by two Pd 

cations.53 The resulting surface configuration is very stable. Figure 7.6 depicts the CO oxidation 

cycle by this model. The CO binding energy to the three-fold Pd atom in this twin-doped structure 

is -2.02 eV, while the activation barrier for M-vK formation of CO2 with a ceria lattice O atom is 0.54 

eV. CO2 desorption (ΔE = 1.23 eV) is followed by O2 adsorption (Int3 → Int4, Eads = -2.48 eV). 

Adsorption of CO on the Int4 structure is also exothermic (Eads = -1.81 eV). The activation barrier 

for the removal of another lattice O atom by CO is 0.70 eV (Int5 → Int6) and CO2 desorption costs 

0.84 eV. The resulting oxygen vacancies are healed by O2 dissociation by overcoming an energy 
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barrier of  0.63 eV (Int7 → Int0, ΔE = -2.72 eV). Notably, the direct reaction between co-adsorbed 

CO and O2 (Int5) requires a relatively high activation barrier of 1.32 eV. 

Microkinetic simulations. To explore the relevance of the different candidate structures explored 

in the previous sections towards CO oxidation, we carried out microkinetic simulations. Figure 7.7 

displays CO oxidation rates as a function of the temperature at a total pressure of 1 atm and a 

stoichiometric CO/O2 ratio (PCO = 0.67 atm, PO2 = 0.33 atm). The surface coverages are given in 

Figure 7.8. Figure 7.7a shows data for the CO oxidation of metallic Pd on CeO2 and Pd(111). At 

most temperatures, the highest activity is provided by the Pd(111) facet of the supported Pd20 

cluster. This reflects the performance of a Pd nanoparticle on the ceria support. The higher 

performance than that of the Pd(111) surface, which may represent a Pd nanoparticle on an inert 

support, provides a general explanation for the Pd-CeO2 synergy observed in CO oxidation. The 

reason is that an extended Pd(111) surface is poisoned by CO and O2 adsorption is strongly 

hindered. On the other hand, O2 can favorably adsorb on the edge between two neighboring Pd(111) 

facets of the supported Pd20 cluster, even when CO is co-adsorbed. The CO oxidation activity of 

reduced Pd1, Pd7 and Pd20 clusters are much lower. Notably, the catalytic activity of Pd20/CeO2 

depends on the ceria lattice O atom considered, the atoms along the edge giving rise to a higher 

activity than those close to a corner Pd atom due to the earlier described geometric effect. 

 

 

Figure 7.7 The Arrhenius plots of total CO2 production rate on various models. Solid line means 

CO oxidation via M-vK mechanism, and dotted line via L-H mechanism. (PCO = 0.67 atm, PO2 = 

0.33 atm). 

 

Figure 7.7b shows the CO oxidation rates over the oxidized Pd clusters (Pd1 and Pd3) on 

CeO2(111). The oxidation of the supported Pd clusters can significantly facilitate the activity of CO 

oxidation via M-vK mechanism due to a moderate CO binding energy.30 The Pd1O and Pd3O3 

clusters provide a similar CO oxidation activity via the M-vK mechanism. This suggests that there is 
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no cluster size dependence in CO oxidation for small ceria-supported oxidized Pd clusters (cf. 

Figure 7.2d). For the supported single Pd atom, CO oxidation preferentially takes place via a L-H 

mechanism.24 The activity of the supported metallic Pd3 cluster via a L-H mechanism is very low. 

Oxidation of the supported Pd3 cluster will thus significantly promote CO oxidation via the M-vK 

mechanism, especially when Pd atoms are in the Pd2+ state.  

 

 

 

Figure 7.8 Surface coverage of intermediates during CO oxidation on various sites at the interface 

of Pd/CeO2. 

 

The surface coverage analysis shown in Figure 7.8 reveals that the supported metallic Pd clusters 

are poisoned by CO in a wide temperature range. On the other hand, CO poisoning is relieved at 

the interface between oxidized Pd clusters and CeO2.30 Defects of CeO2, like step-edge and ionic 

vacancies, can provide a strong trap for Pd atoms.28,29 Figure 7.7c shows that Pd single atoms on ceria 

steps display a considerable CO oxidation activity via the M-vK mechanism. Our previous works 

predicted a moderate energy barrier for CO oxidation by Pd-doped CeO2(111) via the M-vK 

mechanism,28 but the CO adsorption process involves an activation barrier of 0.56 eV, resulting in a 

lower low-temperature CO oxidation activity than Pd atoms on steps of CeO2(111). Pd2-doped 
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species display a lower CO oxidation reactivity than the single Pd atom on steps of CeO2(111) 

below 450 K, because the Pd2-doped sites are poisoned by strongly adsorbed CO molecules at low 

temperature. Based on these predictions, we conclude that oxidized Pd clusters on CeO2 are 

thermodynamically most stable and more active for low-temperature CO oxidation than isolated Pd 

atoms and metallic Pd clusters. Next, we investigated the effect of the oxidation state of Pd for the 

supported Pd3Ox clusters. 

 

 

Figure 7.9 (a) Correlation between the activation barrier for CO oxidation and the oxidation state 

of the Pd atom involved in CO bonding at the Pd-CeO2 interface. Oxidation states are evaluated by 

a Bader charge analysis. (b) Phase diagram of CO oxidation mechanisms via the supported Pd 

clusters at given temperature and pressure of O2. 

 

Linear scaling relation for CO oxidation on Pd/CeO2. Figure 7.9a shows the strong correlation 

between the CO oxidation barriers for the L-H and M-vK mechanisms with the Pd oxidation state 

as determined by a Bader charge analysis for the supported Pd3Ox clusters. Clearly, the more 

oxidized the Pd3 cluster is, the lower the activation barrier for CO oxidation, independent of the 

reaction mechanism. While the L-H mechanism is preferred for Pd3O, the barriers for Pd3O2 and 

Pd3O3 for both mechanisms are similar. When the Pd3 cluster is more deeply oxidized, only the L-H 

mechanism is possible. The strong correlation in Figure 7.9a directly relates to the dependence of 

CO adsorption energy on the oxidation state of the cluster (Figure 7.4b). That is to say, the weaker 

CO is adsorbed on more oxidized Pd3Ox clusters, the lower the barrier for the formation of adsorbed 

CO2.  

Figure 7.9b shows a phase diagram for the Pd3Ox clusters supported on CeO2(111) computed by 

the ab initio thermodynamics approach. The diagram plots the stability of Pdd+ as a function of 

temperature and the partial pressure of O2. At low temperature and high O2 partial pressure, Pd is 
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mainly present in the +2-+4 oxidation state and a L-H mechanism will be dominant for CO 

oxidation. At typical reaction conditions for CO oxidation indicated in Figure 7.9b (300-600 K, 1-

100 mbar O2), the predominant oxidation state of Pd is +2. Although the barriers for CO oxidation 

for both mechanisms are similar, a M-vK mechanism prevails. This is mainly because the barrier for 

O2 dissociation on the Pd3O cluster that leads to Pd3O3 (0.99 eV) is much higher than O2 

dissociation at the interface between Pd3Ox and a ceria oxygen vacancy (0.11 eV). It evidences the 

important role of oxygen vacancies in CO oxidation at the low temperature. At higher temperature, 

the Pd3 cluster will become increasingly reduced and a L-H mechanism is dominant as shown above. 

