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Chapter 1 
Introduction 

 

1.1 Automotive emissions control 

Air pollution is one of the main environmental concerns threatening the health of human 

beings at a global scale. It is estimated that more than 4 million people die every year as a 

result of ambient air pollution.1 Over the last decades, the number of vehicles has increased 

substantially due to global economic growth. This growth is accompanied by a huge 

consumption of fossil fuels and emission of noxious exhaust gases. Despite stringent 

regulations and advanced abatement technology, automotive emissions remain a major 

source of air pollution. Typical noxious compounds in tail gases of combustion engines are 

carbon monoxide (CO), hydrocarbons (CxHy) and nitrogen oxides (NOx). While CO and, to 

a lesser extent, hydrocarbons are poisonous, NOx easily forms photochemical smog and nitric 

acid in the atmosphere. Nitrous oxide (N2O) enhances the greenhouse effect and also has a 

negative impact on the ozone layer.2, 3 It is, therefore, essential to further reduce the emissions 

of these harmful compounds.  

Modern vehicles with internal combustion engines are equipped with efficient catalytic 

technology to remove harmful exhaust gases. In the last half century, an enormous effort has 

been made to develop this technology to a very advanced level.4-7 A breakthrough was the 

US Federal 1970 Clean Air Act to regulate toxic emission from engines, which was soon 

followed by actions in Europe and Asia. These regulations led automobile companies to 

develop catalytic converters for gasoline passenger cars. Such technology was first 

introduced in 1975. The first generation automotive catalysts consisted of platinum (Pt) and 

palladium (Pd) to catalyse CO and hydrocarbons oxidation.8 Removal of nitrogen oxides 

produced during fuel combustion was initially addressed by a non-catalytic system called 

exhaust gas recirculation. This mechanical system helped to suppress NO formation from the 

reaction of N2 with O2.9 Although able to comply with the regulations, more stringent 

prospective regulations led to the the advent of three-way catalysis, which showed much 

increased performance for not only the oxidation of CO and CxHy, but also the reduction of 

NOx in a single stage.10, 11 

As NOx emission legislation became more stringent in 1980, conventional systems could 

not meet the 90% conversion requirement. Rhodium (Rh) was soon recognized as a 

promising catalytic materials for the reduction of nitrogen oxide,12 while Pd and Pt were 

regarded as the preferred metals for oxidation of CO and CxHy.13 A crucial step forward was 
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the development of the concept of three-way catalyst (TWC) in which oxidation and 

reduction reactions can be done in a single reactor in a narrow air-to-fuel ratio. Until now, 

these platinum group metals (PGM) remain key components for automotive catalysts. While 

initially Rh and Pt were used, Pd later replaced Pt in many applications because of its lower 

price. The catalytically active metals are usually placed on supports like alumina, ceria and 

ceria-zirconia, the latter two providing oxygen storage properties for good performance in a 

wide range of conditions. 14, 15  

 Table 1.1 shows the evolution of European emission standards for light gasoline 

commercial vehicles. In 2015, a new European automotive emission standard (Euro 6) 

replaced the old vehicle test protocol. In the new regulation, one of the major concerns is the 

abatement of NOx and particulate matter (PM) emissions. Very similar regulations apply in 

the US. Very recently, China adopted a new emission standard (China 6), to be applied in 

July 2020 (China 6a) and July 2023 (China 6b). Clearly, a more stringent emission standard 

requires more efficient catalysts for the global automobile market.  

Table 1.1. European regulations of the most important atmospheric pollutants for light 

gasoline commercial vehicles. All values are given in mg/km. PM stands for  particulate 

matter.16 

Regulations 
Euro 1 

(Jan 1993) 

Euro 2 

(Jan 1997) 

Euro 3 

(Jan 2001) 

Euro 4 

(Jan 2006) 

Euro 5 

(Jan 2011) 

Euro 6 

(Sept 2015) 

NOx N.A. N.A. 150 80 60 60 

CO 2720 2220 2300 1000 1000 1000 

CxHy  N.A. N.A. 200 100 100 100 

PM  N.A. N.A. N.A. N.A. 5 4.5 

 

1.2 Catalysis 

1.2.1 Catalytic processes 

Catalysts are the workhorse of the modern chemical industry because they allow chemical 

reactions to run at reasonable temperature and pressure and within reasonable reaction times. 

Major catalytic processes include the processing of fossil feedstock, mainly crude oil into 

transportation fuels, but also many base and intermediate chemicals require the action of a 

catalyst. Ammonia synthesis a key chemical process to produce the fertilizer to feed the 

world population and which also relies on an efficient catalyst to accelerate the reaction. 

Environmental catalysis is another pillar of applications of these materials. This includes the 

removal of pollutants from stationary sources such as power plants, but also mobile sources 
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such as passenger cars and heavy-duty transport. Without catalysts, many drug molecules 

cannot be efficiently synthesized under modest reaction conditions.  

The field of catalysis, in general, contains three branches, namely heterogeneous, 

homogeneous, and enzyme or bio-catalysis. Heterogeneous catalysis is recognized when the 

phase of the reactants is different from that of the catalyst. In most cases, this pertains to 

chemical reactions take place on solid (catalyst) materials. Homogeneous catalysis is the case 

that the catalyst functions in the same phase as the reactants, mostly as a dissolved complex 

in a liquid containing the reactants. Enzyme catalysts are catalysts of nature, which are 

highly-specialized proteins. However, it can accelerate the chemical reactions under modest 

conditions due to the fragile nature of the enzyme. Among the different types of catalysts, 

heterogeneous catalysts have been the most widely used in the chemical industry because the 

catalytic structures are stable at high temperature and can be easily separated from the 

reactants and products after reaction. The focus in this thesis will be on the fundamental 

concepts that are needed to understand how heterogeneous catalysts function to abate 

automotive emissions.  

By using catalysts, the chemical reactions can be accelerated. The influence of the catalyst 

on the kinetics of elementary reaction steps can change the activity and selectivity for the 

overall reaction. Catalysts adsorb and activate reactants leading to dissociation of chemical 

bonds and association leading to new bonds. A fundamental aspect of catalysis is that 

adsorption of the reactant on a catalytic site leads to activation of some of its internal bonds, 

decreasing the barrier for the dissociation. This is embodied in the Brønsted-Evans-Polanyi 

relation. As a result, the dissociation of chemical bonds that would require high temperature 

without a catalyst can take place at moderate temperature. Besides a higher activity, the 

directed dissociation of specific bonds leads to the possibility to steer the selectivity. 

Although the kinetics of reaction are affected by the catalyst, it does not change the overall 

reaction energy as first recognized by Ostwald. In the ideal case, the catalyst is never 

consumed during the reaction. However, in practice catalysts deactivate for instance due to 

irreversible adsorption of poisons and therefore need to be replaced. 

A good catalyst, in general, should exhibit a high activity and selectivity toward the 

desired product. The catalytic performance is strongly related to the interactions between the 

catalyst and the reactants. According to Sabatier’s principle, the bond between the catalyst 

and the reacting species should be neither too strong nor too weak.17 That is to say, if the 

bond is too weak, the adsorbate cannot be sufficiently activated and no reaction will take 

place. In contrast, if the bond is too strong, the product will form easily but will fail to desorb 

from the surface, leading to the poisoning of catalyst. 

Rational design of catalysts for a specific reaction requires understanding the reaction 

mechanism and its chemical kinetics. For a reaction, we first need to know the potential 

energy diagram for surface species transformations. Typically, the initial step in a reaction 
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pathway is the adsorption of the reactant (A and B), that is, the adsorbates (A* and B*) 

approach a catalytic surface and start interacting with the surface, as illustrated in Figure 1.1. 

The formation of chemical bonds between adsorbates and the (atoms of the) surface explain 

the fact that adsorption step is always an exothermic process. The activation of the adsorbates 

leads to lower barriers for dissociation and association, thereby contributing to a lower 

overall barrier for the reaction of interest as compared to the non-catalytic reaction pathway.  

 

Figure 1.1 Potential energy diagram for association reaction of two arbitrary compounds in 

catalytic process and non-catalytic process. 

1.2.2 Catalyst models 

The behaviour of catalysts strongly depends on structure, be it for heterogeneous, 

homogeneous and biocatalysts.18, 19 For heterogeneous catalysts, many factors such as the 

size of metal nanoparticles,20 the chemical composition,21 the shape,22 and the metal-support 

interaction can impact the performance of metal-based catalyst.23, 24 Understanding of the 

reaction mechanism and the structure-activity relations at the molecular scale is pivotal to 

the development of highly active and selective catalysts. Computational chemistry and 

especially quantum-chemical methods such as density functional theory (DFT) is useful to 

unravel these properties of catalyst. As the active sites are closely associated with structures, 

the construction of suitable catalyst models is key to understand the nature of catalysts. 
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Figure 1.2. Top view and side view of Pd(111) and Pd(100) surfaces. 

Nanoparticles of metals are usually modelled using extended surface models that 

represent the facets enclosing the particles. Often, stable surface models are used because 

they can be expected to be dominant on real catalysts. For example, the Pd(111) surface has 

been frequently employed as a surface model for the study of CO oxidation and NO reduction 

due to the excellent stability of this facet.25, 26 However, a stable surface also implies a low 

reactivity because of the relatively high coordination number of the Pd surface atoms, as 

shown in Figure 1.2 (left). In comparison, Figure 1.2 (right) shows that the surface atoms of 

Pd(100) surface have a lower coordination number leading to a strong binding with the 

adsorbate. These stronger (electronic) interactions activate the chemical bonds in the 

adsorbate, thereby facilitating the dissociation of involved bonds. Real catalysts consist of a  

 

Figure 1.3. Catalysts models of a metal oxide support on which (from left to right) a single 

metal atom, a metal cluster of 4 atoms, and a large nanoparticle are placed. 
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metal placed on a support, e.g. Pd/CeO2, Au/TiO2. The strong metal-support interactions in 

these catalysts can affect the performance of the active metal phase in many ways.27, 28 

Therefore, it is important to include a support in catalyst models, despite the computational 

cost. For instance, metal-support interactions can affect the shape and crystal structure of 

metal nanoparticles leading to the formation of unique electronic structures and the 

enhancement of catalytic performance.29, 30 Furthermore, the metal-support interaction result 

in a redistribution of electrons within both the metal and the support. Consequently, the 

oxidation state of the bottom metal atoms of the nanoparticle and the support’s metal ions 

are changed. Although charge transfer is limited to a couple of atomic layers at the interface, 

this may significantly affect the catalytic activity.31 Therefore, the main focus on the 

supported catalyst models are the catalytic properties of their interface sites. Examples of 

supported metals are displayed in Figure 1.3. Using these supported models, one can unravel 

the catalytic properties of the interface and provide fundamental understanding of reaction 

mechanisms.  

1.2.3 Scaling relations in catalysis  

 In the past decades, DFT calculation has become a key tool in the study of catalysis. Such 

theoretical studies are mainly concerned with understanding experimental results,32, 33 

exploring active sites,34-36 unraveling reaction mechanisms,37 constructing microkinetic 

models,38 and obtaining structure-activity relations.19, 39 Despite the increase of 

computational resources, the theoretical chemist is still faced with dilemma’s pertaining to 

the size of the structures and kinetic models. For this purpose, scaling relations and 

descriptors have been proposed to determine activation barriers based on simple adsorption 

or reaction energies. The Brønsted-Evans-Polanyi (BEP) is at the basis of these scaling 

laws.40, 41 BEP serves as an efficient way to estimate activation barriers of a particular 

 

 

Figure 1.4. BEP relation for a chemical reaction on a family of materials. The plot is of the 

activation energy (Ea) as a function of the reaction energy (ΔE).  
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reaction within a family of catalysts, as illustrated in Figure 1.4. The relation can be expressed 

as 

                                                                   aE E c         (1.1) 

where aE  and E  are the activation barrier and the reaction energy, respectively, c  is 

the intercept of the fitted equation and  is the BEP factor reflecting the nature of the 

transition state. When   value is close to zero, an early transition state close to the initial 

state along the reaction coordinate occurs. On the other hand, a value close to unity reflects 

a transition state that is late resembling the final state.  

The power of BEP principle is that the calculation for transition state search does not have 

to be performed if the energies of the initial state and final state are known. In other words, 

the activation barriers for a reaction on similar catalytic surfaces can be estimated by just 

computing the reaction energies. As the BEP relation generally relies on the curvature of the 

potential energy diagram around stable and transition state to be similar, a condition that is 

typically met if the topology is the same, the same reaction occurs on different active sites 

with distinct topologies such as step edges and terraces, breaking the scaling relation.  

 

Figure 1.5. Two typical configurations of modern gasoline (top) and diesel (bottom) 

emission control systems.42 

1.3 Three-way catalyst  

Although the number of electric vehicles is rapidly increasing in recent years, it is still 

expected that cars with internal combustion engines will remain in use for the coming 

decades. Moreover, a significant fraction of electric vehicles will be hybrid electric, which 

combine a conventional internal combustion engine with an electric propulsion powertrain 

for better fuel economy. This technology implies more cold starts, requiring additionally 

measures to abate tail-gas emissions when the catalyst is cold. Figure 1.5 depicts the emission 

control systems for gasoline and diesel engines in a schematic manner. TWC is the most 
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important part of the emission control system in gasoline vehicles, which is responsible for 

converting CO, CxHy, and NOx to CO2, H2O and N2. Besides stricter regulations with respect 

to these compounds, also particular matter needs to be reduced for gasoline vehicles. 

Although there are much less soot particles in gasoline exhaust than in diesel exhaust, these 

particles are very small posing specific challenges to their removal. For diesel vehicles, the 

exhaust catalytic convertor is more complex due to the gas composition of the exhaust under 

lean-burn condition. Lean burn refers to the burning of fuel with an excess of air in an internal 

combustion engine. In typical lean-burn engines, the air-to-fuel ratio is as lean as 65:1 (by 

weight). The excess of air in a lean-burn engine emits far less hydrocarbons, but the excess 

of oxygen is detrimental to NOx reduction. To deal with this issue, a diesel oxidation catalyst 

(DOC) first oxidizes CO and CxHy. The gas is then passed through a diesel particulate filter 

(DPF) deploys to capture particulate matter. NOx is removed in a selective catalytic reduction 

(SCR) step using a diesel exhaust fluid (DEF), in which urea decomposes and hydrolyses to 

form ammonia (NH3). NH3 is the reductant that can selectively react with NOx to generate 

N2. To avoid the release of slipped NH3, ammonia oxidation is employed as a final step. For 

light-duty diesel vehicles, it is feasible to adopt a lean NOx trap (LNT) catalyst instead of a 

DOC for oxidizing CO and CxHy. Meanwhile, NOx can be removed through a cycling mode, 

where NOx is stored in the LNT in lean conditions and is reduced during short rich pulses. 

Table 1.2. Typical exhaust gas composition of gasoline engine exhaust at normal operating 

condition.43 

Components Quantity 

CO 0.5 vol.% 

NOx 900 ppmv 

CxHy (hydrocarbons) 350 ppmv 

H2 0.17 vol. % 

CO2 10 vol.% 

O2 0.5 vol.% 

H2O 10 vol.% 

N2 rest 
 

In this thesis, we focus on the study of the oxide-supported metals for the abatement of 

gasoline engine exhaust. Table 2 shows the typical composition of a gasoline engine exhaust. 

It is worthy of note that the concentration of oxygen in gasoline engine exhaust is much lower 

than in diesel engine exhaust, because of the stoichiometric combustion of the fuel. The 

optimum air-to-fuel ratio for the TWC technology in a gasoline car is 14.6:1, which is 

achieved by an active control system adding air before the TWC.44 This rich-burn 
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environment makes it possible to simultaneously convert CO, CxHy, and NOx in a single 

reactor. The typical reactions taking place in the TWC process are 

2 2

1
CO + O  CO

2
                                  (1.2) 

2 2 2CO + H O  H + CO                           (1.3)

2 2

1
CO + NO  CO  + N

2
                         (1.4)

2 2CO + 2NO  CO  + N O                              (1.5) 

2 2 2N O + CO  CO  + N                          (1.6) 

2 2 2

1
NO + H   H O + N

2
                               (1.7) 

x y 2 2 2

y y
C H  + (x+ )O   xCO  + H O

4 2
                              (1.8) 

x y 2 2 2

y y y
C H  + (2x+ )NO  xCO  + (x+ )N  + H O

2 4 2
                              (1.9) 

These reactions indicate the various ways that CO oxidation, NOx reduction and CxHy 

oxidation occur. The underlying mechanisms occurring at the catalytic surface are obviously 

even more complex. Therefore, it is essential to study the catalytic behaviours for 

representative reactions on model surfaces. Besides experimental studies, theoretical 

modelling of catalysts and catalytic reactions can help unravel their behaviour. The gained 

understanding can guide the design of improved catalysts for automotive emission control. 

 

Figure 1.6. Conventional unit cell representation of bulk structure of CaF2 and CeO2. 
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1.4 Oxide support  

All TWC contain a stable oxide support for dispersing active metals and contributing to a 

high activity and stability of the catalytic convertor. Another important property of these 

supports is that they can reversibly store oxygen for transient operation in rich conditions. 

The interaction of the metals with these supports can modify the properties of the associated 

active sites. 45 Oxgen atoms of these supports may be directly involved in oxidation reactions, 

making up a catalytic cycle denoted as a Mars-van Krevelen (M-vK) mechanism.46 Therefore, 

the development of suitable oxide support with stable mechanical and thermal and redox 

properties is crucial to improve the performance of TWC. CeO2-ZrO2 and γ-Al2O3 are typical 

supports used to disperse the active components (e.g., Pd, Pt, and Rh).47, 48 Through heat 

treatment, the active noble metals can be fixed or anchored on these materials, resulting in 

an oxide-supported catalytic system able to chemisorb and convert to harmless gases. In 

particular, cerium dioxide (ceria or CeO2) is an indispensable constituent in these catalysts 

because of their remarkable redox behaviour and outstanding oxygen storage capacity.49 The 

reversible oxygen removal creating surface vacancies is associated with the reduction of Ce4+ 

ions to Ce3+.  

 Bulk ceria has the CaF2 fluorite structure within space group 3Fm m . In this structure, eight 

equivalent nearest-neighbour O anions are coordinated to each Ce cation at the corners of a 

cube, with each O anion coordinated by four Ce cations forming a tetrahedron, as shown in 

Figure 1.6. For catalysts, we need to consider surfaces rather than the bulk. In general, low-

index facets are more stable than high-index ones as follows from a comparison of the surface 

energies. The most stable facet of CeO2 is the (111) facet with a computed surface energy of 

0.56 J/m2.50 CeO2 (110) and CeO2 (100) facet are much less stable with surface energies of 

1.40 J/m2 and 1.68 J/m2, respectively.51 The different stabilities of these surfaces can be also 

rationalized from the surface topology and coordination numbers of surface atoms. As shown 

in Figure 1.7, CeO2(111) surface exposes seven-fold Ce atoms and three-fold O atoms, while 

the CeO2(110) surface exposes six-fold Ce and three-fold O atoms, and the CeO2(100) 

surface exposes six-fold Ce and two-fold O atoms. This indicate that CeO2(111) has a more 

close-packed termination compared to that for CeO2(110) and CeO2(100) surfaces, which is 

in line with the higher stability of CeO2(111) surface.  

As we mentioned above, ceria has a high oxygen storage capacity, thereby the surface 

oxygen atoms on ceria surfaces are highly active, which allows CO oxidation on ceria-

supported metal catalysts can be proceeded via the M-vK mechanism. 46, 52 In this case, the 

surface lattice oxygen of ceria directly react with adsorbed CO to generate CO2 species. On 

the other hand, ceria support can strongly interact with deposited metals, which leads to high 

metal dispersion. Furthermore, the strong metal-support interaction has a prominent effect 

on the electronic structure of the supported metal nanoparticles. The charge transfer is typical 
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Figure 1.7. Top view and side view of CeO2(111), CeO2(110), and CeO2(100) surfaces. 

phenomena caused by the close contact between metal and CeO2. This is reflected by the 

observation of Ce3+ ions on the surface. Metal incorporates into the ceria lattice represents 

another catalyst form which is distinct with models that the metal adsorbs on the support. For 

example, the replacement of Ce of CeO2(111) with Pd leads to a solid solution of Ce1-xPdxO2 

which exhibits different catalytic properties than Pd on top of CeO2(111).53 Several studies 

have reported that transition metal doping to CeO2(111) can facilitate the formation of 

surface oxygen vacancies, leading to the enhancement of catalytic performance.  

Given the high price of the PGMs, the development of novel nanotechnology approaches 

is desirable to reduce the usage of noble metals. Previous studies reported that perovskites 

were highly effective for chemical looping processes,54 in which the lattice oxygen of 

transition metal oxides are used for the oxidation of carbonaceous fuel. Similar to chemical 

looping, three-way catalysis also relies on cyclic redox reactions of oxygen storage materials 

for exhaust gas treatment under varying air-fuel equivalence ratios during internal 

combustion engine operations. It is therefore no surprise that perovskites with excellent 

oxygen storage properties were explored as active components for TWC. Their structure and 

composition as well as unique electronic properties offer the possibility to tune their bulk and 

surface properties and to reach optimal catalytic performance.  

 

Figure 1.8. Structure of ABO3 bulk and ABO3(100) surfaces. 
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Transition metal oxides such as ABO3 perovskites are composed of rare and alkaline earth 

(A) and 3d transition metal cations (B), as shown in Figure 1.8. Such perovskites are of 

particular interest as they have intrinsic activities comparable to CeO2-supported PGM 

catalytic systems.55, 56 One of the advantages of perovskite is that A and B sites can be 

substituted with cheap transition metal ions, modifying the electronic structure of the surface 

and possibly enhancing the catalytic performance. For instance, Sr doping of LaCoO3 surface 

lowers the activation barriers of O2 dissociation and results in a high activity for CO 

oxidation.57 Substitution of the B site with transition metals gives rise to synergistic effects 

with respect to catalysis.58  

The tunable composition, structure, and chemical-physical properties, perovskite 

represent a large family of mixed-oxide materials that may finds applications in the domain 

of energy conversion and environmental catalysis.59-61 In this regard, the study of 

perovskites-based catalysts will further contribute to deeper understanding of the catalytic 

properties of complex transition metal oxide and metal/ metal oxide. Therefore, development 

of new perovskite-based catalysts to replace current PGMs containing TWC is meaningful 

from both the scientific and commercial perspective. 

 

1.5 Research scope  

This work is mainly concerned with oxide-supported metal catalysts for CO oxidation and 

selective NO reduction in the context of automotive emissions control. Density functional 

theory calculations and first-principles based microkinetics simulations were carried out to 

understand the catalytic mechanism of the reactions involved in three-way catalysis. In our 

study, we chosen ceria (CeO2) and perovskites (e.g. LaFeO3, SrTiO3) as the support on which 

single atoms, clusters and particles of combined them with the late transition metals as 

catalytically active sites were placed. Our work explored the catalytic properties of metal-

support interfaces and provided new approaches to guide the design of efficient catalytic 

systems.  

Chapter 1 gives a brief introduction of automotive emissions control. The concept of 

catalysis is described. The catalytic process, model, and energy trends in catalysis are 

discussed. The main aspects of three-way catalysis, the used transition metals and support 

materials are introduced in this chapter.   

Chapter 2 describes the computational approaches used in this study. Density functional 

theory calculations are performed to obtain adsorption energies and activation barriers of 

elementary reaction steps. These energy parameters are used as input to microkinetics 

modelling to further explore kinetic properties of reaction on catalytic surface. The basic 

concepts of microkinetics are introduced. 
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Chapter 3 investigates NO reduction with CO on Pd(111) and the role of doping with 

non-noble metals of Pd(111). We found that doping of Pd with Ti can substantially lower the 

activation barrier for NO dissociation. Detailed electronic structure analysis indicates that 

the low barrier is due to the strong adsorption of N and O on surfaces sites involving Ti atoms. 

The complete reaction pathway for N2, N2O and CO2 formation on Pd(111) and Ti-doped 

Pd(111) are considered. The results point to a positive effect of doping Pd with cheaper 

transition metals to enhance NO reduction relevant to three-way catalysis.  

Chapter 4 provides a comprehensive reaction network for NO reduction with CO (H2) on 

CeO2-supported Pd (Pd/CeO2). Microkinetics simulations are used to investigate the catalytic 

mechanism of NO reduction with CO on ceria supported Pd catalyst (Pd/CeO2). The results 

emphasize the role of different reaction pathways to form N2O as an intermediate. A key 

pathway to convert this intermediate into the desired N2 product involves oxygen vacancies 

in the ceria surface. Lowering the surface O vacancy formation energy of ceria leads to a 

lower temperature for selective NO reduction to N2. Fe-doping of Pd/CeO2 is discussed to 

drastically improve the low-temperature performance of NO reduction to N2. Complimentary 

experiments verify the validity of this finding and present a major step forward to the design 

of low-cost and efficient three-way catalysts.  

In Chapter 5 the influence of defects on catalytic CO oxidation of LaFeO3 perovskite 

supported Rh, Pd, and Pt single-atom catalysts is investigated. The local electronic structure 

of the single atoms of the noble metals changes significantly when placed on a perovskite. 

This enhances the CO and O2 adsorption properties and therefore the catalytic performance 

towards CO2 formation. The presence of La defects in the perovskite can lower the activation 

barriers for CO oxidation on the doped perovskite surfaces. In addition, a linear correlation 

between the activation barrier for CO oxidation and the surface O vacancy formation energy 

for these models is identified. 

Chapter 6 investigates catalytic descriptors and linear scaling relations for CO oxidation 

on perovskite with the composition LaBO3 (B = Mn, Fe, Co, Ni) in which different metals 

(Pt, Pd, and Rh) are doped into its surface. A strong correlation between the CO adsorption 

energy and the d-band center of the doped metal atoms is identified. Pd-doped surfaces 

exhibit substantially lower activation barriers for CO2 formation than the Rh- and Pt-doped 

surfaces. BEP relations for CO oxidation are identified for these single-atom catalysts. This 

provides guidelines for the design of highly active and cost-effective perovskite supported 

single-atom catalysts.  

Chapter 7 systematically investigates O2 activation and CO oxidation at a series of 

metal/perovskite catalysts. CO oxidation at Rh/SrTiO3, Pd/SrTiO3, and Ir/SrTiO3 interfaces 

occurs via the O2 dissociative reaction pathway following a L-H mechanism, while CO 

oxidation on Au/SrTiO3, Ag/SrTiO3, and Pt/SrTiO3 catalysts prefer the O2 associative 
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reaction pathway. F-doping of the perovskite is explored with the aim to modify the 

electronic properties of the metal/perovskite interface.  

Chapter 8 assesses the stability of heterogeneous single-atom catalysts. We extend the 

current thermodynamic view of single-atom catalyst stability in terms of the binding energy 

of single-metal atoms on a support to a kinetic one by linking the activation barrier for metal 

atom diffusion. We provide a practical model for screening thermodynamics to kinetics of 

metal adatom on a support. 
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Chapter 2 
Computational Methods 

 

2.1 Introduction 

 In recent decades, the rapid advancement of computational resources has led to a more 

widespread use of computational chemistry to resolve structural and mechanistic details of 

catalysis. Density Functional Theory (DFT) is herein extensively employed to unravel the 

properties of periodic chemical systems that act as a proxy for the nanoparticle surfaces in 

heterogeneous catalysts.1-3 Using DFT, one can probe the catalyst at the nanoscale to find 

details which are otherwise difficult to obtain by experimental means. Foremost, these 

computations can provide atomic-level understanding of catalysts to support the 

development of structure-performance relationships that can guide the design of improved 

materials.4-6 By a systematic study of the elementary reaction steps pertaining to the catalytic 

reaction of interest, key points on the higher dimensional potential energy surface can be 

probed. From these points and their curvature, using a statistical thermodynamics approach, 

a chemo-kinetic network can be generated from the energetics. From such a network, 

microkinetics simulations can be conducted wherein the activity and selectivity of the 

catalyst can be studied. Finally, the mechanistic role of key descriptors such as the activation 

energies of the elementary reaction steps can be identified in a sensitivity analysis.7, 8 The 

overview of the process for DFT-based microkinetics simulations is depicted in Figure 2.1. 

In this chapter, we will provide a conceptual explanation for each of these steps. 
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Figure 2.1. Framework for first-principles-based microkinetic modeling of kinetic 

properties of heterogeneous catalysis. 

 

2.2 Density functional theory 

Using quantum mechanics, we can answer questions pertaining to the electronic structure 

of chemical systems. This requires solving the Schrödinger equation for the concerned 

systems. The time-independent non-relativistic Schrödinger equation for the electronic 

problem can be expressed as 

                                                                   Ĥ EY = Y                                                         (2.1) 

In this equation, Ĥ  is the Hamiltonian operator, Y the wave function, and E refers to the 

energy eigenvalue. For a system of N electrons and M nuclei, the Hamiltonian operator in 

atomic units is given by 

                      2 2

1 1 1 1 1 1,

1 1 1ˆ
2 2

N M N M N N M M
A A B

i A
i A i A i j i A B AA i A ij AB

Z Z Z
H

M r r R= = = = = > = >

= -  -  - + +å å åå åå å å       (2.2) 

where MA is the mass and ZA the atomic number of nucleus A, 
,i Ar  the distance between 

electron i and nucleus A, 
ijr  the distance between electrons i and j and 

ABR  the distance 

between nuclei A and B. The five terms in the above equation correspond to the kinetic energy 

of the electrons, the kinetic energy of the nuclei, the interaction energy between each electron 

and the collection of atomic nuclei, the interaction energy between different electrons and 

finally the repulsion between the nuclei. 
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 Since the mass of the nuclei is much larger than that of the electrons, we can assume that 

the electrons will spontaneously adjust their position under any perturbation of the nuclei. 

Under this so-called Born-Oppenheimer approximation, we decouple the electronic degrees 

of freedom from the nuclear degrees of freedom. Hence, equation (2.3) simplifies to 

                                       2

1 1 1 1,

1 1ˆ
2

N N M N N
A

i
i i A i j ii A ij

Z
H

r r= = = = >

= -  - +å åå åå  (2.3) 

This form of the Hamiltonian is called the electronic Hamiltonian, which acts on the 

many-electron wavefunctionY to produce the energy E. Because of the decoupling of the 

nuclear from the electronic degrees of freedom, the electronic energy due to the repulsion 

between the nuclei (i.e. the fifth term in equation 2.2) becomes a constant which is added to 

the electronic energy to obtain the total energy of the electronic problem. 

Within the context of the non-relativistic Schrödinger equation, there is no term in the 

Hamiltonian that acts directly upon the spin of the electrons, however, the spin state is 

indirectly accounted for by the form of the wavefunction which works as follows. Two spin 

functions, corresponding to spin-up and spin-down, that depend on a further unspecified spin 

variablew are introduced. Together with the three spatial coordinates r  of an electron, this 

fourth spin variable is part of a four-variable electron coordinate, represented by 

                                                         { },w=x r    (2.4) 

In this formalism, the wavefunction corresponding to a single electron would then simply 

be a function that depends on x  as given by ( )c x where c is a so-called spin-orbital. For 

a many-electron wavefunction, one could then take the product of a set of single-electron 

wavefunctions as given by 

                                                             ( )HP

1

N

i i
i

c
=

Y = x  (2.5) 

Such a wavefunction is termed a Hartree product. However, since electrons are fermion 

and thus should be described by Fermi-Dirac statistics, the wavefunction must be anti-

symmetric with respect to the interchange of the coordinate x  (i.e. both space and spin) of 

any two electrons. A Hartree product does not have this property. A type of wavefunction 

that does obey this anti-symmetry principle, is a Slater determinant, which is given by  

                         ( )

( ) ( ) ( )
( ) ( ) ( )

( ) ( )

1 1 1
1

2
2!

i j k

i i j i k

i N N N

N

c c c
c c c

c c

-
Y =

x x x

x x x

x x




   
 

 (2.6) 
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wherein the spin orbitals ic  are orthonormal in the sense that 

                                                                  
i j ijc c d=   (2.7) 

By insertion of the Slater determinant (equation 2.6) as the form of the wavefunction into the 

many-electron Schrödinger equation (equations 2.1 and 2.3) and further employing 

Lagrange’s method of undetermined multipliers to minimize the energy E, leads to the 

familiar Hartree-Fock equations, which are a set of integro-differential equations as given by 

                                      21 ˆ ˆ
2

A
i b b a a a

A b a b aiA

Z
J K

r
c e c

¹ ¹

é ù
ê ú-  - + - =ê úë û

å å å  (2.8) 

Where ˆ
bJ is the coulomb operator as given by 

                                        * 1
2 12

ˆ (1) (1) (2) (2) (1)b a b b aJ dx rc c c c-é ù= ê úë ûò  (2.9) 

And ˆ
bK  the exchange operator as given by 

                                       * 1
2 12

ˆ (1) (1) (2) (2) (1)b a b a bK dx rc c c c-é ù= ê úë ûò  (2.10) 

Herein, (1)ac and (2)ac represent the spin orbitals ac  occupied by electron 1 and electron 

2, respectively. Similarly, (1)bc and (2)bc are the spin orbitals bc  occupied by electron 1 

and electron 2. From 2.8, it is clear that the outcome of the differential equation depends on 

the integrals ˆ
bJ and ˆ

bK , hence, any numerical solution needs to be obtained using an 

iterative procedure. Finally, numerical implementations of the above strategy introduce a 

basis set expansion of the spin-orbitals ac leading to the so-called Roothaan equations.9 

                                                              =HC ESC   (2.11) 

wherein H is the Hamiltonian matrix wherein each matrix element represents the integral 

form of equation 2.8, C a coefficient matrix containing the linear expansions for each of the 

spin-orbitals, E a diagonal eigenvalue matrix and finally S an overlap matrix. 

Despite that the Hartree-Fock method correctly describes the effect of exchange 

correlation, it fails to describe the instantaneous electron-electron repulsion as it 

approximates this interaction using an averaged electron charge cloud. Notably, dispersion 

forces that arise due to electron correlation such as van der Waals interactions can be 

expected to be badly represented within the Hartree-Fock theory. 

Many post-Hartree-Fock approaches were introduced to tackle these shortcomings. 

Prominent examples include configuration interaction (CI), coupled cluster (CC) and 

Møller–Plesset perturbation theory (MPPT). Although these approaches provide an 

improvement upon conventional Hartree-Fock method, the scaling with respect to the 
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number of atoms is much worse. Whereas Hartree-Fock scales by N4 where N is the number 

of atoms, second-order Møller–Plesset perturbation theory scales by N5, coupled cluster 

using singles and doubles scales by N6, and finally configuration interaction can have a 

scaling as high as N9
. Generally, given this scaling behavior with respect to the number of 

atoms, these approaches are only applicable to calculations involving relatively small 

systems. In practice, it is often used in the study of the electronic properties of chemical 

system containing less than 50 atoms. However, the majority of chemical systems involved 

in heterogeneous catalysis are much larger and in the order of 100-200 atoms.  

Even if the Hartree-Fock method would accurately describe the electron-correlation 

effects, its N4 scaling would still make this method computationally quite demanding. The 

dominant computational step contributing to the N4 scaling in Hartree-Fock approximation 

involves the evaluation of the two-electron integrals as shown in equations 2.9 and 2.10. If 

these integrals could be replaced by a functional that purely depends on the electron density, 

rather than explicitly on the wave function, the scaling could be reduced to N3 (mainly arising 

from the matrix diagonalization). Furthermore, if this functional properly captures both the 

electron-exchange as well as the correlation, it could even be more accurate than the Hartree-

Fock method. This leads to the important question whether the electron density can in fact 

be used to calculate the ground state electronic energy of a many-electron system, which is 

answered by the Hohenberg-Kohn theorems. 

 

2.2.1 Hohenberg–Kohn theorems 

The Hohenberg-Kohn theorems was an important step forwards in the development of 

DFT.10 The first Hohenberg-Kohn theorem states: The ground state of any interacting many 

particle system with a given fixed inter-particle interaction is a unique functional of the 

electron density. The first theorem suggests that there exists a one-to-one mapping between 

the ground-state external potential (from the nuclei) and the ground-state electron density. In 

this regard, the ground-state electron density uniquely determines electronic properties of the 

system such as the total energy and wave function of the ground state. This points out a way 

to solve the many-electron Schrödinger equation by just finding a function of three spatial 

variables of the electron density, rather than a function of 3N coordinates. Thus, the electronic 

energy [ ]E r of the system is given by 

                                                        [ ] [ ] [ ] [ ]E T V Ur r r r= + +  (2.12) 

where [ ]T r , [ ]V r , and [ ]U r are the kinetic energy, the external potential, and the electron-

electron interaction energy, respectively. Herein, the electron density is defined as: 
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                                                          ( ) 2

1

( )
N

i
i

r
=

= Yår r  (2.13) 

Although the first Hohenberg–Kohn theorem shows that a functional of the electron 

density can be employed to solve the electronic problem for relatively large systems, the 

form of this functional is still unknown. The second Hohenberg–Kohn theorem states that: 

The electron density that minimizes the energy of the overall functional is the true electron 

density corresponding to the full solution of the Schrödinger equation. This theorem gives 

us a detailed prescription for finding the wave function and the electron density in the ground 

state. 

For a given potential ( )v r , the ground energy functional can be defined as 

                                         r r r r[ ( )] ( ) ( ) [ ( )]E v d Fr r r=- +ò r  (2.14) 

The kinetic and electron-electron interaction energy in the Hamiltonian can be integrated 

to a universal functional [ ( )]F r r , which is valid for any number of particles and any external 

potential: 

                                 
r r

r r
r r( ) ( )1

2
[ ] [ ] [ ]XCF T d d Er rr r r¢

¢-
¢= - +ò  (2.15) 

Plugging the above equation into eq. 2.14 gives 

              r r r - r r
r r
r r

1
[ ] [ ] ( ) ( ) [ ]

2

( ) ( )
XCE T v d d d Er r r rr r ¢= - +¢

- ¢ò ò  (2.16) 

Then, the four terms in the above equation are, in order, the potential energy, the electron-

electron interaction energy, the kinetic energy, and the exchange correlation functional. It 

should be noted that although the theory states that the kinetic energy can be evaluated based 

from the electron density, the functional dependence is unknown and in practice, it is 

evaluated from the (independent particle ) wave function ( )iY r (vide infra). Since exact 

expressions are known for the first three terms (taking into account that the kinetic energy is 

obtained from the wavefunction rather than the electron density) we can collect these in a so-

called “known” energetic term. 

                                                 known XC[ ] [ ] [ ]E E Er r r= +  (2.17)
 

The fourth term, corresponding to the exchange-correlation interaction is unknown and is 

approximated. In other words, XC[ ]E r  is defined to include all the effects that are not 

considered in the known[ ]E r  terms. 
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2.2.2 Kohn-Sham equations 

Although Hohenberg–Kohn theorems point out a way to obtain the ground state energy, 

it is however still difficult to find the ground energy state solution from the total energy 

functional due to the undefined exchange-correlation functional. Kohn and Sham solved this 

problem by demonstrating that the electron density can be expressed in a way that involves 

solving a set of single-electron equations. They employed the non-interacting single electron 

kinetic energy functional [ ( ) ]sT r r to replace the actual kinetic energy functional [ ( )]T r r . 

Furthermore, 
XC[ ( )]E r r  as shown in equation 2.17 is now defined as the exchange and 

correlation energy of an interacting system and it also includes all the differences between 

the real kinetic energy term and non-interacting single electron kinetic energy term. This 

gives the following expression for the total energy. 

               
XC

XC

1
[ ] [ ] ( ) ( ) [ ]

2

1
( ) ( ) [ ]

2

( ) ( )

( ) ( )

s

N

i
i

E T v d d d E

v d d d E

r r r r

e r r

r r

r r

¢= - +

¢= - +

¢
- ¢

¢
- ¢

ò ò

å ò ò

r r r - r r

r r r - r r

r r
r r

r r
r r

  (2.18) 

Here, ie is the lowest eigenvalues of a Kohn–Sham single-electron equation. To obtain

[ ]sT r , we need to solve the following set of Kohn–Sham equations  

                                    r r r
2

[ ( )] ( ) ( )
2 KS i i iV r e

ì üï ï-ï ï+ Y = Yí ýï ïï ïî þ
 (2.19) 

                                XC
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[ ]( ')
[ ( )] ( ) '

' ( )

E
V V d

d rr
r

dr
= + +

-ò
r

r
r r

r r
r

 (2.20) 

One of the differences between the Kohn–Sham equations and the full Schrödinger 

equation is that the solution of the Kohn–Sham equations are single-electron wave functions 

( )iY r  that depend on only three spatial variables. In equation 2.19 and 2.20, KS[ ( )]V r r  is 

the full Kohn-Sham potential which includes a term for the interaction between an electron 

and the collection of atomic nuclei, ( )V r . The second term of the Kohn-Sham potential 

(equation 2.20) is the Hartree potential which describes the Coulomb repulsion between the 

electrons. The third term refers to the potential for the exchange and correlation contributions 

to the single-electron equations. The second and third term both depend on the total electron 

density ( )rr  resulting from all electrons in the system in an averaged way. The Kohn-Sham 
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equations move forward a key step to obtain the ground state electron density, which can be 

used to compute the total energy. Similar to the Hartree-Fock equations, the Kohn-Sham 

equations are also a set of integro-differential equations and their solutions are found using 

an iterative procedure known as the self-consistent field method. 

 

2.2.3 Exchange-correlation functional 

Local density approximation (LDA) 

Theoretically, we can obtain the ground state energy by solving the Kohn-Sham equations 

in a self-consistent way, instead of solving the full Schrödinger equation. In order to solve 

the Kohn-Sham equations, an expression for the exchange-correlation functional XC[ ( )]E r r  

is required. Although an exact expression for this functional is unknown, a straightforward 

approximation to the exchange-correlation functional can be derived from the highly 

idealized situation of the homogeneous electron gas. Herein, the total exchange-correlation 

energy is calculated from the following integral 

                                            
LDA
XC XC( ( ) ( ( ))E n dr r) = ò r r r  (2.21) 

wherein XC( ( ))r r  is a constant corresponding to the exchange-correlation energy per 

particle of the homogeneous electron gas of density r( )r . In other words, to calculate the 

exchange-correlation energy of an inhomogeneous electron gas, the correlation energy of a 

uniform electron gas of the same density is used. The LDA is an oversimplification of the 

actual density distribution and leads to an overestimation of bond energies. Strictly, the LDA 

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 based on LDA simulations. 

Generalized gradient approximation (GGA) 

Although LDA proved to be successful to describe metals, it cannot be used to describe 

systems with rapidly varying electron density as present in chemical reactions. A relatively 

straightforward extension of the LDA is to include the gradient of the electron density as 

employed in so-called generalized gradient approximation (GGA) methods. Herein, the total 

exchange-correlation is given by the following integral 

                                       
GGA
XC XC( ( ) ( ( ), ( ))E n dr r r) = ò r r r r  (2.22) 

Due to various ways to implement the gradient information of the electron density in the 

exchange-correlation term, many distinct GGA functionals were proposed. Herein, the 
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Perdew-Wang functional (PW91)11 and Perdew-Burke-Ernzerhof functional (PBE)12, 13 are 

the most widely used. In this thesis, all calculations were carried out using the PBE functional 

because of its outstanding performance in describing electronic structures of metals and 

oxides.14 

Beyond the LDA and GGA, there are further approximations which are developed to 

improve the accuracy compared with the LDA and GGA. These approximations have been 

classified by Perdew using the biblical metaphor of Jacob’s ladder, as illustrated in Figure 

2.2.15 The ground upon which the ladder stands represents the Hartree-Fock approximation, 

which does not include any electron correlation. The next rung is occupied by the LDA 

method, which includes the information of the electron density. GGA belongs to the second 

rung because it includes the density gradient on top of the scalar electron density. The third 

rung is called meta-GGA, which considers the additional information of the second 

derivative (i.e. the Laplacian) of the electron density. The higher rungs represent hybrid 

methods that generally contains either a combination of the exact exchange (e.g. as 

implemented in the Hartree-Fock method) and a GGA exchange or represent a fully non-

local methods. One can imagine that the computational cost rapidly increases with each rung 

of the ladder in conjunction with an increase in accuracy in the description of the chemical 

and physical phenomena. As such, it is clear that any systematic study is a trade-off between 

the accuracy and scope. In this thesis, we aim to generate a mechanistic understanding of 

heterogeneous catalysis. 

 
Figure 2.2 Schematic representation of the Jacob’s ladder. 
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This requires screening of many elementary reaction steps in systems composed of more 

than 100 atoms. Given this scope, all calculations were operated at the second rung of Jacob’s 

ladder by which the computational time remains feasible. The level of accuracy at this level 

of theory is about ±15 kJ/mol, although for elementary reaction steps over a catalytic surface 

typically lower errors are expected due to the principle of cancellation of error. 

 

2.2.4 Pseudopotentials and plane-waves method 

DFT has been widely employed in the study of chemical properties of relatively large 

systems.16-18 As we discussed above, this method provides a feasible approach to obtain the 

electron density of the system in the ground state. To solve the Kohn–Sham equations, a self-

consistent field (SCF) iteration is a key procedure. It gradually improves the electron density 

at each iteration until the ground state solution is obtained. In order to efficiently perform the 

SCF procedure on a computer, the electronic wave function is expanded by a set of functions 

called a basis set. 

In practice, the choice for a basis set depends on many aspects, such as the size of the 

system, the accuracy required for the simulations and the boundary conditions of the system. 

For periodic systems (e.g. bulk and surface models), plane wave basis sets are used to 

construct the electron wave function as these basis functions readily encompass the periodic 

nature of the electronic systems. This is demonstrated in Bloch’s theorem which shows that 

the solutions of the Schrödinger equation under the influence of a periodic potential should 

have the same periodicity as the lattice as given by 

                                         n nr R R ri( ) exp( ) ( )Y + = ⋅ Yk  (2.23) 

where nR  refers to an arbitrary translation vector of the crystallographic lattice and k

represents the wave vector in reciprocal space.19 Using this theorem, the Kohn–Sham 

equation for a periodic system can be solved by expanding electronic wavefunctions at each 

k-point in the reduced reciprocal space. 

To describe chemical bonding and the principle of catalysis, it is sufficient to only 

describe the valence electrons using the plane waves as these play a more crucial role than 

the core electrons. Since the core electrons exhibit rapid oscillations close to the nuclear core, 

these would demand a high number of basis functions for an accurate description, resulting 

in the situation where the least important part of the electronic structure problem requires the 

most amount of computational time. As such, the description of the core electrons is handled 

using a so-called frozen core approximation. Herein, the core electrons are described using a 

pseudopotential. Based on this concept, norm-conserving pseudopotentials, ultrasoft 

pseudopotentials, and projector-augmented-wave (PAW) methods are developed.20 

Especially the PAW method is a more popular one. Herein, the wavefunction is divided into 
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two parts: a partial expansion within an atom-centered sphere, and an enveloping function 

outside. The two parts are then matched smoothly at the sphere edge. The wavefunction 

within the sphere is linked onto a local basis of auxiliary functions. This linkage ensures that 

the kinks and strong oscillations near the nucleus are attached to a numerically smooth 

auxiliary wave function, which is expanded into planewaves. This methodology to describe 

the core electrons is one of the key features that is implemented (although not exclusively) 

in the Vienna Ab initio simulation package (VASP).21, 22 All electronic structure calculations 

conducted in this thesis have made use of this package. 

 

2.3 Microkinetic modeling   

Microkinetic modeling is a form of kinetic modeling wherein the individual contribution 

of all relevant elementary reaction steps pertaining to a chemokinetic mechanism are taken 

explicitly into account. The construction of a microkinetic model can be based on 

experimental data or on ab-initio data (or both). In this thesis, the input for the microkinetic 

model was generated from DFT calculations. In this section, we will first explain how 

microkinetic parameters can be established from first-principles calculations, next, we will 

show how a series of elementary reaction steps results in a set of ordinary differential 

equations and finally we close this section by explaining how such a set is solved and how a 

sensitivity analysis can be employed to obtain valuable insights from microkinetics 

simulations. 

 

2.3.1 Parameters for microkinetic modeling    

To compute the rate constant for a particular elementary reaction step, the Eyring equation 

is employed 

                                          
†
TS act

IS

expb

b

k T Q E
k

h Q k T

æ ö-D ÷ç ÷= ç ÷ç ÷çè ø
 (2.24) 

where k  is the reaction rate of a single elementary reaction step. bk  and h  are the 

Boltzmann’s constant and Planck’s constant, and T is the temperature in Kelvin, †
TSQ  and 

ISQ are the total partition functions for the molecular degrees of freedom in the initial and 

transition state and finally actED  is the zero-point energy corrected electronic activation 

energy. Within the scope of heterogeneous catalysis, we consider three types of elementary 

reaction steps, being adsorption, surface reaction, and desorption. These processes exhibit 

different configurations of the degrees of freedom, resulting in different expression for the 

rate constants. 
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When the reaction proceeds over the catalytic surface, the initial state and transition state 

are composed of the partition functions corresponding to 3N and 3N-1 vibrational degrees of 

freedom, where N is the number of atoms in the reactant, respectively. It should be 

emphasized that in this analysis, the catalytic surface is assumed to provide a negligible 

contribution to the vibrational partition function as the mass of the metal atoms is much larger 

than for the atoms of the adsorbent. The single vibrational degree of freedom which is omitted 

in the transition state corresponds to an imaginary vibrational frequency in the direction of 

the reaction coordinate. Within the framework of transition state theory, this degree of 

freedom is used to construct the b
kT

h
 prefactor as given in equation 2.24.  

The value for the vibrational partition functions are calculated within the harmonic 

approximation. Herein, the (reduced) vibrational partition function is given as 

                                             
vib

1

1 exp
b

q
h

k T

w
=

æ ö÷ç ÷- -ç ÷ç ÷çè ø

  (2.25) 

where w is the vibrational frequency. It should be emphasized that the term 

corresponding to the zero point energy exp
2 b

h

k T

wæ ö÷ç ÷-ç ÷ç ÷çè ø
has been migrated to the exponential 

term in equation 2.24 to yield a zero-point energy corrected activation energy, yielding the 

so-called reduced form for the vibrational partition function. Typically, the energy separation 

between the vibrational states is sufficiently large than only the vibrational ground state is 

occupied by which the vibrational partition functions can be approximated to be equal to 

unity. Under that approximation, the value for the prefactor in equation 2.24 can be 

approximated to lie in the order of 1013
 s-1. 

In contrast, the changes in degrees of freedom for adsorption and desorption processes are 

large resulting in a profound change in entropy. For adsorption reactions, we assume that one 

translational mode corresponding to a translational degree of freedom (perpendicular to the 

direction of the surface) is converted to a vibrational mode. The translational partition 

function transq has the following form: 

                                                trans

2 bL mkT
q

h

p
=  (2.26) 

Herein, L is the characteristic length of the translation and m is the mass of the particle. 

The rotational partition function for a diatomic molecule can be written as 

                                                     
2

rot 2

8 bIkTq
h

p
=      (2.27) 
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where I stands for the total rotational moment of inertia. 

We assume that adsorption is only entropically activated and thus has an electronic 

activation energy of zero, by which the exponential term in equation 2.24 is equal to unity. 

Insertion of the relevant partition functions in the Eyring equation and furthermore assuming 

that all vibrational partition functions can be set to unity, we obtain the following expression 

for the rate constant for adsorption: 

                                         
2 3

ads 3
3 22

(2 )

(2 )

b b

b

k T L mkT h
k

h
L mkT h

p

p
=   (2.28) 

Using the general gas equation ( PV = nRT ), we obtain the rate constant for 

adsorption. 

                                                           
ads

b2

PA
k

mk Tp
=          (2.29) 

where P  refers to the partial pressure of the reactant in the gas phase, A represents the 

surface area of the adsorption site and m the mass of the reactant. 

For desorption steps, we assume that the desorbing compound has two translational and 

three rotational degrees of freedom in the transition state. Furthermore, we assume that the 

initial state corresponds to a strongly adsorbed complex by which all molecular degrees of 

freedom are of a vibrational nature. When we plug the formulas for the translational degrees 

of freedom (equation 2.26) and rotational (equation 2.27) into the Eyring equation (equation 

2.24), we obtain after some straightforward algebra the following expression for the rate 

constant for desorption 
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k Tk T A mk
k e

h

p
sq

D
-

=  (2.30) 

Here, σ is the symmetry number, rotq  is the characteristic temperature for rotation, and 

desE represents the zero-point energy corrected electronic desorption energy.   

The above rate constants for the elementary steps are used to construct the differential 

equations for all surface reaction intermediates. The rate expression for an elementary 

reaction step j is given by 

                                                          
j
i

j j i
i

r k c n=   (2.31) 

wherein jk  is the reaction rate constant as calculated by the Eyring equation, ic  the 

concentration of reactant i in the elementary reaction step j on the surface, and j
in  the 
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stoichiometric coefficient of reactant i in elementary reaction step j. It should be emphasized 

that in equation 2.31, we only treat the elementary reaction step in one direction, thus for 

each elementary reaction step, two rate expressions as shown in equation 2.31 are obtained.  

 

2.3.2 Solving of ordinary differential equation  

The kinetic properties of the reaction, such as the overall reaction rate and steady-state 

coverages were computed as a function of temperature by integrating the set of ordinary 

differential equations (ODEs) with respect to time using the backward differentiation formula 

method (vide infra). In order to construct the ODEs, a series of elementary reaction steps and 

corresponding rate constants are constructed. This results into a set of 2R elementary reaction 

equations (forward and backward) with N compounds. For each surface compound, its 

change with respect to time is given by 

                                               ,

2

, ,

i
q j

R N
i

j i j q j
qj

k
t

nq
n q
æ ö¶ ÷ç ÷ç= ÷ç ÷ç¶ ÷çè ø

å   (2.32) 

where iq refers to the concentration of species i  on the surface, ,j in  stands for the 

stoichiometric coefficient of compoundi  in reaction j , jk is the rate constant of reaction j ,

,q jq is the concentration of compound q in reaction j and ,q jn is the stoichiometric 

coefficient of compound q in reaction j . From the above formula, we know that the 

concentration of each compound changes over time depending on whether the compound is 

a reactant or a product. For a given elementary reaction step, the rate at which the compound 

changes over time is determined by the reaction rate constant jk and the concentration of 

species involved in the elementary reaction step. The set of the ODEs is solved until a steady-

state solution is reached as given by 0i

t

qì ü¶ï ïï ï=í ýï ï¶ï ïî þ
, for all i. 

To explain how a set of ODEs can be time-integrated, we here introduce the forward Euler 

method. It should be noted that this method should not be employed in practice because of 

its instability and thus only acts as a pedagogical tool. In the forward Euler method, the 

differential equation is time-integrated with a fixed step size of tD  by which a new value 

( )iy t t+ D can be found from a known value ( )iy t  by using the following recurrence 

equation:  
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                                            '( ) ( ) ( )i i iy t t y t t y t+D » +D ⋅  (2.33) 

This forward Euler method shows that the error of the result increases with an increase of the 

step size. An alternative method is the backward Euler method as given by 

                                            '( ) ( ) ( )i i iy t t y t t y t t+D » +D ⋅ +D   (2.34) 

Note that the result of this equation depends on both the current state as well as the future 

state of the system as represented by an unknown term ' ( )iy t t+ D , by which Backward 

Euler is termed an implicit method whereas the Forward Euler is an explicit method. Despite 

that implicit methods require an additional computational step and are in general somewhat 

harder to set-up, this additional investment typically pays of as in order for explicit methods 

to remain stable, they require very small time steps. This is especially true for so-called stiff 

systems of ordinary differential equations.  

It is important to emphasize here that stiffness should not be considered a property, but 

rather a phenomenon observed for particular set of ordinary differential equations. From a 

practical point of view, stiffness is the observation that extremely small time steps are 

required in order to time-integrate the set of differential equations. It has been found that 

implicit integration methods allow for larger step sizes than explicit methods while retaining 

sufficient numerical stability.  

When describing the kinetics of catalytic systems, it is almost universally observed that 

these give rise to stiff sets of ODEs. An intuitive way to see this is by noting that even small 

changes in the activation energy of an elementary reaction step result in large differences for 

the reaction rate constant due to the exponential dependency on the activation energy as 

readily seen in equation 2.24. Hence, within the system of ODEs, the rate constants (and thus 

in turn the ODEs) easily cover several orders of magnitude in difference. 

In this work, we solve such systems by applying a linear multistep backward 

differentiation formula method as implemented in the Sundials library.23 Uniquely, this 

method allows for on-the-fly change of the order between 1 and 5, wherein the order is 

increased when the hyperdimensional surface is steep and more numerical accuracy is 

required and reducing the order when the hyperdimensional surface is relatively flat to save 

on computational time. In this method, the steepness is assessed by evaluation of the Jacobian 

matrix. 

 

2.3.3 Kinetic sensitivity analysis 

By performing microkinetics simulations, we can obtain kinetic properties such as the 

reaction rates and surface coverages under transient and steady-state conditions. A kinetic 
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sensitivity analysis of the system can be conducted to obtain the observables which can be 

related to experimental data, providing valuable insight towards the rational design of new 

catalysts or the interpretation of experimental results of existing catalytic materials.  

Reaction orders 

The reaction order probes the relative change in the reaction rate with respect to a relative 

change in the partial pressures or concentrations of the gas phase compounds (either reactants 

or products). It provides a way to investigate the influence of the reactants and the products 

on the reaction. To exemplify this procedure, let us consider the reaction A +  B  C , 

for which the reaction rate can be expressed as 

                                                 [ ] [ ] [ ]A B Cn n nr k A B C= ⋅ ⋅ ⋅   (2.35) 

or 

                                                        A B cn n n
A B Cr k p p p= ⋅ ⋅ ⋅   (2.36) 

Herein, An , Bn , and Cn are the reaction orders of components A, B, and C, respectively. 

The reaction n is defined by the following differential 

                                                              
ln

i i
i

r
n p

p

+¶
=

¶
  (2.37) 

where in  is the reaction order in component i , r+  is the rate in the forward direction and 

ip  the partial pressure of component i . The reaction order can be established by 

experimental means by which it is a useful kinetic parameter to validate a microkinetic model. 

Apparent activation energy 

The dependence of the partial pressures of the component on the reaction activity is 

reflected by the reaction orders. The apparent activation energy can be used to explore the 

influence of temperature on the reaction rate. The apparent activation energy can be 

expressed as  

                                                           app 2
act

ln r
E RT

T

+¶
D =

¶
  (2.38) 

This parameter is the kinetic sensitivity analysis for temperature. A positive value of the 

apparent activation energy suggests that the overall reaction rate increases when the 

temperature is increased. In contrast, a negative value means that the overall reaction rate 

would be decreased with a decrease in temperature. Similar to the reaction order, the apparent 

activation energy is an experimentally accessible value, which has played a powerful role in 



Chapter 2. Computational methods 
 

35 

understanding reaction kinetics and mechanisms. It is typically measured by fitting the 

temperature dependence of the reaction rate or rate constant to the Arrhenius law. 

Degree of rate control  

In analytical modelling of chemical kinetics, the so-called rate-determining step (RDS) 

assumption has proven to be very useful. In this assumption, it is assumed that a single 

elementary reaction step is so slow that it “single-handedly” determines the overall reaction 

rate. With the advent of more powerful computational simulations, it soon became clear that 

multiple steps control the overall rate. Furthermore, which elementary reaction steps control 

the rate is a function of many hyperparameters including temperature, partial pressures, and 

conversion. Instead of a priori assuming that a single step is rate-determining, in 

microkinetics simulations we conduct a sensitivity analysis on the activation energy for all 

elementary reaction steps. This approach is termed a Degree of Rate Control (DRC) analysis 

and was popularized by Campbell.24 

For each elementary reaction step, a DRC coefficient can be calculated by evaluating the 

following differential: 

                                       
RC,

, ,
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j i i j i i

i
i

i ik K k K

k r r

r k k
c

¹ ¹
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  (2.39) 

In equation 2.39, r  is the overall reaction rate, ik  and 
iK  are the forward rate and the 

equilibrium constants for step i, respectively. In other words, this differential probes the 

relative effect on the reaction rate by changing the activation energy by an infinitesimal 

amount, while keeping the rate constants of all other elementary reaction steps fixed as well 

as the overall thermodynamics of the reaction. A positive value for RC,ic  implies that the 

overall reaction rate increases when the barrier of the elementary reaction step is lowered. In 

contrast, a negative DRC coefficient means that a lowering of the reaction barrier decreases 

the overall reaction rate. When operating at zero conversion (i.e. under kinetic conditions and 

infinitely far from equilibrium), the sum of all DRC coefficient of all elementary reaction 

steps should be unity as expressed as 

                                                        
RC, 1i

i

c =å         (2.40) 

Analogous to the degree of rate control, the degree of selectivity control (DSC) is defined to 

determine the influence of a particular elementary reaction step on the selectivity of the 

overall reaction.25 The DSC coefficient can be evaluated as follows 

                                    
DSC, , RC, , RC, ,
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where ch is the selectivity to compound c with respect to some reference compound i, 

RC, ,i cc  is the DRC coefficient with respect to the rate of compound c, RC, ,i rc  is the DRC 

coefficient with respect to the rate of a reactant r. From the sum-rule of DRC coefficients 

and equation 2.40, we can deduce that the sum of DSC coefficients is zero as given by 

                                                        
DSC, 0i

i

c =å    (2.42) 
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Chapter 3 
Transition Metal Doping of Pd(1 1 1) for the 

NO + CO Reaction 
 

Abstract 

The replacement of platinum group metals by non-noble metals has attracted significant 

attention in the field of three-way catalysis. Here, we use DFT calculations to 

comprehensively study NO reduction by CO and CO oxidation on Pd(1 1 1) and transition 

metal doped Pd(1 1 1). Whilst direct NO dissociation is very difficult on metallic Pd(1 1 1), 

doping with transition metals can substantially lower the reaction barrier for NO dissociation. 

The lowest barrier is predicted for Ti-doped Pd(1 1 1). An electronic structure analysis shows 

that the low barrier is due to the strong adsorption of N and O on surface sites involving Ti 

atoms. It relates to strong hybridization of the N and O orbitals with the half-filled d-band of 

the metallic surface. At the same time, the anti-bonding states are shifted above the Fermi 

level, which further strengthens the adsorption of N and O. A Brønsted-Evans-Polanyi 

relation for NO dissociation on TM-doped Pd(1 1 1) surfaces is identified. The complete 

reaction pathway for N2, N2O and CO2 formation on Pd(1 1 1) and Ti-doped Pd(1 1 1) was 

considered. Besides more facile NO dissociation, the energy barrier for CO oxidation is 

decreased for the Ti-doped surface. Microkinetics simulations confirm that the activity and 

selectivity for NO reduction and CO oxidation are drastically improved after Ti doping. Our 

findings indicate that doping of Pd with non-noble metal can further improve the 

performance of three-way catalysts. 
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3.1 Introduction 

 Nitric oxide (NO), carbon monoxide (CO) and unburnt hydrocarbons are major pollutants 

emitted from automobile exhaust. These toxic gases are harmful to human health and the 

environment. Therefore, the catalytic removal of these exhaust gases has become an 

important technology.1, 2 Current three-way catalysts (TWCs) consist of typical platinum-

group metals, such as Pt, Pd and Rh, which promote NO reduction and CO and hydrocarbon 

oxidation reactions.3 Previous reports showed that the activity of these metals for the NO 

dissociation differs significantly. In general, Rh and Pt nanoparticles are the more active 

components for NO reduction in TWCs. Especially Rh-based catalysts can convert NOx into 

N2 with high activity and selectivity at relatively low temperature.4, 5 Early DFT 

computations showed that the energy barriers of NO dissociation on Rh(100) and Rh(111) 

are 0.48 eV and 1.53 eV, respectively. These barriers are much lower than the barrier of 2.44 

eV reported for Pd(111).6 Eichler and Hafner predicted a barrier of 1.21 eV for NO 

dissociation on Pt(100) as the rate-limiting step in the NO + CO reaction.7  

 While for a long time the combination of Pt and Rh has been utilized to simultaneously 

reduce NO and oxidize CO, 8-11 the high price of these noble metals has driven research to 

employ cheaper transition metals (TM). The lower price has been a driver to replace Pt by 

Pd in TWCs, although recently Pt and Pd prices are comparable to Pd-based catalysts have 

gained wider spread interest from the academic community in recent years.12-15 The 

possibility of alloying a noble metal like Pd with cheaper TMs has also been explored. Lopez 

and Nørskov investigated synergetic effects in CO adsorption on Cu-doped Pd(111) alloys 

and found that differences in adsorption energies can be correlated to changes in the 

electronic structure.16 Yang and co-workers studied NO adsorption and dissociation on 

neutral and charged TM-doped Pd clusters.17 Sautet’s group investigated the structure 

sensitivity of NO dissociation on Pd surfaces and computed NO dissociation barriers of 2.44 

eV and 1.63 eV for Pd(111) and Pd(100), respectively. NO dissociation on the stepped 

Pd(511) surface also involved a relatively high barrier of 1.54 eV.6 The higher barriers for 

Pd compared to Rh are consistent with the preference to use Rh for achieving good NO 

reduction activity in practical TWCs.  

 Selective catalytic reduction (SCR) of NO requires a reductant such as CO, NH3, H2 or 

CxHy. 18, 19 In the context of TWC, NO reduction with CO or H2 has been extensively studied. 
9, 10, 20, 21 Paredis et al. explored the evolution of the structure and oxidation state of Pd 

nanoparticles supported on ZrO2 during NO reduction by H2.22 Liu et al. reported that NO 

dissociation by H2 on Pd(111) and their results indicated that the N-O bond scission can be 

facilitated via H-assisted reaction pathway, with the activation barrier of 1.58 eV.23 

Molecular beam studies have also been used to study the NO + CO reaction on Pd(111).24 

Goodman et al. explored the structure sensitivity of the NO + CO reaction on Pd(100) and 
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Pd(111).25 They observed that Pd(111) was about five times more active than Pd(100) for 

NO + CO reaction. In general, it can be stated that Pd is not active enough for NO dissociation, 

even in the presence of H2. This relates to the weak activation of NO on Pd surface and, 

possibly, the poisoning effect of N and O atoms produced by NO dissociation.26 Recent 

reports provide new directions to the field of TWC.27, 28 Ham and co-authors reported that 

small Pd ensembles in AuPd alloys facilitate CO oxidation.29 Cheng et al. found that the 

activity of AuPd alloys for CO oxidation can be tuned by changing the composition.30 These 

results suggest that the CO oxidation activity of Pd can be improved by TM doping. A 

comprehensive overview of the effect of TM doping on the NO + CO reaction is however 

lacking.  

 In this work, we use density functional theory (DFT) calculations combined with 

microkinetics simulations of the model TWC NO + CO reaction to investigate the influence 

of TM doping of Pd(111). We use the Pd(111) surface as a reference as it is the dominant 

surface of Pd nanoparticle catalysts.31, 32 We first investigate the adsorption of atomic and 

molecular species on Pd(111) and Ti-doped Pd(111), followed by a mechanistic study of 

direct NO dissociation on various TM-doped Pd(111). A strong Brønsted-Evans-Polanyi 

(BEP) correlation of the NO dissociation barrier as function of the N and O adsorption 

energies will be discussed. We computed the complete potential energy diagram for the NO 

+ CO reaction on Pd(111) and Ti-doped Pd(111). The results show that Ti doping not only 

improves NO dissociation but also facilitates N atom recombination as well as the oxidation 

of CO with the O atom originating from NO dissociation. Microkinetics simulations revealed 

that the activity and N2 selectivity of Pd in the NO + CO reaction can be drastically improved 

by Ti doping.  

3.2 Computational methods 

3.2.1 DFT calculations 
 We performed spin-polarized DFT calculations by using the projector augmented wave 

(PAW) 33 method as implemented in the Vienna Ab Initio Simulation Package (VASP).34, 35 

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 36 was used. The cut-

off energy for the plane-wave basis was set to 400 eV. Partial occupancies were determined 

by the first-order Methfessel-Paxton scheme with a smearing width of 0.2 eV. The optimized 

lattice constant of bulk Pd was 3.95 Å, which agrees well with previous results.23, 37 In order 

to model the Pd(111) surface, we constructed  a 2x2 unit cell with five atomic layers, giving 

a slab thickness of 9.15 Å. The top two layers were relaxed and the bottom three layers were 

frozen to the configuration of the bulk. To evaluate the influence of lateral interactions 

between periodic images, we calculated for some elementary reaction steps the transition 

states in a larger 3x3 unit cell. The energy difference of computed activation barriers between 
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the 2x2 and 3x3 unit cells was negligible (i.e., less than 0.01 eV/atom). To avoid spurious 

interactions of adsorbates between neighbouring super cells, a vacuum thickness of 12 Å was 

used. A Monkhorst-Pack mesh with a k-point sampling of 5x5x1 was used for the Brillouin 

zone integration. For the doped Pd(111) model, a Pd atom in the top layer was substituted by 

a transition metal (TM = Ti, Pt, Fe, Au, Ag, Cu, Ni), resulting in a surface doping content of 

25%. The doping of Pd(111) in this way with a TM atom is indicated by TM-Pd(111). To 

investigate the stability of these TM-Pd(111) surfaces, we calculated the exchange energy of 

the doped surfaces (see Figure A1). It was thus found that the doped TM atoms are strongly 

bound in the Pd metal surface. It is noteworthy that PdTi alloy with a controllable bimetallic 

ratio was able to fabricated via a mild dealloying process.38 Besides, recent studies show that 

Pd-based alloys were stable.39, 40 For the Ti and Fe atom, a Hubbard-like term describing the 

on-site Coulombic interactions was introduced and set to Ueff = 4.5 eV and 4 eV, respectively. 

This approach was previously reported to provide a better description of localized states for 

strongly correlated system.41, 42 We also tested the effect of U on Ti-doped and Fe-doped 

system and found that the U term has limited influence on energy difference and activation 

barrier. The systems were assumed to be converged when the Hellmann-Feynman forces 

were less than 0.05 eV/Å. To study the reaction mechanism, we calculated the location and 

energy of transition states by the climbing-image nudged elastic band method.43, 44  

 Adsorption energies are computed by  

                        ads m+surf surf m( )E E E E                                 (3.1) 

where m+surfE , surfE  and mE  are the total energies of the adsorbed system, the empty 

surface and the corresponding gas phase species, respectively. Repulsion was also considered 

in our study, which is defined as the difference between the total energy of the co-adsorbed 

species and their corresponding configuration at infinite separation on the catalytic surface. 

 

3.2.2 Microkinetics modeling 
 Using the stable and transition states identified for the explored reaction mechanisms, we 

carried out microkinetics simulations to determine the reaction rate and the product 

distribution. For surface reactions, the computed activation energies are used to estimate the 

forward and backward rate constant using the Eyring equation:  

                                 
a

b

TS
b

E

k Tk T Q
k e

h Q



                   (3.2) 

Herein k is the reaction rate constant, kb and h the Boltzmann and Planck’s constants, 

respectively, T the temperature (in K), and Ea the electronic activation energy (in J). QTS and 

Q refer to the partition functions of the transition state and the ground state, respectively. As 
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an approximation, we assumed that all vibrational partition functions equal unity. This leads 

to a pre-factor for all surface elementary reaction steps of ~1013 s-1. 

 For adsorption reactions, we assumed that the molecule loses one of its translational 

degrees of freedom with respect to the gas phase. Therefore, the rate for molecular adsorption 

was defined as: 

                                 
ads

b
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2

PA
k S

mk T
              (3.3) 

where P is the partial pressure of the adsorbate in the gas phase, 'A  the surface area of the 

adsorption site, and m and S the mass of the adsorbate and its sticking coefficient, 

respectively.  

 For desorption, we assumed that the activated complex has two translational and three 

rotational degrees of freedom. Accordingly, the rate of molecular desorption is defined as 45 
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                    (3.4) 

where σ indicates the symmetry number, θ refers to the characteristic temperature for rotation, 

and Edes is the desorption energy.  

 The details for the microkinetics simulations have been described in our previous work 46, 

47 and is briefly discussed here for clarity. For all surface reaction intermediates, the 

differential equations were constructed by using the rate constants of the elementary reaction 

steps.  

 The above rate constants for the elementary steps are used to construct the differential 

equations for all surface reaction intermediates. The rate expression for an elementary 

reaction step j is given by 

                          
j

i
j j i

i

r k c            (3.5) 

wherein  jk  is the reaction rate constant as calculated by the Eyring equation, ic  the 

concentration of reactant i in the elementary reaction step j on the surface, and  
j

iv  the 

stoichiometric coefficient of reactant i in elementary reaction step j. 

 To identify the elementary steps that control the overall reaction rate of the NO + CO 

reaction, Campbell’s degree of rate control (DRC) analysis 48-50 was used. For a specific 

elementary step i, the degree of rate control coefficient ,RC i  is determined by  
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 In the above equation, r indicates the overall reaction rate and ki, and Ki represent the 

forward rate and the equilibrium constants for step i, respectively.  

 The DFT-based microkinetics calculations were performed using the MKMCXX program. 
51 The overall conversion rates of the NO + CO reaction, steady-state coverages and product 

distribution were computed as a function of temperature by integrating the ordinary 

differential equations with respect to time using the backward differentiation formula 

method.52-54 

Table 3.1. Adsorption energetics and geometries of surface intermediates relevant to the NO 

+ CO reaction on Pd(111) and Ti-Pd(111). 

 

3.3 Results and discussion 

3.3.1 Atomic and molecular species adsorption on Pd(111) and Ti-Pd(111) 
 We investigated the adsorption properties of all relevant intermediates in the NO + CO 

reaction for Pd(111) and Ti-Pd(111) surface models. Table 3.1 summarizes the adsorption 

energies and geometries of the relevant reaction intermediates. For Pd(111), NO will bind at 

fcc and hcp sites (at the N-terminus) with adsorption energies of -2.19 eV and -2.17 eV, 

respectively. The Pd-N bond length is 2.04 Å for both surfaces. The vibrational frequency of 

adsorbed NO molecule is 1584 cm-1 at the fcc site with an N-O bond length of 1.21 Å. These 

values are in good agreement with literature data.23, 55 NO adsorption on Ti-Pd(111) was 

slightly less favourable with values of -2.03 eV and -1.95 eV on fcc and hcp sites, 

respectively. Correspondingly, the Ti-N bond lengths are somewhat longer: 2.22 Å for the 

fcc site and 2.12 Å for the hcp site. The corresponding stretching frequency for the NO 

molecule is around 1533 cm-1 at the fcc site of Ti-Pd(111). Clearly, doping the Pd(111) 

surface with Ti results in a red-shift of the N-O stretching frequency, indicative of a 

weakening of the N-O bond with respect to NO adsorbed on Pd(111) and consistent with the 

Reaction species          Configurations                           Bond lengths (Å)                                Eads (eV) 

  Pd(111) Ti-Pd(111) Pd(111) Ti-Pd(111) 

NO fcc (N-end) d(Pd-N) = 2.04 d(Ti-N) = 2.22 -2.19 -2.03 

NO1 hcp  (N-end) d(Pd-N) = 2.04 d(Ti-N) = 2.12 -2.17 -1.95 

N2 Bridge d(Pd-N) = 2.12 d(Ti-N) = 2.16 -0.08 -0.23 

N2O Bridge d(Pd-N) = 2.07 d(Ti-N) = 2.06 -0.19 -0.07 

N fcc d(Pd-N) = 1.90 d(Ti-N) = 1.91 -4.73 -4.75 

N1 hcp d(Pd-N) = 1.91 d(Ti-N) = 1.90 -4.63 -4.67 

O fcc d(Pd-O) = 2.00 d(Ti-O) = 1.85 -4.55 -5.73 

O1 hcp d(Pd-O) = 2.00 d(Ti-O) = 1.85 -4.35 -5.65 

CO fcc d(Pd-C) = 2.12 d(Pd-C) = 2.05 -1.63 -1.57 

CO2 fcc d(Pd-C) = 2.13 d(Pd-C) = 2.06 -0.03 -0.71 
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increased N-O bond length of 1.22 Å. This result suggests that Ti doping will result in a more 

facile NO bond dissociation. N2 binds weakly at the bridge site of Pd(111) (Eads = -0.08 eV), 

which is in agreement with previous studies of Huai et al., who calculated an adsorption 

energy of -0.17 eV.23 Similar to N2 adsorption, the N2O molecule has a small adsorption 

energy of -0.19 eV. Our calculated adsorption energy is very close to the previous work of 

Wei and co-workers, who reported an adsorption energy of -0.14 eV.56 CO prefers to adsorb 

at an fcc site on oxygen pre-covered Pd(111) and Ti-Pd(111). The adsorption energies are -

1.63 eV and -1.57 eV, respectively. The Pd-C bond is 2.12 Å on the Pd(111) surface, which 

is slightly longer than Ti-Pd(111) (2.05 Å). 

 Atomic N adsorbs strongly on the metal surfaces. Its adsorption energy, with respect to 

gaseous N, is -4.73 eV and -4.63 eV at fcc and hcp sites, respectively. The Pd-N bond length 

is ~1.90 Å. For Ti-Pd(111), N adsorbs even more strongly with energies of -4.75 eV and -

4.67 eV, respectively for fcc and hcp sites. For O adsorption, a similar trend was found. For 

Pd(111), an O atom adsorbs with energies of -4.55 eV and -4.35 eV on fcc and hcp sites, 

respectively. For Ti-Pd(111), O adsorption is much more exothermic with -5.73 eV for the 

fcc site and -5.65 eV for the hcp site. Clearly, the impact of Ti doping is greater for O 

adsorption than for N adsorption. 

 

 
Figure 3.1. Potential energy diagram and associated structures for the direct dissociation of 

NO on Pd(111) and Ti-Pd(111).  

3.3.2 Direct NO dissociation  
 NO dissociation is an important elementary reaction step in car exhaust clean-up catalysis, 

as it is a critical step in the overall reaction to reduce NO into N2. We choose NO adsorbed 

in its most stable adsorption mode as the initial state (IS) for direct NO dissociation, which  
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Figure 3.2. (a) Partial density of states (PDOS) analysis of N and O in the initial, transition 

and final states for the NO dissociation on Pd(111). The panels on the left represent to the 

PDOS of N, and the panels on the right to the PDOS of O. (b) PDOS analysis of N and O in 

the initial, transition and final states for the NO dissociation on Ti-Pd(111). The panels on 

the left represent to the PDOS of N, and the panels on the right to the PDOS of O. 
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is in a threefold coordination on a fcc site. In the transition state (TS), the N and O atoms 

migrate to adjacent bridge sites. In the final state (FS), the N and O atoms are bound in 

adjacent fcc sites of Pd(111). The reaction barrier for this process is 2.32 eV (Figure 3.1) and 

the reaction is endothermic by 1.12 eV. This calculated energy barrier is very close to 

previous result.6 Exploring the same pathway on Ti-Pd(111) resulted in an activation barrier 

of only 0.65 eV. It is important to mention that this barrier is much lower than previously 

obtained barriers for NO dissociation on open Pd(100) and stepped Pd(511) surfaces.6 

 In order to understand the origin of the enhanced activity towards direct NO dissociation 

upon Ti doping, the electronic structure of the surfaces was analysed in more detailed by a 

partial density of states (PDOS) and crystal orbital Hamilton population (COHP) analysis.57, 

58 Figure 3.2a shows the orbital-resolved PDOS for N and O in the initial, transition and final 

states. The features in the PDOS were identified by comparison with the PDOS of NO placed 

in an empty simulation cell (Figure A2). We will first discuss the PDOS of NO dissociation 

on Pd(111) and then contrast the insights with corresponding data for Ti-Pd(111). 

 In Figure 3.2a, it can be seen that in the initial state the 5σ, 1π and 4σ molecular orbitals 

of NO are respectively located around -7.76 eV, -8.01 eV and -13.34 eV with respect to the 

Fermi level. In free NO, the 2π orbital of NO is only partially filled, whereas in the adsorbed 

state it lies far below the Fermi-level (i.e., at -2.55 eV). This shows that there is back–

donation from the filled d-orbitals of the Pd metal to the partially filled 2π molecular orbital. 

In the transition state, the N and O atoms are only weakly bound to each other, as can be seen 

from the disappearance of the 5σ and 1π molecular orbitals. Instead, two p bands appear 

between -5.02 eV and -7.11 eV for the N and O atom, respectively. These p bands correspond 

to the atomic orbitals of N and O. The PDOS for the final state closely resembles the PDOS 

of the transition state, indicative of a late transition state. This is also apparent from the 

similar geometries of the transition and final state. The late character of the transition state is 

further confirmed by the linear coefficient of the BEP analysis (vide infra). 

 Figure 3.2b depicts the PDOS of Ti-Pd(111). As compared to Pd(111), the 5σ, 1π and 4σ 

orbitals of molecular NO are shifted towards the Fermi level in the initial state. This is evident 

from the fact that Ti, a d2 metal, has fewer electrons than Pd, which is a d10 metal. The px and 

py orbitals corresponding to the 2π molecular orbital are more delocalized, which indicates a 

stronger orbital overlap between NO and the d-band as well as a stronger back-donation 

fromTi-Pd(111) as compared to Pd(111). This can be further rationalized by the stronger 

ability of Ti to accept electrons from the 5σ molecular orbital and consequently to donate 

electrons in the 2π orbital. Similar to NO dissociation on Pd(111), the PDOS shows that the 

5σ, 1π and 4σ molecular orbitals disappear in the transition and final state.  