We emphasize again that there is no strong particle size expected for CO oxidation at high 

temperature.  

7.4 Conclusion 

In this work, we investigated in detail the role of the Pd-CeO2 interface for CO oxidation 

comparing the structure, stability and CO oxidation activity of Pd atoms as well as metallic Pd and 

oxidic Pd clusters. For metallic Pd clusters, we find that a M-vK mechanism involves higher 

activation barriers for CO oxidation than a L-H mechanism. In the L-H mechanism, O2 dissociation 

at Pd atoms at the Pd-CeO2 interface is possible under CO poisoning conditions. These O adatoms 

are more reactive than the lattice O atoms and account for the lower energy barrier for CO oxidation. 

This is different from the case of metallic Pd on an inert support, where O2 dissociation is hindered 

by adsorbed CO. For a single Pd atom, we also find that a L-H mechanism is dominant in which 

Pd1O2, Pd1O and Pd1 are the surface intermediates. For the less prevailing M-vK mechanism at the 

metallic Pd-CeO2 interface, we find that the barrier for CO oxidation with a ceria lattice O atom is 

mainly determined by the distance between the adsorbed CO molecule and the ceria O atom. 

Specifically, corner Pd sites of clusters show a higher reactivity than edge atoms along the edge of a 

cluster. Overall, we do not expect a strong structure sensitivity for metallic Pd on CeO2. Ab initio 

thermodynamics predicts that small Pd clusters will be oxidized under CO oxidation conditions. 

Therefore, we also explored the role of oxidation of Pd further by using a Pd3Ox cluster placed on 

the CeO2(111) surface as a structural model. CO oxidation can then occur by reaction with a ceria 

lattice O atom (M-vK mechanism) or an O atom of the Pd3Ox cluster (L-H mechanism). We find a 

strong correlation between the oxidation state of Pd and the CO oxidation barrier. A higher 

oxidation state of Pd (more oxygen ligands) results in  a lower CO binding energy and a lower 

activation barrier for CO2 formation. At low O2 partial pressure and high temperature, metallic or 

slightly oxidized Pd3 clusters are most stable and a L-H mechanism prevails, consistent with the 
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results for the metallic Pd clusters. At realistic CO oxidation conditions, Pd3Ox with x = 2-4 are most 

stable for which Pd adopts a +2 oxidation state. In this case, CO oxidation occurs via a M-vK 

mechanism, mainly because O2 dissociation at the interface on a ceria oxygen vacancy is very facile, 

in contrast to O2 dissociation on a Pd3O2 cluster. This results indicates the important role of ceria O 

vacancies for low-temperature CO oxidation. At high O2 partial pressure and low temperature, Pd is 

more deeply oxidized to the +4 oxidation state. For these clusters, a M-vK mechanism is not possible 

because of the large distance of CO to the ceria lattice O atoms. The barriers for a L-H mechanism 

are low due to the weak binding of CO on highly oxidized Pd clusters. We also established that Pd 

atoms can be trapped at ceria step-edges and Ce vacancies, which display a CO oxidation activity 

between that of Pd2+ in Pd-oxide clusters and metallic Pd. We conclude that the preferred active site 

for CO oxidation is Pd2+ in Pd-oxide clusters, displaying higher catalytic activity than single Pd 

atoms and metallic Pd clusters supported on CeO2. 
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Chapter 8 
A Theoretical Study on the Stability and Activity of Single 

Au Atoms on CeO2 for CO Oxidation 

 

ABSTRACT 
Single-atom catalysis is at the center of the attention of the heterogeneous catalysis community. It 

remains a challenge to determine the thermodynamic stability of single atoms on an oxide support and 

compare their activity to that of small clusters and nanoparticles. A case in point is Au/CeO2 which 

displays a high CO oxidation activity at relatively low reaction temperatures. We used DFT calculations 

to compare the stability of Au(CO) complexes on the CeO2(111) terrace and step-edge of 

CeO2(111) against CeO2(111)-supported nanoparticles. The different single atom Au and Au 

cluster models were compared for CO oxidation at low temperature. Single Au atoms are especially 

stable as a dopant in the CeO2 lattice, at ceria O vacancies and at step-edge sites of the ceria surface. 

Trapped as dopants substituting for Ce in the surface or in a ceria O vacancy, Au cannot catalyze 

CO oxidation. Single Au atoms at step-edges represent candidate active sites for low-temperature 

CO oxidation. Besides, we find that dislodging of Au(CO) complexes at the Au-CeO2 interface can 

facilitate CO oxidation through a M-vK mechanism. Essential to this mechanism is that the 

dislodged Au atom trapped in the ceria O vacancy after CO2 formation is reintegrated in the Au 

cluster. This process can proceed at high rate, representing the highest CO oxidation activity of the 

models considered. The possibility of CO-induced dislodgement of a single Au atom and the 

associated barriers underlying this complex CO oxidation mechanism depend critically on the 

topology of the Au-CeO2 interface.  
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8.1 Introduction 

Recently, single-atom catalysis is rapidly becoming a new frontier in heterogeneous catalysis.1-6 

Single metal atoms stabilized on an oxide support are considered as active sites for promoting 

different chemical reactions.7,8 Supported metal catalysts are extensively used in exhaust gas clean-

up because of their high catalytic activity for such important reactions as CO and hydrocarbon 

oxidation and NOx reduction.5,9-11 It is well known that reactants can influence the morphology of 

supported metal nanoparticles (NPs),12-16 even resulting into the formation of isolated metal 

atoms.17-19 For instance, Berko et al. observed by applying scanning tunneling microscopy a very 

rapid disintegration of TiO2-supported Rh NPs of 1-2 nm to atomically dispersed Rh at 300 K and 

a pressure of 10-1 mbar CO.18 Iwasawa and co-workers also reported that CO can disperse Rh 

particles into single Rh atoms on an Al2O3 support.19 Li and co-workers investigated the possibility 

of CO-induced dislodgement of Au atoms at the Au/CeO2 interface by density functional theory 

(DFT) and molecular dynamics (MD) calculations.17,20 Adsorption of CO can result in the 

formation of Au(CO) complexes on Au surfaces and induce irreversible morphological changes to 

Au particles.21-24 Eren et al. recently found that adsorption of CO can also result in the 

transformation of a Cu(111) surface into nanoclusters, which is thought to be due to the low 

cohesive energy of bulk Cu (3.54 eV) and the weak CO binding to extended Cu surface in 

comparison to small Cu clusters and Cu atoms..25-27 Au also has a relatively low cohesive energy 