 To analyse the bonding nature of the different states, a COHP analysis was conducted. In 

Figure 3.3, the Pd-N interaction is shown. It can be seen that there are a number of anti-

bonding states close to the Fermi-level for the transition and final states for NO dissociation  
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Figure 3.3. COHP bonding analysis. Pd–N and Ti–N interactions in initial states, transition 

states and final states. The upper panels show the situation in Pd(111), whereas the lower 

panels correspond to the Ti-Pd(111). The Fermi levels were set to the energy zero. Bonding 

state interactions to the right and antibonding state interactions to the left. Palladium is shown 

in dark cyan, the Palladium atom involved in Pd-N interaction is yellow, titanium in cyan, 

nitrogen in blue, and oxygen in red. 

on Pd(111). In comparison, these states are bonding in nature for Ti-Pd(111). The COHP 

analysis for the interaction between the next-nearest neighbour Pd atom on the surface and 

adsorbed N is shown (Figure A3). Herein, a similar trend is seen, indicating that the 

adsorption of N atom is strengthened by Ti doping. The same kind of analysis was conducted 

for the interaction of Pd with O, further confirming the observed trend (Figure A4). For 

Pd(111), there are several anti-bonding states around the Fermi-level, whereas for the Ti-

doped case, these Ti-O states are bonding. Again, this shows that substitution of a Pd surface 

atom with a Ti atom results in a stronger interaction between the metal surface and the N and 

O atoms and in turn this results in a lower activation barrier for NO dissociation. 
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Figure 3.4. Partial density of states (PDOS) analysis of the first atomic layer in the initial, 

transition and final states for the NO dissociation on Pd(111) (left panels) and Ti-Pd(111) 

(right panels). 

 In Figure 3.4, the averaged PDOS of the first atomic layer of the surface is shown. For 

Pd(111) in the initial state, the majority of the d-states lie below the Fermi level. For the 

corresponding Ti-Pd(111) case, a large number of d-states are located above the Fermi level 

and are thus empty. These empty d-states are able to accept electrons and they will, via σ-

donation and π-back-donation, weaken the N-O molecular bond. The DOS analyses are 

consistent with the COHP analyses. Both indicate that Ti doping can effectively modulate 

the electronic structure of Pd metal surface, which strengthens the back-donation effect and 

facilitates the NO dissociation. 

 Next, we carried out similar transition state calculations for a wider range of TM-doped 

Pd(111) surfaces. The activation barrier for direct NO dissociation is plotted against the NO 

dissociation reaction energy in Figure 3.5a. It emphasizes the existence of a BEP relation for 

NO dissociation with a linear scaling parameter of  = 0.86. This high BEP value implies 

that NO dissociation occurs via a late transition state, which is common dissociation reactions. 
59 The activation barrier depends in a similar manner on the atomic adsorption energy (Figure 

3.5b). This result is not surprising, as NO adsorption energies are relatively independent of 

the transition metal dopant. Therefore, the reaction enthalpy is mainly determined by the 

differences in adsorption energies in the final state. The correlation in Figure 3.5b can be 

used to explore other catalyst compositions without having to explicitly perform a transition 

state search.  
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Figure 3.5. (a) Brønsted–Evans–Polanyi relation for NO dissociation on transition metal 

surfaces. The energy barrier is linearly related to the NO dissociation energy. (b) The energy 

barrier is linearly related to the sum of the N and O adsorption energies.  

 

Figure 3.6. COHP bonding analysis. TM-N interactions in final states of NO dissociation on 

TM-doped Pd(111). The Fermi levels were set to the energy zero. Bonding state interactions 

to the right and antibonding state interactions to the left. 

 The COHP analysis in Figure 3.6 concerns the metal-N interaction, which is presented in 

descending order of the NO dissociation barrier. It clearly shows that with increasing energy 

of the anti-bonding states, the metal-atom binding strength increases and the corresponding 

barrier for NO dissociation decreases. In other words, the anti-bonding states are shifted 

above the Fermi level, which strengthens the adsorption of the atoms and decreases the 

reaction barriers.  
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3.3.3 N2 and N2O formation  
 After NO dissociation, there are two competing pathways that lead to either N2 or N2O. 

In the first pathway, two N atoms recombine to form N2. In the second one, a N atom reacts 

with an adsorbed NO molecule to N2O. In the following, we compare these two reaction 

routes for N2 and N2O formation on Pd(111) and Ti-Pd(111). In Figure 3.7, the reaction 

energy diagram is shown. The barrier for N + N recombination to form N2 is 0.99 eV and the 

process is strongly exothermic by 2.17 eV. 

 

Figure 3.7. Potential energy diagram and structures for the N2 and N2O formation 

mechanism on Pd(111) and Ti-Pd(111). Palladium is shown in darkcyan, titanium in cyan, 

nitrogen in blue, and oxygen in red. 

Subsequently, N2 can readily desorb from the surface as its adsorption energy is only 0.08 

eV. The activation barrier for N2 formation on Ti-Pd(111) is only 0.55 eV; this reaction is 

exothermic by 2.00 eV. It is noteworthy of note that this barrier is much lower than the N2 

recombination barrier of 1.60 eV on Pd(100). N2 adsorbs slightly stronger on Ti-Pd(111) 

(0.23 eV) than on Pd(111).  

  The other product of NO reduction is N2O. In order for NO and N to react, they need to 

migrate to adjacent fcc sites on the surface. This migration is energetically unfavourable and 

the migration energy with respect to NO and N infinitely far apart is 0.90 eV and 1.09 eV for 

Pd(111) and Ti-Pd(111), respectively. The energy barriers for the formation of N2O by 

reaction of N + NO on Pd(111) and Ti-Pd(111) are 1.00 eV and 0.77 eV, respectively (Figure 

3.7). N2O desorption is facile in both cases due to its weak binding with the surface. The 

energy barrier for N2O formation is very close to the energy barrier for N2 formation on 

Pd(111). On the other hand, the energy barrier for N2O formation is much higher than for N2 

formation on Ti-Pd(111). Thus, we infer that Ti doping of Pd will result in enhanced 

selectivity to N2 over N2O. 
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Figure 3.8. Potential energy diagram and structures for CO oxidation on Pd(111) and Ti-

Pd(111).  

3.3.4 CO oxidation on oxygen pre-covered surfaces 
 Besides N2 and N2O formation, another important pathway is the formation of CO2. Here, 

we explored the effect of Ti doping on CO oxidation on oxygen pre-covered Pd(111). In our 

model (Figure 3.8), the initial state is represented by co-adsorbed molecular CO and atomic 

O on Pd(111). The reaction proceeds through a transition state with a barrier of 0.92 eV. 

Herein, the distance between C and O atoms decreases from 2.80 Å to 1.88 Å. In the final 

state, adsorbed CO2 is formed which is only weakly bound on Pd(111). For oxygen pre-

covered Ti-Pd(111), the adsorption energy of CO on the surface is similar to that on Pd(111). 

In contrast, the bond distance of the C and O atom decreases to 1.79 Å in the transition state. 

Correspondingly, the energy barrier for CO oxidation is only 0.74 eV. Clearly, the C-O bond 

on Ti-Pd(111) is much stronger as compared to that on Pd(111). As such, not only NO 

reduction benefits from Ti doping in Pd, but CO oxidation is also facilitated by it. 

 
Figure 3.9. The product conversion rates ln(r) (r in mol s−1 site−1) on Pd(111) and Ti-Pd(111) 

(p = 1 atm, NO/CO ratio = 1) for: (a) N2, (b) N2O, (c) CO2.  
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3.4 Microkinetics simulations 

 In order to gain a detailed insight into the impact of Ti doping on the performance of 

Pd(111) in environmental catalysis, we carried out microkinetics simulations to compute 

reaction rates and product distributions. Here, we will discuss the reaction network in more 

detail in terms of the composition of the adsorbed layer and the degree of rate control as a 

function of temperature. 

 Figure 3.9 shows that the N2, N2O and CO2 conversion rates are much higher on Ti-Pd(111) 

than on Pd(111) at relatively low temperatures. The reason for this is the much lower barrier 

for direct NO dissociation on Ti-Pd(111). Also, the activation barriers for N2, N2O and CO2 

formation on Ti-Pd(111) are lower than on Pd(111).  

 

Figure 3.10. (a) Surface coverage and (b) degree of rate control for the NO + CO reaction as 

a function of the temperature on Pd(111); (c) surface coverage and (d) degree of rate control 

for the NO + CO reaction as a function of the temperature on Ti-Pd(111) (p = 1 atm, NO/CO 

ratio = 1). 

  The steady-state surface coverages as a function of temperature are shown in Figure 3.10. 

It can be clearly seen that the Pd(111) is completely covered by NO at low temperature. As 

NO dissociation proceeds at intermediate temperatures, N2O is produced. At higher 

temperature, the fraction of free sites increases sharply until the surface is nearly completely 

empty. For Ti-Pd(111), NO can already dissociate at room temperature, which leads to a high 
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atomic N coverage at relatively low temperature (Figure 3.10c). With increasing temperature, 

N2 is the main product which leads to a decrease of the atomic N coverage at intermediate 

temperature. Furthermore, a small amount of atomic O is present at intermediate 

temperatures. Adsorbed CO can react with atomic O to form CO2, which can easily desorb. 

 The DRC analysis supports these trends. From Figure 3.10b, it can be seen that NO 

dissociation is the rate-determining step below 750 K for Pd(111). With increasing 

temperature, both N2O as well as CO2 formation become rate-controlling steps with a similar 

DRC coefficient (χ = 0.5). For Ti-Pd(111), Figure 3.10d shows that NO dissociation controls 

the overall NO consumption rate at very low temperatures (T < 400 K). With increasing 

temperature, N2 formation by atomic N recombination becomes the rate-determining step 

around 600 K.  

 This result is reflected in Figure 3.9a, wherein it can be seen that the rate of N2 formation 

is significantly higher for Ti-Pd(111) as compared with Pd(111). At the highest temperature 

on both surfaces, CO2 formation and N2 formation become rate-controlling steps as the 

temperature is sufficiently high that all previous elementary reaction steps pose no longer a 

kinetic barrier.  

 

Figure 3.11. Selectivity as a function of the temperature for the NO + CO reaction on (a) 

Pd(111) and (b) Ti-Pd(111) (p = 1 atm, NO/CO ratio = 1). 

 In terms of selectivity, N2 is formed on Ti-Pd(111) at a much higher rate than N2O. In 

other words, the pathway for NO reduction to N2 is kinetically more favourable on Ti-

Pd(111). This can be clearly seen in Figure 3.11, wherein the selectivity as a function of 

temperature is depicted. At low temperature, N2O is the dominant product of NO reduction. 

However, the main production switches to N2 at high temperatures. In Figure A5, plots of 

the degree of selectivity control (DSC) for N2 and N2O as a function of temperatures for the 

Pd(111) suggest that elementary steps of N2 and N2O formation control the product 

selectivity at high temperature. For Ti-Pd(111), the DSC analysis for N2 and N2O formation 

indicates that the selectivity of N2 is determined by NO dissociation and N atom 
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recombination, while the reaction of N + NO controls the selectivity of N2O at low 

temperatures (Figure A6). Thus, the very high selectivity of N2 on the Ti-doped surface can 

be attributed to the low energy barrier for NO dissociation and N atom recombination. 

  In summary, from our microkinetics simulations it is clear that under typical reaction 

conditions, the Ti-Pd(111) surface is much more active as well as selective towards N2 

formation as compared to pristine Pd(111). The dominant contributor to this enhanced 

activity is the very low NO dissociation barrier on Ti-Pd(111) as is evident from the DRC 

analysis. Whereas this elementary reaction step is rate-determining over a relatively large 

temperature range for Pd(111), it is only moderately rate-controlling for Ti-Pd(111). 

 

3.5 Conclusion 

 We have investigated the thermodynamics and kinetics of all elementary reaction steps 

relevant to NO + CO reaction on pristine and Ti-doped Pd(111) using DFT calculations and 

used these data to predict reaction rate and product distribution in microkinetics simulations. 

Direct NO dissociation faces high activation barriers on Pd(100) and Pd(111). Ti-doping of 

Pd(111) results in a strong decrease of the NO dissociation barrier to 0.65 eV. DOS and 

COHP analyses show that Ti-doping changes the electronic structure such that N and O atoms 

binds strong, explaining the lower barrier for NO dissociation. This fact is further reflected 

by a BEP relation showing that the transition state is late and stabilization of dissociated N 

and O thus facilitates a decrease of the reaction barrier. The mechanism of N2, N2O and CO2 

formation is explored on Pd(111) and Ti-Pd(111). The energy barriers for the N + N and CO 

+ O association on the Ti-doped surface are also lower than on the Pd(111) surface. 

Microkinetics simulations show that NO already can be dissociated at room temperature on 

Ti-Pd(111) which leads to much higher overall reaction rates at low temperatures. In addition, 

the rate-determining step for NO + CO reaction is identified. At low temperatures, the NO 

dissociation controls the overall reaction rate on both unpromoted and Ti-doped Pd surfaces. 

Importantly, our findings indicate that the activity and selectivity can be drastically improved 

by non-noble transition metal doping and point out a very promising way to design the Pd-

based three-way catalysts. 
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Appendix A. 

 

Figure A1. Exchange energy of different transition metal doped Pd(111). 

Here, we define the exchange energy eE  as: 

                                     e TM-Pd(111) Pd surf TME E E E E                                    (3.7) 

where T M -Pd(111)E and surfE  are the total energy of TM-Pd(111) and Pd(111), 

respectively. PdE  and TME  the energy of bulk Pd atom and doped atom, respectively. A 

more negative value would indicate stronger atomic binding. 

 

  

Figure A2. Density of states analysis of NO in the gas phase and the corresponding 

identification of the molecular orbitals. 
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Figure A3. COHP bonding analysis. Pd–N interactions in initial states, transition states and 

final states of NO dissociation. The upper panels show the situation in Pd(111), whereas the 

lower panels correspond to the Ti-Pd(111). All energies are reported with respect to the Fermi 

level. Bonding state interactions are shown on the right whereas the antibonding state 

interactions are shown on the left. Palladium is shown in dark cyan, the Palladium atom 

involved in Pd-N interaction is yellow, titanium in cyan, nitrogen in blue, and oxygen in red. 
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Figure A4. COHP bonding analysis. Pd–O and Ti–O interactions in transition states and 

final states of NO dissociation. The upper panels show the situation in Pd(111), whereas the 

lower panels correspond to the Ti-Pd(111). All energies are reported with respect to the Fermi 

level. Bonding state interactions are shown on the right whereas the antibonding state 

interactions are shown on the left. Palladium is shown in dark cyan, the Palladium atom 

involved in Pd-O interaction is yellow, titanium in cyan, nitrogen in blue, and oxygen in red. 

 



Chapter 3. Transition metal doping of Pd(111) for the NO + CO reaction 

62 
 

 

Figure A5. Degree of selectivity control (DSC) for N2 and N2O as a function of temperature 

for the Pd(111) surface. The key product components were set to N2 and N2O (only 

elementary steps with absolute DSC value greater than 0.01are shown). 

 

Figure A6. Degree of selectivity control (DSC) for N2 and N2O as a function of temperature 

for the Ti- Pd(111) surface. The key product components were set to N2 and N2O (only 

elementary steps with absolute DSC value greater than 0.01are shown). 
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Chapter 4 
Computational Design of Improved Pd/CeO2 

Catalysts for Low-Temperature NO reduction: 
Activating CeO2 Lattice Oxygen by Fe Doping 

 
Abstract 

The development of better three-way catalysts with improved low-temperature performance 

is essential for cold start emissions control. Here, we employ density functional theory 

calculations to explore reaction pathways for the conversion of CO/NO/H2 mixtures on a 

model containing a small Pd3 cluster on the CeO2(111) surface, representing the Pd-CeO2 

interface in Pd/CeO2 catalysts. These reaction energetics are used to simulate the kinetics of 

the CO + NO reaction under stoichiometric and rich conditions. N2O formation occurs via a 

N2O2 dimer pathway over the metallic Pd3. Part of the N2O intermediate product will 

reoxidize Pd, limiting the NO conversion and requiring rich conditions to obtain high N2 

selectivity. At high temperature, full NO conversion to N2 is achieved because N2O 

decomposition on ceria oxygen vacancies formed at this temperature is very easy. The 

number of ceria oxygen vacancies can be increased by doping CeO2 with Fe. Both 

microkinetics simulations and experiments confirm that this strategy can lower the 

temperature at which oxygen vacancies on the CeO2 support appear, explaining the increased 

N2 selectivity at intermediate temperature. These insights show how lattice oxygen activation 

in ceria by transition metal doping can lead to an improved performance for NO reduction to 

N2 at relatively low temperature, guiding the design of improved three-way catalyst operating 

below 200 °C.  
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4.1 Introduction 

 Supported platinum group metal (PGM) catalysts are key components of catalytic 

convertors in motor vehicles, which can simultaneously convert CO, NOx, and hydrocarbons 

from the exhaust of gasoline engines to less harmful gases.1-4 The control of these pollutants 

employing Pd, Pt and Rh in three-way catalysts (TWCs) is a well-established technology, 

which typically operates at temperatures above 250 °C.5, 6 Excess emissions during a cold 

start, which is the period from the start of the engine until hot operation, can make a 

significant part of the total emissions. Repeated cold start events in fuel-efficient hybrid 

electric vehicles pose a new challenge in reducing the overall emissions. Therefore, it is 

imperative to develop TWCs with improved performance at low temperature.7-12  

 Recently, substantial progress has been made in preparing single-atom (PGM) catalysts 

(SACs) with outstanding performance in low-temperature CO oxidation. SACs represent a 

new direction in heterogeneous catalysis because of the ultimate (atom) efficiency in PGM 

utilization, which has a direct impact on automotive emissions control given the high price 

of PGMs and the size of the TWC market.13-16 For example, highly active SACs for CO 

oxidation can be prepared by combining PGMs with reducible oxides such as TiO2
17, FeOx

18, 

Cu2O19 and CeO2.20, 21. CeO2 is most widely used in TWCs because of its ability to disperse 

PGMs and high oxygen storage capacity. Recent work emphasizes that the activation of 

lattice oxygen atoms of CeO2 in highly dispersed Pt/CeO2 catalysts leads to catalysts active 

in CO oxidation below 150 °C.14 Pd/CeO2 SACs are also active under these conditions.22 Pd 

is currently widely used in modern TWCs and does not require a reduction activation step as 

for Pt. In general, small clusters of Pt and Pd on CeO2 are active catalysts for CO 

oxidation.23,24  

 Environmental legislation on NOx emissions is becoming stricter, because NO and NO2 

by-products of fuel combustion at high temperature contribute to respiratory diseases. NOx 

reduction to N2 is catalysed by Pd and especially Rh, the latter being however much more 

expensive.25 Increasing NOx removal at low temperature using TWCs is challenging, because 

the strong N-O bond in NO needs to be broken.26-28 It is known that small clusters of PGMs 

can strongly bind and activate NO.29, 30 However, at low temperature the main reaction 

product is N2O,30, 31 which is undesired as it is harmful to humans and a strong greenhouse 

gas.32, 33 Optimizing TWCs for low-temperature NOx removal in a rational manner is 

hampered by a lack of understanding of the mechanism and the active sites. NO dissociation 

has been widely studied in surface science studies employing single crystals of PGMs, which 

demonstrated that open metal surfaces including step-edge sites are preferred for NO 

dissociation.34, 35 For CO oxidation, the classical mechanistic picture of purely metal-

catalysed chemistry has shifted to a description in which the metal-ceria interface provides 

the active sites.36 Then, a high PGM dispersion on ceria is beneficial. In the context of stricter 
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NOx emissions regulations, it is therefore important to determine the role of the interface 

between highly dispersed clusters and single atoms of PGMs and CeO2 on NO reduction.  

 Herein, we used a combined experimental and theoretical approach to understand which 

reaction steps limit the NO reduction reaction at low temperature for Pd/CeO2. Pd was chosen 

as it is much cheaper than Rh. The structural model used for computations is based on a well-

characterized Pd/CeO2 catalyst, which consists of very small Pd clusters on CeO2 and 

exhibits good catalytic performance in NO reduction. Although this catalyst is already active 

below 200 °C, the main product is N2O under these conditions. The energetics of elementary 

reaction steps relevant to three-way catalysis were computed using density functional theory 

and used as input to microkinetics simulations that predict CO oxidation and NO reduction 

kinetics. A sensitivity analysis of the microkinetics points to elementary reaction steps that 

limit the overall rate and the selectivity and guides the design of an improved catalyst 

formulation. Specifically, we will demonstrate that slow decomposition of N2O on the CeO2 

support is the root cause of low N2 selectivity at low temperature. Doping CeO2 with Fe 

increases the number of vacancies and significantly increases the NO reduction activity of 

the model system.  

 
Figure 4.1. (a) and (b) NO conversion and N2 selectivity during NO + CO and NO + CO + 

H2 reactions, respectively (PCO = PNO = 0.01 atm, PH2 = 0.005 atm).  (c) CO conversion during 

CO oxidation for Pd/CeO2 and Pd/SiO2 (PCO = PO2 = 0.01 atm), (d) HAADF-STEM and EDX-

mapping images of Pd/ CeO2. 
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Figure 4.2. Structural models used in DFT calculations composed of  Pd3 and Pd3O cluster 

placed on the (111) surface of CeO2 with and without a ceria surface oxygen vacancy (VO): 

(a) Pd3O/CeO2, (b) Pd3O/CeO2_VO, (c) Pd3/CeO2 (d) Pd3/CeO2_VO (color code: grey, Ce; 

pink, O; turquois, Pd). The codes between brackets are used in the following and pertain to 

states described in Figure 4.3.  

 

4.2 Results and discussion 
4.2.1 Catalytic performance Pd/CeO2 vs. Pd/SiO2 

 Figure 4.1 shows the NO reduction light-off curves for a Pd/CeO2 catalyst obtained by 

wet impregnation of 1 wt% Pd on CeO2 nanoparticles. The CeO2 support was prepared by 

flame spray pyrolysis (FSP) of Ce(acetylacetonate) dissolved in glacial acetic acid, which 

yields small nanoparticles of ~5 nm with a much higher specific surface area of 145 m2/g 

than values usually reported for CeO2.37 The ceria nanoparticles expose preferentially the 

(111) surface. A reference sample containing 5 wt% Pd impregnated on silica was employed 

to ascertain the role of ceria as a support. According to XRD, this catalyst contained Pd 

particles with an average size of 4 nm (Figure B1). The catalytic performance was evaluated 

using a model feed containing NO + CO without and with a small amount of H2, representing 

stoichiometric and slightly rich conditions (Figures 4.1a and 4.1b). Light-off occurred below 

100 °C for Pd/CeO2 with full NO conversion being reached below 150 °C for both conditions. 

 Despite the higher Pd loading, Pd/SiO2 is much less active than Pd/CeO2 and full NO 

conversion is only reached above 250 °C. Both catalysts exhibit a low N2 selectivity with 

N2O as the main product of NO reduction below 200 °C. It is interesting to note that both 

catalysts show a small decrease of the NO conversion around 200 °C under stoichiometric 

conditions. Both catalysts also show very different performance in CO oxidation, in 
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qualitative agreement with the differences noted for the NO + CO reaction (Figure 4.1c). 

HAADF-STEM images in combination with EDX maps indicate a high dispersion of Pd in 

Pd/CeO2 with no evidence of Pd nanoparticles (Figure 4.1d), while the Pd/SiO2 catalyst 

contains nanometer-sized Pd nanoparticles. The high dispersion of the as-prepared Pd/CeO2 

catalyst is confirmed by Pd EXAFS analysis (Figure B2, Table B1). The Pd-Pd coordination 

number (CN) of 0.9 at a distance (R) of 2.81 Å points to very small clusters of a few Pd 

atoms on the CeO2 support. The significant Pd-O shell (R = 2.00 Å; CN = 4.1) is consistent 

with a strong interaction of Pd with ceria and may also indicate that the cluster is oxidized. 

Based on these results, we constructed a small Pd cluster model consisting of 3 Pd atoms 

placed on a periodic surface of CeO2 with the (111) termination. This model was chosen to 

keep the DFT calculations computationally tractable without compromising significantly on 

the key aspects of a small Pd cluster in contact with the ceria support.  

 

4.2.2 Elementary reaction steps three-way catalysis 

 We considered Pd3 and Pd3O clusters on CeO2(111) as the initial states of the surface for 

developing an as complete as possible reaction network relevant to three-way catalysis. Here, 

the Pd3 and Pd3O clusters represent the metallic Pd cluster and oxidized Pd cluster, 

respectively. The structural model emphasizes the chemistry occurring at the Pd-CeO2 

interface. The complete reaction network explored in this study, which is shown in detail in 

Figure 4.3, involves CO oxidation, NO dissociation, N2O formation and decomposition, N2 

formation, H2 dissociation, H2O formation and O2 dissociation. Below, we discuss in more 

detail CO oxidation, NO dissociation and N2O formation, and N2O decomposition.  

 CO oxidation involves the reaction of CO adsorbed on one of the Pd atoms of Pd3O/CeO2 

with an O atom of the stoichiometric ceria surface with an activation barrier of 80 kJ/mol. 

CO oxidation with the O atom of Pd3O/CeO2 is much more favourable with a barrier of only 

21 kJ/mol. This finding confirms that low-temperature CO oxidation involves O atoms of 

oxidized surface Pd rather than surface O atoms of ceria.38 We also explored the effect of an 

oxygen vacancy (VO) in the CeO2(111) surface close to the Pd cluster. CO2 formation with 

the O atom of Pd3O for the Pd3O/CeO2_Vo model has a nearly similar barrier of 29 kJ/mol 

as for the stoichiometric CeO2 surface. This shows that the electronic influence of a ceria 

oxygen vacancy on the chemistry of the Pd3O cluster is small. CO oxidation with a ceria O 

atom on Pd3/CeO2 is much more difficult with a barrier of 167 kJ/mol. This is caused by the 

much stronger binding of CO on Pd3/CeO2 (Eads = -275 kJ/mol) than on Pd3O/CeO2 (Eads = -

154 kJ/mol), raising the barrier for CO2 formation. These results are consistent with the 

insights of a previous computational work for a slightly larger Pd8 cluster on CeO2.12 
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Figure 4.3. The reaction pathways considered in the DFT calculation for NO reduction with 

CO (H2). Here, energetic parameters are displayed for each elementary step on various CeO2 

supported Pd clusters.  
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Figure 4.4.  Mechanistic pathways for NO dissociation: (a) Direct NO dissociation on 

Pd3/CeO2, (b) Direct NO dissociation on Pd3/CeO2_VO, (c) H-assisted NO dissociation on 

Pd3/CeO2, (d) NO dissociation via the N2O2 dimer pathway on Pd3/CeO2 (color code: grey, 

Ce; pink and red, O; blue, N; turquois, Pd; while, H). 

 

 We next considered NO reduction on these models. NO dissociation is a structure 

sensitive reaction, implying that the rate depends strongly on the metal particle size. NO 

dissociation on the close-packed (111) surface of Pd is very difficult with a computed barrier 

of 224 kJ/mol.39 Reported barriers on more open surfaces in experimental and theoretical 

studies are lower, but typically above 100 kJ/mol. For instance, the NO dissociation barrier 

on stepped Pd is around 150 kJ/mol.40 These more reactive step-edge sites are only expected 

on the surface of relatively large Pd nanoparticles as present on the Pd/SiO2 catalyst. 

Accordingly, we explored alternative pathways for NO dissociation on the Pd3/CeO2 model 

to explain the higher activity of the highly dispersed Pd phase in Pd/CeO2. We first focused 

on direct NO dissociation on Pd3/CeO2 and Pd3O/CeO2 in which the N atom ends up on the 

Pd cluster and the O atom on the ceria support. All these reactions have unfavourable 

activation barriers above 150 kJ/mol, as shown in Figure 4.4a and 4.4b and Figure B3. These 

reactions are strongly endothermic, even when a ceria O vacancy is healed by the O atom 

resulting from NO dissociation. Pathways in which the N and O atoms end up at the Pd3 and 

Pd3O cluster are even less favourable with barriers above 200 kJ/mol.  

 We also investigated the possibility H-assisted NO dissociation based on computational 

insights that CO dissociation can be facilitated by prior hydrogenation of adsorbed CO.41 We 
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focus on such a reaction pathway for the Pd3O/CeO2_Vo model. NO adsorbs slightly stronger 

(Eads = -169 kJ/mol) on the Pd3O cluster than CO (-146 kJ/mol). The adsorption energy of H2 

on the model containing NO is -66 kJ/mol. The formation of the HNO intermediate has an 

activation barrier of 105 kJ/mol. The N-O bond in this intermediate is activated in 

comparison with adsorbed NO as follows from the longer N-O bond in HNO (1.31 Å) than 

in adsorbed NO (1.20 Å). The resulting activation barrier for N-O bond dissociation in HN-

O is 92 kJ/mol. The O atom of NO migrates to the ceria O vacancy. Next, the H atom of the 

NH intermediate migrates to the ceria surface O atom with a barrier of 73 kJ/mol and 

adsorbed H2O is formed with the other H atom. The latter step has a relatively high barrier 

of 126 kJ/mol, while H2O is also strongly adsorbed on the ceria surface (Eads = -119 kJ/mol). 

The reaction energetics are similar for the Pd3/CeO2_Vo model. When the ceria surface does 

not contain an O vacancy, the barriers for HN-O dissociation are higher, i.e. around 108 

kJ/mol (Figure 4.4c). The remaining N adatom on the Pd cluster will react very easily with 

adsorbed NO to form N2O with typical barriers of 25 kJ/mol. As the direct and H-assisted 

NO dissociation need to overcome very high barriers, it is unlikely that two N adatoms can 

be formed on the small Pd3 cluster for direct N2 formation.  

 We also investigated the formation of N2O2 as an intermediate towards N-O bond 

dissociation on Pd3/CeO2. Figure 4.4d shows that the adsorption of 2 NO molecules on 

Pd3/CeO2 is favourable (Eads = -392 kJ/mol). From this state, N2O2 can be formed with a 

barrier of only 70 kJ/mol. This dimer can dissociate with a barrier of only 68 kJ/mol, resulting 

in the formation of adsorbed N2O and an O adatom. In the transition state, one of the N-O 

bonds is stretched to 1.87 Å from 1.48 Å in the initial state. The N2O product molecule 

adsorbs only weakly on the resulting Pd3O cluster (Eads = -19 kJ/mol). We found that, despite 

the strong adsorption of 2 NO molecules on Pd3O/CeO2, N2O2 formation is inhibited by the 

presence of the O adatom on the Pd cluster. 

 N2O decomposition is the main route towards N2 formation for the used model. N2O binds 

relatively strongly on Pd in the Pd3/CeO2 model (Eads = -62 kJ/mol). From this state, N2O 

desorption competes with N2O decomposition with an activation barrier of 61 kJ/mol. N2O 

adsorption on Pd in the Pd3O/CeO2 cluster is very weak (Eads = -19 kJ/mol). The O-N2 bonds 

in N2O adsorbed on Pd3O/CeO2 and Pd3/CeO2 are 1.26 Å and 1.29 Å, respectively. This 

indicates that the barrier for N2O decomposition after adsorption on Pd3O/CeO2 is higher 

than 61 kJ/mol. Thus, desorption of N2O is strongly preferred over decomposition. A third 

route towards N2 involves N2O adsorption on a ceria O vacancy (Eads = -106 kJ/mol). In this 

adsorbed state, the O-N2 bond is increased to 1.36 Å from 1.20 Å in the gas phase. The barrier 

for N2O decomposition from the adsorption state on ceria is very low (~5 kJ/mol).  

 NO dissociation on a Pd1/CeO2 was also considered, because recent studies emphasized 

the single-atom character of active sites in Pd/CeO2 catalysts for CO oxidation.22, 38 The 

model and relevant initial and transition states are shown in Figure B4. NO adsorbs very 
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strongly on the single Pd atom (Eads = -238 kJ/mol). However, direct NO dissociation is a 

strongly endothermic process (E = 349 kJ/mol) with a very high barrier of 469 kJ/mol. This 

is related to unstable final state where N atom adsorbs on Pd and O atom adsorbs between 

Pd and Ce atoms. H-assisted NO dissociation was also considered. After NO adsorption, H2 

co-adsorbs with NO with a very weak adsorption energy of -4 kJ/mol, meaning the co-

adsorption of H2 and NO is impossible. Thus, we exclude the H-assisted NO dissociation 

pathway. We can also exclude the N2O2 dimer pathway on the Pd1/CeO2 model, because 

adsorption of a second NO molecule is unfavourable. Based on these calculations, we rule 

out the role of NO reduction for a model containing a single Pd atom on CeO2(111).  

 

 
Figure 4.5. NO conversion and N2 selectivity for Pd3/CeO2 predicted by microkinetics 

simulations: (a) NO + CO reaction (PCO = PNO = 0.01 atm), (b) NO + CO + H2 reaction (PCO 

= PNO = 0.01 atm, PH2 = 0.005 atm).  

 

4.2.3 Microkinetics simulations Pd3/CeO2 

 The reaction energetics for the network displayed in Figure 4.3 was used to simulate the 

microkinetics of NO reduction in a simple continuous stirred-tank reactor (CSTR) model. 

Figure 4.5a and 4.5b show the results for stoichiometric and rich conditions. Under 

stoichiometric conditions, the reaction lights off below 100 °C and levels off at 80% until 

200 °C. Full NO conversion is only reached above 250 °C. The main product at low 

temperature is N2O, which starts being converted to N2 above 150 °C. The reaction is only 

selective to N2 above 250 °C. Under slightly rich conditions, the activity at low temperature 

is higher and full NO conversion is reached already at 125 °C. Although the N2 selectivity at 

lower temperature is only slightly improved under these conditions, complete conversion of 

NO to N2 still requires temperatures above 250 °C (Figure 4.5b). These predictions are in 

good agreement with the experimental reaction data for Pd/CeO2 (Figure 4.1a).  

 We then analysed the main reaction pathways for the stoichiometric case at 100 °C, 200 °C 

and 300 °C (Figure 4.6). At 100 °C, the reaction network analysis shows that the first step is  
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Figure 4.6. Reaction network analysis and coverage distribution for different reactions on 

Pd/CeO2 at 100 °C, 200 °C, and 300 °C. (a) NO + CO reaction, (b) NO + CO + H2 reaction. 

Here, the dominated reaction pathway are marked in green and deep grey. The key 

intermediates for the dominated pathway (green) are displayed. Partial pressures of NO, CO, 

and H2 are 0.01 atm, 0.01 atm, and 0.005 atm, respectively. (c) Structures for the key 

intermediates (color code: grey, Ce; pink and red, O; black; C; blue, N; turquois, Pd; while, 

H). 

the reduction of the Pd3O cluster to Pd3 on the stoichiometric ceria support by adsorbed CO. 

The main NO reduction reaction takes place on Pd3/CeO2 on which N2O is formed by 

dimerization of NO and its decomposition. Thus, at low temperature the overall reaction is 

CO + 2 NO → CO2 + N2O. NO conversion is limited by the fraction of the Pd3/CeO2 (T0c) 

state required for the N2O2 dimer pathway (Figure B5). At intermediate temperature, N2O 

decomposition will occur on the Pd3/CeO2 (T0c) state, resulting in the formation of N2 and 

Pd3O/CeO2. This can explain the finding that the NO conversion is limited to 80%, while CO 

conversion still increases with temperature. CO is converted to reduce Pd3O to Pd3. About 
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half of the N2O is decomposed on Pd3/CeO2, the other half on the small number of ceria O 

vacancies. This involves the reaction of CO adsorbed on the Pd3O cluster with a ceria surface 

O atom, resulting in the formation of a ceria O vacancy. This O vacancy can adsorb N2O, 

resulting in facile N2 formation. This N2O decomposition process on defective CeO2 is much 

easier than on Pd3O. As the rates of ceria O removal and N2O decomposition on Pd3/CeO2 

are much lower than the rate of NO reduction to N2O, the main reaction product remains N2O 

at this temperature. At 300 °C, the catalytic surface is further reduced and the dominant state 

is Pd3/CeO2_VO (T2d). Under these conditions, the reduction of the ceria surface by CO is 

sufficiently fast to generate O vacancies to decompose all N2O intermediate product formed 

on the Pd3 cluster. N2O decomposition takes place only on the defect CeO2 surface. This 

means that N2O is rapidly decomposed and cannot reoxidize Pd3 to Pd3O, explaining why 

full NO conversion can be achieved. 

 The effect of operating under slightly rich conditions by adding H2 has a limited influence 

on the microkinetics (Figure 4.6b). H2 can adsorb at low temperature on the model, which 

leads to the formation of a hydride-type species on the Pd3O cluster and a hydroxyl group on 

the CeO2 surface (T10b). The second H atom can also migrate to the CeO2 surface, resulting 

in the formation of H2O. However, H2O is relatively strongly bound (T14b), precluding 

formation of surface O vacancies at 100 °C. Analysis of the reaction network shows that the 

two dominant states at this temperature, T10b and T14b, are spectator species. The reduction 

of Pd3O to Pd3 occurs by H2 and CO in proportions similar with the partial pressure difference. 

Thus, the higher concentration of reducing reactants results in a higher steady-state 

concentration of Pd3/CeO2 and, henceforth, a slightly higher NO conversion at low 

temperature, which is also observed in the experimental data. The higher N2 selectivity at 

intermediate temperatures is related to the more facile reduction of the Pd3O cluster, which 

is consistent with Pd3/CeO2 (T0c) being the dominant state at 200 °C. Under these conditions, 

the CeO2 surface is also slightly reduced by H2, which also contributes to the higher N2 

selectivity. At 300 °C, all N2O intermediate product is again decomposed on the defect CeO2 

surface. We did not observe a contribution of H-assisted pathways in the microkinetics in the 

presence of H2, which is expected based on the much higher activation barriers of these 

pathways.  

 The microkinetics for the Pd3/CeO2 model correspond well with the experimentally 

observed kinetics for the Pd/CeO2 catalyst. The most important insight derived from the 

microkinetics simulations is that the catalysis at low temperature takes place on the Pd3 

cluster and does not involve the CeO2 support. CO (and H2) oxidation result in the reduction 

of the Pd3O cluster, required to open the N2O2 dimer pathway to convert NO into N2O at low 

temperature. N2O decomposition on the Pd3 cluster is slow, because of the weak binding of 

N2O to Pd3. The preferred pathway for the decomposition of N2O to N2 is via adsorption on 

ceria surface O vacancies followed by decomposition. These O vacancies can be generated 
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by CO or H2 oxidation at higher temperatures. The addition of H2 to simulate rich conditions 

increases the reaction rate slightly, because the reduction of the Pd3O cluster is easier. 

Moreover, the N2 selectivity is slightly higher because of the higher fraction of reduced Pd3 

and ceria O vacancies at intermediate temperatures. The limited NO conversion predicted by 

the simulations is due to reoxidation of Pd3 to Pd3O by N2O, decreasing the rate of NO 

dimerization and N2O formation on Pd3. This phenomenon related to Pd chemistry is also 

observed in the NO + CO reaction experiments for Pd/CeO2 and Pd/SiO2. For Pd3/CeO2 at 

high temperatures, when the removal of the ceria O surface atom by CO (or H2) is facile, all 

NO is converted to N2 on the defective ceria surface, because N2O preferably reoxidizes the 

defective CeO2 support instead of the Pd3 cluster. The main limitation with respect to NO 

reduction to N2 is therefore the formation of ceria O vacancies. This insight is used to guide 

the design of an improved Pd/CeO2 catalyst. 

   
Figure 4.7. Structural model of the Pd3O clusters on (a) Fe-doped CeO2(111) surface and (b) 

Fe-doped CeO2 (111) with a ceria surface O vacancy (color code: grey, Ce; pink, O; red, 

activated O; turquois, Pd; purple, Fe). 

 

4.2.4 Transition metal doping of ceria 

 Doping of ceria with low-valence cations such as rare earth or transition metal cations can 

introduce a much larger number of oxygen vacancies.42, 43  Kim et al. reported that the doping 

of an equal or lower valence cation as Ce4+ in CeO2 can make surface oxygen vacancy 

formation easier.44 Recent studies indicated that modification of the CeO2 surface with 

transition metals can improve the catalytic performance of CO oxidation. 45, 46 Su et al. 

systematically investigated the substitution of Ce4+ in the stable (111) surface of CeO2 by a 

range of transition metals, focusing on the local coordination environment of the dopant and 

the oxygen vacancy formation energy.13 We considered here the first-row transition metals 

Cu, Ni, Co, and Fe because of their abundance and low cost. Although the oxygen vacancy 

formation energy of Cu-doped CeO2 is negligible, Cu species in the CeO2 surface can reduce 

already at 200 °C, which results in the segregation of Cu from the CeO2 surface.47, 48 This 
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severely limits the stability of Cu-CeO2 solid solutions under rich reaction conditions. Fe-

doped CeO2 has been reported to be particularly stable, even at elevated temperature.49 The 

work of Wang et al. shows that a homogeneous solution of Fe in CeO2 leads to a higher 

density of oxygen vacancies at the surface, accordingly, we selected doping of CeO2 with Fe. 

In line with the work of Su et al., Fe3+ adopts a square planar coordination after replacing a 

Ce4+ ion in the CeO2 surface.50 The surface O vacancy formation energy for this model is 

167 kJ/mol, which is significantly lower than the computed value for the stoichiometric 

CeO2(111) surface (242 kJ/mol). The Fe-doped Pd3O/CeO2 models without and with an O 

vacancy are shown in Figure 4.7. Removal of the indicated O atom to generate the vacancy 

results in the formation of a Ce3+ ion in the surface. We then explored CO oxidation at the 

Pd3/Fe-CeO2 interface (Figure B6). While CO binds at the Pd3O cluster with an adsorption 

energy of -150 kJ/mol, the activation barrier for CO oxidation with the O atom coordinated 

to the Fe cation is only 47 kJ/mol, which is much lower than the barrier for CO oxidation at 

the Pd3O/CeO2 surface (80 kJ/mol). We computed the barriers for the other reactions 

occurring at the Pd-CeO2 interface including H2 oxidation. N2O adsorption is stronger at the 

O vacancy on the Pd3O/Fe-CeO2_VO model (Eads = -85 kJ/mol) than on the Pd3O/CeO2_VO 

model (Eads = -49 kJ/mol). The barrier on both models for decomposing adsorbed N2O is 

negligible. To keep the model tractable, we assume that all other elementary reaction steps 

occurring solely on the Pd3 cluster have similar reaction energetics as for the Pd3 cluster on 

the undoped CeO2 support.  

 
Figure 4.8. NO conversion and N2 selectivity on Pd/Fe-CeO2 predicted by microkinetics 

simulations: (a) NO + CO reaction (PCO = PNO = 0.01 atm), (b) NO + CO + H2 reaction (PCO 

= PNO = 0.01 atm, PH2 = 0.005 atm) and NO + CO reaction with excess of CO (PCO = 0.015 

atm, PNO = 0.01 atm, closed circles and triangles). 
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4.2.5 Microkinetics simulations Pd3/Fe-CeO2 

 We then carried out microkinetics simulations to predict NO conversion and N2 selectivity 

for the Pd/Fe-CeO2 model (Figure 4.8). Compared to NO + CO reaction on Pd/CeO2, the NO 

conversion at low temperature and N2 selectivity at intermediate temperature are increased 

upon Fe doping (Figure 4.8a). The higher NO conversion can indirectly be linked to the 

increased amount of surface O vacancies at the Fe-doped interface. The unaltered chemistry 

on the Pd3O site leads again to the conversion of CO + 2 NO → CO2 + N2O. Whereas on 

Pd3/CeO2 at lower temperatures N2O is decomposed mainly on Pd3/CeO2, nearly all N2O is 

decomposed on surface O vacancies for the Pd3/Fe-CeO2 case. Thus, the NO to N2O reaction 

on Pd3 is less inhibited by competitive adsorption of N2O and reoxidation of Pd3 to Pd3O 

(Figure B7). This is caused by the overall lower barrier of N2O decomposition on the surface 

O vacancy in comparison with Pd3. The higher N2 selectivity at intermediate temperature 

compared to the Fe-free model is therefore due to the faster removal of the O atom from the 

Fe-doped CeO2 surface. This is also consistent with the Pd3/Fe-CeO2_VO (T2d) dominating 

over Pd3/Fe-CeO2 (T15b) in the intermediate temperature range (Figure B8).  

 Therefore, these simulations show that Fe-doping activates the surface O atoms at the 

CeO2 surface, resulting in a faster generation of O vacancies to decompose the N2O 

intermediate product at relatively low temperature. The N2 selectivity is however still limited 

by the faster rate of NO reduction to N2O in comparison to O removal from the Fe-CeO2 

surface. Under rich conditions (Figure 4.8b), NO conversion is considerably improved due 

to the easier reduction of Pd3O/Fe-CeO2 to Pd3/Fe-CeO2. Most striking is, however, the 

strongly increased N2 selectivity below 200 °C due to the rich conditions as compared to 

stoichiometric conditions. This is due to a faster removal of O atoms of the Fe-modified CeO2 

surface, resulting in O vacancies that can rapidly decompose N2O. We verified that a rich 

mixture of NO and CO, in which the CO partial pressure is the same as the combined CO 

and H2 partial pressures under rich conditions, gave qualitatively similar results (Figure 4.8b). 

Although the absence of H2 results in a lower NO conversion, the N2 selectivity below 200 °C 

is still much higher than obtained under stoichiometric conditions. 
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4.3 Experimental validation Pd/Fe-CeO2 

 To validate the above predictions, we prepared a series of Fe-doped CeO2 samples by the 

FSP method. For the preparation of the supports, a mixture of Ce(acetylacetonate) and 

Fe(acetylacetonate) in the same solvent as for the CeO2 preparation was used under similar 

conditions. All the FSP-prepared CeO2 supports (denoted as Fe-CeO2) exhibited BET surface 

areas exceeding 150 m2/g (Table 4.1).  

 
Figure 4.9. (left) TEM pictures of CeO2, Fe(5)-CeO2, Fe(10)-CeO2 and Fe(20)-CeO2, 

average particle size and particle size distribution histograms. (right) H2-TPR traces for the 

CeO2 and Fe-doped CeO2 samples.  

Table 4.1. Surface area and particle size calculated with the BEP method. 

Sample B BET surface area (m2/g) Particle size BET (nm) 

CeO2 155 5.3 

Fe(1)-CeO2 171 4.9 

Fe(2)-CeO2 177 4.7 

Fe(5)-CeO2 169 4.9 

Fe(10)-CeO2 166 5 

Fe(20)-CeO2 155 5.5 

 

TEM micrographs of selected samples confirm that the primary Fe-CeO2 particles have a 

similar size as the CeO2 prepared by the same method. Compared to CeO2, the Fe-CeO2 

samples have a rounder shape (Figure 4.9). A similar influence of doping cations on the CeO2 

morphology was observed before for FSP-prepared Ti-doped CeO2.51 The small changes in 

the surface area upon Fe loading are consistent with the variations in the average particle size 

determined by TEM. No clear evidence for separate Fe-oxide phases can be derived from the 
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TEM images, suggesting that Fe-oxide is likely to be finely dispersed or incorporated into 

CeO2 support. DRUV-Vis spectra (Figure B9) show bands between 200 nm and 400 nm that 

belong to CeO2, indicative of a high dispersion of Fe.52 The Fe-doped samples display a 

minor absorption in the visible region, indicative of some agglomeration of the Fe species, 

with increasing Fe content.  All the CeO2 supports exhibit the typical fluorite structure (Fm-

3m space group, ICCD card 43-1002) with characteristic broadened diffraction lines due to 

the small size of nanoparticles (Figure B10). Inspection of the most intense CeO2 reflection 

reveals a systematic shift as a function of Fe loading. The shift of the reflection to a higher 

diffraction angle points to a contraction of the CeO2 lattice, which evidences the inclusion of 

the smaller Fe3+ ion (as compared to Ce4+) and the formation of a solid solution. These data 

agree with the DFT calculations that show that Fe doping of CeO2 results in a distortion of 

the CeO2 lattice. A Bader charge analysis shows that the doped Fe ion has the 3+ oxidation 

state.  

 In order to determine the metal-support interactions between Fe and CeO2 as well as 

reducibility of the different Fe-CeO2 catalysts, we performed H2 TPR measurements.  The 

TPR profile of CeO2 contains two main reduction features (Figure 4.9, right). The first broad 

one between 300 °C and 550 °C represents the reduction of CeO2 surface lattice O, while the 

second feature above 650 °C can be attributed to bulk reduction of CeO2.53 The introduction 

of Fe strongly affects the TPR profiles. Fe-doping of CeO2 results in a significant shift of the 

surface O reduction peak to lower temperature. The surface O removal already starts at  

 
Figure 4.10. HAADF-STEM and EDX-mapping images of the Pd/Fe(10)-CeO2 catalyst. 
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200 °C and ends around 400 °C. In contrast, the presence of Fe has little influence on the 

bulk reduction feature at low Fe loading. This result is consistent with the significant decrease 

of the O binding energy upon replacement of Ce4+ in the surface with Fe3+ as determined by 

the DFT calculations. Only when more than 5% of Ce is replaced by Fe, an additional TPR 

feature due to Fe2O3 reduction is observed, indicating that small Fe2O3 domains may be 

formed on the CeO2 support.  

 We then prepared 1 wt% Pd catalysts by a similar conventional wetness impregnation of 

these Fe-doped ceria supports as used before. HAADF-STEM images combined with EDX 

maps (Figure 4.10) showed neither Pd or Fe oxide nanoparticles, confirming that the high 

dispersion of Pd observed for Pd/CeO2 is maintained for the Pd/Fe-CeO2 supports. EXAFS 

data confirm this by demonstrating a very weak Pd-Pd shell with a coordination number of 

0.9. We first evaluated the set of Pd/Fe-CeO2 catalysts for CO oxidation (Figure 4.11). While 

the reference Pd/SiO2 sample is only active in CO oxidation above 175 °C, all the CeO2-

supported Pd catalysts display good catalytic performance at much lower temperatures. The 

bare Fe(10)-CeO2 support exhibited a low CO oxidation activity as well, excluding that the 

higher CO oxidation activity of the Pd/Fe-CeO2 catalysts in comparison to Pd/CeO2 stems 

solely from Fe. The CO oxidation activity of the Pd/Fe-CeO2 samples increased with the Fe 

content between 1% and 5% and then levelled off. It is interesting to note that full CO 

conversion was already reached around 125 °C for the optimum samples, which is also a  

 

 
Figure 4.11. CO conversion for the CO + O2 reaction for Pd/CeO2, Pd/SiO2, Fe(10)-CeO2, 

and Pd/Fe-CeO2 catalysts(PCO = PO2 = 0.01 atm). 

benefit with respect to the 150 ºC light-off challenge for novel automotive exhaust 

neutralizers.54 As our DFT calculations show that Fe-doping of CeO2 leads to activation of 
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surface O, we speculate that the reaction shifts from a Langmuir-Hinshelwood mechanism 

on Pd/CeO2 to a Mars-Van Krevelen one for the Pd/Fe-CeO2 catalysts. 

 Figure 4.12 shows the catalytic data for the NO + CO reaction under stoichiometric and 

rich conditions for the Pd/Fe-CeO2 and Pd/CeO2 catalysts. All samples show a high activity 

in NO conversion to N2O at low temperature. Although the differences are small, the NO 

conversion shows a similar trend with Fe content as the CO oxidation activity. Under 

stoichiometric conditions, the presence of Fe has a small positive influence on the N2 

selectivity. In line with the microkinetics simulations, operation under rich conditions leads 

to a slightly higher NO conversion at low temperature and a significantly improved N2 

selectivity at intermediate temperature. The temperature at which 50% N2 selectivity is 

reached shifts from 220 °C for Pd/CeO2 to 170 °C for Pd/Fe(20)-CeO2. Full conversion of 

NO to N2 is achieved already below 200 °C for the optimum sample. Thus, these 

experimental data confirm that Fe-doping of CeO2 can create O vacancies in the support 

active in the decomposition at relatively low temperature. It is however clear that slightly 

reducing conditions are needed to achieve this. A similar performance in terms of N2 

selectivity was recently reported for PdCu alloys.55 The benefit of the Pd/Fe-CeO2 approach 

is the much higher PGM utilization efficiency given the very high Pd dispersion in our 

catalysts. Finally, we note that the decrease in NO conversion observed for Pd/CeO2 vanishes 

with increased Fe doping, in line with the computational predictions. 

 

 
Figure 4.12. (a) NO conversion, and N2 selectivity for the NO + CO reaction on Pd/Fe-CeO2 

catalysts (PCO = PNO = 0.01 atm), and (b) NO conversion, and N2 selectivity for the NO + CO 

+ H2 reaction on Pd/Fe-CeO2 catalysts (PCO = PNO = 0.01 atm, PH2 = 0.005 atm). 
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Figure 4.13. N2O conversion for the N2O + CO reaction on Pd/CeO2 and Pd/Fe-CeO2: (a) 

experimental comparison of Pd/CeO2 and Pd/Fe(10)-CeO2, (b) computational predictions for 

Pd3/CeO2 and Pd3/Fe-CeO2 (PCO = PN2O = 0.01 atm). 

 The microkinetics simulations in Figure 4.8b showed that the increased N2 selectivity at 

low temperature under rich conditions occurs also in excess CO. To verify whether CO can 

also help to improve N2O decomposition on Pd/Fe-CeO2 catalysts, we carried out additional 

experiments and microkinetics simulations for the CO + N2O reaction. Figure 4.13a shows 

that the activity of the Pd/Fe-CeO2 catalysts is higher than that of the Pd/CeO2 sample and 

increases with higher Fe content. This confirms that CO can also shift the N2O decomposition 

to lower temperature upon Fe-doping of CeO2. The microkinetics simulations in Figure 4.13b 

also show that the N2O decomposition for the Fe-doped Pd3/Fe-CeO2 model occurs at lower 

temperature than the Pd3/CeO2 model. Mechanistically, the higher N2O decomposition 

activity is due to an increased concentration of O vacancies on the Fe-modified CeO2 support.  

 

4.4 Conclusion 

 We employed DFT calculations and first-principles based microkinetic simulations to 

understand the reaction mechanism of NO reduction with CO and H2 on small Pd clusters on 

CeO2 to explain the experimentally observed strong synergy between Pd and CeO2. Direct 

and H-assisted NO dissociation pathways exhibit very high barriers. The preferred pathway 

is NO dimerization to N2O2 on a small reduced Pd3 cluster, followed by N2O2 decomposition 

to N2O and reoxidation of the Pd3 cluster. This can explain the conversion of NO to N2O at 

low temperature observed for Pd/CeO2. The main product at low temperature is N2O, because 

its decomposition to N2 does not occur until at intermediate temperature N2O is decomposed 

on Pd3, limiting the NO conversion in this temperature range, and on the reduced CeO2 

surface. The preferred surface for reduction of NO to N2 with CO under slightly rich 

conditions is a reduced Pd cluster on a defective CeO2 support. Then, N2O decomposition 
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over the defect sites on CeO2 is favoured over Pd3. Ceria doping with Fe was explored to 

improve the low-temperature N2 selectivity of Pd/CeO2. The lower O binding energy upon 

doping replacing Ce by Fe in the surface results in activation of lattice O. Microkinetics 

simulations predict that this leads to a significant reduction of the onset of N2O 

decomposition. These predictions were validated by the synthesis of Fe-doped CeO2 by flame 

spray pyrolysis method. Catalysts containing 1 wt% Pd on these supports displayed improved 

N2 selectivity below 200 °C under rich conditions. The main reason is the higher 

concentration of ceria O vacancies that can rapidly convert N2O to N2. This work shows that 

activation of lattice O by transition metal doping can improve the NO reduction performance 

of Pd/CeO2 catalysts for environmental catalysis.  

 

4.5 Computational methods 

DFT calculations   
 Spin-polarized DFT calculations were performed within the Vienna Ab Initio Simulation 

Package.56, 57 The projector-augmented wave (PAW) method was used to describe the 

electron-ion interactions,58 whereas the effect of electron exchange and correlation was 

considered within the generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) functional.59 The cut-off energy for the plane-wave basis set was 400 eV. 

To consider the strong electron correlation effects in ceria, DFT+U method were considered 

in all the calculations. Here, U = 4.5 eV for Ce was chosen based on previous studies.60, 61 

The geometry optimizations were assumed converged when the Hellmann-Feynman forces 

acting on atoms were less than 0.05 eV/Å. 

 For the ceria supported surface model, we first constructed a CeO2 (111) slab models with 

4x4 unit cell and six atomic layers. The top three layers were relaxed and the bottom three 

layers were frozen to the configuration of the bulk. A vacuum thickness of 12 Å was used to 

avoid spurious interactions of adsorbates between neighbouring super cells. For the Brillouin 

zone integration, a 1×1×1 Monkhorst-Pack k-point was used for these large unit cells.  

 In order to study the influence of transition metals on the catalytic performance, we 

considered doping of the support by replacing a surface Ce atom by a Fe atom. The transition 

states were searched by using the climbing-image nudged elastic band method (CI-NEB).62 

The structure of the transition states were identified by vibrational frequency analysis with a 

single mode of imaginary frequency. 

Here, the adsorption energies are computed by:  

               ads m+surf surf m( )E E E E                                         (4.1) 

where m+surfE  and mE  are the electronic energies of the adsorbed system and the 

corresponding gas phase species, respectively.  



Chapter 4. Computational design of Pd/CeO2 catalysts for low-temperature NO reduction 

83 
 

Microkinetics simulations 
 To understand the kinetics properties of NO reduction with CO (H2) on Pd/CeO2 and 

Pd/Fe-CeO2 under experimental conditions, we performed microkinetics simulations of 

overall reaction networks considered in our DFT calculations. The simulations are carried 

out using the in-house developed MKMCXX code, 63 which has been employed in our 

previously works to explore the detailed kinetics of synthesis gas conversion on cobalt and 

rhodium surfaces.64, 65 In this study, we conducted these simulations in an isobaric and 

isothermal continuous stirred tank reactor (CSTR) model assuming that the gases behave 

ideally. Gas-phase concentrations Ci were calculated by: 

                       in outi
i i sites i

dC
V F F N r

dt
              (4.2) 

where ri refers to the production or consumption of species i on a single active site. Fi is the 

flow rates in at the reactor entrance were chosen to obtain a residence time of 1 s at 

differential conditions. We assumed that the reactor was operated at isobaric conditions. 

 For adsorption process, we assumed that the adsorbed molecule loses one of its 

translational degrees of freedom with respect to the gas phase. Therefore, the rate constant 

for nonactivted adsorption steps were calculated via the Hertz-Knudsen equation: 

           ads

b

'

2

PA
k S

mk T
             (4.3) 

where P stands for the partial pressure of the adsorbate in the gas phase, 'A  is the surface 

area of the adsorption site, and m and S represent the mass of the adsorbate and the sticking 

coefficient, respectively. The surface area was set to the area of a trigonal planar site, which 

is taken 1.2 × 10-19 m2. To simplify our simulations, the sticking coefficients were set to one 

in all the simulations. 

 For desorption step, we adopted an assumption that the formed complex owns three 

rotational and two translational degrees of freedom. Accordingly, we calculated the rate for 

molecular desorption by66     

          
des

b

3 '
b b

des 3

(2 )
E

k T

rot

k T A mk
k e

h






        (4.4) 

where σ is the symmetry number, and its value for CO and NO both are 1,  and its value for  

O2, H2 and CO2 both are 2. θrot  is the characteristic rotational temperature, and its value for 

CO, NO, O2, H2, and CO2 are 2.73 K, 2.45 K, 2.08 K, 87.6 K, and 0.56 K, respectively.67 Edes 

stands for the desorption energy.  

 For surface reactions, the computed activation energies are used to estimate the forward 

and backward rate constant for the elementary reation steps involved in NO reduction and 
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CO oxidation. For this purpose, we determined the rate constant of each elementary surface 

reaction step by the Eyring equation:         

            
a

b

TS
b

E

k Tk T Q
k e

h Q



                   (4.5) 

Herein k refers the reaction rate constant, kb and h stand for the Boltzmann and Planck’s 

constants, respectively, T is the temperature (in K), and Ea is the electronic activation energy 

(in J). QTS and Q refer to the partition functions of the transition state and the ground state, 

respectively. As an approximation, we assumed that all vibrational partition functions equal 

unity. This leads to a pre-factor for all surface elementary reaction steps of ~1013 s-1. 

 The above rate constants for the elementary steps are used to construct the differential 

equations for all surface reaction intermediates. The rate expression for an elementary 

reaction step j is given by 

               
j

i
j j i

i

r k c                 (4.6) 

wherein jk is the reaction rate constant as calculated by the Eyring equation, ic the 

concentration of reactant i in the elementary reaction step j on the surface, and j
iv   the 

stoichiometric coefficient of reactant i in elementary reaction step j. The overall N2, N2O, 

and CO2 formation rates, the steady-state coverages distribution were calculated as a function 

of temperature by integrating the ordinary differential equations with respect to time using 

the backward differentiation formula method.68, 69 
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 Appendix B. 

 Materials and Synthesis 
 Ce(acac)3ꞏH2O (acac = acetylacetonate, 99.9% purity), Fe(acac)3 (99.9% purity), 

glacialacetic acid (99.7% purity), Pd(NO3)2ꞏ2H2O (40% Pd basis), Fe(NO3)3ꞏ9H2O (99.95 

purity) were purchased from Sigma Aldrich. Sipernat® 50 high-surface-area silica was 

purchased from Evonik. Printex U carbon was purchased from Orion Carbon (BET 

calculated surface area = 92 m2/g, average particle size = 25 nm). The chemicals were used 

without any further purification. Flame-spray pyrolysis synthesis was performed in a Tethis 

NPS10 apparatus. Cerium acetylacetonate and iron acetylacetonate were chosen as 

precursors, while glacial acetic acid acted as the solvent. The iron content was varied. For 

this purpose, the total Ce(acac)3 concentration was kept constant at 0.10 M, and appropriate 

amounts of Fe(acac)3 were added in order to achieve Fe/Ce atomic ratios of 1%, 2%, 5%, 

10%, 20% compared to cerium. The solvent was added to the precursors and the mixture was 

stirred on a heating plate at a temperature of 80 °C to enhance solubilization. Once a 

homogeneous solution was obtained, it was drawn into the Tethis NPS10 syringe, and 

injected into the flame at a rate of 5 mL/min. The flame was fed with a 1.5 L/min methane 

flow and a 3.0 L/min oxygen flow, with an additional 5.0 L/min dispersion oxygen flow 

around it, maintaining an overpressure of 2.5 bar. The particles were collected on a glass 

fiber filter placed on top of the machine. For the sake of clarity, the supports will be denoted 

as Fe(x)-CeO2, with x representing the Fe/Ce ratio in the sample. A pure CeO2 sample was 

also prepared and denoted as CeO2. 

 A portion of each support was impregnated with a solution of Pd(NO3)2ꞏ2H2O in 

demineralized water to achieve a 1% weight Pd loading on each sample. The dispersion was 

stirred for 30 min and then slowly heated on a plate to promote water evaporation. The 

resulting solid was dried at 100 °C and successively calcined at 300 °C with a dwelling time 

of 3 h in a 20/80 v/v O2/He flow. A similar approach was used to impregnate 5 wt% Pd on 

the silica support as a reference sample. The Pd-impregnated samples will be named Pd/ 

Fe(x)-CeO2. Pure CeO2 impregnated with Pd will be denoted as Pd/CeO2. A control sample 

was prepared by impregnating a Fe(NO3)3ꞏ9H2O solution in demineralized water in order to 

achieve a 10% molar Fe loading on the CeO2 support. The ensuing steps were analogous to 

those used for the Pd-impregnated samples. This sample is denoted as Fe(10)-CeO2. The 

silica-based sample is labelled Pd/SiO2.  
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Catalytic Activity Measurements 
 Catalytic activity measurements were performed using the following reaction mixtures: 

(1) CO + O2, (2) CO + NO, (3) CO + NO + H2 and (4) CO + N2O. The reactions 

wereperformed in a high-throughput setup equipped with 10 parallel flow reactors. 50 mg of 

each sample were pressed and sieved to a fraction between 125 and 250 μm, and mixed with 

200 mg of SiC of the same sieve fraction as inert diluent material. The samples were 

transferred into the quartz reactors and contained between two quartz wool plugs. As a 

reference, one reactor was only packed with SiC. The catalysts were calcined in situ before 

reaction in a 20% O2 / 80% He flow. The flow amounted to 50 mL/min STP (standard 

temperature and pressure) per reactor and the temperature was ramped at a rate of 5 °C/min 

to 300 °C with a dwelling time of 3 h. The samples were then cooled to room temperature in 

the same flow. The different feed mixtures had the following volumetric compositions: (1) 

1% CO, 1% O2 balanced with He, (2) 1% CO, 1% NO balanced with He, (3) 1% CO, 1% 

NO, 0.5% H2 balanced with He, (4) 1% CO, 1% N2O balanced with He. Once the reaction 

flow had stabilized, the temperature was ramped with steps of 25 °C at a rate of 5 °C/min. 

The reaction was allowed to stabilize for 20 min at each temperature. Then, the reaction 

effluents were analyzed with an online intercedence compact gas chromatograph equipped 

with Plot and molsieve columns and TCD detectors. 

 

 

Figure B1. XRD pattern of Pd/SiO2 catalyst. 
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Figure B2. Pd K-edge Fourier transform magnitudes of k3-weighed EXAFS data and 
theoretical fits for all four samples a) after the first calcination, b) after the CO + NO reaction, 
c) after the second calcination, d) after the CO + NO + H2 reaction, e) after the third 
calcination. 
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Table B1. Pd K-edge EXAFS fitting results for all the samples after the first calcination. 

Sample Shell N R(Å) σ2*103(Å2) 

Pd/CeO2 Pd-O 4.1 ± 0.5 2.00 ± 0.01 1.3 

Pd/Fe(10)-CeO2 Pd-Pd 0.90 ± 0.5 2.81± 0.02 0.2 

 

 

 

Figure B3. Mechanistic pathways for NO dissociation: (a) Direct NO dissociation on 

Pd3O/CeO2, and (b) Direct NO dissociation on Pd3O/CeO2_VO (color code: grey, Ce; pink 

and red, O; blue, N; turquois, Pd). 
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Figure B4. The models and relevant states: (a) Direct NO dissociation on Pd1/CeO2, and (b) 

Direct NO dissociation on Pd1/CeO2_VO (color code: grey, Ce; pink and red, O; blue, N; 

turquois, Pd). 

 

 

 

 

Figure B5. Microkinetics simulations for NO + CO reaction on Pd/CeO2 (PCO = PNO = 0.01 

atm): (a) NO and CO conversion as a function of temperature, (b) coverage as a function of 

temperature.  
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Figure B6.  Energy profile for CO reduction of Pd3O/Fe-CeO2 interface (color code: grey, 

Ce; pink and red, O; black, C; turquois, Pd; purple, Fe). 

 

 

 

 

Figure B7. Microkinetics simulations for NO + CO reaction on Pd/Fe-CeO2 (PCO = PNO = 

0.01 atm): (a) NO and CO conversion as a function of temperature, (b) coverage as a function 

of temperature.  
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Figure B8. Reaction network analysis and coverage distribution for different reactions on 

Pd/Fe-CeO2 at 100 °C, 200 °C, and 300 °C. (a) NO + CO reaction, (b) NO + CO + H2 reaction. 

Here, the dominated reaction pathway are marked in green and deep grey. The key 

intermediates for the dominated pathway (green) are displayed. Partial pressures of NO, CO, 

and H2 are 0.01 atm, 0.01 atm, and 0.005 atm, respectively. (c) Structures for the key 

intermediates (color code: grey, Ce; pink and red, O; black; C;  turquois, Pd; while, H; purple, 

Fe). 
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Figure B9. DRUV-Vis spectra of the FSP-made supports and a Fe2O3 reference. 

 

 

Figure B10. XRD patterns (left) and magnification of the region between 26 and 32 degrees 

(right) for all the supports.
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Chapter 5 
Understanding the Impact of Defects on 

Catalytic CO Oxidation of LaFeO3-Supported 
Rh, Pd, and Pt Single-Atom Catalysts 

 
Abstract 

Understanding the intrinsic catalytic properties of perovskite materials can accelerate the 

development of highly active and abundant complex oxide catalysts. Here, we performed a 

first-principles density functional theory study combined with a microkinetics analysis to 

comprehensively investigate the influence of the defects on catalytic CO oxidation of LaFeO3 

catalysts containing single atoms of Rh, Pd, and Pt. La defects and subsurface O vacancies 

considerably affect the local electronic structure of these single atoms adsorbed at the surface 

or replacing Fe in the surface of the perovskite. As a consequence, not only the stability of 

the introduced single atoms is enhanced but also the CO and O2 adsorption energies are 

modified. This also affects the barriers for CO oxidation. Uniquely, we find that the presence 

of La defects results in a much higher CO oxidation rate for the doped perovskite surface. A 

linear correlation between the activation barrier for CO oxidation and the surface O vacancy 

formation energy for these models is identified. Additionally, the presence of subsurface O 

vacancies only slightly promotes CO oxidation on the LaFeO3 surface with an adsorbed Rh 

atom. Our findings suggest that the introduction of La defects in LaFeO3-based 

environmental catalysts could be a promising strategy towards improved oxidation 

performance. The insights revealed herein guide the design of perovskite-based three-way 

catalyst through compositional variation.  
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5.1. Introduction 

 The development of new low-cost and highly active catalysts for automotive emissions 

control is of great importance to the protection of the environment. Among practical solutions, 

supported platinum group metals (PGMs) are widely used to catalyse reactions to abate the 

emission of noxious gases from gasoline engines.1-6 The cost of PGMs, their low-temperature 

performance as well as their aggregation into larger particles when operated at elevated 

temperatures pose significant challenges in developing better catalysts.7,8 These aspects 

explain why already for a long time substantial efforts have been made to reduce the content 

of precious metals in these catalysts.9-15 In the extreme case, catalysts contain these precious 

metals in atomically dispersed form, which in recent years has become a topic of frontier 

research.16-22  

 Another solution to the problem of costly precious metals is to replace them by a cheaper 

class of materials. Recently, perovskite (ABO3 type) materials have been explored as a 

potential replacement for conventional three-way catalysts.23-26 As in general these materials 

are not active enough, one strategy is to promote these base metal based oxides with precious 

metals. This only makes sense when these are present in high dispersion. Early studies 

indicated that the noble metals can retain good dispersion on perovskite surfaces.27, 28 For 

instance, LaFeO3 perovskites exhibit excellent resistance against sintering of precious metal 

overlayers.29 The most prominent reaction investigated in this respect is CO oxidation.30-32 

Previous studies demonstrated that the physical and chemical and, accordingly, catalytic 

properties of perovskites can be tuned by partial substitution of the A and B sites with 

transition metal ions.32-36 For example, Pd doping of LaFeO3 can strongly improve the CO 

oxidation activity.37 Another recent experiment highlighted that the catalytic activity of CO 

oxidation on LaFeO3 supported Rh and Cu catalysts were enhanced by the presence of La 

defects.38 Onn and co-workers reported about a high-surface-area LaFeO3 supported Pd 

catalyst obtained by atomic layer deposition with good catalytic performance.39 

 There are very few studies that focus on the underlying chemical aspects of the surface 

reactivity of perovskites by computational chemistry. Some studies have dealt with the 

stability of transition meal atoms and adsorption of simple molecules on these complex oxide 

surfaces.40-43 This represents a lack of the fundamentals of the reaction mechanism and the 

relation with the electronic structure that is modified by aspects such as common defects and 

hinders the guided development of more active systems.  

 In this study, we aim for this kind of understanding by employing density functional 

theory (DFT) in combination with a microkinetics analysis to understand the chemical and 

catalytic properties of single Rh, Pd and Pt atoms dispersed on or in the stable (001) surface 

of LaFeO3 (LFO) with a view on CO oxidation catalysis. We investigate the stability, CO 

and O2 adsorption energies and CO oxidation activation barriers for stoichiometric and 
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defective surfaces. Especially La and O defects can improve the stability of the introduction 

of precious metals atoms and tune the electronic structure towards high CO oxidation activity. 

A general finding is that La defects can lead to highly active CO oxidation catalysts based 

on the three explored precious metals, while the presence of subsurface O vacancies boosts 

the performance of single Rh atoms adsorbed to the LFO surface.  

 

Figure 5.1. Top view of the different LFO surface used in the DFT modeling: (a) LFO-M, 

(b) LFO-VLa-M, (c) Mads-LFO, (d) Mads-LFO-VLa (color code: light blue, La; lavender, Fe; 

O, red; blue, M = Rh, Pd and Pt). 

5.2. Computational methods  

5.2.1. DFT calculations 
 We employed spin-polarized DFT calculations using the projector-augmented wave 

(PAW)44 approach as implemented in VASP 5.3.5.45, 46 To account for the effect of exchange 

correlation and on-site Coulomb interaction, the Perdew-Burke-Ernzerhof (PBE)47 functional 

with the Hubbard +U correction was used. We set Ueff to 4 eV for the Fe atoms. In order to 

accurately describe the electronic structure of LFO, we consider its G-type antiferromagnetic 

structure. The valence electron density was constructed in the plane-wave basis with a cut-

off energy of 400 eV. The first-order Methfessel-Paxton scheme with a smearing width of 

0.2 eV was used to determine the Partial occupancies.  

 To optimize the lattice constant of bulk LaFeO3, a 7x6x7 Monkorst-Pack k-point was 

employed for the Brillouin zone integration. The lattice constants were optimized by a fully 

relaxing the degrees of freedom of the unit cell. We considered the Pbnm symmetry unit cell 

with the ferromagnetic structure, A-type antiferromagnetic structure, C-type 

antiferromagnetic structure and G-type antiferromagnetic structure. We found that the unit 

cell with G-type antiferromagnetic structure exhibits the lowest total energy compared to the 
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other magnetic structure. Thus, the G-type antiferromagnetic structure was considered in our 

following calculations. By adding the Ueff = 4 eV on Fe atoms, we achieved the lattice 

constants which is in line with the previous experiment, see Table C1. Importantly, our 

calculated band gap of bulk LaFeO3 (2.29 eV) is in good agreement with experimental value 

(2.10 eV).48 Besides, our tests also indicated that the O vacancy formation energy of LaFeO3 

(001) surface is largely associated with the Ueff, see Figure C1. Thus, the U correction is very 

necessary for a better description of electronic structure of LaFeO3 system.  

 To understand the catalytic properties, we constructed the FeO2-terminated (001) surface, 

which is known to be a stable and exposed facet of this type of materials in CO oxidation.49 

In order to study the influence of noble metals on the catalytic performance, we considered 

doping of the surface by replacing a surface Fe atom by an M atom with M being Rh, Pd or 

Pt as well as the adsorption of a single M atom on the surface of the LFO slab model. 

 Different adsorption sites were considered for this latter purpose. Here, the constructed 

slab models are 2x2 unit cell with six atomic layers and a slab thickness of 9.93 Å. The top 

four layers were relaxed and the bottom two layers were frozen to the configuration of the 

bulk. A vacuum thickness of 12 Å was used to avoid spurious interactions of adsorbates 

between neighbouring super cells. For the Brillouin zone integration, a 1x1x1 Monkhorst-

Pack k-point was used. The geometry optimizations were assumed converged when the 

Hellmann-Feynman forces acting on atoms were less than 0.05 eV/Å. Further computational 

details including a discussion of the magnetic structure of the LFO models are provided in 

the supporting information.  

 The formation energies of M atom doped LFO surfaces are defined as: 

                      form M+surf Fe surf M( )E E E E E                                        (5.1) 

Herein M+surfE , surfE , FeE  and ME  are the electronic energies of the M doped LFO 

surface, the empty LFO surface, the bulk Fe atom and bulk M atom, respectively. 

Here, the adsorption energies are calculated by:  

             ads m+surf surf m( )E E E E                                     (5.2) 

Where m+surfE  and mE  are the electronic energies of the adsorbed system, and the 

corresponding gas phase species, respectively.  

 

5.2.2. Microkinetics simulations 
 Based on the DFT calculations, we carried out microkinetics simulations to gain the 

kinetic properties for CO oxidation on LFO supported Rh, Pd, and Pt single-atom catalysts. 

For instance, the reaction rate, the rate-determining step and species distribution are 

investigated. For surface reactions, the calculated activation barriers are used to estimate the 

forward and backward rate constant using the Eyring equation: 
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                                (5.3) 

Where k represents the reaction rate constant, kb and h is the Boltzmann and Planck’s 

constants, respectively, T is the temperature (in K), and Ea refers to the electronic activation 

energy (in J). f TS and f indicates the partition functions of the transition state and the ground 

state, respectively. We assumed that all vibrational partition functions equal unity which 

gives a pre-factor for all surface elementary reaction steps of ~1013 s-1. 

 In the case of adsorption reactions, there is an assumption that the molecule loses only 

one of its translational degrees of freedom with respect to the gas phase. Accordingly, the 

rate of molecular adsorption was calculated as: 

                  ads

b

'

2

PA
k S

mk T
                                            (5.4) 

Herein P indicates the pressure of the adsorbate in the gas phase, 'A is the surface area of 

the adsorption site, and m is the mass of the adsorbate and S refers to dimensionless sticking 

coefficient.  

 For the CO2 desorption process, we assumed that the activated species has two 

translational and three rotational degrees of freedom. Therefore, the molecular desorption 

rate is defined as50         
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                              (5.5) 

where σ refers to the symmetry number, θ the characteristic temperature for rotation, and Edes 

the desorption energy.  

 The details for the microkinetics modelling have been described in our previous works.51, 

52 To calculate the reaction rate of all surface reaction intermediates, we constructed the 

differential equations by using the rate constants of the elementary reaction steps. The above 

rate constants for the elementary steps are used to construct the differential equations for all 

surface reaction intermediates. The rate expression for an elementary reaction step j is given 

by 

              
j

i
j j i

i

r k c                                      (5.6) 

wherein jk  is the reaction rate constant as calculated by the Eyring equation, ic  the 

concentration of reactant i in the elementary reaction step j on the surface, and j
iv  the 

stoichiometric coefficient of reactant i in elementary reaction step j. 
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 To identify the rate-determining step of the CO oxidation reaction, Campbell’s degree of 

rate control (DRC) analysis53, 54 was employed. For a specific elementary step i, the 

coefficient of DRC ( ,RC i ) is determined by:    

         ,

, ,

ln

ln
j i i j i i

i
RC i

i ik K k K

k r r

r k k


 

    
        

                                   (5.7) 

Herein r refers to the overall reaction rate and ki, and Ki indicates the forward rate and the 

equilibrium constants for step i, respectively.  

 The first-principles-based microkinetics simulations were carried out using the 

MKMCXX code.55 The overall conversion rates of CO oxidation, steady-state coverages and 

products distribution were calculated as a function of temperature by integrating the ordinary 

differential equations with respect to time using the backward differentiation formula 

method.56-58 
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5.3. Results and discussion 

5.3.1. Geometry of LFO supported Rh, Pd and Pt single-atom catalysts 
We first investigated the structure and stability of Rh-, Pd- and Pt-doped LFO surfaces. 

Figure 5.1a and 1b show the structures of the stoichiometric doped LFO surfaces and the 

same surfaces with a VLa. The M atom doped stoichiometric LFO and VLa promoted LFO 

structures are denoted in the following as LFO-M and LFO-VLa-M, respectively. The 

structures of the corresponding models with a VSO are denoted as LFO-VSO-M (Figure C2). 

We compare the stabilities of these structures by determining their formation energies. To 

this end, we compute the exchange energy of the stoichiometric LFO for replacing a Fe atom 

with an M atom compared to bulk Fe and M. From Table 5.1, it can be seen that the formation 

energies of the stoichiometric LFO-Rh, LFO-Pd and LFO-Pt models are 0.09 eV, 1.41 eV 

and 0.79 eV, respectively. Doping Rh, Pd and Pt in an LFO surface with a La defect is 

relatively speaking more favourable than doping in the stoichiometric LFO surface.  

Table 5.1. Stabilities of the different surface models used for the DFT calculations. For the 

doped models, formation energies are reported; for the models consisting of a noble metal 

adsorbed on the LFO surface, the adsorption energies are listed.  

Model 
Formation energy (eV) Adsorption energy (eV) 

LFO-M LFO-VLa-M  LFO-VSO-M  Mads-LFO Mads-LFO-VLa M-LFO-VSO 

Rh 0.09 -1.44 -0.60 2.26 -2.69 0.71 

Pd 1.41 0.30 -2.16 1.94 -2.58 0.70 

Pt 0.79 -0.31 -1.39 2.40 -2.48 1.06 

 

It is worthy of note that the most stable position of an O vacancy is at the surface. We 

found, however, that upon doping the LFO surface by one of the noble metals considered in 

this study the O vacancy prefers to be located in a subsurface position, subjacent to the M 

dopant. The O vacancy formation energies in these locations are lower than those associated 

with creating an O vacancy in the surface itself (Table 5.2).  

 

Table 5.2. Calculated oxygen vacancy formation energy (eV) for the different surface 

models. The values in parenthesis are corresponding subsurface oxygen formation energies. 

Model LFO-M LFO-VLa-M LFO-VSO-M  Mads-LFO Mads-LFO-VLa Mads-LFO-VSO 

Rh 2.42 (2.10) 1.00 2.72 3.02 2.82 3.07 

Pd 2.28 (1.53) 0.41 2.62 2.40 2.14 2.49 

Pt 2.47(1.56) 0.73 2.77 2.31 2.65 2.42 
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Accordingly, we used as a model for LFO-VSO-M which includes the subsurface O vacancy 

to investigate stability and catalytic properties. Compared with LFO-M, the formation 

energies for LFO-VSO-Rh, LFO-VSO-Pd and LFO-VSO-Pt are lower, i.e. -0.60 eV, -2.16 eV 

and -1.39 eV, respectively. These data confirm the expected trend that creating oxygen 

vacancies in doped LFO structures is more facile, because the noble metal dopants are less 

reactive than Fe. 

For the adsorption structures, we find a preference for M adsorption on the hollow site of 

the LFO surface (Figure 5.1c, d and Figure C2). We denote the adsorption of M on different 

LFO surfaces as Mads-LFO, Mads-LFO-VLa and Mads-LFO-VSO. The stability of the different  

 

Figure 5.2. Partial density of states (PDOS) of Rh 4d, O 2p and O 2s orbitals (the O atom 

adjacent to Rh) in (a) LFO-Rh, (b) Rhads-LFO, (c) LFO-VLa-Rh, (d) Rhads-LFO-VLa, (e) LFO-

VSO-Rh and (f) Rhads-LFO-VSO. 

models is compared on the basis of the adsorption energy. Table 5.1 shows that VLa enhances 

strongly the adsorption energies of Rh (-2.69 eV), Pd (-2.58 eV) and Pt (-2.48 eV) compared 

with the stoichiometric LFO surface. The data also show that the presence of an O vacancy 

also results in lower adsorption energies of Rh (0.71 eV), Pd (0.70 eV) and Pt (1.06 eV) in 

comparison to the stoichiometric surface. Thus, we can conclude that La and O defects 

increase the stability of isolated noble metal atoms at the LFO surface. 