(3.81 eV) and Au NPs are known to only weakly bind CO.21  

Single metal atoms have a much higher mobility on a support than NPs. Therefore, these single 

metal atoms are usually prone to agglomeration.28 At the metal-oxide surface interface, CO can 

enhance the interaction between isolated metal atoms and the support by forming a bond between 

adsorbed CO and lattice O atoms.29 Ceria is an important material in environmental catalysis 

because of its excellent oxygen storage capability and strong bonding with metal atoms which 

typically results in robust catalysts with a high metal dispersion.30 Au/CeO2 is a promising catalyst 

for environmental reactions such as CO oxidation.12,31 The exact nature of the active sites and the 

mechanism of CO oxidation are still  matter of intense debate. Qiao etal. observed that single Au 

atoms are extremely stable and active for CO oxidation on CeO2.32 Venezia et al. suggested that the 

strong interaction between ionic gold and ceria in AuxCe1-xO2- solid solution can enhance the 

reducibility of the ceria surface and result in a particularly high activity of CO oxidation over the 

supported gold particles.33 Odriozola and co-workers observed the CO-driven redispersion of Au 

atoms during CO oxidation at the Au/CeO2 interface.34 On the other hand, Guo et al. proposed that 
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the metallic Au component in Au/CeO2 plays a more important role in room-temperature CO 

oxidation than cationic single-atom gold species.31 Theoretical studies showed that single Au atoms 

might be easily trapped into oxygen vacancies, essentially leading to deactivation.35,36 The step-edges 

on corrugated ceria surfaces exhibit a decreased energy for oxygen vacancy formation (Evac).37 These 

sites are also traps for atoms and NPs.3,28,38-40 Henkelman and co-workers suggested that the low Evac 

of a step-edge of CeO2 facilitates CO oxidation at the Au/CeO2 interface by a Mars-van Krevelen 

(M-vK) mechanism.41 Recently, Li’s group also reported that the Au atoms on steps of ceria can 

display a higher CO oxidation activity than ceria-supported Au clusters.20 Despite the many 

theoretical studies on Au/CeO2 catalysis, a comparative study of the stability of single Au atoms at 

different sites in comparison to Au NPs and their role in CO oxidation is lacking.  

In the current work, we considered various structural models of Au/CeO2 displayed in Figure 8.1a 

to investigate the Au-CeO2 interface. These include an isolated Au atom on the CeO2(111) terrace, 

on a surface oxygen vacancy, and at a step edge site of the CeO2(111) surface. We also included the 

case where an Au atom replaces a Ce atom in the top Ce layer of the CeO2(111) surface and 

investigated the removal of O atoms surrounding the Au dopant. Au particles were investigated by 

placing Au10, Au13, Au20 and Au38 clusters  on the CeO2(111) terrace. Based on our earlier developed 

model, we constructed phase diagrams that represent the stability of Au(CO) complexes on terrace 

or step-edge sites of the CeO2(111) surface in comparison to CeO2(111)-supported Au 

nanoparticles on CeO2 at a given temperature and CO partial pressure. The results identify 

conditions under which one may expect isolated Au(CO) complexes to be more stable than Au 

nanoparticles. We also explored kinetic barriers for the dislodging of Au(CO) complexes from 

different Au clusters. The activation barriers depend on the presence of CO and are typically in the 

0.12-0.66 eV range. Microkinetic modeling of CO oxidation was finally used to compare the 

catalytic activity of different models. These simulations demonstrate that isolated Au atoms present 

a very low CO oxidation activity and instead it is more likely that the low-temperature CO oxidation 

activity derived from the interface between Au nanoparticles and CeO2 in a Mars-Van Krevelen (M-

vK) mechanism. The present study highlights the dynamic nature of Au on CeO2, especially in the 

presence of CO.  

8.2 Methodology 

8.2.1 Density functional theory calculations 

We carried out spin-polarized calculations within the density functional theory (DFT) framework 

as implemented in the Vienna ab initio simulation package (VASP).42 The ion-electron interactions 
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are represented by the projector-augmented wave (PAW) method43 and the electron exchange-

correlation by the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional.44 The Kohn-Sham valence states were expanded in a plane-

wave basis set with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Au(4d5s) and 

C(2s,2p) electrons were treated as valence states. The DFT+U approach was used, in which U is a 

Hubbard-like term describing the on-site Coulombic interactions.45 This approach improves the 

description of localized states in ceria, where standard LDA and GGA functionals fail. For Ce,  a 

value of U = 6.0 eV was adopted, which was calculated self-consistently by Fabris et al.46 using the 

linear response approach of Cococcioni and de Gironcoli47 and which is within the 3.0-6.0 eV range 

that results in the localization in Ce 4f orbitals of the electrons left upon oxygen removal from ceria.48  

For Au/CeO2(111), the model was a periodic ceria slab with a (4×4) surface unit cell. For 

Brillouin zone integration, a 1×1×1 Monkhorst-Pack mesh was used. The bulk equilibrium lattice 

constant (5.49 Å) previously calculated at the PBE+U level (U = 4.5 eV) was used.49 The CeO2(111) 

slab model consists of three Ce-O-Ce layers and the vacuum gap of 15 Å. The atoms in the bottom 

layer were frozen to their bulk positions and only the top two Ce-O-Ce layers were relaxed. The 

climbing image nudged-elastic band (CI-NEB) algorithm50,51 was used to identify the transition 

states for the elementary reaction steps of CO oxidation. 

8.2.2 Microkinetics Simulations  

The calculated activation energies are applied to compute the forward and backward rate 

constants for CO oxidation. For surface reactions, the rate constants for the forward and backward 

elementary reaction were determined by the Eyring equation52: 

b

EaTS
k Tbk T Q

k e
h Q

−

=    (1), 

where k is the reaction rate constant in s-1; kb, T, h and Ea are the Boltzmann constant, temperature, 

Planck’s constant and the activation barrier, respectively. QTS and Q refer the partition functions of 

the transition and ground states, respectively. As an approximation, the pre-factor TS

bk T Q
A

h Q
=

 is set 

to 1013 s-1 for all the elementary surface reactions. 

For non-activated molecular adsorption, the rate of adsorption is determined by the rate of surface 

impingement of gas-phase molecules. The flux of incident molecules is given by Hertz-Knudsen 

equation53: 
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Therefore, the molecular adsorption rate constant can be written as:  
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where P is the partial pressure of the adsorbate in the gas phase, A’  is the surface area of the 

adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.  

For the desorption process, it is assumed that there are three rotational degrees of freedom and 

two translational degrees of freedom in the transition state. Accordingly, the rate of desorption is 

given by  
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where σ and θ are the symmetry number and the characteristic temperature for rotation of gaseous 

CO2, respectively. Edes is the desorption energy of CO2 molecules.  

The approach to microkinetic simulations has been presented in detail elsewhere.54,55 Differential 

equations for all the surface reaction intermediates were constructed using the rate constants and 

the set of elementary reaction steps. For each of the M components in the kinetic network, a single 

differential equation is obtained in the form as below: 
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       (5), 

in this equation, kj is the elementary reaction rate constant (see equation 1), j

i is the stoichiometric 

coefficient of component i in elementary reaction step k and ck is the concentration of component k 

on the catalytic surface.  

The CO oxidation rate is calculated by the in-house developed MKMCXX program.54-56 Steady-

state coverages were calculated by integrating the ordinary differential equations in time until the 

changes in the surface coverages were very small. Because chemical systems typically give rise to stiff 

sets of ODEs, we have used the backward differentiation formula method for the time integration.55 

The rates of the individual elementary reaction steps can be obtained based on the calculated steady-

state surface coverages. In our simulations, the gas phase contained a mixture of CO and O2 in 2:1 

molar ratio at a total pressure of 1 atm. 
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The elementary reaction steps that contribute to the rate control over the overall reaction can be 

determined by degree of rate control (DRC) concept introduced by Campbell et al.57-59 For 

elementary step i, the degree of rate control XRC,i can be defined as 

RC,

, ,

ln

ln
j i i j i i

i
i

i ik K k K

k r r
X

r k k
 

    
= =   

    

 (6), 

where ki, Ki  and r are the rate constants, the equilibrium constant for step i and the reaction rate, 

respectively.   