To understand the electronic nature of these LFO surfaces, we analysed their partial 

density of states (PDOS). We focus in Figure 5.2 on the bonding of the different 

stoichiometric and defective LFO surfaces with an Rh atom. The bonding is governed by 

hybridization of Rh 4d and O 2p orbitals. The O 2s orbitals lie too low in energy to be 

involved in the bonding. In all cases, the overlap between Rh 4d and O 2p orbitals is higher 

for Rh-doped LFO structures than for Rh adsorbed on LFO. For the LFO-VLa surface, the 

calculated Bader charges of the Rh atom in LFO-VLa-Rh and Rhads-LFO-VLa are +1.85 |e| 
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and +1.31 |e|, respectively, consistent with the lower occupancy of the d-states. Thus, we can 

say that Rh transfers effectively electrons to O 2p orbitals. For LFO-VSO-Rh and Rhads-LFO-

VSO, the Rh atom and the nearest O atoms form a stable square planar configuration. Figure 

C3 and Figure C4 confirm that similar trends occur for Pd and Pt doping in LFO-VLa. We 

note however that the overlap for the d-orbitals of Pd and Pt is smaller than for Rh, explaining 

the generally observed higher stability of Rh-doped structures.  

 

5.3.2. Adsorption of CO and O2  
Before we explore the reaction mechanism of CO oxidation, we first investigate the 

adsorption properties of CO and O2 on these surfaces. All relevant data are collected in Tables 

C2 and C3. Our calculations indicate that stoichiometric LFO surface cannot bind CO nor 

O2. Therefore, we predict that the stoichiometric surface should present a low activity. This 

is in line with the early experimental result.50 Notably, the surface O vacancy formation 

energy for the LFO surface is as high as 2.18 eV, which implies that spontaneous formation 

of surface O vacancies will only take place at relatively high temperature. Accordingly, we 

did not consider CO adsorption on such vacancies. For LFO-Rh, the CO adsorption energy 

is -2.14 eV, which is stronger than for CO adsorption on LFO-Pd (-0.53 eV) and LFO-Pt (-

1.38 eV). The stronger CO adsorption on Rh can be correlated to the enhanced donation of 

CO electron density into the more unoccupied Rh d-orbitals. In the catalytic mechanism to 

be discussed below, the adsorbed CO molecule reacts with a surface O atom to form CO2. 

This constitutes a M-vK mechanism. Molecular oxygen will then adsorb on the created O 

vacancy. Its adsorption energy on the defect sites of LFO-Rh, LFO-Pd and LFO-Pt are -2.09 

eV, -1.53 eV and -2.17 eV, respectively. We find that the strength of O2 adsorption correlates 

strongly to the surface O vacancy formation energy as follows from the computed surface O 

vacancy formation energies for LFO-Rh (2.42 eV), LFO-Pd (2.28 eV) and LFO-Pt (2.47 eV). 

We also considered the effect of VLa on the CO and O2 adsorption energies for the LFO-

M surfaces. The presence of a La defect results in a substantial decrease of the CO adsorption 

strength on the Rh doped surface as well as a decrease of the O2 adsorption strength on the 

O defect obtained after one catalytic CO2 formation cycle. On the other hand, the CO 

adsorption strengths on LFO-VLa-Pd and LFO-VLa-Pt are enhanced with respect to the 

corresponding stoichiometric surfaces. The O2 adsorption strengths are however decreased, 

similar to the Rh case. The different influence of a La defect on the CO adsorption strength 

for Rh on the one hand and Pt and Pd on the other has to do with the degree of hybridization 

between the CO and Rh d-orbitals. For Rh, this leads to a lower hybridization, lowering the 

CO adsorption strength. For Pd and Pt, the shift of the relevant d-orbitals due to the La defect 

causes a stronger hybridization with the CO orbitals. Finally, we determined that the presence 

of a subsurface O vacancy upon Rh doping in LFO-Vso decreases both the CO and O2 

adsorption energy. 
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Figure 5.3. Potential energy diagrams for CO oxidation on (a) LFO-Rh, LFO-VLa-Rh and 

LFO-VSO-Rh, (b) Rhads-LFO and Rhads-LFO-VLa, (c) The corresponding geometries for CO 

oxidation on the different models. The structures of stable and transition states are indicated 

by corresponding numbers in the different panels. 

Neither Pd- nor Pt-doped LFO-Vso can bind CO or O2. The reason is that the square planar 

coordination of Pt and Pd with O atoms precludes CO adsorption, which is not the case for 

Rh. We also investigated CO and O2 adsorption on Rhads-LFO. CO adsorbs weaker on Rhads-

LFO (-0.99 eV) than on Rhads-LFO-VLa (-1.30 eV), while O2 adsorption is slightly weakened 

for Rhads-LFO-VLa compared to its stoichiometric counterpart. CO does not adsorb on the 

Pdads-LFO and Ptads-LFO surfaces. The main reason for this is that the Pd and Pt atoms are 

coordinatively saturated in their square planar geometry. 
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Figure 5.4. Potential energy diagrams for CO oxidation on (a) LFO-Pd and LFO-VLa-Pd, (b) 

LFO-Pt and LFO-VLa-Pt. (c) The corresponding geometries for CO oxidation on the different 

models. The structures of stable and transition states are indicated by corresponding numbers 

in the different panels 

 

In summary, the above results show that the presence of La and subsurface O vacancies 

has a profound effect on the CO and O2 adsorption energies. We expect that the CO oxidation 

rate should benefit from intermediate adsorption strengths of the reactants (Sabatier 

principle). To investigate this in detail, we determined the complete potential energy 

diagrams for the CO oxidation on the various LFO surfaces. To this end, we explored all 

relevant stable and transition states. We included also CO oxidation involving lattice O atoms, 

as experimental results indicate that the structural O atoms of transition metal substituted 

LFO participate in CO2 formation.59 Moreover, the modelling of adsorption complexes 

showed that co-adsorption of CO and O2 is unfavourable on the modified LFO surfaces 

explored in this work. Accordingly, a Langmuir-Hinshelwood reaction mechanism is less 

likely.  
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5.3.3. CO oxidation 
Figure 5.3 and Figure 5.4 shows the potential energy diagrams for the Rh, Pd and Pt-

containing LFO surfaces. For the stoichiometric doped LFO surfaces, the activation barriers 

for the reaction of adsorbed CO with a lattice O to CO2 are 1.38 eV (Rh), 0.48 eV (Pd) and 

0.52 eV (Pt). CO2 desorption energies for these three cases are 0.70 eV, 0.05 eV and 0.78 eV, 

respectively. After O2 adsorption on the O vacancy (see above), another CO molecule will 

adsorb strongly on LFO-Rh (-1.97 eV) and LFO-Pt (-1.62 eV), but relatively weakly on LFO-

Pd (-0.52 eV). The adsorbed CO molecule moves towards adsorbed O2, which leads to CO2 

formation: the barriers for this process are 2.33 eV and 2.22 eV for LFO-Rh and LFO-Pt, 

respectively, and moderate for LFO-Pd (0.58 eV).  

As CO and O2 adsorption energies change due to the presence of La and subsurface O 

defects, we also investigated their influence on the potential energy diagrams. The overall 

barrier for CO oxidation on LFO-VLa-Rh is significantly lower (0.84 eV) compared to the 

value 1.38 eV for the stoichiometric LFO-Rh surface. Similar differences are found for LFO-

VLa-Pd and LFO-VLa-Pt (Figure 5.4). In particular, CO oxidation on LFO-VLa-Pd involved a 

very low overall activation barrier of 0.42 eV. Importantly, we identified a linear correlation 

between the activation barrier for CO oxidation to CO2 and the surface O vacancy formation 

energy for the LFO surfaces with a La defect (Figure 5). This strongly indicates that the 

surface O vacancy formation energy is a good descriptor for CO oxidation on transition metal 

doped LFO-VLa catalysts. An experimental indication of the benefit of La defects can be 

found in the work on Rh- and Cu-doped LFO.39 The trend observed in Figure 5 therefore 

might be useful to predict new non-stoichiometric LFO perovskite-based catalysts. On the 

other hand, we admit that such correlations were not observed for the stoichiometric and 

oxygen-defective models. 

 
Figure 5.5. The activation barriers of CO oxidation on LFO-VLa-M (M = Rh, Pd and Pt) are 

linearly related to the corresponding surface O vacancy formation energies. (Blue dot: first 

half CO oxidation; red square: second half CO oxidation) 
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We also investigated CO oxidation on the LFO-Vso-M models that contain a subsurface 

O vacancy. The activation barrier for the first CO2 formation step for M = Rh is 0.54 eV, 

which is substantially lower than for LFO-Rh. CO2 desorption from LFO-Vso-Rh costs 1.10 

eV, the high value being ascribed to the high energy for surface O vacancy formation on this 

surface. The second CO2 formation step for LFO-Vso-Rh is 2.11 eV. Even though this barrier 

is lower than the barrier of 2.54 eV for LFO-Rh, it is too high to be relevant for catalytic CO 

oxidation. For LFO-VSO-Pd and LFO-VSO-Pt, CO oxidation is less likely to proceed on these 

surfaces due to the very weak adsorption of CO. 

The CO oxidation potential energy diagrams for the single Rh, Pd and Pt atoms adsorbed 

on the LFO surfaces are quite different. CO adsorbs on Rh of Rhads-LFO relatively weakly 

compared to LFO-Rh, which facilitates the migration of CO during the CO2 formation step. 

Indeed, the barrier for this step is only 0.93 eV, substantially lower than the value of 1.38 eV 

for LFO-Rh. The relatively high CO2 desorption energy (0.64 eV) is consistent with the high 

surface O vacancy formation (3.02 eV) for stoichiometric Rhads-LFO. After adsorption of O2 

and CO, the following CO2 formation step needs to overcome a barrier of 1.32 eV. In contrast 

to LFO-Rh, Rhads-LFO exhibits a lower overall activation barrier and CO2 desorption energy. 

It is noteworthy that that the square planar local structures formed on single Pd and Pt atoms 

adsorbed on the LFO surfaces preclude the simultaneous binding of CO and O2.  

Next we study the influence of VLa on the catalytic properties of a Rh atom adsorbed LFO.  

As shown in Figure 5.3b, the first CO2 formation involves a barrier of 0.35 eV. The second 

CO2 formation step on this surface also exhibits a relatively low activation barrier (0.98 eV) 

compared to the corresponding barrier of 1.32 eV for the stoichiometric Rhads-LFO. As to the 

Pdads-LFO-VLa and Ptads-LFO-VLa, we find that also these surfaces cannot catalyse CO 

oxidation due to the very weak adsorption of CO and O2. 

 

Figure 5.6. Microkinetics simulations for CO oxidation on LaFeO3 supported Rh, Pd and Pt 

catalysts. CO2 formation rates r (in molꞏs−1) as a function of temperature on different models 

(P = 1 atm, CO/O2 ratio = 1): (a) LFO-Rh, LFO-VLa-Rh, LFO-VSO-Rh, Rhads-LFO, Rhads-

LFO-VLa; (b) LFO-Pd, LFO-VLa-Pd, LFO-Pt and LFO-VLa-Pt. 
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5.3.4. Microkinetics modeling 
To systematically evaluate the catalytic activities of CO oxidation on the above LFO 

supported single-atom catalysts, we carried out microkinetics simulations based on the 

potential energy diagrams. Figure 5.6 shows that predicted CO2 formation rates on the 

defective LFO supported Rh, Pd and Pt models are substantially higher than on their 

stoichiometric counterparts. This is in line with an experimental indication La defects 

improve the catalytic activity of CO oxidation on Rh-doped LFO.38 Our modelling reveals 

that the increased activity on such La deficient LFO models is due to intermediate CO and 

O2 adsorption energies and low overall activation barriers. Notably, our data predict that 

LFO-VLa-Pd is the preferred composition, indicating that replacement of Rh by Pd should be 

promising.  

 
Figure 5.7. Calculated steady-state coverages (a) – (e) and DRC analysis (f) – (j) for CO 

oxidation on LFO-Rh, LFO-VLa-Rh, LFO-VSO-Rh, Rhads-LFO-VLa and Rhads-LFO. Herein, * 

and # represents the surface sites on Rh atom and LaFeO3 support, respectively. (P = 1 atm, 

CO/O2 ratio = 1) 

We further analyzed the kinetics in more detail. Inspection of the steady-state surface 

coverages (Figure 7) shows that both the Rh sites and surface O vacancy sites of LFO-Rh are 

occupied by CO and O2 species, respectively, up to relatively high temperature. For LFO-

VLa-Rh, adsorbed CO can already react at low temperature with adsorbed O2 species, because 

the associated barrier is much lower for the surface with a La defect in comparison to the 

stoichiometric LFO-Rh surface. A degree of rate control (DRC) analysis supports the 

coverage differences between LFO-Rh and LFO-VLa-Rh in the sense that the reaction of 

adsorbed CO with adsorbed O2 is the rate-determining step. Similar kinetic trends are 

computed for the Pd and Pt-containing LFO surfaces (Figure C5).  
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5.4. Conclusion 
In summary, we investigated CO oxidation on LFO supported Rh, Pd and Pt single-atom 

models by first-principles DFT calculations and microkinetics simulations. Next to the 

stoichiometric LFO surface, we also explored the influence of La defects and subsurface O 

vacancies on the catalytic rates. Models containing such defects enhance the stability of these 

single atoms adsorbed at the LFO surface or doped into the surface replacing Fe. These 

changes also affect the CO and O2 adsorption energies and, in this way, affect the barrier for 

CO oxidation surface reactions. An important finding is that LFO surfaces with a La defect 

result in optimum CO and O2 binding energies with respect to CO oxidation barriers. A strong 

correlation between these activation barriers and the oxygen vacancy formation energy is 

found. Microkinetics simulations emphasize the higher CO oxidation rates for the Rh-, Pd- 

and Pt-doped LFO surfaces with La defect compared to the cases of stoichiometric surface. 

Among all the considered models, Pd-doped LFO with the La defect exhibits the highest 

activity for the low-temperature CO oxidation. Notably, the presence of subsurface O 

vacancies only facilitates CO oxidation on the Rh adsorbed LFO surface. Thus, our results 

demonstrate that the introduction of La defects in LFO-based environmental catalysts is a 

promising strategy towards improved oxidation performance. 
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Appendix C. 

Table C1. Optimized lattice parameters (a, b, and c) and Fe-O distances of bulk LaFeO3.  

Previous results are shown for comparison. The unit of length and magnetic moment are: Å 

and µB, respectively 

 
 

a b c Fe-O(1) Fe-O(2) Fe-O(3) µFe 

DFT+U  5.645 5.596 7.885 2.039 2.025 2.021 4.1 

Experiment60 5.535 5.599 7.888 --- --- --- --- 

Calculation61 --- --- 7.886 --- --- --- 3.9 

Calculation40 5.591 5.563 7.917 2.045 2.056 2.014 --- 

 

 

 

Figure C1. Surface oxygen vacancy formation energy of LaFeO3 (001) as a function of Ueff. 
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Figure C2. Top view (up) and side view (down) of structure: (a), (c) LFO-VSO-M, (b), (d) 

Mads-LFO-VSO (color code: sky blue, La; lavender, Fe; O, red; blue, M = Rh, Pd, Pt; VSO, 

black). 

Table C2. Calculated CO adsorption energy (ECO) and O2 adsorption energy (EO2) for 
different LFO supported Rh surfaces. (Unit: eV) 

Model LFO-Rh LFO-VLa-Rh LFO-VSO-Rh Rhads-LFO Rhads-LFO-VLa Rhads-LFO-VSO 

ECO -2.14 -1.35 -1.26 -0.99 -1.30 -0.18 

EO2 -2.09 -0.82 -1.93 -2.16 -2.06 --- 

 

 

Table C3. Calculated CO adsorption energy (ECO) and O2 adsorption energy (EO2) for 
different LFO supported Pd, Pt surfaces. (Unit: eV) 

Model LFO-Pd LFO-VLa-Pd LFO-VSO-Pd LFO-Pt LFO-VLa-Pt LFO-VSO-Pt 

ECO -0.53 -1.13 -0.05 -1.38 -1.79 -0.15 

EO2 -1.53 -0.63 --- -2.17 -0.74 --- 

 

 



Chapter 5. Understanding the impact of the defect on catalytic reaction 
 

117 
 

 

Figure C3. Partial density of states (PDOS) of Pd 4d, O 2p and O 2s orbitals (O atom adjacent 

to Pd) in LFO-Pd, LFO-VLa-Pd, LFO-VSO-Pd, Pdads-LFO, Pdads-LFO-VLa, and Pdads-LFO-

VSO. 

 

 

Figure C4. Partial density of states (PDOS) of Pt 5d, O 2p and O 2s orbitals (O atom adjacent 

to Pt) in LFO-Pt, LFO-VLa-Pt, LFO-VSO-Pt, Ptads-LFO, Ptads-LFO-VLa, and Ptads-LFO-VSO. 
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Figure C5. Calculated steady-state coverages (a) – (d) and DRC analysis (e) – (h) for CO 

oxidation on LFO-Pd, LFO-VLa-Pd, LFO-Pt and LFO-VLa-Pt. (P = 1 atm, CO/O2 ratio = 1)  
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Chapter 6 
Linear Activation Energy - Reaction Energy 

Relations for LaBO3 (B = Mn, Fe, Co, Ni) 
Supported Single-Atom Platinum Group Metal 

Catalysts for CO Oxidation 
 

Abstract 

Single-atom catalysts are at the center of attention of the heterogeneous catalysis community 

because they exhibit unique electronic structures distinct from nanoparticulate forms. Here, 

we employ spin-polarized density functional theory and microkinetics simulations to identify 

optimum LaBO3 (B = Mn, Fe, Co, Ni) supported catalysts dispersing platinum group metals 

as atoms on their surface. We identify a strong correlation between the CO adsorption energy 

and the d-band center of the doped metal atom. These CO adsorption strength differences are 

explained in terms of the electronic structure. In general, Pd-doped surfaces exhibit 

substantially lower activation barriers for CO2 formation than the Rh- and Pt-doped surfaces. 

Strong Brønsted-Evans-Polanyi correlations are found for CO oxidation on these single-atom 

catalysts, providing a tool to predict promising compositions. Microkinetics simulations 

show that Pd-doped LaCoO3 is the most active catalyst for low-temperature CO oxidation. 

Moderate CO adsorption strength and low reaction barriers explain the high activity of this 

composition. Our approach provides guidelines for the design of highly active and cost-

effective perovskite supported single-atom catalysts.  
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6.1. Introduction 

 Platinum group metals dispersed on metal oxide supports are quintessential in automotive 

exhaust control, employing more than half of the annual production of noble metals such as 

Pt, Pd, and Rh. CO oxidation is a key reaction in this respect and is also regarded as an 

archetypical model reaction in heterogeneous catalysis.1-3 The current generation of 

automotive three-way catalysts used in gasoline cars is based on Rh and Pt or Pd 

nanoparticles supported on alumina and ceria-zirconia. The cost of platinum group metals, 

their relatively low performance during cold start and their tendency to sinter at elevated 

temperature pose challenges in developing improved catalysts to comply with increasingly 

stringent environmental legislation related to exhaust gas abatement. Catalytic performance 

depends strongly on the surface morphology,4 particle size,5 and the reducibility of the 

support.6 Despite their good performance, the metal atom utilization in these catalysts is 

rather low because only the exposed surface metal atoms are involved in catalyzing CO 

oxidation. 

 To achieve good catalytic performance in combination with the highest possible metal 

atom utilization efficiency, single-atom catalysts (SACs) have been recently proposed.7-11 A 

key aspect of SACs is the under-coordinated nature of the single metal atom stabilized on 

typically metal oxide supports.12-14 In practice, single atoms anchored to oxide supports are 

susceptible to sintering.15-17 Therefore, there is a need to identify metal-support combinations 

that allow for stabilization of the metal in atomic form and high activity. In their pioneering 

work, Qiao et al. reported a stable anchored single Pt atom on Fe-oxide with excellent 

performance of CO oxidation.14 A very recent study indicated that activation of the surface 

oxygen species of ceria-supported Pt single atom catalysts can drastically improve the CO 

conversion rate at low temperature.18 Many factors need to be considered when designing 

highly active SACs, such as the type and oxidation state of the metal atom,19,20, 21 and its 

location on the surface.22  

 As general in heterogeneous catalysis, it would be useful if catalytic properties of 

candidate SACs could be estimated from simple activity descriptors by theoretical methods. 

An early study in this direction reported that the CO oxidation activity on transition metal 

surfaces and clusters correlates well with the adsorption energy of the adsorbate.23 A recent 

study reported a linear relation between the transition-state energies and adsorption energy 

of CO and O2 reactants.24 Many computational studies reported the utility of Bronsted-Evans-

Polanyi (BEP) relations for various chemical reactions occurring on transition metal 

surfaces,25-27 metal clusters,23, 28 as well as transition metal oxide surfaces.29 However, such 

correlations have not been explored yet in detail for SACs.  

 Recently, perovskites have been receiving increased attention in the field of catalysis 

owing to their remarkable electronic properties, relatively high structural stability and 
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tunability in terms of composition and, therefore, catalytic function.30-35 Relevant to the 

present study, perovskite has been mentioned as a potential material to replace platinum 

group metals for environmental catalysis.36-39 A recent study emphasized the role of single 

atoms of Pt stabilized on perovskite for catalytic CO oxidation.40 Among perovskite materials, 

La-based perovskites with the general formula ABO3 with A = La exhibit a high oxygen 

storage capacity comparable to that of ceria,41, 42 suggesting that these compositions may have 

a potential to act as a support in three-way catalysts. As such, perovskite represents a tunable 

platform capable of reflecting catalytic properties of oxide systems such as FeOx, MnOx, and 

MgAl2O4. To support the design of such catalysts, it is useful to understand the stability and 

performance of single-atom metal atoms stabilized by a perovskite support.  

 In the present study, we systematically investigated the catalytic properties with respect 

to CO oxidation of a series of single metal (M) atoms (M = Rh, Pd, and Pt) supported by 

LaBO3 (B = Mn, Fe, Co, and Ni) using density functional theory (DFT) and microkinetics 

simulations. We identify a strong correlation between the CO adsorption energy and the d-

band center of the doped metal atom and, for the first time, a linear dependence of the 

activation barrier for CO2 formation and the reaction enthalpy as a strong BEP relation for 

SACs. Microkinetics simulations predict that CO oxidation rates are much higher on Pd-

doped surfaces than on Rh- or Pt-doped surfaces. In particular, Pd-doped LaCoO3 exhibits a 

promising activity for low-temperature CO oxidation. These insights provide guidance in the 

design of cost-effective and highly active perovskite-based catalysts for oxidation reaction. 

 

6.2. Computational methods  

6.2.1. DFT calculations 
 All spin-polarized DFT calculations reported here were carried out using the Vienna Ab 

Initio Simulation Package (VASP version 5.3.5).43 The Perdew-Burke-Ernzerhof (PBE) 

functional was used to account for exchange and correlation effects. 44 A Hubbard-like term, 

U, describing the on-site Coulombic interactions, was introduced. We employed effective U 

values of 4.0, 4.0, 3.3, and 6.4 eV for Mn, Fe, Co, and Ni, respectively. These values were 

taken from previous computational studies, which provided a good description of the 

electronic structures of the corresponding LaBO3 perovskites.45, 46  The cut-off energy for the 

plane-wave basis was set at 400 eV. The Gaussian smearing method with a smearing width 

of 0.05 eV was adopted to determine partial occupancies. VdW interactions were considered 

via DFT-D3 corrections in all our calculations.47 

 To optimize the lattice constant of bulk LaBO3, a Pbnm symmetry unit cell was used in 

the calculations. We first evaluated the influence of different magnetic structures on the total 

energy and determined that the most stable magnetic structures for LaMnO3 and LaFeO3 are 
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of the antiferromagnetic A- and G-type, respectively. Ferromagnetic structures were the most 

stable ones for bulk LaCoO3 and LaNiO3. The optimized lattice parameters are listed in Table 

D1. For the surface calculations, we constructed a BO2-terminated LaBO3(001) slab model, 

which is known to be a stable and exposed facet of this material in catalytic reactions.48 Here, 

we constructed a 2×2 unit cell with the following sizes: 11.29 Å ×11.12 Å for LaMnO3, 11.29 

Å × 11.11 Å for LaFeO3, 10.92 Å × 10.93 Å for LaCoO3, and 10.76 Å × 10.92 Å for LaNiO3. 

A six atom-layer slab separated by a 12 Å vacuum was used for all surface calculations. The 

top four atomic layers were relaxed and the bottom two layers were fixed. The LaBO3 (001) 

slab model contains 24 La atoms, 24 B atoms, and 72 O atoms. A B atom in the surface of 

these LaBO3 supercells was replaced by a platinum group metal (Rh, Pd, or Pt). As a 

consequence, the dopant concentration in the perovskite lattice is 4.2% respective to the 

number of B atoms in the unit cell. This computational setup is adequate to avoid interactions 

between periodic images that would affect the results of the predicted surface catalytic 

properties involving the single atom dopant and small adsorbates. For the Brillouin zone 

integration, a Monkhorst-Pack k-point mesh of 1 ×  1 ×  1 was used. Geometries 

optimization was achieved until the residual Hellmann-Feynman forces were smaller than 

0.05 eV/Å.  

In order to explore the reaction mechanism, we calculated the location and total energy of 

transition states by the climbing-image nudged elastic band (CI-NEB) method.49 A frequency 

analysis was done to make sure that each transition state has a single imaginary frequency in 

the direction of the reaction coordinate (Table D3). Adsorption energies of CO and O2 are 

computed by  

           ads surf+g surf( )gE E E E            (6.1) 

here, su rf+ gE , surfE  and gE  are the total energies of the adsorbed surface, the empty 

surface and the corresponding gas phase species, respectively.  

The d-band center (d) was computed as50 

                                                         
( )

( )
d

d

d

  


  








 


                                               (6.2) 

where () is the partial density of states (PDOS) of the d-orbital at a particular energy . We 

determined d by integrating () for the dopant from -20 to 5 eV relative to the Fermi level. 
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6.2.2. Microkinetics simulations 
 Microkinetics simulations were carried out on the basis of the computed energetics for the 

explored CO oxidation pathways. These were employed to determine the reaction rates and 

the composition of the adsorbed layer. For surface reactions, the calculated activation barriers 

were used to estimate the forward and backward rate constant using the Eyring equation  

                 
a

bb *
E

k Tk T f
k e

h f



            (6.3) 

where k is the reaction rate constant, kb is the Boltzmann constant and h is the Planck constant. 

T is the temperature (in K) and Ea is the activation barrier (in J), f* and f are the partition 

functions of the transition state and the ground state, respectively. Here, all vibrational 

partition functions were assumed to be a unity. This yields a prefactor for all surface 

elementary reaction steps of ~1013 s-1. 

 For the adsorption process, we use the approximation that the molecule loses one of its 

translational degrees of freedom with respect to the gas phase. Then, the rate for molecular 

adsorption is given by 

           ads

b2

PA
k S

mk T
            (6.4) 

Here, P refers to the partial pressure of the reactant in the gas phase, A represents the surface 

area of the adsorption site. S and m are the sticking coefficient and the mass of the reactant, 

respectively.  The surface area was set to the area of a square planar doped site, i.e. 7.3 × 

10−20 m2. The sticking coefficients were set to unity in all the simulations. 

 For product desorption from the surface, we assumed that the activated complex has two 

translational and three rotational degrees of freedom. Accordingly, the rate for molecular 

desorption can be defined as51     

             
des

b

3
b b

des 3

(2 )
E

k T

rot

k T A mk
k e

h






                (6.5) 

Here, σ is the symmetry number, θrot  is the characteristic temperature for rotation, and Edes 

represents the desorption energy. The symmetry number of CO is 1. The symmetry numbers 

of O2 and CO2 are 2. The characteristic temperature of rotation for CO, O2, and CO2 are 2.73, 

2.08, and 0.56 K, respectively.52   

 The details of the microkinetics simulations have been described in our previous studies 

and briefly mention the main aspect of the approach.53 The rate constants of the elementary 

steps are used to construct the differential equations for all surface reaction intermediates. 
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The above rate constants for the elementary steps are used to construct the differential 

equations for all surface reaction intermediates. The rate expression for an elementary 

reaction step j is given by 

                
j

i
j j i

i

r k c             (6.6) 

wherein kj is the reaction rate constant as calculated by the Eyring equation, ci the 

concentration of reactant i in the elementary reaction step j on the surface, and j
i  the 

stoichiometric coefficient of reactant i in elementary reaction step j. 

 In order to identify the elementary steps that determine the overall reaction rate of the CO 

oxidation, a degree of rate control (DRC) analysis 54 was implemented. To a specific 

elementary step i, the DRC coefficient ,RC i  is calculated by    

        ,

, ,

ln

ln
j i i j i i

i
RC i

i ik K k K

k r r

r k k


 

    
        

                (6.7) 

In eq. 7, r is the overall reaction rate and ki and Ki are the forward rate and the equilibrium 

constants for step i, respectively. The first-principles-based microkinetics simulations were 

performed using the in-house-developed MKMCXX program.55 The overall CO2 formation 

rate reaction, steady-state coverage and product distribution were computed as a function of 

temperature by integrating the ordinary differential equations with respect to time using the 

backward differentiation formula method.56, 57  
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Figure 6.1. (left) Top view and (right) side view of LaBO3-M surfaces used for theoretical 

modeling of CO and O2 adsorption and CO oxidation (colors: sky blue, La; blue, B = Mn, Fe, 

Co, and Ni; red, O; turquoise, M = Rh, Pd, and Pt). 

6.3. Results and discussion  

6.3.1. CO and O2 adsorption 
We first investigated the structure and relative stability of M-doped LaBO3 surfaces 

(LaBO3-M). To estimate their relative stability, we computed the exchange energy associated 

with replacing a B atom in the stoichiometric LaBO3 surface with an M atom compared to 

bulk B and M (Figure 6.1). The M-doped LaMnO3, LaFeO3, LaCoO3, and LaNiO3 surfaces 

are denoted in the following as LaMnO3-M, LaFeO3-M, LaCoO3-M, and LaNiO3-M, 

respectively. From Table D2, it can be seen that the exchange energies for LaCoO3-M and 

LaNiO3-M are smaller than those for LaMnO3-M and LaFeO3-M. This means that the 

incorporation of Rh, Pd, and Pt into the surfaces of LaCoO3 and LaNiO3 is more favorable 

than into those of LaMnO3 and LaFeO3. Previous computational and experimental works 

studied the stability of transition metal in different layers of LaFeO3 and LaMnO3 and showed 

that the B site can be substituted by Rh, Pd, and Pt. Among these, Pd surface doping in the 

first layer of such perovskites surfaces is preferred.58-61  

 We then investigated the adsorption of CO and O2 on the LaBO3-M surfaces in order to 

identify structures relevant to CO oxidation. Top coordination of CO on the doped transition 

metal atoms is preferred in all cases. We also found that CO adsorption on the M atoms at B 

sites is much stronger than on the other native B sites (Table D4). For Rh, we determined the 

following CO adsorption energies, i.e. -2.49 eV (LaMnO3-Rh), -2.14 eV (LaFeO3-Rh), -1.87 

eV (LaCoO3-Rh), and -1.70 eV (LaNiO3-Rh). Despite the fact that CO binds strongly to Rh, 

there is a strong influence of the reactivity of the B substituent on the adsorption strength. 

When the perovskite lattice contains a more reactive 3d transition metal B ion, the CO 

binding is stronger. Similar trends are observed for the Pt- and Rh-doped LaBO3 surfaces. 

On the Pd-containing surfaces, the CO binding strengths are weakest. By comparing the CO 
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adsorption energy for the different Pd-containing models, we find that CO binds with 

comparable strength to LaMnO3-Pd (-1.19 eV) and LaCoO3-Pd (-1.22 eV) as to Pd-doped 

CeO2(111). 

 

Figure 6.2. PDOS of doped M atom (M = Pd, Pt and Rh) and adsorbed CO on (left) LaMnO3-

M and (right) LaFeO3-M. The states marked in green, red and blue are the PDOS of adsorbed 

CO, the Pd atom of CO adsorbed LaBO3-Pd and the Pd atom of LaBO3-Pd, respectively.  

To understand the properties of CO adsorption on LaBO3-M, we analyse the partial 

density of states (PDOS) of these models. From the PDOS of CO adsorbed on LaBO3-M, we 

observe that the overlap between CO orbitals and d-orbitals of the doped M atoms depend 

on the M atom (Figure 6.2 and Figure D1). We find strong correlations between the CO 

adsorption energy and the integrated crystal orbital Hamilton population (ICOHP) between 

the M atom and the C atom (of CO) for the LaBO3-M models (Figure 6.3 and Table D6). 

These correlations indicate that CO binds stronger to Rh and Pt than to Pd. LaMnO3-Rh 

exhibits the strongest CO adsorption among the LaMnO3-M models, because the Rh d-

orbitals are less filled than the Pt d-orbitals of LaMnO3-Pt, which leads to a different ICOHP. 

Similar to the ICOHP of LaMnO3-M, Rh doping in LaFeO3, LaCoO3 and LaNiO3 also results 

in more negative values than Pt doping.  

In order to understand the effect of the support on CO adsorption, we compare the PDOS 

as well as the d-band center of Pd for different LaBO3-Pd models. We note that the d-band 

stems from the electronic interaction between the doped atom and perovskite lattice and there 

are similarities between our d-band model and the one from Nørskov et al.62 To our model, 

the d-band center reflects the location of the d-states of the doped atom relative to the Ef. 

Thus, it is reasonable to introduce this concept to rationalize the properties of CO 
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Figure 6.3. Correlation between the CO adsorption energy and the average ICOHP value of 

doped M atom (M = Rh, Pt, and Pd) and C atom in (a) LaMnO3-M, (b) LaFeO3-M, (c) 

LaCoO3-M, and (b) LaNiO3-M. 

adsorption on different models. In fact, the combined analysis of the PDOS and the d-band 

center is widely accepted to understand the relation between catalytic activity and electronic 

structure.63-65 In Figure 6.4a, we can clearly observe that the Pd d-states in LaMnO3-Pd and 

LaCoO3-Pd are shifted to energy positions closer to the Fermi level compared to the 

corresponding states in LaFeO3-Pd and LaNiO3-Pd. The location of d-states closer to the 

Fermi level provides more empty d-orbitals for CO adsorption. This is also in line with the 

relatively high d-band center of Pd atoms in LaMnO3 and LaCoO3 compared to LaFeO3 and 

LaNiO3 (Figure 6.4a and Table 6.1). It is worthy of note that the d-band center reflects the 

location of the d-states of the doped M atom relative to the Ef. The closer the d-band center 

of the dopant is to the Ef, the easier electron transfer from d-orbitals to CO orbitals will be 

and the stronger the bond between M and CO. Interestingly, we find a linear correlation 

between the d-band center and the CO adsorption energy for these Pd-doped LaBO3 models 

(Figure 6.4b). Such a linear relation is also observed for CO adsorption on Rh- and Pt-

containing models (Figure 6.5a, b). The PDOS for these two models are plotted in Figure 

6.5c and 5d.  
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Table 6.1. Calculated d-band center (eV) for the different surface models (M = Rh, Pd, and 

Pt). 

Model LaMnO3-M LaFeO3-M LaCoO3-M LaNiO3-M 

Rh -0.48 -0.82 -2.35 -3.07 

Pd -1.86 -3.56 -2.05 -3.15 

Pt -0.65 -2.58 -2.65 -3.26 

 
Figure 6.4. (a) PDOS of adsorbed CO and doped Pd in LaBO3-Pd (B = Mn, Fe, Co, Ni). The 

states marked in green, red and blue are PDOS of adsorbed CO, Pd atom of CO adsorbed 

LaBO3-Pd and Pd atom of LaBO3-Pd, respectively. The blue line refers to the d-band center 

of the Pd atom of LaBO3-Pd. (b) A linear relation between the CO adsorption energy and the 

d-band center of the Pd atom on the corresponding surfaces, (c) Charge density difference 

between LaBO3-Pd surfaces after and before CO adsorption (charge density isosurface 0.07 

e/Å3). Yellow: increase of electron density. Blue: decrease of electron density. 

 

A clear variation in Rh-occupied states in different LaBO3-Rh models is evident and the 

computed d-band center trend of LaMnO3-Rh > LaFeO3-Rh > LaCoO3-Rh > LaNiO3-Rh 

tracks the trend in CO adsorption energy. A similar trend of the PDOS and d-band center is 

obtained for LaBO3-Pt as follows from Figure 6.5b and 5d. In general, the models with their 

d-band center shifted to higher energies exhibit a higher CO adsorption strength. 
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Table 6.2. Bader charge (|e|) of M atoms in different surface models. Values in parenthesis 

are the corresponding charges of the M atoms after CO adsorption.  

Model LaMnO3-M LaFeO3-M LaCoO3-M  LaNiO3-M 

Rh 1.75 (1.93) 1.78 (1.94) 1.92 (2.01) 1.90 (2.16) 

Pd 1.41 (1.86) 1.52 (1.67) 1.21 (1.85) 1.90 (1.95) 

Pt 1.83 (2.43) 1.94 (2.42) 2.05 (2.45) 2.44 (2.58) 

 

We also performed a Bader charge analysis on these models (Table 6.2). From the Bader 

charges for Pd atoms, we determined the amount of electrons transferred from Pd to the 

support, i.e. 1.41 e (LaMnO3), 1.52 e (LaFeO3), 1.21 e (LaCoO3), and 1.90 e (LaNiO3). Thus, 

Pd in LaMnO3 and LaCoO3 hold more valence electrons than in LaFeO3 and LaNiO3. It 

should be noted that CO adsorption on Pd results in a redistribution of the charge. After CO 

adsorption, the amount of Pd valence electrons are decreased by 0.45 e, 0.15 e, 0.64 e, and 

0.05 e in LaMnO3-Pd, LaFeO3-Pd, LaCoO3-Pd, and LaNiO3-Pd, respectively. This means 

that the Pd atoms in LaMnO3 and LaCoO3 transfer more electrons to the adsorbed CO 

compared to Pd atoms in LaFeO3 and LaNiO3. This strong back-donation of electrons results 

in a strong chemical bond between Pd and CO. Moreover, the charge density difference for 

CO adsorbed on LaBO3-Pd surfaces (Figure 6.4c) confirms that the Pd atoms lose more 

electrons in LaMnO3-Pd and LaCoO3-Pd than in LaFeO3-Pd and LaNiO3-Pd upon CO 

adsorption. For the charge distribution in Rh- and Pt-containing models (Table 6.2), there are 

apparently less valence electrons on doped Rh or Pt than on Pd, which is consistent with the 

higher amount of unoccupied d-states of Rh and Pt. The stronger CO adsorption on LaBO3-

Rh and LaBO3-Pt can be ascribed to the enhanced donation of CO electron density into the 

less occupied Rh or Pt d-orbitals. The increased electron donation is reflected by the 

accumulation of electrons between CO and Rh or Pt, as shown in Figure D2.   

In the catalytic reaction mechanism to be discussed below, adsorbed CO reacts with a 

surface lattice O atom to produce CO2. This constitutes a Mars-van Krevelen (M-vK) 

mechanism. Molecular oxygen will then bind on the formed surface oxygen vacancy. The O2 

adsorption energies on the vacancy sites of LaMnO3-Rh, LaMnO3-Pd and LaMnO3-Pt are -

1.56 eV, -1.10 eV, and -0.46 eV, respectively. The strength of O2 adsorption is strongly 

associated with the surface O vacancy formation energies, as follows from the calculated 

surface O vacancy formation energies for LaMnO3-Rh (2.02 eV), LaMnO3-Pd (1.67 eV) and 

LaMnO3-Pt (0.84 eV). For O2 adsorption on LaFeO3-M, we determined the following 

adsorption energies: -2.09 eV (LaFeO3-Rh), -1.53 eV (LaFeO3-Pd), and -2.17 eV (LaFeO3-

Pt). The surface O vacancy formation energies for LaFeO3-Rh, LaFeO3-Pd, and LaFeO3-Pt 

are 2.42 eV, 2.28 eV, and 2.47 eV, respectively, in line with the trend of O2 adsorption 

energies.  
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Figure 6.5. Correlation between the CO adsorption energy and the d-band center of the doped 

atom in (a) LaBO3-Rh and (b) LaBO3-Pt, (c) PDOS of adsorbed CO and doped Rh in LaBO3-

Rh (B = Mn, Fe, Co, Ni). (d) PDOS of adsorbed CO and doped Pt in LaBO3-Pt. The states 

marked in green, red and blue are PDOS of adsorbed CO, the Rh (Pt) atom of CO adsorbed 

LaBO3-Rh (LaBO3-Pt) and the Rh (Pt) atom of LaBO3-Rh (LaBO3-Pt), respectively. Blue 

line refers to the d-band center of Rh (Pt) atom of LaBO3-Rh (LaBO3-Pt). In comparison with 

LaMnO3-M and LaFeO3-M models, LaCoO3-M and LaNiO3-M models exhibit relatively 

weak O2 adsorption. This can be ascribed to the lower surface O vacancy formation energies 

for the latter surfaces. 