8.2.3 Ab initio thermodynamics   

We used the ab initio thermodynamics approach of Reuter and Scheffler to assess the relative 

stability of various Au-doped states in ceria as a function of oxygen pressure and temperature.60 The 

free energy of Au-doped surface states is determined as: 

Δ𝐺 = ΔE +
n

2
𝜇𝑂2

(𝑇, 𝑃) = (E𝐴𝑢−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
+ 

n

2
E𝑂2
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n

2
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where E𝐴𝑢−𝑑𝑜𝑝𝑒𝑑  and E𝐴𝑢−𝑑𝑜𝑝𝑒𝑑−𝑛𝑉O
 are the electronic ground-state energies of the Au-doped 

CeO2(111) and the Au-doped CeO2(111) after removing n oxygen atoms, respectively, E𝑂2
 the 

electronic ground-state energy of gaseous O2, and 𝜇𝑂2
(𝑇, 𝑃) the chemical potential of gaseous O2. 

The chemical potential of gaseous oxygen can be related to the thermodynamic state variables 

temperature (T) and pressure in the following manner:  

 𝜇𝑂2
(𝑇, 𝑃) = 𝜇𝑂2

(𝑇, 𝑃𝜃) + 𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃
) 

= [𝐻𝑂2
(𝑇, 𝑃𝜃) − 𝐻𝑂2

(0 𝐾, 𝑃𝜃)] − T[𝑆𝑂2
(𝑇, 𝑃𝜃) − 𝑆𝑂2

(0 𝐾, 𝑃𝜃)] + 𝑅𝑇𝑙𝑛 (
𝑃𝑂2

𝑃𝜃 )     (8), 

where 𝑃𝑂2
is the pressure of O2, and 𝑃𝜃  the standard pressure. The enthalpy 𝐻𝑂2

(𝑇, 𝑃𝜃)  and 

entropy 𝑆𝑂2
(𝑇, 𝑃𝜃)  of gaseous O2 were obtained from standard thermodynamic tables.61 The 

entropy of the solids is neglected.   

8.3 Results and discussion 

Structural models. We first investigated the structural properties of the Au/CeO2 interface 

involving different structural models depicted in Figure 8.1. We considered a single Au atom 

adsorbed on the stoichiometric (111) surface of CeO2. The adsorption energy is -1.35 eV with 

respect to a free Au atom. The computed Bader charge of the supported Au atom is +0.69 e, 

indicative of the oxidation of the Au atom. Consistently, one surface Ce3+ ion is present after Au 

adsorption. The mobility of this Au atom on CeO2(111) is high based on the computed diffusion 



141 

 

barrier of 0.37 eV. Accordingly, we predict that Au atoms will easily sinter into larger clusters. The 

CO adsorption energy on this single Au atom is high (Eads = -2.58 eV). After CO adsorption, the 

diffusion barrier of the Au(CO) complex is 1.14 eV, much higher than the diffusion barrier of the 

single Au atom. Thus, CO adsorption can hinder agglomeration of atomically dispersed Au on 

CeO2(111). The stability of the CO adsorption complex is related to the bonding of CO to Au as 

well as a ceria surface lattice O atom.  

 

 
Figure 8.1 (a) Optimized configurations of Au single atom and nanoparticles (Au10, Au13, Au20 and 

Au38) supported on terrace, steps or vacancies of CeO2(111).  

 

An isolated Au atom placed on an oxygen vacancy on CeO2(111) is also very stable (Au1/VO; Eads 

= -2.69 eV). In this case, the Au atom becomes negatively charged (Bader charge -0.41 e). Due to 

this negative charge, the Au atom does not adsorb CO nor O2 as also reported earlier.35 When an Au 

atom is placed on a stepped CeO2(111) surface, an even more stable configuration is obtained 

(Au1/CeO2-step; Eads = -3.43 eV) and a high diffusion barrier of 2.23 eV is found. The Bader charge 

of an Au atom on the ceria step is +0.72 e, the CO adsorption energy is -0.82 eV.  

We also considered the replacement of a surface Ce atom by Au atom in the CeO2(111) surface. 

For this, we first assumed that the Au atom adopts an octahedral coordination by six lattice O atoms 

in the top Ce surface layer (Au-dop-I), as usually assumed.62-64 Our recent work showed that several 

metal dopants in CeO2(111) prefer to adopt instead a square-planar coordination by four lattice O 

atoms.65 The most stable configuration of an Au atom embedded into the CeO2(111) surface is 

shown in Figure 8.1 (Au-dop-II). The energy of this square-planar coordination is 0.61 eV more 

stable than the octahedral one. This substitution is favorable (ΔE = -7.03 eV). The Bader charge of 

the Au dopant is +1.73 e. This likely represents a Au3+ state, which is also encountered in AuxCe1-

xO2- solid solutions.31,33 The energy cost to remove one of the O atoms in the coordination 
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environment of Au in Au-dop-II is only 0.09 eV. The removal of a second O atom from Au-dop-II-

VO which yields Au-dop-II-2VO is unfavorable (E = 1.33 eV). Removal of a third O atom is even 

less favorable (E = 1.62 eV), although the energy cost is still less than creating an oxygen vacancy 

in the stoichiometric CeO2(111) surface (E = 2.38 eV). This suggests that doping of CeO2 with a 

Au atom results in a higher density of oxygen vacancies. Using ab initio thermodynamics, we 

compared the stability of the stoichiometrically doped model and models in which oxygen atoms 

are removed. Figure 8.2 shows that the most stable species in an oxygen atmosphere is Au-dop-VO. 

The CO adsorption energy on Au-dop-VO is -0.52 eV. Based on the oxygen vacancy formation 

energies, we can also estimate under which conditions the O atoms close to Au can be removed. 

This will lead to the reduction of Au to the metallic state, after which it can easily diffuse over the 

ceria surface and form metallic Au clusters or large nanoparticles (NPs). Figure 8.2 shows that this 

will typically occur above 600 K at practical oxygen partial pressure, in agreement with experimental 

observation.31 

 

 

Figure 8.2 Diagram showing the stability of different Au-doped CeO2(111) surface structures as a 

function of the temperature and the O2 pressure based on an ab initio thermodynamics analysis. 

 

From the above, we can conclude that Au atoms located on the CeO2(111) terrace are highly 

mobile and will agglomerate into Au clusters.28 Au can be trapped as isolated atoms by defects of 

CeO2(111), e.g. at step-edges of ceria and in Ce and O vacancies. Adsorption of CO can also 

stabilize atomic Au species on the CeO2(111) surface, either on the terrace or in steps.   
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Stability of single Au atoms. In order to assess the thermodynamic stability of single Au atoms and 

Au NPs on ceria in the presence of CO at a given temperature and pressure, we employed our 

recently developed approach that has been highlighted in chapter 6 for the case of Pt/CeO2 in the 

presence of CO. Figure 8.3a shows that the cohesive energy (binding energy per Au atom in NPs) 

scales with n-1/3, in which n is the number of Au atoms per NP. The extrapolated binding energy 

towards bulk Au of 3.67 eV is in reasonable agreement with the experimental value of 3.80 eV.66 For 

considering stability, we assumed that Au NPs are enclosed by the low-energy (111) and (100) 

facets with contributions of 86% and 14%, respectively (based on a Wulff construction).20 The CO 

adsorption energy will not only depend on the Au facet but also on the CO coverage. Figure 8.3b 

shows computed CO adsorption energies as a function of the facet and CO coverage. These data 

were fitted with a second degree polynomial equation.  

 

 

Figure 8.3 (a) Correlation between the cohesive energy of Aun nanoparticles and n-1/3. (b) 

Computed CO adsorption energy on the Au(111) and Au(100) facets as a function of CO coverage 

and their polynomial fits. (c) Predicted CO coverage on Au(111) facet at given temperature and 

CO partial pressure. 

 

At a given T and P, the corresponding coverage of CO can be determined by67,68 

[ ( )]

( ) ( , )

CO ads
d Ei iAuCO i

dE T PiAu CO
d i

 

 


−


= =         (9),  

where i is the CO coverage on a particular facet i (here, either the (111) or (100) facet), 𝐸𝐴𝑢𝑖

𝐶𝑂−𝑎𝑑𝑠 

the average CO adsorption energy obtained from the correlations shown in Figure 8.3b, and 

CO(T,P) the chemical potential of CO molecules at temperature T and CO partial pressure P. 

( )CO

Au idE  is the differential adsorption energy of CO molecules on a particular facet i.  
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As an example, Figure 8.3c shows the CO coverage on the Pt(111) facet as function of 

temperature and CO partial pressure. Peters et al. reported that a CO coverage of 0.01 at 25 ℃ and 

a CO pressure of 1 bar.69  Nørskov and co-workers also computed that the CO coverage is extremely 

low (10-13) at 300 K and a CO pressure of 1 bar.70 These data agree well with our theoretical 

predictions that the CO coverage is negligible on the Au(111) facet at room temperature due to the 

weak binding of CO. 

 

 

Figure 8.4 Stability diagrams of supported Au on (a) the CeO2(111) terrace and (b) at step-edges 

of CeO2(111) as a function of temperature and CO partial pressure. 

 

Figure 4a and 4b show phase diagrams, representing the thermodynamic stability of Au NPs with 

respect to single Au atoms on terrace and step-edges of CeO2(111), respectively, at given 

temperature and CO partial pressure. At typical conditions of low-temperature CO oxidation (PCO 

= 10-4 atm, T = 100 ℃), the phase diagram in Figure 8.4a indicates that an Au(CO) complex on the 

CeO2(111) terrace is more stable than Au NPs of up to 85 atoms on the CeO2(111) terrace. 

Particles larger than this critical size are more stable than the Au(CO) complex. With increasing CO 

partial pressure or lowering temperature, Au(CO) complexes can compete with larger Au NP. The 

reason is that the higher CO coverage on Au NPs results in more Au-CO bonds that can increasingly 

outweigh the Au-Au interactions in the Au NP. Figure 8.4b shows that the step-edges of CeO2(111) 

will appreciably enhance the stability of isolated Au atom or Au(CO) complex due to their strong 

binding to step-edges of CeO2(111).In fact, the binding energy of an Au atom in the step-edge is 

close to the cohesive energy of bulk Au. Therefore, this configuration can compete even with 
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relatively large Au NPs. It is worthwhile mentioning that CO adsorption on this Au atom is much 

weaker (-0.82 eV) than on an Au atom on the stoichiometric CeO2(111) surface (-2.58 eV).  

Kinetics of single Au atom dislodgement. We next explored the kinetics of the dislodgement of a 

single Au atom from Au NPs on CeO2. As this is computationally very demanding, we limited these 

calculations to CeO2(111)-supported Au13, Au20, and Au38 clusters. We first mention that the energy 

of dislodging of an Au atom from the periphery of Au13, Au20 and Au38 clusters is 1.57, 1.73 , and 1.51 

eV. The initial and final states of this process for the Au38 cluster are shown in Figure 8.5a. We then 

investigated the influence of CO adsorption on the dislodgement process. The CO adsorption 

energy on the interfacial Au atom of Au13/CeO2(111) is -1.40 eV. The required energy barrier for 

Au(CO) detachment from the Au13 cluster is only 0.12 eV, and this process is exothermic by 0.19 

eV. The initial, transition and final states for these three processes are shown in Figure 8.5b. For the 

larger Au38 cluster, the CO adsorption energy on the Au atom at the cluster-CeO2 interface is -1.34 

eV. The barrier for this larger cluster is 0.66 eV with an exothermic energy change of 0.30 eV (Figure 

8.5c). These results imply that the Au atoms can be dislodged from supported Au clusters under the 

influence of CO.  

 

 

Figure 8.5 Au(CO) dislodging from CeO2(111)-supported (a) Au13, and (b) Au38 clusters, 

respectively.  

 



146 

 

 

Figure 8.6 Au(CO) dislodging from CeO2(111)-supported  Au20 clusters with one, three and nine 

CO molecules.  

 

We also explored the influence of the CO coverage for Au20/CeO2(111). Figure 8.6a shows that 

the adsorption of one CO molecule on the Au20 cluster (Eads = -1.30 eV) leads to an activation barrier 

for dislodgement of Au(CO) of 0.70 eV. When three CO molecules are adsorbed on the Au20 cluster 

(Figure 8.6), the average CO adsorption energy is lowered to -1.24 eV. In the presence of three CO 

molecules, the dislodgement of an Au(CO) complex only requires overcoming a barrier of 0.19 eV. 

When the CO coverage is further raised (Figure 8.6c, 9 CO molecules), the average CO binding 

energy is lowered to -0.85 eV. The dislodgement of an Au(CO) complex can now occur without a 

barrier and the process is strongly exothermic by 1.63 eV. 

Notably, we find that the barriers for dislodgement of an Au(CO) complex on these relatively 

small clusters in the presence of CO is much lower than the barrier for the diffusion of the resulting 

Au(CO) complex over the CeO2(111) surface.  This suggests that dislodgement of Au(CO) 

complexes is kinetically possible and becomes more facile at higher CO coverage. The resulting 

Au(CO) complexes will however not easily distribute over the CeO2 surface due to their strong 

binding to the CeO2 surface, which is in agreement with experimental observation.12 
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Figure 8.7 Predicted stretching frequencies of CO adsorbed on Au atoms at the interface of 

Au/CeO2(111). 

 

 

Figure 8.8 Correlation between vibrational frequency () of CO adsorbed on Au atoms and the 

oxidation states (Q) of Au atoms in the CeO2-supported Au clusters. The oxidation state is 

estimated by a Bader charge analysis. 
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We also determined the stretching frequencies of CO adsorbed on the different structural models 

of Au/CeO2 (Figure 8.7). The vibrational frequencies of isolated Au(CO) complexes on the 

CeO2(111) terrace and steps are 2130 cm-1 and 2113 cm-1 (structures shown in Figure 8.7a and 8.7b, 

respectively). Increasing the coverage of Au(CO) complexes on the CeO2(111) terrace as shown in 

Figure 8.7c does not significantly shift the CO vibrational frequency ν(CO). CO adsorbed on Au-

dop-II-VO resonates at 2185 cm-1 (Figure 8.7d), while ν(CO) on the Au adatom on an oxygen 

vacancy shifts 2048 cm-1 (Figure 8.7e). The dislodged Au(CO) complex close to the periphery of 

Au/CeO2 has a ν(CO) of 2118 cm-1 (Figure 8.7f).  CO adsorption on metallic Au gives rise to IR 

bands between 2067 cm-1and 2087 cm-1 (Figure 8.7g-8.7j), in agreement with previous reports.21,71-

75 Figure 8.8 shows that there exists a strong correlation between ν(CO) and the oxidation states of 

Au atoms at the periphery of Au/CeO2. The more positive the oxidation state of Au atoms, the 

higher the frequency of CO is adsorbed on these Au atoms. 