6.3.2. CO oxidation  
We first established that coadsorption of CO and O2 on the stoichiometric LaBO3-M 

surfaces is unfavorable. Accordingly, a Langmuir-Hinshelwood reaction mechanism for CO 

oxidation is not likely for our models. As experimental work has shown that the oxygen 

species of perovskite participates in CO2 formation,66 we considered CO oxidation involving 
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a surface lattice O atom. The reaction starts with CO adsorption followed by migration of 

CO to allow CO2 formation. Subsequently, CO2 desorbs from the surface, resulting in an 

oxygen vacancy. Molecular oxygen can then adsorb on this vacancy, followed by adsorption 

of another CO on the M atom. This CO adsorbate migrates to the adsorbed O2 to form CO2 

via a transition state in which the oxygen-oxygen bond of adsorbed O2 is further elongated. 

Afterward, the second CO2 molecule is spontaneously released from the surface.  

 

Figure 6.6. Reaction pathway of CO oxidation on LaBO3-M (B = Mn, Fe, Co, and Ni, M = 

Rh, Pd, and Pt).  

We systematically examined CO oxidation on Rh-, Pd- and Pt-doped LaBO3 systems, 

involving in total 12 reaction cycles for CO oxidation. The reaction pathways for the CO 

oxidation on these surfaces are displayed in Figure 6.6.  For the M-doped LaMnO3 surfaces, 

the barriers of adsorbed CO reaction with a lattice O to form CO2 are 0.88 eV (Rh), 0.52 eV 

(Pd), and 0.81 eV (Pt). Not surprisingly, this reaction step encounters its lowest barrier on 

LaMnO3-Pd because of a relatively weak CO adsorption on the Pd atom, which facilitates 

the migration of CO, as shown in Figure 6.7a. 

 For LaMnO3-Rh, CO2 desorption is more difficult than for LaMnO3-Pd and LaMnO3-Pt. 

This can be ascribed to the relatively higher surface oxygen vacancy formation energy (Evo) 

for LaMnO3-Rh (2.02 eV) compared to LaMnO3-Pd (1.67 eV) and LaMnO3-Pt (0.84 eV). 

After CO2 desorption, a surface O vacancy is created, which is filled by O2 adsorption. Here, 

the most stable configuration for O2 adsorption is the one in which one of the O atoms fills 

the vacancy and the other is coordinating to the doped M atom, see Figure 6.6. The resulting 

surface O species will readily react with adsorbed CO with low barriers on LaMnO3-Pd 

(0.47eV), LaMnO3-Pt (0.67 eV) and LaMnO3-Rh (0.72 eV). Subsequently, CO2 desorbs from 

the surface and completes the reaction cycle. 
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Figure 6.7. Potential energy diagrams for CO oxidation on (a) LaMnO3-Rh, LaMnO3-Pd, 

and LaMnO3-Pt, (b) LaFeO3-Rh, LaFeO3-Pd, and LaFeO3-Pt, (c) LaCoO3-Rh, LaCoO3-Pd, 

and LaCoO3-Pt, (d) LaNiO3-Rh, LaNiO3-Pd, and LaNiO3-Pt. 

For LaFeO3-M surfaces, the adsorbed CO reacts with lattice O to form the first CO2 

product molecule in the cycle with relatively high barriers on LaFeO3-Rh (1.38 eV) and 

LaFeO3-Pt (0.94 eV) in contrast to LaFeO3-Pd (0.48 eV). The potential energy diagram in 

Figure 6.7b shows that CO2 desorption on LaFeO3-Pt and LaFeO3-Rh is more difficult than 

on LaFeO3-Pd. This is also in line with the lower Evo values for LaFeO3-Pd (2.28 eV) than 

for LaFeO3-Pt (2.47 eV) and LaFeO3-Rh (2.42 eV). After adsorption of O2 and CO, the 

following CO2 formation step on LaFeO3-Pd only needs to overcome a barrier of 0.58 eV, 

substantially lower than the barrier for LaFeO3-Rh (2.33 eV) and LaFeO3-Pt (2.22 eV). 

The CO oxidation potential energy diagrams for the LaCoO3-M surfaces indicate that the 

first CO2 formation step on LaCoO3-Pd is very favorable with an activation barrier of 0.41 

eV (Figure 6.7c). This barrier is much lower than for the other dopants, i.e. LaCoO3-Rh (1.16 

eV) and LaCoO3-Pt (1.01 eV). The energies of CO2 desorption on LaCoO3-Pt (0.85 eV) and 

LaCoO3-Rh (0.58 eV) are both higher than the value of 0.26 eV for LaCoO3-Pd. This is in 

line with the fact that Pd doping only slightly increases Evo by 0.05 eV, while it is increased 

by 0.70 eV and 0.81 eV upon Rh and Pt doping. The barriers for the second CO2 formation 

step on the LaCoO3-Pd (0.49 eV) are lower than on LaCoO3-Rh (2.02 eV) and LaCoO3-Pt 
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(1.43 eV). The increasing barriers for Pt- and Rh-doped LaCoO3 surfaces are closely 

associated with their Evo. In general, a lower Evo favors the migration of O species, resulting 

in a lower barrier for CO2 formation. 

For CO oxidation on LaNiO3-M surfaces, the activation barriers for the first CO2 

formation step are 0.61, 0.54, and 0.74 eV for LaNiO3-Rh, LaNiO3-Pd, and LaNiO3-Pt, 

respectively (Figure 6.7d). CO2 desorption is not difficult, which is in line with the relatively 

low surface O vacancy formation energies for LaNiO3-Rh (1.32 eV), LaNiO3-Pd (1.60 eV), 

and LaNiO3-Pt (1.1 eV). The second CO2 formation step on LaNiO3-M surface is favorable, 

because this process is highly exothermic with very low barriers for LaNiO3-Pd (0.24 eV), 

LaNiO3-Pt (0.34 eV) and LaNiO3-Rh (0.52 eV).  

 

Figure 6.8. BEP relation for CO oxidation on LaBO3-M. The activation barrier is linearly 

related to the reaction energy of CO oxidation. (a) LaMnO3-M, (b) LaFeO3-M, (c) LaCoO3-

M and (d) LaNiO3-M. 

6.3.3. Brønsted-Evans-Polanyi relations 
It has been reported that activation barriers of molecular dissociation on transition metal 

surfaces are linearly correlated with corresponding reaction energies.67, 68 Such scaling 

relations are rooted in Hammond’s postulate, which states that the transition state of an 
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(organic) reaction resembles either the reactant or product state.69  In our study, we further 

analyzed the relationship between these parameters for CO oxidation on LaBO3-M systems. 

The strong correlations identified between the activation barriers and reaction energies for 

CO oxidation on these models show that the BEP principle holds for CO oxidation on 

perovskite-supported single-atom catalysts. For the fitted dependency in Figure 6.8, all the 

correlation coefficients are high, which emphasizes their utility in accurately predicting 

activation barriers. In this regard, these relations provide a convenient approach to investigate 

trends in catalytic reactions on perovskite supported single-atom catalysts.  

We observe that the activation barriers typically decrease for more exothermic reactions 

(more negative reaction energies). In addition, the reaction energies for the first CO oxidation 

event are substantially higher than those for the second CO oxidation one on corresponding 

surfaces. Notably, the trends in the barrier for the first CO oxidation step are very different 

from those for the second CO oxidation step. Figure 6.8a and 8d shows that the barriers for 

the first step on the LaMnO3-M and LaNiO3-M surfaces are higher than for the second one. 

On the contrary, the LaFeO3-M and LaCoO3-M models exhibit much lower activation 

barriers for the first CO oxidation step than the second one (Figure 6.8b and 8c). The slope 

in the linear BEP relation is usually indicated by α and is understood as a parameter reflecting 

the nature of the transition state. The α value close to 1 for the second CO oxidation step on 

the LaFeO3-M can be interpreted in terms of a late transition state structure, resembling the 

final state along the reaction coordinate. For the first CO oxidation step on LaMnO3-M and 

LaNiO3-M, the α value is close to 0, pointing to an early transition state structure, which is 

akin to the initial state. We also note that there is poor correlation between the barriers and 

the reaction energies of CO oxidation on all the LaBO3-M surfaces. This is most likely due 

to the fact that the different LaBO3-M systems exhibit different electronic properties, 

resulting in a lack of similarity of the geometrical and theoretical structures along the reaction 

coordinate.  
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Figure 6.9. Microkinetics simulations for CO oxidation on LaFeO3-M. CO2 formation rates 

r (in molꞏs−1) as a function of temperature on different models (P = 1 atm, CO/O2 ratio = 1). 

(a) LaMnO3-M, (b) LaFeO3-M, (c) LaCoO3-M and (d) LaNiO3-M. 

6.3.4. Microkinetics simulations 
To systematically evaluate the catalytic activities of these transition metal doped LaBO3 

surfaces, we estimated the CO oxidation reaction rates by microkinetics simulations based 

on the computed potential energy diagrams. To this end, different models namely LaMnO3-

M, LaFeO3-M, LaCoO3-M and LaNiO3-M surfaces were considered for our simulations. The 

predicted CO oxidation rates are displayed as Arrhenius curves in Figure 6.9. Clearly, the 

LaBO3-Pd surfaces exhibit a much higher CO2 formation rate than the LaBO3-Pt and LaBO3-

Rh surfaces at low temperature. This can be ascribed to the low barriers for CO oxidation on 

the Pd-doped surfaces.  

By comparing the activity of CO oxidation on different Pd-doped supports, we find that 

the LaMnO3-Pd and LaCoO3-Pd surfaces exhibit higher reaction rates than the LaFeO3-Pd 

and LaNiO3-Pd at low temperature. It is not surprising that the former two are more active 

for CO oxidation than the latter two, because the LaMnO3-Pd and LaCoO3-Pd surfaces 

exhibit a relatively strong CO and O2 adsorption and, henceforth, relatively low overall 

barriers for the surface reaction. In addition, CO oxidation on the LaMnO3-Rh and LaNiO3-

Rh surfaces proceeds at higher rates than on LaMnO3-Pd and LaNiO3-Pd surfaces at 

intermediate  
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Figure 6.10. Calculated steady-state coverages (a) – (d) and DRC analysis (e) – (h) for CO 

oxidation on LaBO3-Pd. Herein, * and # represents the surface sites on Pd atom and O 

vacancy site, respectively (P = 1 atm, CO/O2 ratio = 1). 

temperatures. This is because CO only can favorably adsorb on doped atoms at low 

temperature. As the temperature increases, the LaMnO3-Rh and LaNiO3-Rh surfaces can still 

efficiently bind CO molecules which facilitate CO2 formation. Besides, the low overall 

barriers for CO oxidation on LaMnO3-Rh and LaNiO3-Rh are relevant in this respect. 

Therefore, these two Rh-doped surfaces exhibit good performance at intermediate 

temperatures. 

From the above analysis, we find a preference for LaBO3-Pd surfaces for CO oxidation. 

We then plot the steady-state coverages of surface reaction intermediate and rate-controlling 

steps for the LaBO3-Pd models. Figure 6.10a shows these surface coverages as a function of 

temperature for LaMnO3-Pd. At low temperatures, CO* (* representing Pd adsorption sites) 

and O# (# representing O vacancy adsorption sites) are the predominant surface states. This 

observation is supported by a DRC analysis, which indicates that the reaction of adsorbed 

CO react with a lattice O atom is the rate-controlling step at low temperatures (Figure 6.10e). 

For LaFeO3-Pd, Figure 6.10b shows that the surface vacancy site is completely occupied by 

O2 at low temperatures, which is in line with strong O2 adsorption. The DRC analysis reflects 

that the overall CO conversion rate is limited by the second CO2 formation step. This is 

because the activation barrier for the second CO2 formation step is higher than for the first 

one. The composition of the surface adsorbed layer for LaCoO3-Pd is different from the one 

of LaFeO3-Pd. CO* remains preferentially on Pd at intermediate temperatures and O2 covers 

the surface vacancy sites only at very low temperatures. This can be ascribed to the relatively 

weak O2 adsorption on LaCoO3-Pd. The DRC analysis shows that the second CO2 formation 

step controls the overall reaction rate, because the activation barrier of the second CO2 

formation is higher than that of the first one. For LaNiO3-Pd, the steady-state surface 
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coverages as a function of temperature show that CO* occupies the Pd sites and O species 

covers the surface O vacancy sites at low temperatures. That is to say, the perovskite is 

predominantly present in its stoichiometric form. Similar kinetic trends are observed for the 

Rh- and Pt-containing LaBO3 surfaces (Figure D3 and D4). 

 

6.4. Conclusion 
 Activity trends of CO oxidation on La-based LaBO3 perovskites with B = Mn, Fe, Co, 

and Ni surface into which single atoms of precious group Rh, Pd and Pt metals were doped 

were comprehensively investigated by first-principles DFT calculations and microkinetics 

simulations. CO adsorption on LaBO3-Pd surfaces is weaker than on corresponding LaBO3-

Pt and LaBO3-Rh surfaces. This difference in adsorption strength is rationalized by the 

presence of more empty d-states just above the Fermi level for systems doped with Rh or Pt, 

resulting in a stronger interaction between CO orbitals and d-orbitals of Pt or Rh atoms. 

Given the preference for Pd, the influence of the composition of the perovskite support was 

investigated. A strong correlation is identified between CO adsorption energy and the d-band 

center of the M atom for the LaBO3-M surfaces. A charge analysis for LaBO3-M indicates 

that oxidation state of M has a strong influence on the CO adsorption strength. We find that 

CO oxidation is preferred on Pd-doped surfaces because of weak CO adsorption relative to 

Pt and Rh. For the first time, a linear BEP-type relation is found between the activation barrier 

for the surface oxidation reactions and the corresponding reaction energies for these 

perovskite-supported single-atom catalysts. We expect that these relationships can help 

identify the promising perovskite catalysts for environmental catalysis. Microkinetics 

simulations show that LaCoO3-Pd, i.e. Pd doped in LaCoO3, is the most promising system 

for CO oxidation, due to moderate CO adsorption strength and the lowest activation barrier 

for CO oxidation. Doping LaBO3 surfaces with transition metal dopants is argued to be a 

promising way to modify the surface electronic structure and improve catalytic performance 

toward CO oxidation.  
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Appendix D. 

Table D1. Optimized lattice parameters (a, b, and c) and B-O distances of bulk LaBO3 (B = 

Mn, Fe, Co and Ni).  (Unit: Å)  

Structure parameters a b c B-O(1) B-O(2) B-O(3)  

LaMnO3 5.659 5.580 7.889 2.023 2.033 2.050 

LaFeO3 5.645 5.596 7.885 2.039 2.025 2.021 

LaCoO3 5.462 5.464 7.714 1.962 1.931 1.983 

LaNiO3 5.378 5.459 7.678 1.949 1.940 1.943 

 

 

Table D2. Exchange energies for the different doped surface models.  

Model 
Exchange energy (eV) 

LaMnO3-M LaFeO3-M LaCoO3-M LaNiO3-M 

Rh 2.09 0.09 -1.08 -2.95 

Pd 2.41 1.41 0.06 -1.75 

Pt 2.90 0.79 -0.05 -2.35 

The exchange energies of M atom doped LaFeO3 surfaces are defined as:

exchange M+surf B surf M( )E E E E E    . Here, M+surfE , surfE , BE  and ME  are the 

electronic energies of the M doped LaBO3 surface, the empty LaBO3 surface, the bulk B 

atom and bulk M atom, respectively. 

 

Table D3. Imaginary frequencies (cm-1) for all the transition states for the elementary 

reaction steps involved in first and second CO2 formation. Each transition state has a single 

imaginary frequency in the direction of the reaction coordinate. 

Models LaMnO3-M LaFeO3-M LaCoO3-M LaNiO3-M 

Rh 378.82i  / 363.97i 330.21i / 369.53i 411.72i / 398.86i   352.41i / 395.33i 

Pd      274.35i / 322.90i 271.52i / 337.11i 328.44i / 308.34i   310.80i / 80.25i 

Pt      328.61i / 326.57i 374.99i / 326.35i 124.22i / 183.51i   347.46i / 262.83i 
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Table D4. CO adsorption energies (eV) for the different adsorption sites of LaBO3-M.  

Adsorbed site LaMnO3-M LaFeO3-M LaCoO3-M LaNiO3-M 

Rh -2.49 -2.14 -1.87 -1.70 

Pd -1.19 -0.53 -1.22 -0.66 

Pt -2.41 -1.72 -1.71 -1.56 

Other metal (B-
site) 

-0.34 -0.29 -0.71 -0.58 

 

 

Table D5. CO adsorption energies (eV) for the different Pd containing models.   

Model LaMnO3-Pd LaFeO3-Pd LaCoO3-Pd  LaNiO3-Pd Pd(111)  Pd(101) CeO2-Pd 

Pd -1.19 -0.53 -1.22 -0.66 -1.63 -1.50  -1.18  

 

 

Table D6. The average ICOHP value of doped M atom and C of CO. 

Models LaMnO3-M LaFeO3-M LaCoO3-M LaNiO3-M 

Rh -3.01 -3.05 -3.14 -3.04 

Pd -2.30 -2.19 -2.43  -2.28 

Pt -2.96 -2.87 -2.83  -2.83  
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Figure D1. Partial density of states (PDOS) of doped M atom (M = Pd, Pt, and Rh) and 

adsorbed CO for the LaCoO3-M (left) and LaNiO3-M (right). The states are marked in blue 

are PDOS of M atom for its corresponding pristine surface. 

 

Figure D2. Charge density difference between LaBO3-Rh and LaBO3-Pt surfaces after and 

before CO adsorption  (charge density isosurface 0.07 e/Å3). Yellow: increase of electron 

density. Blue: decrease of electron density. 

 

 

Figure D3. Calculated steady-state coverages (a) – (d) and DRC analysis (e) – (h) for CO 

oxidation on LaBO3-Rh. Herein, * and # represents the surface sites on Rh atom and O 

vacancy site, respectively (P = 1 atm, CO/O2 ratio = 1).  
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Figure D4. Calculated steady-state coverages (a) – (d) and DRC analysis (e) – (h) for CO 
oxidation on LaBO3-Pt. Herein, * and # represents the surface sites on Pt atom and O 
vacancy site, respectively (P = 1 atm, CO/O2 ratio = 1).  
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Chapter 7 
A Theoretical Study of CO Oxidation and O2 

Activation for Transition Metal Overlayers on 
SrTiO3 Perovskite 

 
Abstract  

Understanding the catalytic properties of metal/metal oxide interfaces is gaining importance 

in heterogeneous catalysis. Density functional theory calculations were employed to 

understand the mechanism of CO oxidation on TM/SrTiO3 catalysts (TM/STO, TM = Au, 

Ag, Pd, Pt, Rh, and Ir). Au benefits from O2 dissociation at the Au/STO interface with lower 

barrier than on corresponding closed-packed Au surface. Doping of STO with fluorine lowers 

the activation barriers for O2 dissociation. Brønsted-Evans-Polanyi relations are identified 

for O2 dissociation and a density of states analysis provides insight into the activation of O2 

at TM/STO interfaces. Full catalytic cycles for CO oxidation are formulated including O2 

dissociative and associative mechanisms. Microkinetics simulations show that an O2 

associative mechanism at Au/STO and Ag/STO interfaces is dominant for CO oxidation. For 

a more reactive metal like Pd, CO2 formation involving interface sites present higher barriers 

than on the metal itself because of too strong binding of O at the Pd/STO interface. Pt/STO 

and Rh/STO also follow such a conventional Langmuir-Hinshelwood mechanism, while Ir 

is too reactive leading to a shift of the reaction at the Ir/STO interface involving dissociated 

O2. The mechanistic insights are discussed with respect to recent experimental literatures on 

Pd/STO and Au/STO for which different structure-performance relationships were 

formulated. We predict that F-doping of STO can further improve the catalytic performance 

of TM/STO catalysts for CO oxidation.  
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7.1 Introduction 

 Oxide-supported transition metals are one of the most common catalytic systems involved 

in various industry reactions.1-4 Currently, many studies have been devoted to unravelling the 

origin of the catalytic activity and the key factors that determine the activity of these 

catalysts.5, 6 The enhanced performance on supported catalysts is often correlated to special 

catalytic chemistry at the interface between the metal phase and the oxide support. Such 

interfaces have been regarded as the active sites for many chemical reactions such as the 

water-gas shift reaction,7 formaldehyde oxidation,5 and CO oxidation.8, 9 Engineering of the 

interface is therefore an efficient way to optimize the catalytic activity for reactions on 

supported catalysts. In a model study, Rodriguez et al. reported that an inverse catalyst of 

CeOx clusters supported on gold exhibits high activity in the water-gas shift reaction at low 

temperature, confirming the crucial role of the interface.10 CO oxidation is a key reaction in 

environmental catalysis but also considered a suitable model reaction for probing support 

effects.11, 12 In particular, activation of dioxygen at metal-support interfaces has attracted 

substantial attention, because it is a key step in this as well as other oxidation reactions.13-15 

Metal nanoparticles supported on metal oxides such as Au/Co3O4
16, Ag/TiO2,17 Au/MgO,18 

and Pd/CeO2
19 can catalyze CO oxidation at low temperature. While gold itself does not 

dissociate O2, their good CO oxidation activity has been ascribed to O2 activation at metal-

support interfaces. Duan and Henkelman showed that O2 activation at the Au/TiO2 interface 

is energetically favorable due to the electron-rich Au-Ti interface.20  

 Perovskites have been widely used as catalysts and support materials for noble metal 

catalysts for oxidation reactions due to their tunable composition with specific redox 

properties.21-28 Among the various ABO3 compositions, SrTiO3 (STO) is an interesting 

material with diverse applications in catalysis. For example, Pt supported on STO shows 

better performance in the combustion of hydrocarbons than conventional Pt/Al2O3 for 

applications in three-way catalytic converters.24 Recently, Yoon et al. synthesized STO 

doped with Fe and Y for methane oxidation.25 Carlotto et al. used density functional theory 

to understand CO oxidation on pure and Co-doped STO surfaces, indicating that doping can 

enhance the catalytic performance.26 The Co-doped STO surface represents a situation of 

single-atom catalysis, which may not reflect the true nature of metals supported on STO.  

 Recent work reported the high activity of Au and Pd nanoparticles supported on STO.27, 

28 STO can be synthesized with specific surface terminations, thereby allowing to control the 

metal-support interface to some extent. Of importance is the (001) termination of STO, which 

exposes a TiO2 surface that can therefore serve as a model for TiO2-supported metal catalysts. 

In the work of Akita and Maeda,27 Au nanoparticles on STO were prepared by deposition-

precipitation. The CO oxidation rate correlated with the total perimeter interface, indicating 

that the interface between Au nanoparticles and the STO support plays a role in CO oxidation. 
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Aberration-corrected STEM suggested that the (001) termination of STO plays an important 

role in the interface with Au. Chen et al. investigated CO oxidation for Pd nanoparticles 

dispersed on STO single crystal substrates.28 Different from the conclusions drawn by Akita 

and Maeda, Chen et al. concluded that CO oxidation mainly takes place on Pd(111) facets of 

the STO-supported Pd phase. This difference leads to the important questions related to the 

nature of the active sites and mechanism for CO oxidation on Pd/STO and Au/STO catalysts. 

For Pd/STO, a Langmuir-Hinshelwood (L-H) mechanism can be expected when extended 

Pd surface catalyze CO oxidation. By assuming that the interface plays a role in CO oxidation 

for Au/STO, a Mars-van Krevelen (M-vK) mechanism should be considered in which STO 

lattice oxygen can play a role. An alternative is facile O2 activation at the Au-STO interface. 

The latter hypothesis is consistent with the inability of Au itself to dissociate molecular 

oxygen. DFT calculations can provide insight into candidate active sites and possible reaction 

mechanisms for CO oxidation on transition metal particles dispersed on STO.  

 In the present work, we investigated O2 activation and CO oxidation at the interface of an 

SrTiO3(001) support and transition metals (TM/STO, TM = Au, Ag, Pd, Pt, Rh, and Ir) in 

the form of a nanorod. We also investigate the role of F-doping of the STO support. We use 

DFT calculations to determine stable structures, adsorption configuration of CO and O2, and 

reaction energetics of O2 dissociation and CO oxidation. Besides Au and Pd, we also include 

other common transition metals used for CO oxidation to establish periodic trends. We 

analyze these trends in terms of the electronic structure by comparing the projected density 

of states. Emphasis is on explaining the influence of the surface on activation of adsorbed 

oxygen. The results given insight into the different mechanism of CO oxidation for Pd/STO 

and Au/STO and provide useful predictions for other catalyst formulations for CO oxidation 

based on STO.  

7.2 Computational methods  

Density functional theory calculations 
 All spin-polarized density functional theory (DFT) calculations were performed using the 

Vienna Ab Initio Simulation Package (VASP version 5.3.5).29, 30 The 

Perdew−Burke−Ernzerhof (PBE) functional was used to account for exchange-correlation 

effects.31 The cut-off energy of the plane wave basis set was set to 400 eV. We added a 

Hubbard-like term, U, to describe the on-site Coulombic interactions. The parameter U was 

set to 4.36 eV for the Ti atoms based on its ability to describe well the electronic structure of 

STO.32 Partial occupancies of the converged systems were determined by the Gaussian 

smearing method with a smearing width of 0.05 eV. VdW interactions based on the DFT-D3 

approach were taken into account to compute the reported reaction energetics.33 
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For the surface calculations, we constructed a TiO2-terminated surface model based on 

the stable (001) surface orientation of SrTiO3.34 In the following, SrTiO3 will be abbreviated 

as STO. We constructed a 3×1 surface unit cell with a size of 16.67 Å × 5.56 Å. A 12 Å 

vacuum layer was added to separate the six atom-layer slab. The top four atomic layers were 

relaxed and the bottom two atomic layers were fixed to their bulk positions. The slab model 

contained 18 Sr atoms, 18 Ti atoms, and 54 O atoms. A Monkhorst-Pack k-point mesh of 1 

× 3 × 1 was adopted for the integration of the Brillouin zone. Geometry optimization was 

continued until the residual Hellmann-Feynman forces were smaller than 0.05 eV/Å.  

To  study the reaction mechanism, we computed the location and energy of transition 

states by the climbing-image nudged elastic band (CI-NEB) method.35 A frequency analysis 

was performed to confirm that each transition state has a unique imaginary frequency in the 

direction of the reaction coordinate. Adsorption energies are defined as:  

                     ads surf+g surf g( )E E E E= - +           (7.1) 

in which,  surf+gE , surfE  and  gE refer to the electronic energies of the slab model with the 

adsorbate, the slab model without the adsorbate, and the adsorbed gas phase species, 

respectively.  

To evaluate the thermodynamic stability of the F-doped STO model, we define the relative 

formation energy as:  

       ( )form F-doped O STO F E E E E E= + - +       (7.2) 

here, formE is the relative formation energy, STOE and F-dopedE  stand for the electronic 

energies of STO surface and F-doped STO surface, respectively. OE and FE  refer to a half 

of electronic energies of gaseous O2 and F2, respectively.  

        

Microkinetics simulations 
 We carried out microkinetics simulations based on a reaction mechanism for CO oxidation 

and DFT-computed reaction energetics in order to determine the CO2 formation rate, the 

steady-state surface coverage, and the rate-controlling step. For surface reactions, we 

estimated the forward and backward rate constants via the Eyring equation: 

                       

a

bb *
E

k Tk T q
k e

h q

-
=                (7.3) 

where k is the reaction rate constant, kb is the Boltzmann constant, T is the temperature (in 

K), h is the Planck constants, Ea is the activation barrier (in J), q* is the partition function of 

the transition state, and q is the partition function of the ground state. To simplify our 
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simulations, all molecular partition functions with reference to the lowest vibrational state 

were assumed to be unity. 

 For adsorption, we assumed that the adsorbing molecule only loses one of its translational 

degrees of freedom with respect to the gas phase. Then, the rate for molecular adsorption can 

be obtained by: 

                         
ads

b2

PA
k S

mk Tp
=                 (7.4) 

in which, P is the partial pressure of the reactant in the gas phase, A is the surface area of the 

adsorption site, and S and m refer to the sticking coefficient and the molecular mass of the 

reactant, respectively. The surface area was taken equal to the area of a rhombic planar 

interface site, i.e. 1.4 × 10−19 m2. We set the sticking coefficients to unity in all the simulations. 

 For desorption, we assumed that the activated complex has three rotational and two 

translational degrees of freedom. Accordingly, we computed the rate for molecular 

desorption by:36     

          
des

b
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b b
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E
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k T A mk
k e

h

p
sq

-
=            (7.5) 

where σ is the symmetry number (values for CO, O2, and CO2 are 1, 2, and 2, respectively),  

θrot  is the characteristic temperature for rotation (values for CO, O2, and CO2 are 2.73 K, 2.08 

K, and 0.56 K, respectively),37 and Edes stands for the desorption energy. 

Further details about these microkinetics simulations can be found in literature.38, 39 We 

used the rate constants of the elementary steps to construct the differential equations for the 

intermediates involved in surface reaction. The above rate constants for the elementary steps 

are used to construct the differential equations for all surface reaction intermediates. The rate 

expression for an elementary reaction step j is given by 

                                                               
j
i

j j i
i

r k c n=   (7.6) 

wherein 
jk  is the reaction rate constant as calculated by the Eyring equation, ic  the 

concentration of reactant i in the elementary reaction step j on the surface, and j
in  the 

stoichiometric coefficient of reactant i in elementary reaction step j. 

 To identify the elementary steps that control the overall reaction rate of CO2 formation, 

we implemented a degree of rate control (DRC) analysis.40 To a specific elementary step i, 

the DRC coefficient ,RC ic  is defined as:    
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In Eq. 7.7, r refers to the overall reaction rate, and ki and Ki represent the forward rate and 

the equilibrium constants for step i, respectively. Our microkinetics simulations were carried 

out using the in-house-developed MKMCXX program.41 The overall CO2 formation rate and 

steady-state coverages were computed as a function of temperature by integrating the 

ordinary differential equations with respect to time using the backward differentiation 

formula method.42, 43 

 

 

Figure 7.1. (left) Top view and (right) side view of the TM/STO interface (TM = Au, Ag, 

Pd, Pt, Rh, and Ir) used for theoretical modelling of CO and O2 adsorption and CO oxidation 

(colors: green, Sr; silver, transition metal; red, O; blue, Ti). 

 

7.3 Results and discussion   

 STO with its perovskite structure is considered an ideal model support to experimentally 

investigate supported metal catalysts, because both its surface termination44 and 

composition45, 46 can be controlled to a great extent. In the present work, the interface between 

the STO support and transition metal (TM) nanoparticles was modelled by a periodic one-

dimensional TM rod deposited along the [010] direction of the STO(001) slab. The TM rod 

consists of 3 atomic layers parallel to STO(001) surface, while the exposed (111) facet of the 

TM rod is in contact with the surface. The model considered throughout this study is shown 

in Figure 7.1. We used the late transition metals Au, Ag, Pd, Pt, Rh, and Ir given their 

relevance to catalysis. The lattice constants of these metals are close to the one of STO (Table 

E1). The lattice mismatch between these TM rods and the STO support surface was less than 

3.5%. Typically, the TM rod is slightly compressed or expanded in the axial direction to be 

commensurate with the STO(001) support in the [010] direction.  
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Table 7.1. Adsorption energies (in eV) of O2 on different sites of TM/STO. 

Sites Au/STO Ag/STO Pd/STO Pt/STO Rh/STO Ir/STO 

Interface -1.23 -2.05 -1.79 -2.52 -2.51 -3.27 

TM nanorod -0.38 -0.58 -1.51 -0.76 -2.20 -3.22 

STO surface -1.10 -1.35 -0.84 -1.57 -1.22 -1.26 

 

We first explored adsorption of O2 on different sites of the TM/STO model, namely the 

interface between the TM rod and STO, metal sites belonging to the supported TM rod, and 

STO surface sites adjacent to the TM rods. The adsorption energies are listed in Table 7.1 

with the corresponding structures shown in Figure E1. The O2 molecule adsorbs much 

stronger on the TM/STO interface than on the two other considered sites, suggesting that the 

TM/STO interface should play an important role in oxidation catalysis. Therefore, we 

investigated in more detail O2 activation at the TM/STO interface.  

Table 7.2.  Activation barriers and corresponding reaction energies (in parentheses) for the 

dissociation of adsorbed O2 at the TM/STO and F-doped TM/STO interfaces and TM(111) 

surfaces. All values are given in eV. 

 

The minimum energy pathway for O2 dissociation at the Au/STO interface is displayed in 

Figure 7.2. The dissociation at the interface is exothermic by -0.41 eV with an activation 

barrier of 1.28 eV. The same reaction on a periodic Au(111) surface involves a much higher 

barrier of 1.85 eV. The reverse is observed for Ag/STO interface: the barrier for O2 

dissociation at the Ag/STO interface is higher (1.20 eV) than the value of 0.87 eV for 

Ag(111). These differences between the supported TM rod and a periodic close-packed TM 

surface are much smaller for Pd, Pt, and Rh. Moreover, we observe that going from group 11 

metals to the group 10 and 9 metals the activation barriers strongly decrease. That is to say, 

the barriers for O2 dissociation at the Rh/STO interface and Rh(111) are respectively 0.15 eV 

and 0.07 eV. We found that O2 dissociation at the Ir/STO interface occurs without barrier. In 

other words, O2 adsorbs dissociatively at this interface. 

Model Au Ag Pd Pt Rh Ir 

TM/STO 1.28 (-0.41) 1.20 (-0.71) 0.77 (-1.15) 0.79 (-1.05) 0.15 (-2.06) --- 

TM/STO-F 1.02 (-0.31) 0.89 (-0.88) 0.56 (-1.67) 0.59 (-1.05) 0.06 (-2.13) --- 

TM(111) 1.85 (0.61) 0.87 (-0.34) 0.61 (-1.79) 0.77 (-1.59) 0.07 (-2.45) 0.17 (-2.25) 
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Figure 7.2. Minimum energy pathway for oxygen dissociation at the Au/STO interface. 

In heterogeneous catalysis, linear scaling relations can typically be identified between the 

energies and barriers of dissociation reactions of adsorbates on metals.47, 48 Such correlations 

have been explored less frequently for metal/metal-oxide interfaces. Figure 7.3a shows a 

Brønsted-Evans-Polanyi (BEP) relation for O2 dissociation at the TM/STO interfaces. The 

slope of this correlation, which reflects the nature of the transition state, is 0.7 for O2 

dissociation at the TM/STO interfaces. This implies that that the transition states are late,  

 

Figure 7.3. BEP relation for O2 dissociation on different surface models: (a) TM/STO, (b) 

TM(111), and (c) TM/STO-F (colors: green, Sr; silver, transition metal; red, O; blue, Ti; 

black, F). 

resembling more the final state along the reaction coordinate than the corresponding initial 

state. As these BEP relations generally rely on the similarity of stable and transition state 

structures, we also find a BEP relation for the periodic TM(111) surfaces (Figure 7.3b). This 

leads to a lower BEP parameter close to 0.5. 

STO can be easily doped with other transition metals to modify electronic properties and 

in this way modify catalytic performance. Here, we studied the alternative of doping the 

structure with more electronegative F atoms as a case study. F doping has been 

experimentally demonstrated: HF etching of the STO(001) surface led to the replacement of 

~13% of surface O anions by F. 49  The F-doped TM/STO model was constructed by 
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replacing a surface O atom of TM/STO catalyst with a F atom, resulting in a surface F content 

of 8.3% (relative to the number of surface O atoms in the unit cell), as illustrated in the inset 

in Figure 7.3c (detailed view in Figure E2). Its relative formation energy with respect to 

gaseous F2 and O2 is -1.34 eV, implying that the substitution is energetically favorable. The 

O2 adsorption energies for different sites of F-doped TM/STO model are listed in Table E2. 

The trends in O2 adsorption on TM/STO-F are similar with those reported for TM/STO and 

O2 prefers to adsorb at the TM/STO-F interface. From Table 7.2, we can deduce that F-

doping of TM/STO interfaces decreases the activation barriers for O2 dissociation. The BEP 

principle still holds for these cases with a lower BEP parameter for O2 dissociation at the F-

doped TM/STO interface (Figure 7.3c). The reason is that the F-doping of the interface leads 

to activation of adsorbed O2, destabilizing the initial state and decreasing the activation 

barrier. On the other hand, most of the reported reaction energies in Table 7.2 did not change 

due to F-doping. This leads to a lower BEP parameter. This result shows that F-doping of 

oxide supports can help decreasing the barrier for O2 dissociation through stabilization of 

adsorbed O2. 

 

Figure 7.4. PDOS analysis of the interface atoms (one Ti atom and two TM atoms of the 

nanorod) in the (a) TM/STO and (b) F-doped TM/STO interfaces. The states marked in blue 

and purple are the total d-states of the three interface atoms and the d-states of Ti atom, 

respectively. 
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We then explore the relation between O2 activation and the electronic structure of the 

TM/STO interface. Figure 7.4a shows the projected density of states (PDOS) for the interface 

atoms of the TM/STO models. Clearly, the interface atoms of Pt/STO, Pd/STO, and Rh/STO 

contain more TM d-states near the Fermi level (Ef) compared to Au/STO and Ag/STO. The 

Ti d-states are located at a relatively low energy, implying that it will not affect O2 activation 

very much. Pt, Pd, and Rh d-states near the Ef are more favorable to interact with O2 2π* 

orbitals, resulting in a substantial back-donation to the adsorbate and weakening of the 

oxygen-oxygen bond. This is confirmed by the relatively broader band width of the PDOS 

of these TM and corresponding adsorbed O2 in Figure 7.5a. In other words, filling of the 

empty anti-bonding orbital of molecular oxygen weakens its intramolecular bond and leads 

to easier O2 dissociation, explaining the lower activation barriers for O2 dissociation for 

Pt/STO, Pd/STO, and Rh/STO. We also made similar PDOS plots of the F-doped TM/STO 

models (Figure 7.4b).  

 
Figure 7.5. PDOS analysis of the interface atoms (one Ti atom and two TM atoms of the 

nanorod closest to adsorbed O2) and adsorbed O2 for the (a) TM/STO and (b) F-doped 

TM/STO interfaces after O2 adsorption.  

Compared to TM/STO, we clearly observed additional occupied d- states near the Ef in the 

PDOS of Au/STO-F and Ag/STO-F interfaces. From a comparison of the PDOS of interface 
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atoms and the PDOS of Ti atoms in the F-doped models, we infer that these new d-states can 

be attributed to the Ti atoms at the interface. This means that the replacement of O with F 

modifies the electronic state of the close by Ti atom such that the d-states below Ef are 

increased. These d-states enhance the electron transfer of the surface with adsorbed O2, 

resulting activation of the oxygen-oxygen bond and a decrease of the activation barrier for 

O2 dissociation for Au/STO-F and Ag/STO-F with respect to their F-free counterparts. 

Although F is more electronegative than O, the substitution of O with F introduces an electron, 

which according to our analysis will be introduced into an unoccupied Ti 3d-orbital. This is 

consistent with the PDOS analysis. This leads to stronger O2 adsorption and activation at the 

interface, which is also supported by the increasing width of band in the PDOS of adsorbed 

O2 and the interface atoms in Figure 7.5b. Figure 7.6 shows a Bader analysis for the interface 

atoms (Ti and TM atoms), which confirms the enhanced electron transfer from the surface to 

the adsorbate for F-doped interface. We also determined the charge density difference for O2 

adsorbed at the TM/STO and TM/STO-F interface (Figure 7.7). This clearly shows that F-

doping not only enhances the electron transfer between adsorbed O2 and the TM/STO 

interfaces but also breaks the symmetric charge distribution for O2 adsorbed TM/STO 

interfaces. As a result, F-doping enhances the charge polarization at the interface further 

promoting O2 dissociation. 

 

Figure 7.6. Bader charge for the interface Ti and TM atoms before and after O2 adsorption: 

(a) Ti atom in TM/STO, (b) Ti atom in TM/STO-F, (c) TM atom in TM/STO, and (d) TM 

atom in TM/STO-F. 
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Figure 7.7. Charge density difference following O2 adsorption at TM/STO (upper panel) and 

TM/STO-F (lower panel) interfaces (charge density isosurface: 0.07 e/Å3). Yellow indicates 

an increase of electron density, blue a decrease of electron density. 

The DFT calculations demonstrate that the TM/STO interfaces bind O2 stronger than CO 

(Table E2 and Table E3). The oxygen vacancy formation energies for all structures are higher 

than 3.8 eV (Table E4), which indicates that STO surface is difficult to be reduced. Thus, an 

M-vK mechanism is not likely for this surface. Accordingly, we focus on CO oxidation at 

the TM/STO interface via a L-H mechanism (Figure 7.8). In the considered L-H mechanism, 

O2 first adsorbs at the TM/STO interface followed by its dissociation. One O atom is located 

at the interface site and the other one resides at the nearest hollow site of the metal nanorod. 

CO adsorption is preferred at another hollow site, which then reacts with a nearest O atom to 

form CO2. After CO2 desorption, another CO molecule adsorbs on the metal and reacts with 

the remaining O atom, producing the second CO2 product molecule. CO2 desorption closes 

the catalytic cycle. This reaction pathway is denoted as the “O2 dissociative” pathway. On 

the other hand, the production of CO2 may also follow the “O2 associative” pathway, in which 

an adsorbed CO first reacts with an adsorbed O2 to form an OCOO intermediate. Then, the 

OCOO specie dissociates, producing CO2 molecule and an O atom, which reacts further with 

another adsorbed CO. 

We systematically explored these CO oxidation mechanisms at the TM/STO and 

TM/STO-F interfaces. We first discuss CO oxidation via the O2 dissociative pathway. The 

potential energy diagrams for Au/STO and Au/STO-F are displayed in Figure 7.9a. After O2 

dissociation at Au/STO, CO prefers to bind at the Au nanorod with an adsorption energy of 

-0.90 eV. A similar adsorption energy (-0.99 eV) is found for Au/STO-F. The reaction of 

adsorbed CO with the nearest O atom has barriers of 0.77 eV and 0.67 eV for Au/STO and 

Au/STO-F, respectively. The positive influence of F-doping mainly concerns the second CO2 

formation, in which the activation barrier on Au/STO-F is 0.33 eV lower than on Au/STO. 

Figure 7.9b shows corresponding energy profiles for CO oxidation at Ag/STO and Ag/STO-
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F. The barriers for the first CO oxidation at the Ag/STO (0.14 eV) and Ag/STO-F (0.36 eV) 

are lower than on the corresponding Au catalysts, which can be attributed to the relatively 

weak CO adsorption at Ag in comparison with Au. The activation barriers for the second CO 

oxidation step on Ag/STO and Ag/STO-F are 0.18 eV and 0.27 eV, respectively. Clearly, 

CO2 formation and desorption are favorable at these interfaces. In contrast, O2 dissociation 

appears to be rate-limiting in view of the high barriers. 

 

Figure 7.8. Catalytic cycle of CO oxidation via the O2 dissociation pathway at TM/STO and 

TM/STO-F interfaces (inner part depicts the potential energy diagram, the outer part the 

corresponding optimized structures along the reaction pathway). 

O2 dissociation at the interface of Pd/STO and Pd/STO-F is favorable. After O2 

dissociation, CO can strongly bind on the Pd nanorod. Then, adsorbed CO reacts with the O 

species at Pd metal to generate the first CO2 species by overcoming a barrier of 1.06 eV. The 

barrier is similar for Pd/STO-F (1.09 eV, Figure 7.9c). For the formation of the second CO2 

molecule, CO strongly adsorbs at the nearest Pd hollow sites of Pd/STO and reacts with the 

remaining O atom involving a barrier of 1.51 eV. The barrier for the F-doped surface is nearly 

similar at 1.49 eV. Compared to Pd/STO, a relatively high barrier of 1.66 eV is found for the 

first CO2 formation step on Pt/STO (Figure 7.9d). F-doping of Pt/STO increases the 

activation barrier to 1.81 eV. The second CO2 formation step at the Pt/STO interface exhibits 

a low barrier of 0.34 eV, which is even lower to 0.11 eV upon F-doping.  
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Figure 7.9. Potential energy diagrams for CO oxidation via O2 dissociative reaction pathway 

at the interfaces of (a) Au/STO and Au/STO-F, (b) Ag/STO and Ag/STO-F, (c) Pd/STO and 

Pd/STO-F, (d) Pt/STO and Pt/STO-F, (e) Rh/STO and Rh/STO-F, and (f) Ir/STO and 

Ir/STO-F. 

We also examined CO oxidation via the O2 dissociative reaction pathway at the Rh/STO 

and Rh/STO-F interfaces (Figure 7.9e). The activation barriers for the first CO2 formation 

step at Rh/STO and Rh/STO-F are 1.04 eV and 1.05 eV, respectively. CO2 desorption from 

the Rh nanorod leaves an O atom at the interface site. This O atom can further react with 

strongly adsorbed CO at Rh to generate the second CO2 molecule.  At the Rh/STO interface, 

the activation barrier is 1.62 eV. At the Rh/STO-F interface, this barrier is higher at 1.78 eV. 



Chapter 7. CO oxidation and O2 activation on SrTiO3 supported transition metals  

161 
 

The formed CO2 species can easily desorb from both interfaces, which completes the 

catalytic cycle. 

For Ir/STO, dissociative adsorption of O2 at the interface takes place without activation 

barrier. CO adsorbs at the Ir nanorod with an adsorption energy of -2.28 eV. Subsequently, 

adsorbed CO reacts with atomic O at the interface to form CO2 involving a barrier of 0.70 

eV (Figure 7.9f). The second CO2 formation step catalyzed by Ir/STO has an activation  

barrier of 0.61 eV. F-doping has only little influence on the barriers for CO2 formation at this 

interface. 

On one hand, the Pt, Pd, Rh, Ir containing interfaces exhibit lower activation barriers in 

O2 dissociation step than that at Au and Ag containing interfaces. On the other hand, the 

reaction for CO2 formation at these interfaces require to overcome higher barriers compared 

to that at Au and Ag containing interfaces. This is because the strong adsorption of CO on 

Pt, Pd, Rh, Ir metals hinder its migration, therefore increase the barriers for CO2 formation.  

We also determined the energy profiles for CO oxidation via the O2 associative pathway 

at the TM/STO and TM/STO-F interfaces (Figure E3). The activation barriers for O2 

dissociation at Au/STO and Ag/STO interfaces are relatively high, meaning that adsorbed O2 

is very likely to remain in the molecular state after adsorption. CO first adsorbs at an edge 

site of the Au nanorod with an energy of -0.87 eV. Subsequently, CO migrates to an Au 

hollow site involving a barrier of 0.48 eV followed by reaction to the OCOO intermediate 

with a barrier of 0.71 eV. CO2 desorption from the interface site is favorable. F-doping of 

Au/STO lowers the barrier for OCOO formation to 0.49 eV. After CO2 desorption, the 

remaining O atom resides at the interface, where another CO2 formation event follows the 

same pathway as above in the O2 dissociative pathway. The Ag/STO interface also binds O2 

strongly. The diffusion barrier for CO from the edge site of Ag to the nearest hollow site is 

comparable to that for Au/STO. The barrier for the first CO2 formation via O2 associative 

reaction pathway (0.47 eV) is lower than for Au/STO. F-doping of Ag/STO further lowers 

the barrier to a very low value of 0.05 eV. We also studied this O2 associative pathway at the 

Pd/STO, Pt/STO, and Rh/STO interfaces. The activation barrier for the migration of CO to 

adsorbed O2 at Pd/STO is very low (0.22 eV). Formation of OCOO is relatively difficult with 

an activation barrier of 1.92 eV. F-doping of Pd/STO lowers this barrier to 1.60 eV. It also 

lowers the barriers for the same reactions at the Pt/STO and Rh/STO interfaces. The reaction 

via O2 associative reaction pathway at Ir/STO and Ir/STO-F are not considered here due to 

the preference for dissociative adsorption of O2. 

 Finally, we compare the overall barriers for CO oxidation at the explored TM/STO 

interfaces with those of TM(111) surfaces. We select the TM(111) surfaces, because they are 

the most stable surfaces of the fcc metals investigated in this work. The overall barrier of 

0.71 eV for CO oxidation at Au/STO interface is much lower than the barrier of 1.97 eV for 

the reaction on Au(111).50 The overall barriers for CO oxidation at the interfaces of Ag/STO 
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(0.47 eV) and Ir/STO (0.70 eV) are lower than those on Ag(111) (1.07 eV) 50 and Ir(111) 

(1.29 eV)51, respectively. The overall barriers for the reactions at Pd/STO, Pt/STO, and 

Rh/STO interfaces are 1.51 eV, 1.37 eV, and 1.62 eV, respectively, which are higher than 

the barriers on Pd(111) (0.93 eV),52 Pt(111) (0.94 eV),53 and Rh(111) (1.03 eV) surfaces.54 

As CO oxidation at Pd/STO, Pt/STO, and Rh/STO interfaces encounter relatively high 

overall barriers, CO oxidation is more likely to proceed on Pd(111), Pt(111), and Rh(111) 

surfaces. 

 

Figure 7.10. CO2 formation rates r (in molꞏs−1) as a function of temperature for CO oxidation 

via O2 dissociation (M1) and associative reaction pathways (M2) at different interfaces. (P = 

1 atm, CO/O2 ratio = 1). (a) Au/STO and Au/STO-F, (b) Ag/STO and Ag/STO-F, (c) Pd/STO 

and Pd/STO-F, (d) Pt/STO and Pt/STO-F, (e) Rh/STO and Rh/STO-F, (f) Ir/STO and 

Ir/STO-F. 

We then used the computed reaction energetics as input to microkinetics simulations of 

the CO oxidation at TM/STO and TM/STO-F interfaces. In Figure 7.10, we compare the 

reaction rates for CO oxidation via different reaction pathways for the different models. As 

expected, the high overall barrier for CO oxidation via O2 dissociative pathway at Au/STO 

results in a very low CO2 formation rate at low temperature. A much higher reaction rate is 

predicted via the O2 associative pathway. Thus, we can attribute the experimentally observed 

high activity of this catalyst to a L-H mechanism occurring at the interface involving OCOO 

as an intermediate.27 CO oxidation rates via the O2 associative pathway at Ag/STO are higher 

than at Au/STO, thus predicting that the supported Ag counterpart of Au/STO is a better 

catalyst. CO2 formation rates are much lower at Pd/STO, Pt/STO, Rh/STO, and Ir/STO 

interfaces than at Au/STO and Ag/STO interfaces. In contrast to these latter two systems, 

CO oxidation occurs via the O2 dissociative pathway due to the low activation barrier of O2 
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dissociation. However, CO2 formation on these interfaces has to overcome higher activation 

barriers compared to the Au/STO and Ag/STO interfaces. This is the reason that relatively 

higher CO oxidation rates are predicted at Au/STO and Ag/STO interfaces. Importantly, F-

doping can substantially increase the CO oxidation rates for most of the materials. Our 

findings suggest that the catalytic properties of the interfaces can be efficiently tuned by 

modifying the support with F-doping.  

We analyzed the reaction kinetics in more detail. Figure 7.11a, b shows the steady-state 

surface coverages for CO oxidation via the O2 dissociative reaction mechanism at Au/STO 

and Ag/STO interfaces. At low temperature, the interface sites are completely occupied by 

O2. The DRC analysis confirms that O2 dissociation is the rate-controlling step at low 

temperature. At intermediate temperature, O2 dissociation proceeds and atomic O species 

appear at the Au/STO and Ag/STO interfaces. As the temperature increases, CO rapidly 

reacts with one of the dissociated O species and generates CO2, which leads to a decrease in 

the O coverage, generating vacant sites. Figure 7.11c, g, h, i present the coverages for the 

Pd/STO, Pt/STO, Rh/STO, and Ir/STO models. We observe co-adsorption of CO and O 

species at low temperatures. The presence of atomic O can be explained by the low barrier 

for O2 bond activation. However, the reaction of adsorbed CO with O species involves a 

relatively high activation barrier, limiting therefore the overall rate (Figure E4).  F-doping 

does not change these trends, but slightly increases the rates, as shown in Figure 7.10 and 

Figure 7.11. 

We also determined the coverages for the O2 associative reaction pathway at TM/STO 

and TM/STO-F interfaces. At low temperatures, we observe the co-adsorption of CO and O2 

at all TM/STO (Figure E5). As the temperature increases, atomic O appears at Au/STO and 

Ag/STO interfaces. This can be attributed to the fact that CO2 forms and desorbs at 

intermediate temperatures, leaving an atomic O species behind. Adsorbed CO will not likely 

react with adsorbed O2 at Pd/STO, Pt/STO, and Rh/STO interfaces due to the high activation 

barriers. This is supported by the high DRC coefficients at low temperature, as shown in 

Figure E6. F-doping of Au/STO and Ag/STO catalysts enhance the reaction rates of the first 

CO2 formation step as reflected by the decrease of CO and O2 coverages at a temperature 

lower than that for the Au/STO and Ag/STO interfaces. The corresponding DRC analysis 

indicates that the first CO2 formation step controls the overall rate at the Au/STO-F interface. 

However, the rate-controlling step is shifted to the second CO2 formation step at Ag/STO-F 

interface, because the activation barrier for the first CO2 formation is lower than the second 

one. For the Pd/STO-F, Pt/STO-F, and Rh/STO-F, co-adsorbed CO and O2 are dominant at 

relatively low temperature. The DRC analysis shows that reaction of adsorbed CO with O2 

determines the overall rate for CO oxidation at Pd/STO-F, Pt/STO-F, and Rh/STO-F.  
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Figure 7.11. Steady-state coverages for CO oxidation via O2 dissociative reaction pathway 

at the interfaces of (a-c), (g-i) TM/STO and (d-f), (j-l) TM/STO-F (* represents vacant site, 

P = 1 atm, CO/O2 ratio = 1). 

One of the starting questions of this work was the difference in active sites in CO oxidation 

between Au/STO and Pd/STO apparent from recent literature.27,28 The work of Chen et al. 

concluded that a L-H mechanism is relevant to CO oxidation on the metallic Pd surface in 

Pd/STO, while Akita and Maeda proposed that the interface in Au/STO catalysts is pivotal 

for the same reaction. Our simulations provide a detailed molecular interpretation of this 

difference. Due to the weak Au-oxygen binding energy, the overall barrier for CO oxidation 

on Au(111) via the dissociative pathway is 1.97 eV, confirming earlier studies that the 
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associative pathway involving OCOO is dominant.58,59 Nevertheless, catalytic rates on pure 

Au catalysts are predicted to be low, because of the weak adsorption of molecular O2 on the 

closed-packed surface of Au (-0.38 eV). The present study shows that O2 can bind much 

stronger at the interface between a Au nanorod representing a Au nanoparticle and the STO 

support. The adsorption energy of -1.23 eV results in a barrier for O2 dissociation of 1.28 eV. 

The following CO oxidation steps are easier, so that the overall barrier is determined by O2 

dissociation, which is much lower than the overall barrier for CO oxidation on Au(111). An 

even more facile pathway is via the associative pathway involving reaction of adsorbed CO 

with O2 adsorbed at the Au/STO interface, involving an overall barrier of only 0.71 eV. Such 

a low barrier can well explain the results of Akita and Maeda that Au/STO is an active 

catalyst for low-temperature CO oxidation in which the rate correlates with the perimeter 

between Au nanoparticles and the perovskite support.27 Our data show that the case of 

Pd/STO is very different. The higher reactivity of Pd compared to Au results in strong 

binding of O2 on Pd(111) as well as the Pd/STO interface. As a consequence, activation 

barriers for O2 dissociation on these surfaces are much lower than on corresponding Au 

models, i.e. 0.61 eV for Pd(111) and 0.77 eV for Pd/STO interface. The reaction of adsorbed 

CO with an O atom on Pd(111) has a barrier of 0.93 eV. The comparable reaction in which 

CO adsorbed on the Pd nanorod with an O atom at the Pd/STO interface has a substantially 

higher activation barrier of 1.51 eV. Compared to this dissociative pathway, the barrier for 

the associative pathway at the Pd/STO interface is even higher (1.92 eV). As the STO surface 

is not reducible under usual reaction conditions, we do not need to consider M-vK 

mechanisms for the TM/STO surfaces. Thus, a CO oxidation cycle involving Pd is predicted 

to be dominant in which the STO support does not play a direct role. This is congruent with 

the experimental findings of Chen et al.28 

 Our simulations further demonstrate that Ag/STO would catalyze CO oxidation in a 

similar manner as Au/STO. Doping of the STO support with F can increase the catalytic 

performance of Au/STO and Ag/STO in CO oxidation. This can be attributed to stronger O2 

adsorption and activation due to electron back-donation from Ti sites to adsorbed O2 and, 

consequently, a lower barrier for the associative CO oxidation reaction at the interface. 

Transition metals such as Pt and Rh on STO will follow a similar L-H mechanism in which 

the interface is not involved as Pd/STO. The catalytic cycle for Ir/STO would involve its 

interface, because CO2 formation on the Ir metal surface involves a very high barrier due to 

the strong Ir-O bond. The influence of F-doping depends on the transition metal with only a 

small influence for Pd and Rh but improvements being predicted for Pt and Ir. The 

improvements for Pt and Ir are due to a lowered barrier for the O2 dissociative pathway. 

Although F-doping lowers the barrier for the step of CO2 formation at Pt/STO interface, the 

overall barrier is still higher than on the Pt metal surface. Thus, F-doping of the STO support 
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will only improve the catalytic performance of CO oxidation on Au/STO, Ag/STO, and 

Ir/STO catalysts, because their interfaces are the active sites. 

7.4 Conclusion 

DFT calculations and microkinetics simulations provided insight into the mechanism of 

CO oxidation on TM/STO models, especially with respect to the active sites at the metal 

surface and the interface between the metal and the STO support. The electronic structure of 

the TM/STO surface was investigated by a density of states analysis with an emphasis on the 

binding of oxygen. O2 can bind strongly at TM/STO interface sites, resulting in activation of 

the oxygen-oxygen bond. In comparison to closed-packed Au surface, Au benefits from O2 

dissociation at the Au/STO interface. The barriers of O2 dissociation on the other TMs are 

comparable to or lower than at the TM/STO interface. Replacing an oxygen atom of the STO 

surface by fluorine results in lower O2 dissociation barriers, which can be explained by back-

donation of the increased d-electron density of STO metal ions into the 2* orbitals of O2. A 

linear BEP-type correlation between activation barriers and reaction energies for O2 

dissociation at the TM/STO interface was identified. A similar linear correlation holds for 

the F-doped TM/STO models, with a slight change in the BEP-slope due a different nature 

of the transition state. Complete catalytic cycles involving O2 dissociative and associative 

mechanisms were developed, which were used as input to study the catalytic consequences 

by microkinetics simulations. Although O2 dissociation at the Au/STO interface is facile in 

comparison to Au(111), an associative mechanism involving reactions of CO adsorbed on 

the Au nanorod with O2 adsorbed at and activated by the interface with STO is dominant. 

The overall barrier for CO oxidation via this mechanism is 0.71 eV. This implies the 

importance of interface sites and a strong effect of dispersion. A similar mechanism is 

relevant to Ag/STO. On a more reactive metal like Pd/STO, CO2 formation steps involving 

interface sites either via the dissociative or associative pathways lead to high barriers due to 

strong O binding. The microkinetics simulations show that a conventional L-H mechanism 

on the Pd surface determines the overall CO oxidation rate. An M-vK mechanism involving 

the STO support surface can be excluded due to the high binding energy of STO lattice O 

atoms. This mechanism is also followed for other transition metals surface as Pt and Rh. 

However, CO oxidation on Ir/STO involves interface sites via the dissociative mechanism as 

the binding strength of O at the interface is weaker than on Ir(111). These mechanistic 

insights provide an explanation to differences in structure-performance results for TM 

nanoparticles on STO supports. Moreover, we predict that doping the STO support with 

fluorine can enhance the catalytic performance of CO oxidation.  
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Appendix E. 

 

 Figure E1. Top view (upper panel) and side view (lower panel) for O2 adsorbed at interface 

site, STO surface site, and TM(111) site of TM/STO. (colors: green, Sr; silver, transition 

metal; red and pink, O; blue, Ti). 

Table E1. Lattice constants (in Å) for STO and TM metals.  

Model STO Au Ag Pd Pt Rh Ir 

Lattice 
constant 

3.93 4.07 4.06 3.94 3.96 3.83 3.89 

 

Table E2. Adsorption energies (in eV) of O2 on the different adsorption sites of TM/STO-F. 

Adsorption 

sites 
Au/STO-F Ag/STO-F Pd/STO-F Pt/STO-F Rh/STO-F Ir/STO-F 

TM (111) -0.01 -0.41 -1.23 -0.55 -2.34 -3.23 

Interface  -1.76 -2.20 -1.85 -2.30 -2.88 -3.62 

STO surface -1.35 -1.70 -1.33 -1.22 -1.85 -1.21 

 

Table E3. Adsorption energies (in eV) of CO at the interfaces of TM/STO and TM/STO-F. 
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TM Au Ag Pd Pt Rh Ir 

TM/STO -0.84 -0.69 -2.12 -1.53 -2.04 -2.03 

TM/STO-F   -0.62 -0.54 -1.76 -1.34 -2.16 -1.74 

 

 

Figure E2. (left) Top view and (right) side view of TM/STO-F surfaces used for theoretical 

modelling of CO and O2 adsorption and CO oxidation (colors: green, Sr; silver, transition 

metal; red, O; blue, Ti; black, F). 
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Figure E3. Potential energy diagrams for CO oxidation via the O2 associative pathway on 

(a) Au/STO and Au/STO-F, (b) Ag/STO and Ag/STO-F, (c) Pd/STO and Pd/STO-F, (d) 

Pt/STO and Pt/STO-F, (e) Rh/STO and Rh/STO-F, and (f) key step involved in CO oxidation 

via the O2 associative pathway.  

 

Table E4. Surface oxygen vacancy formation energies (in eV) for the different TM/STO.   

Model Au Ag Pd Pt Rh Ir 

TM/STO 3.85 3.82 3.80 3.83 3.98 4.09 



Chapter 7. CO oxidation and O2 activation on SrTiO3 supported transition metals  

173 
 

 
 

Figure E4. DRC analysis of CO oxidation microkinetics via O2 dissociative pathway at 

interfaces of (a-c) and (g-i) TM/STO, and (d-f) and (j-l) TM/STO-F (* represents the free 

site, P = 1 atm, CO/O2 ratio = 1). 
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Figure E5. Steady-state coverages of CO oxidation microkinetics via O2 associative pathway 

at interfaces of (a-e) TM/STO and (f-j) TM/STO-F (* represents the free site, P = 1 atm, 

CO/O2 ratio = 1). 

 

 

Figure E6. DRC analysis of CO oxidation microkinetics via O2 associative  pathway at 

interfaces of (a-e) TM/STO and (f-j) TM/STO-F (* represents the free site, P = 1 atm, CO/O2 

ratio = 1). 
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Chapter 8 
Stability of Heterogeneous Single-Atom 

Catalysts: A Scaling Law Mapping 
Thermodynamics to Kinetics 

 

Abstract 

 Heterogeneous single-atom catalysts (SACs) hold the promise of combining high catalytic 

performance with maximum utilization of often precious metals. We extend the current 

thermodynamic view of SAC stability in terms of the binding energy (Ebind) of single-metal 

atoms on a support to a kinetic (transport) one by considering the activation barrier for metal 

atom diffusion. A rapid computational screening approach allows predicting diffusion 

barriers for metal-support pairs based on Ebind of a metal atom to the support and the cohesive 

energy of the bulk metal (Ec). Metal-support combinations relevant to contemporary catalysis 

are explored by density functional theory. Assisted by machine-learning methods, we find 

that the diffusion activation barrier correlates with (Ebind)2/Ec in the physical descriptor space. 

This diffusion scaling law provides a simple model for screening thermodynamics to kinetics 

of metal adatom on a support. 
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8.1. Introduction 

Supported metals constitute an important class of heterogeneous catalysts widely used 

by the chemical and automotive industry, in controlling environmental pollution, and in 

energy conversion technology.1-4 The importance of strong metal-support interactions has 

long been recognized.5 Of special interest is the stabilization of single metal atoms on a 

support, which is rapidly becoming a new frontier in materials chemistry and catalysis.6-11 

The single-atom nature of the catalysts can overcome the scarcity of particular elements, such 

as precious group metals, ubiquitous in catalysis.1, 8, 12  

A general requirement for successful supported metal catalysts is high stability of the 

active phase in terms of the exposed metal surface. Sintering through Ostwald ripening leads 

to a reduction of the number of exposed metal atoms and is a common deactivation pathway 

of heterogeneous catalysts.13-15 Diffusion into lattice sites of a strongly interacting support 

with defects can also lead to catalyst deactivation.16 Obtaining stable single-atom catalysts 

(SACs) is a particular challenge and requires thorough knowledge about metal-support 

interactions. Several studies attempted to describe SAC stability in terms of the binding 

energy (Ebind) of a single metal atom to the support.17-19 All these investigations presume that 

stronger binding of a metal on a support will make it less prone to sintering. However, the 

diffusion activation barrier (Ea) of a metal atom on a support is the most relevant factor to its 

stability. Although several reports dealt with diffusion pathways of metal atoms on a 

support,20, 21 the thermodynamic and kinetic aspects of stability of SACs have not been 

systematically explored yet. 

Stable SACs should exhibit diffusion barriers substantially higher than the thermal 

energy to avoid rapid sintering under realistic reaction conditions.22 Despite significant 

advances in computing power, the calculation of activation barriers remains more demanding 

than that of binding energies of reaction intermediates. Moreover, some supports such as 

oxides with specific magnetic properties (mostly Cr, Mn, Fe and Co-based systems, e.g., 

LaFeO3 perovskite) pose significant challenges in convergence,23-26 making investigations at 

the density functional theory (DFT) level often very expensive. Thus, it would be desirable 

to identify correlations between the diffusion activation barrier and the binding strength to 

assess the stability of a wide range of SACs. A universal scaling relation that holds for diverse 

metal-support combinations would be preferred.  

In the present study, we aim at identifying a correlation between the kinetic stability (Ea) 

and the thermodynamic stability (Ebind) of a range of single transition metal atoms on various 

supports. As there is usually no (or little) change in the energy of the initial and final states 

for diffusion events between the same (or similar sites), the Brønsted–Evans–Polanyi 

principle is not applicable. We turn to machine-learning methods to identify relevant physical 

descriptors and draw new correlations. We choose two reducible metal oxides (CeO2, TiO2), 
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two stable metal oxides (MgO, ZnO), a perovskite (SrTiO3), and two 2-dimensional materials 

(MoS2 and graphene), relevant to many topics in contemporary heterogeneous catalysis. 

Stepped CeO2(111) was included as a support model with a corrugated and more reactive 

surface. A total of 11 transition metals (Cu, Ag, Au, Ni, Pd, Pt, Co, Rh, Ir, Fe and Ru) were 

included as catalytically active single-atom centers, resulting in a dataset of 99 points. We 

identify a universal correlation between Ea with the cohesive energy (Ec) of bulk metal and 

Ebind of metal atoms to a support. This novel scaling law provides an accurate description of 

the stability of SACs and allows rapid screening of other systems solely on the basis of easily 

computable physical descriptors.     

 

Figure 8.1. Models of metal atoms adsorbed on various supports. 

8.2. Computational methods 

 Spin-polarized DFT calculations were carried out by the Vienna ab initio simulation 

package (VASP).27 The ion-electron interactions are represented by the projector-augmented 

wave (PAW) method and the electron exchange-correlation by the generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional.28 For ceria systems, the DFT+U approach was used with U = 4.5 eV for Ce atoms. 

A (4×4) periodic expansion of the ceria surface unit cell was employed. For Brillouin zone 

integration, a 1×1×1 Monkhorst-Pack mesh was used. The ceria slab models consist of three 

Ce-O-Ce layers. The atoms in the bottom layer were frozen to their bulk positions and only 

the top two Ce-O-Ce layers were relaxed. For TiO2(110), the DFT+U approach was used 

with U = 4.0 eV for Ti atoms. A (5×4) periodic expansion of the titania surface unit cell was 

employed. For Brillouin zone integration, a 1×1×1 Monkhorst-Pack mesh was used. The 

ceria slab models consist of three O-Ti-O layers. The atoms in the bottom layer were frozen 

to their bulk positions and only the top two O-Ti-O layers were relaxed. For MgO(100), a 

(3×3) periodic expansion of surface unit cell was used with four Mg-O layers. For Brillouin 
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zone integration, a 3×3×1 Monkhorst-Pack mesh was used. The bottom two layers were 

frozen to their bulk positions and only the top two layers were relaxed. A (2×3) periodic 

expansion of surface unit cell with six Zn-O layers was constructed for the ZnO(100). The 

corresponding Brillouin zone integration are determined by a 3×2×1 Monkhorst-Pack mesh. 

The bottom two layers were frozen to their bulk positions and only the top four layers were 

relaxed. For SrTiO3(100) and LaFeO3(100), a (2×2) periodic expansion of surface unit cell 

was used with eight atomic layers. For Brillouin zone integration, a 1×1×1 Monkhorst-Pack 

mesh was used. The bottom four atomic layers were frozen to their bulk positions and only 

the top four atomic layers were relaxed. For graphene and MoS2, a (4×4) periodic expansion 

of surface unit cell was used with one layer. For Brillouin zone integration, a 1×1×1 

Monkhorst-Pack mesh was used. All atoms were relaxed. For all models, a vacuum gap of 

15 Å was used.  

 The climbing image nudged-elastic band (CI-NEB) algorithm was used to identify the 

transition states of the metal atom diffusion on a support.29, 30 The total energy difference was 

less than 10-4 eV and the relaxation convergence criterion was set at 0.05 eV/Å. 

 

 

Figure 8.2. Activation barrier for diffusion (Ea) versus the binding energy (Ebind) of single 

metal atoms.  
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8.3. Results and discussion 

We computed Ebind and corresponding Ea, at the GGA-PBE level. For the reducible 

oxides CeO2 and TiO2, the DFT+U approach was used with U = 4.5 and 4.0 eV for Ce and 

Ti atoms, respectively. In this study, we focused on the diffusion of metal adatoms between 

two adjacent same sites on idealized support surfaces without vacancies, decoration by 

functional groups such as hydroxyls or other chemical impurities. The models for supported 

single-atom catalyst are displayed in Figure 8.1 and the corresponding values are collected 

in the Supporting Information (Table F1). Previously, it has been suggested that Ebind is a 

suitable descriptor for the stability of SACs.17, 31 Obviously, a stronger metal-support 

interaction reflected by a higher binding energy implies a lower mobility on the support. 

However, Figure 8.2 shows that Ea correlates only moderately (R2 = 0.83) with Ebind. 

Graphene and the basal planes of MoS2 only weakly interact with metal atoms and, therefore, 

will not likely yield stable SACs. The correlation is especially poor for supports that exhibit 

relatively strong interaction with single metal atoms. Therefore, such a linear correlation is 

not suitable for making useful predictions for a wider range of single metal atom/support 

pairs. Our goal is to identify a more accurate correlation to improve predictability and general 

applicability for the diffusion barrier of metal-support systems.  

 

 
Figure 8.3. Binding energy (Ebind) of metal single atoms on supports versus the cohesive 

energy (Ec) of metal bulk.  
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We applied three different machine learning (ML) algorithms commonly used for 

regularization and descriptor selection,32, 33 namely ridge,34 LASSO,35 and elastic net36 

regression. As an additional descriptor, we selected the (computed) cohesive energy (Ec) of 

the metal, because this parameter is an intrinsic metal property, representing the reactivity of 

the metal. Moreover, Ec can be looked up for all transition metals and is in principle also 

easily computed accurately at the DFT level. Previous work explored the description of Ebind 

in terms of parameters such as Ec.17, 31, 37 We assessed the dependence of Ebind on Ec, as shown 

in Figure 8.3. Although on a specific surface, Ebind generally increases with Ec, there is no 

strong correlation between these two parameters when  

 
Figure 8.4. Correlation between diffusion activation energy Ea of metal adatom and (a) 

cohesive energy Ec of metal bulk and (b) the ratio Ebind/Ec between binding energy and 

cohesive energy of metal bulk. 

other surfaces and materials are also considered. This lack of correlation is because Ebind 

strongly depends on other properties of the metal-support systems, such as the ionization 

energy of the bulk metal and the work function and oxygen vacancy formation energy of 

support surfaces. We found that linear correlations between the two primary descriptors and 

Ea were not satisfactory either (see Figure 8.4). Therefore, we populated the hypothesis space 

by introducing polynomial and natural logarithm terms of the primary descriptors (Ec and 

Ebind) as secondary descriptors. The mathematical form of the model contains 87 unique 

descriptors 𝒙𝒋 for j = 1,…, p = 87 in the hypothesis space (see the complete list in Table F2), 

and is written as 

                                                  0 1 1a p pE x x     
  

  (8.1) 

The magnitude of the regression coefficients weights across models given the 

standardized dataset are visualized in the heat map shown in Figure 8.5. The ridge, LASSO 

and elastic net algorithms select descriptors containing (Ebind)2 as the most weighted and 

informative descriptors. In this work, the models are trained on 80% of the dataset (training 
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set) with 10-fold cross-validation and 10 repeats. The quality of a predictive model is usually 

evaluated through the prediction accuracy of future data and the interpretability of the model. 

Therefore, the root mean square error (RMSE) of the 20% dataset withheld (testing set) is 

calculated as the best discriminant of model performance. In addition, we use R2 values of 

the training set to describe the general goodness-of-fit of the model. 

 
Figure 8.5. Coefficient weights in the standardized form from the (a) ridge and (b) LASSO 

machine learning (ML) models.  

Instead of populating the descriptors manually, genetic programming (GP) based on 

symbolic regression can also be used to efficiently explore the hypothesis space.38 By running 

the GP program with different random seeds, we found that the fittest model with the lowest 

testing RMSE of 0.262 eV takes a particularly simple form: 

                                          20 .5 6 5 ( ) /a b i n d cE E E   (8.2) 

Thus, both the feature-selection algorithms and genetic programming identify (Ebind)2/Ec as 

the most significant descriptor for the diffusion barrier of a single metal atom. R2 given by 

equation 8.2 is as high as 0.93, indicating a strong correlation. Next, we employ (Ebind)2/Ec as 

the sole descriptor in an ordinary least square fitting procedure to further reduce the error. 

The resulting correlation with a testing RMSE of 0.220 eV takes the following form:  

               20 . 6 3 6 ( ) / 0 . 2 0 3a b i n d cE E E    (8.3) 

The strong correlation in the underlying computational data is visualized in Figure 8.6a, and 

the strong quadratic dependency of Ea on Ebind is shown in Figure 8.6b. While equation 8.3 

does not necessarily imply an underlying physical concept, it is useful to consider the 

correlation in the form 

                                ( / )a b in d b in d c b in dE E E E E     (8.4)  

The ratio σ (Ebind/Ec), which lies between 0.16 and 1.06 for all metal-support 

combinations explored in this study, measures the binding energy of the metal as an isolated 
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atom to the support surface with respect to the intrinsic binding strength of the metal atom in 

bulk metal (Ec), and can be considered as a correction factor to Ebind. For a reactive surface 

like CeO2(100), σ lies between 0.73 and 1.04 and thus the correction is small. On the other 

hand, the correction is much larger, i.e. σ lies between 0.16 and 0.34, when the same metals 

are on a more inert support, e.g., graphene. Low σ values mean that Ea is lowered with respect 

to its intuitively expected proportionality with the Ebind. The physical meanings of σ still 

remains to be explored, but we anticipate that this term is related to the degree of the metal-

support interaction.  

 Figure 8.6c shows the performance of various ML algorithms. The LASSO, elastic net, 

and ridge algorithms have RMSE values of 0.198 eV, 0.198 eV and 0.264 eV, respectively. 

R2
 values do not vary much across the models. A comparison between the LASSO algorithm, 

which has the lowest RMSE, and our diffusion scaling law for single-atom catalysts (DSL-

SAC) is presented in Figure 8.5d. Both models predict satisfactorily the diffusion barrier Ea 

with the majority of points scattered around the parity line. Therefore, we suggest the simple 

form of DSL-SAC to estimate diffusion behaviors of isolated metal atoms on a support. 

Overall, this ML analysis validates statistically the intrinsic correlation between Ea and 

(Ebind)2 / Ec for SACs. 

To further validate our DSL-SAC model, we determined the stability of isolated Pd and 

Pt atoms on the (100) surface of LaFeO3 perovskite. Given its complex magnetic properties 

and the Jahn-Teller effect, it is computationally expensive to optimize the geometry of a 

given starting configuration of LaFeO3.23 Based on the more easily accessible Ebind of Cu, 

Ru, Pd and Pt on LaFeO3 (Cu: 2.40 eV, Ru: 6.29 eV, Pd: 2.48 eV, Pt: 3.93 eV), our DSL-

SAC model predicts Ea values of 0.69 eV, 2.87 eV, 0.80 eV and 1.49 eV, respectively. The 

corresponding DFT-computed barriers were 0.87 eV, 2.85 eV, 0.85 eV and 1.68 eV, 

respectively, which are well within the RMSE determined above. 

To assess the stability of single metal atoms on a support, we estimate the characteristic 

time of their diffusion (τdiffusion) using the following equations: 

                                                  exp( )aB
diffusion

B

Ek T
k

h k T
   (8.5)  

                                                  1 /d i f fu s io n d i f fu s io nk   (8.6)  

where kdiffusion is the rate constant, kB is Boltzmann’s constant, T is the temperature, h is 

Planck’s constant, and R is the gas constant. In this study, the discussed lifetime is the  

characteristic time of diffusion of metal adatoms. The actual lifetime of a single atom on a 

support strongly depends on this characteristic diffusion time but also on the metal loading. 

In the Table F7, we estimate the SAC lifetime for 0.5 wt% Pt/CeO2(111), demonstrating that 

this time is typically 1-2 orders of magnitude higher than τdiffusion. Given the strong variation 
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of the τdiffusion with temperature, we employ τdiffusion as a conservative metric to compare the 

lifetime of SACs.  

 

Figure 8.6. (a) Scaling relation between diffusion activation energy Ea and (Ebind)2/Ec. (b) 

Quadratic scaling relations between Ea and Ebind for metals (indicated) on various supports. 

(c) Model performance. (d) Parity plot showing the DFT-computed Ea against different 

model predictions. 

Figure 8.7 shows the estimated SAC lifetime as a function of Ebind and Ec at room 

temperature and a typical high temperature of 1073 K at which SACs may be exposed to  

several hours. This figure predicts the minimum required binding energies of single atoms 

(examples given for Pt, Pd and Ni) on a support to obtain stable SACs for a day at the two 

indicated temperatures. In this study, we focused on idealized surfaces without defects 

(except for steps), hydroxyl groups or dopants, which may act as nucleation sites for sintering 

and in this way alter diffusion processes of metal adatoms.39-41 Despite this simplification, 

the framework introduced is general and the correlations provide a guiding tool for initial 

materials selection. To put this into practice, we discuss the work of Datye and colleagues 

who prepared Pt/CeO2 SACs by a vapor-phase synthesis at 1073 K for 12 h.1, 42 At this 

temperature, the binding energy to avoid Pt agglomeration is estimated to be 6.3 eV. We note 

that the highest binding energies on CeO2 are provided by CeO2(100) (5.47 eV) and steps of 

CeO2(111) (5.54 eV), the binding energy on the most stable CeO2(111) surface being much 

lower. Thus, we predict that the single Pt atoms would agglomerate under the given  

conditions. However, we note that the synthesis is carried out in oxygen, i.e., Pt is present as 

(b)(a)

(d)(c)
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PtO2.43 The computed binding energy for a PtO2 on a step of CeO2(111) is 7.5 eV, explaining 

the high stability of the SAC in the recent experimental work of Datye.44 Recently, Lopez 

and co-workers found that Pt single atoms can be trapped on CeO2(100) in the form of Pt2+ 

with four O ligands owing to the inherent surface oxygen mobility.21 Dynamic charge transfer 

can evidently affect the binding strength and diffusion behavior of single Pt atoms on 

CeO2(100).21 Doping of a metal like Pt in the surface of ceria also leads to a much higher 

binding energy (> 10 eV), representing a very stable catalyst under most conditions.1, 39, 45 

 

Figure 8.7. Lifetime of SACs estimated by the characteristic time of diffusion depending on 

Ebind  and Ec at (a) 300 K and (b) 1073 K. 

 

 Recently, O’Connor et al. employed machine learning to describe the stability of metal 

single atoms on oxide supports in terms of the binding energy.17 In the present work, we 

extended this thermodynamic approach by determining scaling relations for the activation 

barrier of diffusion of the single atom, which is the key kinetic step in the sintering process. 

Modern machine learning approaches identify a correlation which includes, in addition to the 

binding strength, also the cohesive energy of the metal, which reflects the intrinsic chemical 

reactivity of the single metal atom. Previously, Mavrikakis and co-workers found that the 

diffusion barrier of adsorbates such as atomic O and N and molecular CO species depends in 

a linear fashion on the corresponding adsorption energies on transition metal surfaces.46 Our 

work emphasizes a more complex correlation for the diffusion activation barrier of metal 

adatoms on typical supports. We expect that the diffusion scaling law defined for single 

transition metal atoms on supports will find general application and can be improved by 

taking also into account support defects, support dopants, and hydroxyl group terminations 

present on typical metal oxides. The model is validated by accurate predictions of diffusion 

activation barriers of single Cu, Ru, Pd, and Pt atoms on LaFeO3(100). The computational 

framework was also used to discuss the stability of Pt atoms trapped on a stepped CeO2(111) 
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surface, highlighting the role of defects in stabilization of this relevant case study under 

experimental conditions.  

 

8.4. Conclusion 
 We started from DFT calculations and determined a meaningful correlation of the 

activation barriers for diffusion of single metal atoms on a support with two easily accessible 

parameters, Ebind and Ec. Various machine-learning methods were used to assist the physical 

descriptor discovery without assuming the functional form of the model explicitly. Contrast 

to many complex machine-learning or black-box deep learning models, the developed 

diffusion scaling-law (DSL)-SAC consisting of a single descriptor (Ebind)2/Ec offers an 

interpretable and generalizable model providing a facile approach to screen large numbers of 

metal-support combinations. Our approach provides a step toward understanding the stability 

of SACs, by properly considering the activation barrier for diffusion rather than the simple 

thermodynamic metric of binding energies. Our study also provides a powerful strategy to 

rationally design SACs with promising stability. 
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Appendix F. 