Recently, Guo et al. experimentally observed strong vibrational bands at 2115 cm-1 and 2133 cm-1 

for CO adsorbed on Au/CeO2 catalysts.31 Earlier, some of us saw similar strong IR bands at 2116 

cm-1 and 2130 cm-1 for Au supported on rod-shaped CeO2.76 Clearly, we can assign these bands to 

isolated Au(CO) complexes at terrace and step-edge of CeO2. These results demonstrate that the 

isolated Au-carbonyl species may play an important role in CO oxidation at the interface between 

Au NPs and oxide supports. Next, we determine the reactivity of Au at various sites of the Au/CeO2 

interface for CO oxidation.  

CO oxidation. The reaction mechanism of CO oxidation and the corresponding surface 

intermediates for the considered Au/CeO2 models are depicted in Figure 8.9-8.13. Figure 8.14 

summarizes the simulated reaction rates of all of the considered models. CO is bound strongly on 

the single Au atoms on the CeO2(111) terrace. The barrier for the formation of the first CO2 

molecule according to a M-vK mechanism is 0.66 eV (Figure 8.9). After CO2 desorption, the Au 

atom is strongly trapped in the ceria oxygen vacancy, adopting a negative charge (-0.41 e). The 

resulting Au anion cannot adsorb CO nor O2, implying a very low catalytic rate.35  

Recently, Li and co-workers suggested that single Au atoms can be formed at the Au-CeO2 

interface in the presence of CO due to the strong interaction between CO and single Au atom.17 The 

same group also suggested that single Au atoms on steps of CeO2 can display a higher CO oxidation 

activity than supported Au NPs.20 Henkelman’s group also proposed that the stepped ceria provides 

a suitable environment with reactive O atoms for Au-catalyzed CO oxidation.41 Figure 8.10 shows 

the CO oxidation cycle by a single Au atom on step-edges of CeO2(111). The highest activation 

barrier is 0.40 eV, while CO2 desorption costs energy of 1.12 eV.   
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As we discussed above, the doped Au atom is highly stable against clustering. To understand its 

role in CO oxidation, we investigated the corresponding catalytic cycle by a single Au atom 

embedded into CeO2(111) (Figure 8.11). The most thermodynamically favorable configuration is 

Au-dop-VO (Figure 8.1). CO adsorption on this Au atom is weak (Eads = -0.52 eV). A M-vK 

mechanism to obtain CO2 involves an activation barrier of 0.56 eV, which yields Au-dop-2VO after 

desorption (Figure 8.11). This oxidation step is strongly exothermic by 2.18 eV. O2 will then adsorb 

(Eads = -1.23 eV) and is involved in the formation of another CO2 molecule with a barrier of 1.75 eV. 

This last barrier is high, implying that the overall cycle for this Au-doped ceria surface proceeds at a 

low rate. Another route would be O2 dissociation over Au-dop-2VO, but this also involves a high 

activation barrier of 1.91 eV. A comparably high barrier has also been simulated for O2 dissociation 

on Pd-dop-2VO (1.52 eV).65 These results show that O2 dissociation by ceria-dispersed metal 

dopants with two oxygen vacancies is hindered at typical reaction temperatures.    

 

 
 

Figure 8.9 CO oxidation over Au1/CeO2(111). 
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Figure 8.10 CO oxidation over Au1-steps-/CeO2(111). 

 

 
 

Figure 8.11 CO oxidation over Au-dop-VO site. 

 

 
 

Figure 8.12 CO oxidation over Au10/CeO2(111). 
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Figure 8.13 CO oxidation over Au13/CeO2(111). 

 

We then explored CO oxidation by CeO2-supported Au clusters. Earlier, Wang et al. carried out 

molecular dynamics simulations to investigate Au(CO) dislodging from a CeO2-supported Au20 

cluster in the presence of CO.17 They also studied CO oxidation of the dislodged  Au(CO)complex 

at the interface of Au20/CeO2. At the corner of a Au20 cluster on CeO2(111), the dislodged Au(CO) 

complex reacts with a lattice O atom overcoming an energy barrier of 0.77 eV. The ceria oxygen 

vacancy can assist CO2 desorption by stabilizing the single Au atom. The energy for this concerted 

process is ΔE = 0.27 eV. In terms of free energy, this process will be facilitated by a gain in entropy. 

Reintegration of the dislodged Au atom back to the corner sites of Au20/CeO2(111) requires a high 

activation barrier of 0.89 eV. This is due to the large distance between the Auδ- atom located on the 

ceria oxygen vacancy and the vacant corner site of Au20/CeO2. As a result of this high barrier, the 

overall CO oxidation rate is lower than the rate of a single Au atom located at step-edge sites of CeO2 

(Figure 8.14).  

We also investigated a similar mechanism for the edge of Au10/CeO2(111). The complete 

mechanism is shown in Figure 8.12. CO adsorption also leads to dislodging of an Au(CO) complex, 

which is then involved in CO oxidation via a M-vK mechanism. This CO oxidation step involves an 

activation barrier of 0.61 eV. The resulting oxygen vacancy will strongly trap the Au atom and lower 

the CO2 desorption energy (ΔE = 0.39 eV).  Reintegration of the Au anion back into the Au cluster 

costs only 0.22 eV in this case, which is due to their close proximity. This step is slightly endothermic 

(Int3→Int4, ΔE = 0.18 eV). The ceria oxygen vacancy can strongly adsorb O2 (ΔE = -1.75 eV), of 

which one of the O atoms is consumed in a next CO oxidation event involving a dislodged Au(CO) 

complex. This latter step is barrier-less. After CO2 desorption, the catalytic cycle is closed.   
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Figure 8.14. Arrhenius plots of CO oxidation rate versus given temperature by various sites at the 

interface of Au/CeO2. 

 

We compared this favorable catalytic cycle involving Au(CO) dislodgement with a case in which 

dislodging does not occur (Figure 8.13). The CO adsorption energy is -1.30 eV, followed by a M-

vK CO oxidation step with a barrier of 0.09 eV. This barrier is low because of the close proximity of 

the CO molecule to the ceria lattice O atom. The correlation between CO oxidation barrier and 

CO-lattice O distance has been discussed before for Pd/CeO2 in Chapter 7. While this distance is 

only 3.13 Å for the Au10/CeO2 model, it is longer than 5 Å for the other considered models 

Au10/CeO2(111), Au20/CeO2(111) and Au38/CeO2(111). This emphasizes the importance of the 

local topology of the metal-CeO2 interface. CO2 desorption from the interface of Au13/CeO2(111) 

after the first CO oxidation step costs 1.28 eV. The resulting ceria oxygen vacancy will strongly 

adsorb O2 (E = -2.96 eV). The next CO oxidation takes place without any energy barrier. This 

cycle can compete with a cycle involving dislodged Au(CO), because the barrier for the migration 

of Au(CO) from Au13/CeO2 is only 0.12 eV. Microkinetic analysis of these cycles show that direct 

CO oxidation by Au13/CeO2(111) proceeds at a lower rate than the cycle involving Au(CO) at the 

edge of Au10/CeO2(111).  

Summarizing, our results demonstrate that CO oxidation can proceed at low temperature at single 

Au atoms trapped at step-edge defects of CeO2 as well as at the Au-CeO2 interface where depending 

on the local topology dislodged Au(CO) complexes form that are involved in a facile catalytic cycle 

following the M-vK mechanism. The reversible dislodgement helps maintain a high catalytic rate, 
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because it does not lead to deactivation of the ceria O vacancy, which provides a strong adsorption 

site for O2. The importance of Au particles on ceria in addition to single Au atom is in line with the 

recent work of Guo et al.31  

8.4 Conclusion 

We used DFT calculations to identify the stability of Au(CO) complexes on the CeO2(111) terrace 

and step-edge of CeO2(111) against cluster/nanoparticle formation. The different single atom Au 

and Au cluster models were compared for CO oxidation at low temperature. Single Au atoms are 

especially stable as a dopant in the CeO2 lattice and at step-edge sites of the ceria surface. As dopants 

substituting for Ce in the surface or trapped on ceria O vacancies, Au cannot catalyze CO oxidation. 

Single Au atoms at step-edges represent candidate active sites for low-temperature CO oxidation. 

Their CO IR signature corresponds to experimental data for Au on corrugated nanorod CeO2(111) 

surfaces. Besides, we find that dislodging of Au(CO) complexes at the Au-CeO2 interface can 

facilitate CO oxidation through a M-vK mechanism. Essential to this mechanism is that the 

dislodged Au atom trapped in the ceria O vacancy after CO2 formation is reintegrated in the Au 

cluster. This process can proceed at high rate, representing the highest CO oxidation activity of the 

models considered. The possibility of CO-induced dislodgement of a single Au atom and the 

associated barriers underlying this complex CO oxidation mechanism depend critically on the 

topology of the Au-CeO2 interface.  
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Summary  

A Quantum Chemical Study of Environmental Catalysis at 

the Metal-Ceria Interface 

Ceria (CeO2) is a key component in automotive exhaust catalysis because of its unique properties 

such as acting as an oxygen buffer and the stabilization dispersed metals. The synergy between ceria 

and dispersed metals can significantly improve the catalytic conversion of exhaust clean-up, e.g. CO 

and CH4 oxidation. Despite many experimental studies, the active sites for CO and CH4 oxidation 

at the metal-ceria interface are still under considerable debate.  

The research in this thesis addresses novel findings concerning the CO and CH4 oxidation at the 

metal-ceria interface using density functional theory in conjunction with microkinetic modelling 

and thermodynamic stability analysis. We firstly investigated the migration of oxygen vacancy on 

the defective ceria surface, which is a basic issue and concerns the conductive and catalytic 

properties of the nano-materials containing ceria (Chapter 2). To get the reasonable models of 

Pd/CeO2 catalyst, we considered the relative stability of a series of Pdn clusters on CeO2 and the 

relevant ripening mechanisms (Chapter 3), as well as the possible configurations of Pd atom doped 

into ceria lattice under reaction conditions (Chapter 4 and 5). Based on the determined models, we 

carried out the systematic study on the active sites of CO and CH4 oxidation at the metal-ceria 

interface (Pd/CeO2, Pt/CeO2 and Au/CeO2, Chapter 4-8). To understand the influence of 

adsorbates on the stability of the supported metal particles relative to single atoms under reaction 

conditions, we built up a generally theoretical framework (Chapter 6). Besides, we also developed 

some novel concepts in heterogeneous catalysis, which can explain the experimental results very well. 

Below, a listing is provided of the most salient results on this work. 

In chapter 2, we discussed the charge transport and oxygen vacancy diffusion over defective 

CeO2(111) surface by DFT+U calculations. Charge transport can proceed either by direct 

migration of the oxygen anion (i.e., vacancy diffusion) or by a polaron-hopping-assisted mechanism. 

The latter process is significantly more favorable than the former. After the migration of the polaron 

to an adjacent Ce ion in one of the NNN sites, the oxygen atom is bound less strongly and migrates 

with a lower barrier of only 0.15 eV as compared to a barrier of 0.40 eV found for the alternative 

situation with the polaron remaining in the NN site. Exploration of the polaron hopping by careful 
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CI-NEB calculations allowed identifying a transition state in which the transferring electron is 

equally shared between the two Ce ions. By studying the magnetization, the density of states and the 

structure (viz. the Ce-O bond lengths), we confirm that the electron transfer is linked to a lattice 

distortion. In other words, polaron hopping can be assisted by a phonon. The overall barrier for 

charge transport involving polaron migration followed by oxygen diffusion is determined by the 

barrier for polaron hopping, which amounts to 0.18 eV. This computed value is in good agreement 

with the experimental barrier for ceria with a low defect density. These results provide deeper 

understanding into the mechanism of carrier drift in defective metal oxide semiconductors, which is 

important in various settings related to photocatalysis and electrocatalysis in which defective 

materials such as ceria and other metal oxides feature.  

In Chapter 3, density functional theory was used to clarify the structure and formation through 

Ostwald ripening and particle coalescence of Pdn clusters on the most stable (111) termination of 

ceria. Ostwald ripening is predicted to be the preferred mechanism for growth of the clusters. Small 

clusters of a few Pd atoms can also migrate and contribute to sintering through particle coalescence. 

The migration of Pdn clusters on CeO2 strongly depends on the number of Pd atoms in clusters. 

Adsorbed CO facilitates these sintering processes through lowering barriers for the cluster diffusion, 

detachment of a Pd atom from clusters, and transformation of initial planar clusters. The present 

work shows how Pd atoms or clusters on CeO2 are prone to thermal sintering into larger clusters via 

Ostwald ripening and coalescence involving small clusters.  

In Chapter 4, we have used quantum-chemical calculations to identify an alternative structure for 

a single Pd atom doped in the most stable surface termination of CeO2. Compared with the 

conventional octahedrally coordinated PdO6 moiety, the novel square planar PdO4 structure is more 

reactive due to the radical character of the two surface O atoms. Creating a vacancy in this square 

planar structure is energetically favorable, and the resulting defective surface is the most stable 

structure under oxidative conditions. Similar structures exist for the Ni- and Pt-doped surfaces. A 

surface O atom nearby the Pd dopant can easily activate the first C–H bond in CH4. In contrast to 

octahedrally coordinated Pd, the square planar configuration can adsorb CO. The relatively weak 

CO adsorption results in moderate activation barriers for recombination with the O atoms of CeO2. 

The novel structure identified in this study paves the way for deeper exploration and optimization 

of CeO2 surfaces towards single-atom catalysts with high activity and stability. 

In Chapter 5, we investigated a novel structure of a solid solution of Pd in CeO2 with the purpose 

of explaining the high activity of Pd-CeO2 solid solutions towards CH4 activation. We show that two 

Pd2+ ions can substitute one Ce4+ ion in the stable CeO2(111) surface, resulting in a structure that is 

stable under oxidative conditions. CH4 will strongly adsorb as a -complex on the Pd cation that is 
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coordinatively unsaturated. The CH4 adsorption energy is higher on this novel structure than on 

PdO(101). Consequently, the activation barrier for dissociation of the adsorbed CH4 molecule is 

lower for Pd1/Pd-dop-II. Kinetic simulations show that CH4 dissociation proceeds with the highest 

rate on this structure. We also show that similar structures can be obtained by doping the CeO2(111) 

surface with Pt, Ni, Rh, Cu and Zn. Specifically, the more reactive transition metals Pt, Ni and Rh 

can lead to strong CH4 adsorption complexes, low C-H activation barriers and a high CH4 

dissociation activity. The concept of substituting two transition metal ions for one Ce4+ ion in ceria 

is important as it results in a very stable structure containing a highly reactive coordinatively 

unsaturated transition metal. We expect that this insight opens up new possibilities to rationally 

design active and stable catalysts of surface doped oxides. 

In Chapter 6, we developed a novel methodology to investigate the relatively thermodynamic 

stability between supported metal SAs and NPs in the presence of adsorbates. The scaling can 

accurately predict the CO coverage on Pt facets and the relative stability of Pt1(CO) complex on 

ceria support versus temperature and pressure of CO. We investigated various Pt SAs dispersed on 

different sites of ceria, and suggested that the Pt SAs on steps are structurally similar to Pt SAs 

embedded into the Ce lattice position. The doped Pt SAs display higher activity for low-temperature 

CO oxidation than other Pt SAs on ceria. This is mainly because CO has such a strong adsorption 

on Pt SAs supported on CeO2(111) surface that poisons Pt SAs. On the other hand, CO has a rather 

weak adsorption on Pt SAs on the steps of ceria and cannot be effectively activated. The doped Pt 

SAs possess a moderate CO adsorption with the assistance of adjacent lattice, low coordination O 

atoms. The combination of DFT and GT-kMC demonstrates that the Pt SAs embedded into Ce 

lattice position exhibit high activity for CO oxidation, in agreement with a recent experimental 

observation.1 The developed single-atom scaling theory is expected to be generally applicable in 

heterogeneous catalysis to predict the relative stability of single atom catalysts and the surface 

coverage of adsorbates at a given temperature and pressure. This study brings broad insight into the 

stability and activity of single atom catalysts, and provides information towards the rational design 

of single atom catalysts with high activity. 

In Chapter 7, we compared various CO oxidation processes by CeO2(111) supported metallic 

Pdn clusters, Pd oxide clusters and single Pd atom on the stepped sites. CO oxidation will preferably 

occur at the Pd-CeO2 interface involving an M-vK mechanism when the oxidation states of Pd atoms 

are around Pd2+. Oxygen vacancies play an important role in the rapid dissociation of O2. The 

additional O atoms on the Pd atoms in a higher oxidation states are unstable and easily remoed by 

CO molecules. The lower oxidation states of Pd atoms determine a lower activity via M-vK 

mechanism, and alternatively the L-H mechanism is dominant in the CO oxidation process. For 
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supported metallic Pdn clusters, the rate-controlling CO oxidation barrier via M-vK mechanism 

depends strongly on the local geometry of the active sites, in particular on the distance between 

adsorbed CO and the ceria lattice O atom. The lowest barrier is found for reaction of CO adsorbed 

on a Pd corner site of larger metallic clusters and a ceria lattice O atom. The CO2 desorption is 

difficult and limits the total CO2 formation rate at metallic Pd-CeO2 interface, whereas the 

alternative L-H mechanism displays a higher activity of CO oxidation. Moreover, the ceria support 

can promote the CO oxidation on supported Pd(111) facet via L-H mechanism by comparison with 

the free Pd(111) facet. The single Pd atom has a high mobility on the terrace of CeO2(111), while 

it can be trapped by step-edge at low temperature and gives a moderate CO oxidation activity. The 

embedded Pd ions display a low activity of CO oxidation. By comparison, we proposed that the 

relative low-temperature CO oxidation activity of various active phase and sites at Pd-CeO2 

interface is as below: Pd oxides with Pd2+ (M-vK) > supported metallic clusters (L-H) > stepped Pd 

atom (M-vK) > Pd dopant (M-vK) > supported metallic clusters (M-vK). The construction of 

defects of ceria (steps and dopants), as well as keeping the noble metal in highly dispersed and 

stabilized form on the surface of the support, appears to be an essential requirement to reduce the 

Pd loadings in Pd-CeO2 catalysts conserving the high activity for CO oxidation at low temperatures. 

The present work for the first time systematically shows the direct and general insights to 

understand the possible active phases and sites for CO oxidation at Pd-CeO2 interface. This study 

also exhibits the significant influence of charge states of the involved Pd atoms and the negligible 

size effect of the supported metallic clusters on CO oxidation. We broadened the way towards the 

understanding and design of CeO2 catalysts with a high activity for low-temperature CO oxidation. 

In Chapter 8, we used DFT calculations to identify the stability of Au(CO) complexes on the 

CeO2(111) terrace and step-edge of CeO2(111) against cluster/nanoparticle formation. The 

different single atom Au and Au cluster models were compared for CO oxidation at low temperature. 

Single Au atoms are especially stable as a dopant in the CeO2 lattice and at step-edge sites of the 

ceria surface. As dopants substituting for Ce in the surface or trapped on ceria O vacancies, Au 

cannot catalyze CO oxidation. Single Au atoms at step-edges represent candidate active sites for 

low-temperature CO oxidation. Their CO IR signature corresponds to experimental data for Au on 

corrugated nanorod CeO2(111) surfaces. Besides, we find that dislodging of Au(CO) complexes at 

the Au- CeO2 interface can facilitate CO oxidation through a M-vK mechanism. Essential to this 

mechanism is that the dislodged Au atom trapped in the ceria O vacancy after CO2 formation is 

reintegrated in the Au cluster. This process can proceed at high rate, representing the highest CO 

oxidation activity of the models considered. The possibility of CO-induced dislodgement of a single 
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Au atom and the associated barriers underlying this complex CO oxidation mechanism depend 

critically on the topology of the Au-CeO2 interface.  
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Appendix A  

 

Optimized configurations of Pdn clusters on CeO2(111), n = 1 - 41 
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Appendix B  

 

The catalytic cycle of the CH4 complete oxidation over Pd1/Pd-dop-II 
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Appendix C  

 

CO oxidation by various models of Pd/CeO2(111) 

Pd1/CeO2(111) 

 

 

Pd1O/CeO2(111) 

 

 

 

 

 

 

 



169 

 

Pd7/CeO2(111) 

 

 

Pd20/CeO2(111) / corner site 

 

 

Pd20/CeO2(111) / edge site 
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Pd3O3/Pd3O4/CeO2(111) 

 

 

Pd3O/Pd3O2/CeO2(111) 

 

 

Pd3/Pd3O/CeO2(111) 

 

 

Pd3/Pd3O2/CeO2(111) 

 

 



171 

 

Appendix D  

 

Optimized configurations of Aun clusters on CeO2(111), n = 1 - 13 
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