Methods 
Regularization and feature selection algorithms 
We consider the usual linear regression model with n observations and p descriptors35, 36: 

x1, …, xp, where xj = (x1j, …xnj)T  for j = 1,…,p. The response y = (y1, …,yn)T is predicted by 

                                             0 1 1
ˆ ˆ ˆˆ

p     py x x                                                   (8.7) 

A model training procedure produces a vector of coefficients 𝜷 𝛽  , … , 𝛽  by 

minimizing a loss function. For the ordinary least squares (OLS), the loss function is the 

residual sum of squares.  

 Standardization of a dataset which rescales all descriptor values to a centered mean of 0 

and have variance of 1 is a requirement for many machine learning algorithms. It ensures all 

descriptors vary within the same order of magnitude so that the selection algorithms can 

identify the dominate descriptors correctly. For descriptor pi, the scaled values zi are  

                                                            j

j





 j
j

x
z                         (8.8) 

where 𝜇  is the mean of training samples and 𝜎  is the standard deviation. The standardized 

form of model can be written as  

                                                   
* * *
0 1 1

ˆ ˆ ˆˆ p     py z z  (8.9) 

The coefficient weights  𝜷∗ 𝛽∗ , … , 𝛽∗  in the standardized form can be obtained from 

the original coefficients by, 

                                   1*
0 0

ˆ
ˆ ˆ

p

j jj

j

 
 


 


and 𝛽∗ 𝜎 𝛽 , for j = 1,…,p.  (8.10) 

One should note that only 𝜷∗reflects the weightage of each descriptor in producing the 

responses. Here we introduce three regularization techniques including the elastic net, the 

least absolute shrinkage and selection operator (LASSO) and ridge regression with the aim 

to select significant descriptors and to prevent overfitting in OLS. The coefficient weights  

𝜷∗are obtained through minimizing the loss function containing the residual sum of squares, 

L2 and L1 norm of the coefficients: 

                                   
2 2

2 1 1
β y Xβ β β* * * *ˆ arg min

*
 


     (8.11) 
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The above equation is the general formula of the elastic net, which contains both L1 and L2 

penalty functions. Rewriting equation (6) gives, 

      
2 2

0 5 1
1 1 1

β y Xβ β β* * * *ˆ arg min .
*

r r 


                           (8.12) 

where 𝜆 𝜆 𝜆  and 𝑟    

The LASSO and ridge regression are special cases of the elastic net, where 𝜆 𝜆, 𝜆

0, 𝑟  1 (L1 penalty only) or 𝜆 0, 𝜆 𝜆, 𝑟 0 (L2 penalty only), respectively. The 

training of machine learning models requires the tuning of hyperparameters including the 

degree of shrinkage 𝜆 and the amount of L1 penalty r1.  

Overfitting is prevented by shrinking the number of descriptors included in the model 

(L1) or the magnitude of the coefficients (L2). Removing descriptors from the model can be 

seen as setting their coefficients to zero. Ridge regression only shrinks the magnitude of the 

coefficients but keeps all descriptors in the model. The LASSO shrinks the number of 

descriptors and the nonzero coefficients indicate the significance of corresponding 

descriptors after selection. The elastic net performs both L1 and L2 regularization which 

shrinks both the number of descriptors included and the magnitude of remaining descriptors. 

The amount of L1 penalty r1 determines the degree of shrinkage on the number of descriptors. 

The primary descriptors are Ec and Ebind. We also included terms of the order -2, -1, -

0.5, 0.5 and 2 as well as the natural logarithm of the primary descriptors (Ec and Ebind) as 

secondary descriptors. As tertiary descriptors, we added pair interactions between primary 

and secondary descriptors (see Table F2). We perform the training in the Scikit-learn 

machine learning package in Python.33 The dataset is first randomly shuttled and split into 

the training (80% of the dataset) and testing set (20% of the dataset). We then performed 10-

fold cross validation on the training set. The loss function was evaluated by leaving 10% of 

the training set out and using the rest to fit the coefficients. This process was repeated for 10 

times. The best set of coefficients giving the minimal value of the loss function during the 

entire training procedure were selected. The final prediction errors were determined by the 

RMSE of the testing set.  

 

Genetic Programming (GP) 
GP with symbolic regression is a supervised learning technique to identify an 

underlying mathematic expression that best describes the relationship between input and 

output data. The search space consists of combinations of simple mathematical operators on 

the input descriptors. An evolutionary algorithm is used to evolve a population of randomly 

generated candidate models according to natural-selection rules (selection, crossover and 

mutation). Each model is associated with a fitness value, which in our case is the RMSE 

value of diffusion barrier Ea. The advantage of GP is that no manual combination of 
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descriptors is needed. The population of models would evolve based on the rules towards the 

optimal, which can be seen as a stochastic optimization process. We include addition, 

subtraction, multiplication, division, square root and natural logarithm as operators for two 

descriptors, Ebind and Ec. We perform GP analysis in the Python package gplearn.[6] The same 

set of training data (consisting 80% of the dataset) was used for training GP models and the 

rest 20% of the dataset was used as the testing set. We performed 5 parallel runs initialized 

with different random seeds. In each run, the population size was 5000. The fittest models 

were selected after a sufficient number of generations (here we use 100) when the evolution 

process converged to one solution.  

 

Table F1. DFT-determined parameters for machine-learning and developed DSL-SAC 

(diffusion scaling law for single-atom catalysts) models. 

Ec Ea Ebind Ebind/Ec 

() 

(Ebind)2/Ec metal supports 

4.09 2.54 4.26 1.04 4.44 Cu CeO2(100) 

2.96 1.21 2.64 0.89 2.35 Ag CeO2(100) 

3.58 1.69 3.28 0.92 3.01 Au CeO2(100) 

5.36 3.34 5.36 1.00 5.36 Ni CeO2(100) 

4.39 1.59 3.61 0.82 2.97 Pd CeO2(100) 

6.40 2.94 5.47 0.85 4.68 Pt CeO2(100) 

5.30 3.47 5.43 1.02 5.56 Co CeO2(100) 

6.23 1.92 4.73 0.76 3.59 Rh CeO2(100) 

8.44 3.41 6.74 0.80 5.38 Ir CeO2(100) 

5.18 2.67 4.55 0.88 4.00 Fe CeO2(100) 

8.20 3.00 5.99 0.73 4.38 Ru CeO2(100) 

4.09 0.83 2.50 0.61 1.53 Cu CeO2(111) 

2.96 0.61 1.70 0.57 0.98 Ag CeO2(111) 

3.58 0.26 1.45 0.41 0.59 Au CeO2(111) 

5.36 1.32 3.73 0.70 2.60 Ni CeO2(111) 

4.39 0.14 2.08 0.47 0.99 Pd CeO2(111) 

6.40 0.54 3.21 0.50 1.61 Pt CeO2(111) 

5.30 1.90 4.32 0.82 3.52 Co CeO2(111) 

6.23 1.18 3.58 0.57 2.06 Rh CeO2(111) 

8.44 1.6 4.78 0.57 2.71 Ir CeO2(111) 

5.18 2.52 4.80 0.93 4.45 Fe CeO2(111) 

8.20 1.17 3.60 0.44 1.58 Ru CeO2(111) 
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4.09 0.011 0.64 0.16 0.10 Cu Graphene 

2.96 0.00 0.48 0.16 0.079 Ag Graphene 

3.58 0.014 0.57 0.16 0.09 Au Graphene 

5.36 0.13 1.85 0.35 0.64 Ni Graphene 

4.39 0.08 1.54 0.35 0.54 Pd Graphene 

6.40 0.12 2.10 0.33 0.69 Pt Graphene 

5.30 0.06 1.26 0.24 0.30 Co Graphene 

6.23 0.09 1.87 0.30 0.56 Rh Graphene 

8.44 0.09 2.06 0.24 0.50 Ir Graphene 

5.18 0.04 1.07 0.21 0.22 Fe Graphene 

8.20 0.10 2.03 0.25 0.50 Ru Graphene 

4.09 0.36 1.27 0.31 0.39 Cu MgO(100) 

2.96 0.11 0.75 0.25 0.19 Ag MgO(100) 

3.58 0.23 1.23 0.34 0.42 Au MgO(100) 

5.36 0.75 2.18 0.41 0.89 Ni MgO(100) 

4.39 0.52 1.82 0.41 0.75 Pd MgO(100) 

6.40 1.03 2.93 0.46 1.34 Pt MgO(100) 

5.30 0.24 1.37 0.26 0.35 Co MgO(100) 

6.23 0.39 1.88 0.30 0.57 Rh MgO(100) 

8.44 0.63 2.74 0.32 0.89 Ir MgO(100) 

5.18 0.60 1.82 0.35 0.64 Fe MgO(100) 

8.20 0.26 1.57 0.19 0.30 Ru MgO(100) 

4.09 0.30 1.78 0.44 0.77 Cu 2H-MoS2(0001) 

2.96 0.14 0.91 0.31 0.28 Ag 2H-MoS2(0001) 

3.58 0.20 1.05 0.29 0.31 Au 2H-MoS2(0001) 

5.36 0.87 3.97 0.74 2.94 Ni 2H-MoS2(0001) 

4.39 0.53 2.68 0.61 1.64 Pd 2H-MoS2(0001) 

6.40 0.68 3.52 0.55 1.94 Pt 2H-MoS2(0001) 

5.30 0.66 3.07 0.58 1.78 Co 2H-MoS2(0001) 

6.23 0.73 3.52 0.57 1.99 Rh 2H-MoS2(0001) 

8.44 0.75 4.13 0.49 2.02 Ir 2H-MoS2(0001) 

5.18 0.57 2.69 0.52 1.40 Fe 2H-MoS2(0001) 

8.20 0.62 3.54 0.43 1.53 Ru 2H-MoS2(0001) 

4.09 1.43 3.15 0.77 2.43 Cu SrTiO3(100) 

2.96 0.81 1.78 0.60 1.07 Ag SrTiO3(100) 

3.58 0.16 1.22 0.34 0.42 Au SrTiO3(100) 

5.36 2.58 5.18 0.97 5.00 Ni SrTiO3(100) 
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4.39 1.18 3.21 0.73 2.35 Pd SrTiO3(100) 

6.40 2.25 4.91 0.77 3.76 Pt SrTiO3(100) 

5.30 2.93 5.00 0.94 4.72 Co SrTiO3(100) 

6.23 2.41 5.26 0.84 4.44 Rh SrTiO3(100) 

8.44 3.10 6.54 0.77 5.07 Ir SrTiO3(100) 

5.18 3.28 5.47 1.06 5.78 Fe SrTiO3(100) 

8.20 2.30 5.30 0.65 3.42 Ru SrTiO3(100)  

4.09 3.18 4.31 1.05 4.54 Cu Steps of CeO2 

2.96 1.37 2.8 0.95 2.65 Ag Steps of CeO2 

3.58 2.23 3.45 0.96 3.32 Au Steps of CeO2 

5.36 3.36 5.28 0.99 5.20 Ni Steps of CeO2 

4.39 1.67 3.7 0.84 3.12 Pd Steps of CeO2 

6.40 2.96 5.54 0.87 4.80 Pt Steps of CeO2 

5.30 3.24 5.21 0.98 5.12 Co Steps of CeO2 

6.23 2.46 5.03 0.81 4.06 Rh Steps of CeO2 

8.44 3.64 6.76 0.80 5.41 Ir Steps of CeO2 

5.18 3.53 5.34 1.03 5.50 Fe Steps of CeO2 

8.20 2.00 5.14 0.63 3.22 Ru Steps of CeO2 

4.09 0.59 2.71 0.66 1.80 Cu TiO2(110) 

2.96 0.12 1.81 0.61 1.11 Ag TiO2(110) 

3.58 0.03 1.04 0.29 0.30 Au TiO2(110) 

5.36 1.09 3.87 0.72 2.79 Ni TiO2(110) 

4.39 0.26 2.35 0.54 1.26 Pd TiO2(110) 

6.40 0.49 3.42 0.53 1.83 Pt TiO2(110) 

5.30 1.01 3.8 0.72 2.72 Co TiO2(110) 

6.23 0.52 3.33 0.53 1.78 Rh TiO2(110) 

8.44 0.95 4.43 0.52 2.33 Ir TiO2(110) 

5.18 1.64 4.5 0.87 3.91 Fe TiO2(110) 

8.20 0.62 3.89 0.47 1.85 Ru TiO2(110) 

4.09 0.30 1.99 0.49 0.97 Cu ZnO(100) 

2.96 0.10 1.21 0.41 0.49 Ag ZnO(100) 

3.58 0.21 1.50 0.42 0.63 Au ZnO(100) 

5.36 0.75 2.80 0.52 1.47 Ni ZnO(100) 

4.39 0.34 2.10 0.48 1.00 Pd ZnO(100) 

6.40 0.72 3.17 0.50 1.57 Pt ZnO(100) 

5.30 0.60 2.66 0.50 1.33 Co ZnO(100) 

6.23 0.44 2.57 0.41 1.06 Rh ZnO(100) 
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8.44 0.8 3.87 0.46 1.77 Ir ZnO(100) 

5.18 0.60 2.80 0.54 1.51 Fe ZnO(100) 

8.20 0.52 3.06 0.37 1.14 Ru ZnO(100) 

Note: Ec is the cohesive energy of metal bulk; Ebind is the binding energy of a metal atom on 

a support; Ea is the diffusion energy barrier of a metal adatom on a support. 

 

Table F2. 87 descriptors and 1 intercept term (top-left corner) included in the 

regularization and feature selection algorithms. The primary and secondary descriptors 

consisting of terms of the order -2, -1, -0.5, 0, 1, 2 as well the natural logarithm of Ec and 

Ebind. Additional descriptors can be generated by taking the interaction term between the 

existing descriptor pair shown in the table. One should note that some descriptors have 

been repeated several times which will result in the ill-conditioning of the coefficient 

matrix. To avoid double-counting, we only consider unique descriptors marked in blue 

blocks filled with value 1. 

 

 

 

 

 

Descriptors 1 Ec Ec
-1 Ec

0.5 Ec
-0.5 Ec

2 Ec
-2 ln(Ec) Ebind Ebind

-1 Ebind
0.5 Ebind

-0.5 Ebind
2 Ebind

-2 ln(Ebind) Total

1 1

Ec 1

Ec
-1 1

Ec
0.5 1 1

Ec
-0.5 1 1

Ec
2 1 1 1

Ec
-2 1 1 1

ln(Ec) 1 1 1 1 1 1 1

Ebind 1 1 1 1 1 1 1 1

Ebind
-1 1 1 1 1 1 1 1 1

Ebind
0.5 1 1 1 1 1 1 1 1 1

Ebind
-0.5 1 1 1 1 1 1 1 1 1

Ebind
2 1 1 1 1 1 1 1 1 1 1

Ebind
-2 1 1 1 1 1 1 1 1 1 1

ln(Ebind) 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Total 15 10 10 9 9 8 8 7 3 3 2 2 1 1 0 88
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Table F3. Numerical values of coefficient weights in the standardized form across models 

(equation 3) 

Index Descriptors DSL LASSO Enet Ridge GP OLS 

0 Intercept 1.184 1.185 1.178 1.172 0.74 -6.217E+03 

1 Ec 0 0 0 0.074 0 1.498E+12 

2 Ec
-1 0 0 0 0.069 0 2.837E+12 

3 Ec
0.5 0 0 0 0.046 0 6.896E+11 

4 Ec
-0.5 0 0 0 0.042 0 -9.850E+11 

5 Ec
2 0 0 0 0.024 0 1.318E+12 

6 Ec
-2 0 0 0 0.023 0 4.501E+11 

7 ln(Ec) 0 0 0 0.002 0 3.055E+11 

8 Ebind 0 0 0 -0.015 0 -1.679E+12 

9 Ebind
-1 0 0 0 -0.057 0 1.565E+11 

10 Ebind
0.5 0 -0.131 0 -0.136 0 1.915E+12 

11 Ebind
-0.5 0 0.015 0.077 0.07 0 2.089E+12 

12 Ebind
2 0 0 0 0.169 0 -2.577E+12 

13 Ebind
-2 0 0 0 -0.079 0 -1.798E+12 

14 ln(Ebind) 0 0 -0.072 -0.159 0 3.934E+12 

15 Ec
1.5 0 0 0 0.07 0 -1.529E+12 

16 Ec
3 0 0.016 0 -0.218 0 1.621E+10 

17 Ecln(Ec) 0 0 0 0.085 0 -1.230E+12 

18 EcEbind 0 0 0 0.092 0 5.886E+11 

19 EcEbind
-1 0 0 0 0.036 0 -1.355E+12 

20 EcEbind
0.5 0 0 0 0.03 0 -2.322E+12 

21 EcEbind
-0.5 0 0.041 0.078 0.17 0 2.645E+12 

22 EcEbind
2 0 0 0 0.091 0 -5.956E+10 

23 EcEbind
-2 0 0 0 -0.094 0 3.535E+11 

24 Ecln(Ebind) 0 0 0 -0.043 0 3.189E+12 

25 Ec
-1.5 0 0 0 0.065 0 2.805E+11 

26 Ec
-3 0 0 0 -0.182 0 3.743E+10 

27 Ec
-1ln(Ec) 0 0 0 0.019 0 3.450E+11 

28 Ec
-1Ebind 0 0 0 0.077 0 1.046E+11 

29 Ec
-1Ebind

-1 0 0 0 -0.082 0 -8.192E+11 

30 Ec
-1Ebind

0.5 0 0 0 -0.009 0 -1.151E+12 

31 Ec
-1Ebind

-0.5 0 0 0 0.013 0 3.877E+12 

32 Ec
-1Ebind

2 1.059 0.575 0.244 0.394 0.941 2.815E+10 

33 Ec
-1Ebind

-2 0 0 0 -0.013 0 -2.041E+11 

34 Ec
-1ln(Ebind) 0 -0.046 0 -0.044 0 2.264E+12 
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35 Ec
2.5 0 0 0 -0.072 0 -1.190E+11 

36 Ec
0.5ln(Ec) 0 0 0 0.067 0 5.465E+11 

37 Ec
0.5Ebind 0 0 0 0.031 0 -1.777E+12 

38 Ec
0.5Ebind

-1 0 0 0 -0.007 0 6.807E+12 

39 Ec
0.5Ebind

0.5 0 0 0 -0.055 0 4.646E+12 

40 Ec
0.5Ebind

-0.5 0 0 0 0.153 0 -8.409E+12 

41 Ec
0.5Ebind

2 0 0 0 0.128 0 2.903E+11 

42 Ec
0.5Ebind

-2 0 0 0 -0.089 0 -2.244E+12 

43 Ec
0.5ln(Ebind) 0 0 0 -0.124 0 -7.714E+12 

44 Ec
-2.5 0 0 0 -0.06 0 -5.065E+11 

45 Ec
-0.5ln(Ec) 0 0 0 -0.209 0 6.804E+11 

46 Ec
-0.5Ebind 0 0 0 0.001 0 -1.653E+11 

47 Ec
-0.5Ebind

-1 0 0 0 -0.083 0 -7.623E+11 

48 Ec
-0.5Ebind

0.5 0 0 0 -0.119 0 3.474E+12 

49 Ec
-0.5Ebind

-0.5 0 0 0 0.024 0 -7.014E+12 

50 Ec
-0.5Ebind

2 0 0 0.27 0.253 0 -1.963E+11 

51 Ec
-0.5Ebind

-2 0 0 0 -0.054 0 1.844E+12 

52 Ec
-0.5ln(Ebind) 0 -0.01 0 -0.12 0 -7.705E+12 

53 Ec
2ln(Ec) 0 0 0 -0.037 0 -2.292E+11 

54 Ec
2Ebind 0 0 0 0.096 0 -4.533E+10 

55 Ec
2Ebind

-1 0 0 0 -0.066 0 6.464E+10 

56 Ec
2Ebind

0.5 0 0 0 0.064 0 2.306E+11 

57 Ec
2Ebind

-0.5 0 0.025 0.001 -0.005 0 -2.539E+11 

58 Ec
2Ebind

2 0 0 0 -0.097 0 2.759E+09 

59 Ec
2Ebind

-2 0 0 0 -0.147 0 -8.843E+09 

60 Ec
2ln(Ebind) 0 0 0 0.056 0 -2.665E+11 

61 Ec
-2ln(Ec) 0 0 0 0.154 0 -5.525E+11 

62 Ec
-2Ebind 0 0 0 0.032 0 -6.560E+09 

63 Ec
-2Ebind

-1 0 0 0 -0.003 0 1.068E+11 

64 Ec
-2Ebind

0.5 0 0 0 -0.058 0 9.577E+10 

65 Ec
-2Ebind

-0.5 0 0 0 0.035 0 -3.620E+11 

66 Ec
-2Ebind

2 0 0.404 0.449 0.668 0 -7.673E+08 

67 Ec
-2Ebind

-2 0 0 0 0.118 0 -3.835E+09 

68 Ec
-2ln(Ebind) 0 -0.009 0 -0.132 0 -1.295E+11 

69 ln(Ec)Ebind 0 0 0 0.005 0 8.316E+11 

70 ln(Ec)Ebind
-1 0 0 0 0.014 0 -3.809E+12 

71 ln(Ec)Ebind
0.5 0 0 0 -0.084 0 1.075E+12 

72 ln(Ec)Ebind
-0.5 0 0 0 0.17 0 2.448E+12 

73 ln(Ec)Ebind
2 0 0 0 0.109 0 -3.236E+11 
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74 ln(Ec)Ebind
-2 0 0 0 -0.106 0 1.787E+12 

75 ln(Ebind)ln(Ebind) 0 0 0 -0.155 0 -1.242E+12 

76 Ebind
1.5 0 0 0 0.12 0 3.615E+12 

77 Ebind
3 0 0.354 0.227 -0.267 0 1.567E+10 

78 Ebindln(Ebind) 0 0 0 0.12 0 -2.916E+11 

79 Ebind
-1.5 0 0 0 -0.12 0 7.130E+11 

80 Ebind
-3 0 0 0 0.183 0 1.305E+10 

81 Ebind
-1ln(Ebind) 0 0 0 0.327 0 3.489E+11 

82 Ebind
2.5 0 0 0.06 0.054 0 -2.975E+11 

83 Ebind
0.5ln(Ebind) 0 0 0 -0.081 0 -3.199E+12 

84 Ebind
-2.5 0 0 0 0.04 0 -1.427E+11 

85 Ebind
-0.5ln(Ebind) 0 0 0 0.101 0 -1.427E+12 

86 Ebind
2ln(Ebind) 0 0 0.045 0.143 0 1.228E+12 

87 Ebind
-2ln(Ebind) 0 0.035 0.038 -0.202 0 -1.086E+11 

 

 

Table F4. Numerical values of coefficients across models (equation 1) 

Index Descriptors DSL LASSO Enet Ridge GP OLS 

0 Intercept -0.203 -0.05 -0.737 -0.062 0 -2.076E+13 

1 Ec 0 0 0 0.044 0 8.954E+11 

2 Ec
-1 0 0 0 1.087 0 4.457E+13 

3 Ec
0.5 0 0 0 0.13 0 1.936E+12 

4 Ec
-0.5 0 0 0 0.611 0 -1.418E+13 

5 Ec
2 0 0 0 0.001 0 6.697E+10 

6 Ec
-2 0 0 0 0.809 0 1.569E+13 

7 ln(Ec) 0 0 0 0.005 0 9.833E+11 

8 Ebind 0 0 0 -0.01 0 -1.081E+12 

9 Ebind
-1 0 0 0 -0.169 0 4.682E+11 

10 Ebind
0.5 0 -0.287 0 -0.298 0 4.201E+12 

11 Ebind
-0.5 0 0.07 0.37 0.338 0 1.005E+13 

12 Ebind
2 0 0 0 0.016 0 -2.368E+11 

13 Ebind
-2 0 0 0 -0.13 0 -2.968E+12 

14 ln(Ebind) 0 0 0.123 -0.272 0 6.742E+12 

15 Ec
1.5 0 0 0 0.012 0 -2.538E+11 

16 Ec
3 0 0 0 -0.001 0 8.702E+07 

17 Ecln(Ec) 0 0 0 0.018 0 -2.689E+11 

18 EcEbind 0 0 0 0.007 0 4.646E+10 
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19 EcEbind
-1 0 0 0 0.03 0 -1.149E+12 

20 EcEbind
0.5 0 0 0 0.006 0 -4.909E+11 

21 EcEbind
-0.5 0 0.043 0.082 0.18 0 2.801E+12 

22 EcEbind
2 0 0 0 0.001 0 -7.271E+08 

23 EcEbind
-2 0 0 0 -0.046 0 1.742E+11 

24 Ecln(Ebind) 0 0 0 -0.01 0 7.633E+11 

25 Ec
-1.5 0 0 0 1.461 0 6.258E+12 

26 Ec
-3 0 0 0 -17.334 0 3.565E+12 

27 Ec
-1ln(Ec) 0 0 0 0.52 0 9.656E+12 

28 Ec
-1Ebind 0 0 0 0.31 0 4.211E+11 

29 Ec
-1Ebind

-1 0 0 0 -0.749 0 -7.501E+12 

30 Ec
-1Ebind

0.5 0 0 0 -0.097 0 -1.285E+13 

31 Ec
-1Ebind

-0.5 0 0 0 0.161 0 4.633E+13 

32 Ec
-1Ebind

2 0.636 0.346 0.147 0.237 0.565 1.691E+10 

33 Ec
-1Ebind

-2 0 0 0 -0.069 0 -1.079E+12 

34 Ec
-1ln(Ebind) 0 -0.413 0 -0.393 0 2.019E+13 

35 Ec
2.5 0 0 0 -0.001 0 -1.941E+09 

36 Ec
0.5ln(Ec) 0 0 0 0.051 0 4.160E+11 

37 Ec
0.5Ebind 0 0 0 0.007 0 -4.061E+11 

38 Ec
0.5Ebind

-1 0 0 0 -0.012 0 1.128E+13 

39 Ec
0.5Ebind

0.5 0 0 0 -0.037 0 3.157E+12 

40 Ec
0.5Ebind

-0.5 0 0 0 0.422 0 -2.321E+13 

41 Ec
0.5Ebind

2 0 0 0 0.004 0 9.851E+09 

42 Ec
0.5Ebind

-2 0 0 0 -0.081 0 -2.041E+12 

43 Ec
0.5ln(Ebind) 0 0 0 -0.082 0 -5.086E+12 

44 Ec
-2.5 0 0 0 -3.422 0 -2.886E+13 

45 Ec
-0.5ln(Ec) 0 0 0 -6.704 0 2.186E+13 

46 Ec
-0.5Ebind 0 0 0 0.002 0 -2.812E+11 

47 Ec
-0.5Ebind

-1 0 0 0 -0.438 0 -4.002E+12 

48 Ec
-0.5Ebind

0.5 0 0 0 -0.71 0 2.076E+13 

49 Ec
-0.5Ebind

-0.5 0 0 0 0.179 0 -5.252E+13 

50 Ec
-0.5Ebind

2 0 0 0.065 0.061 0 -4.715E+10 

51 Ec
-0.5Ebind

-2 0 0 0 -0.162 0 5.469E+12 

52 Ec
-0.5ln(Ebind) 0 -0.04 0 -0.49 0 -3.155E+13 

53 Ec
2ln(Ec) 0 0 0 -0.001 0 -5.034E+09 

54 Ec
2Ebind 0 0 0 0.001 0 -4.166E+08 
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55 Ec
2Ebind

-1 0 0 0 -0.009 0 9.101E+09 

56 Ec
2Ebind

0.5 0 0 0 0.001 0 5.117E+09 

57 Ec
2Ebind

-0.5 0 0.003 0 0 0 -2.516E+10 

58 Ec
2Ebind

2 0 0 0 0 0 4.159E+06 

59 Ec
2Ebind

-2 0 0 0 -0.019 0 -1.158E+09 

60 Ec
2ln(Ebind) 0 0 0 0.002 0 -7.744E+09 

61 Ec
-2ln(Ec) 0 0 0 5.594 0 -2.009E+13 

62 Ec
-2Ebind 0 0 0 0.511 0 -1.041E+11 

63 Ec
-2Ebind

-1 0 0 0 -0.074 0 2.968E+12 

64 Ec
-2Ebind

0.5 0 0 0 -1.636 0 2.695E+12 

65 Ec
-2Ebind

-0.5 0 0 0 1.145 0 -1.198E+13 

66 Ec
-2Ebind

2 0 1.301 1.446 2.152 0 -2.471E+09 

67 Ec
-2Ebind

-2 0 0 0 1.946 0 -6.324E+10 

68 Ec
-2ln(Ebind) 0 -0.297 0 -4.527 0 -4.459E+12 

69 ln(Ec)Ebind 0 0 0 0.002 0 2.556E+11 

70 ln(Ec)Ebind
-1 0 0 0 0.034 0 -9.486E+12 

71 ln(Ec)Ebind
0.5 0 0 0 -0.074 0 9.544E+11 

72 ln(Ec)Ebind
-0.5 0 0 0 0.677 0 9.767E+12 

73 ln(Ec)Ebind
2 0 0 0 0.005 0 -1.494E+10 

74 ln(Ec)Ebind
-2 0 0 0 -0.146 0 2.471E+12 

75 ln(Ebind)ln(Ebind) 0 0 0 -0.139 0 -1.116E+12 

76 Ebind
1.5 0 0 0 0.028 0 8.511E+11 

77 Ebind
3 0 0.005 0.003 -0.004 0 2.312E+08 

78 Ebindln(Ebind) 0 0 0 0.036 0 -8.708E+10 

79 Ebind
-1.5 0 0 0 -0.265 0 1.570E+12 

80 Ebind
-3 0 0 0 0.164 0 1.171E+10 

81 Ebind
-1ln(Ebind) 0 0 0 1.243 0 1.326E+12 

82 Ebind
2.5 0 0 0.002 0.002 0 -1.092E+10 

83 Ebind
0.5ln(Ebind) 0 0 0 -0.059 0 -2.337E+12 

84 Ebind
-2.5 0 0 0 0.049 0 -1.748E+11 

85 Ebind
-0.5ln(Ebind) 0 0 0 0.324 0 -4.601E+12 

86 Ebind
2ln(Ebind) 0 0 0.002 0.007 0 6.056E+10 

87 Ebind
-2ln(Ebind) 0 0.088 0.096 -0.513 0 -2.764E+11 
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Figure F1. The performance of the elastic net model as a function of the L1 ratio. The L1 

ratio determines the amount of L1 penalty which corresponds to the degree of shrinkage in 

the number of descriptors included in the model. When L1 ratio = 0, the model is equivalent 

to ridge regression; when L1 ratio = 1, the model is equivalent to the Lasso. The model with 

the lowest RMSE occurs when L1 ratio = 0.3 and hence its performance is used to compare 

with other ML models.   

 

Figure F2. Coefficient weights in the standardized form from the (a) ordinary least square 

(OLS) regression and (b) the elastic net model. Each block represents a pair interaction 
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between the two descriptors. The color of each block shows the magnitude of regression 

coefficient weight 𝛽∗ of the descriptor and the color in top-left corner stands for the intercept 

𝛽∗ in the standardized form of equation 1 (scale at the right-hand side holds for both panels, 

gray boxes indicate a coefficient equal to zero). For the elastic net, only significant 

descriptors were selected with non-zero coefficients. 

 

Figure F3. Parity plot showing the DFT-computed Ea against the model determined by 

(Ebind)2/(Ec)2. To compare to the DSL-SAC model determined by (Ebind)2/Ec, we also 

constructed the model of linear correlation between Ea and (Ebind)2/(Ec)2. The prediction of 

this model is not satisfactory.       
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Figure F4. Parity plots of (a) the ordinary least square (OLS), (b) ridge, (c) elastic net (enet), 

(d) lasso regression, (e) genetic programming (GP) model and (f) diffusion scaling law (DSL). 

The RMSE (in eV) for the test set and R2 values are shown in the plot titles. OLS model 

overfits the data and hence results in a large RMSE and a negative R2.  
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Figure F5. The syntax tree expression of parallel genetic programming models initialized 

with different random seeds. Each tree contains a mix of variables, constants and operators. 

X0 and X1 represent Ebind and Ec respectively. The operators including addition, subtraction, 

multiplication, division, square root and natural logarithm are represented as add, sub, mul, 

div, sqt and log respectively.  

 

Table F5. The performance of genetic programming (GP) models shown in Figure F4. GP 

models all converged to Ea = constant × (Ebind)2 / Ec form. Model c has the lowest RMSE and 

hence its performance is used to compare with other ML models.  Different from R2 

describing the goodness-of-fit, the Pearson’s correlation coefficient (rpearson ∈ [-1, 1]) 

measures the linear correlation between two variables. rpearson is determined to be 0.973 

between Ea and (Ebind)2 / Ec, indicating a good linear correlation. rpearson between Ea and Ebind 

is 0.898 which signifies a much weaker correlation between the two variables.   

Model MAE (eV) RMSE (eV) R2 rpearson Model Expression 

a 0.213 0.265 0.932 0.973 Ea = 0.578 × Ebind
2/Ec 

b 0.210 0.262 0.932 0.973 Ea = 0.566 × Ebind
2/Ec 

c 0.210 0.262 0.932 0.973 Ea = 0.565 × Ebind
2/Ec 

d 0.212 0.264 0.932 0.973 Ea = 0.575 × Ebind
2/Ec 

e 0.211 0.263 0.932 0.973 Ea = 0.570 × Ebind
2/Ec 

Case study: lifetime of Pt/CeO2 SACs 

We assume for a typical high-surface-area ceria S =100 m2/g 

We take a Pt loading L = 0.5 wt%  

Using the atomic mass of Pt mPt = 195.084 g/mol and Avogadro number NA = 6.02×1023, 

the surface area per Pt atom 𝑆 6.48 nm   

The CeO2(111) adopts a hexagonal lattice on which Pt is adsorbed as shown in Figure F5a. 

Then  

𝑆 √ 𝑥  and the distance between two Pt atoms 𝑥
√

3.16 𝑛𝑚 

The diffusion coefficient D on a hexagonal surface is obtained from  

                                                         𝐷  𝑘 𝑎                                                 (8.13) 
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where 𝑘  is the rate constant for atom diffusion to an adjacent site, a is distance of a 

single hop. On the CeO2(111) surface, a = 0.416 nm.  

Using the diffusion coefficient, we can compute the mean-square displacement: 

                                                               x   4𝐷𝑡                                                          (8.14) 

To obtain a crude estimate of the lifetime t of a single metal atom before it meets another 

atom, we use this simple 2D random walk model of a metal atom travelling the average 

distance x to other metal atoms. This time t can be estimated by 

                               𝑡
    

𝜏 (8.14) 

where τ is characteristic time scale for one hop to adjacent site and calculated by equation 

8.5 and equation 8.6 

 For this particular case, we obtain 𝑡 86.5 𝜏.  

The local environment of a Pt atom on steps of CeO2(111) is square as shown in Figure F5b. 

Assuming the same metal loading, we obtain  𝑥 𝑆 2.55 𝑛𝑚 and a = 0.39 nm. 

                                                            𝐷  𝑘 𝑎  (8.15) 

                       𝑡
    

𝜏 21.3 𝜏 (8.16) 

 

Figure F5. Diffusion scheme of metal atom. a, on the CeO2(111) surface. b, on steps of 

CeO2(111). 
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Figure F6. Configurations of Pt1O2 on steps of CeO2(111) and Pt1-doped in CeO2(111). 

 

Table F6. DSL-SAC model predicted characteristic time scale and lifetime of Pt-CeO2 SACs.  

Pt-CeO2 

SACs 

Ebind 

(eV) 

Ea 

(eV) 

τ (day) 

(300K) 

t (day) 

(300K) 

τ (day) 

(673K) 

t (day) 

(673K) 

τ (day) 

(1073K) 

t (day) 

(1073K) 

Pt1 on 

CeO2(111) 
3.21 0.82 7.29×10-4 6.21×10-2 1.16×10-12 

1.00×10-

10 
3.72×10-15 

3.22×10-

13 

Pt1 on 

steps of 

CeO2 

5.54 2.85 1.25×1030 2.66×1031 1.73×103 3.68×104 1.22×10-5 
2.60×10-

4 

Pt1O2 on 

steps of 

CeO2 

7.50 5.39 5.83×1072 - 1.81×1022 - 1.04×107 - 

Pt1 doped 

in CeO2 
11.44 12.80 2.23×10197 - 6.20×1077 - 7.06×1041 - 

At T = 300 K, Pt atom on the CeO2(111) surface is unstable, while gets much more stable on 

defective sites, such as steps or doped in ceria lattice. At T = 673 K, the Pt atom on steps of 

CeO2(111) is very stable, and τ = 1.73×103 day (4.74 years). On the other hand, at T = 1073 

K, the Pt atom on CeO2(111) steps is more mobile, such that τ = 1.22×10-5 day (1.05 s). We 

also computed two alternative cases in which the Pt atom is oxidized to PtO2 or doped in the 

CeO2. The former already leads to enhanced stability at T = 1073 K, τ = 1.04×107 day 

(2.85×104 years). Doping of Pt atoms into the ceria lattice can further improve the stability.  
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Figure F7. Correlation between Ec and Ebind for sustaining SAC characteristic time  = 1s, 

1 min, 1 h and 1 day at T = 300 K and 1073 K, respectively.  
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Summary 
Towards Mechanistic Understanding and 

Optimization of Oxide-Supported Metals for 
Three-Way Catalysis 

 
Automotive exhausts emitted from internal combustion engine contain carbon monoxide 

(CO), hydrocarbons (CxHy), nitrogen oxide (NOx), and particulate matter (PM) is one of the 

major air pollution sources. The abatement of these noxious emissions is of paramount 

importance if we wish to maintain a good living environment. Thus, development of three-

way catalysis technology has been crucial in maintaining emission regulations for gasoline 

engines via the conversion of pollutants from the internal combustion engine exhaust. This 

requires fundamental understanding of the catalytic properties of three-way catalyst (TWC). 

In this thesis we have shown how density functional theory (DFT) calculations and first-

principles based microkinetics simulations can be employed to unravel the reaction 

mechanisms and provide strategy for the rational design of TWC. 

In Chapter 2, the overview of the computational approaches and the relevant theories used 

in our study are described. The DFT calculations are employed to obtain the energetic 

parameters, such as adsorption energies and activation barriers. Using the computed 

parameters as input to microkinetic modeling, we further showed how the transition state 

theory can be used to explore the kinetic properties of reaction on model surface. The kinetic 

sensitivity analysis is introduced to further obtain the observables which can be linked with 

the experimental date. Using these approaches, we can provide atomic level understanding 

of reaction mechanisms in catalysis. 

In Chapter 3, we have studied the complete reaction pathway for the NO + CO reaction 

on Pd(111) and Ti-doped Pd(111) using DFT calculations. Based on the computed data, 

microkinetic analyses are carried out to predict reaction rate, coverage distribution, and the 

rate-determining step. Direct NO dissociation encounters high activation barriers on pure Pd 

metal surfaces Modification of Pd(111) by Ti-doping results in a strong decrease of the NO 

dissociation barrier to 0.65 eV. Density of states (DOS) and Crystal orbital Hamilton 

populations (COHP) analyses show that Ti-doping changes the local electronic structure 

enhances the binding of N and O atoms, explaining the lower barrier for NO dissociation. 

From the fitted Brønsted-Evans-Polanyi (BEP) parameter, we show that the transition state 

for NO dissociation on TM-Pd(111) is late and resemble to the final state. This indicates that 

the enhanced adsorption strengthen of dissociated N and O atom facilitates the direct NO 

dissociation. We further found that the activation barriers for N2 and CO2 formation on Ti-
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doped Pd(111) are lower than on the Pd(111) surface. Microkinetic modeling predicted that 

NO already can be dissociated at room temperature on Ti-doped Pd(111) resulting in a higher 

overall reaction rates at low temperatures. Degree of rate control analysis is conducted to 

identify the rate-determining step for NO + CO reaction. At low temperatures, the NO 

dissociation controls the overall reaction rate on both undoped and Ti-doped Pd(111) surfaces. 

Our results suggest that the performance of noble metal catalysts can be drastically enhanced 

by non-noble transition metal doping and provide a way to design the efficient Pd-based 

three-way catalysts. 

In general, the support as part of the catalytic system plays an important role in catalysis. 

Especially, the reaction involved with the lattice oxygen may take place at the interface 

between the metal and support. In Chapter 4, we carried out DFT calculations and 

microkinetic simulations to explore the reaction mechanism of NO reduction with CO (and 

H2) on CeO2 supported Pd catalyst (Pd/CeO2). We found that the ceria support and the Pd-

oxide cluster can be reduced by CO (or H2). The low-temperature N2O formation is related 

to the N2O2 dimer reaction pathway. The formed N2O can be converted to N2 on ceria surface 

O vacancies only at relatively high temperature. The microkinetic analyses indicate that N2 

selectivity is strongly associated to the availability of ceria surface O vacancies. Lowering 

the O binding energy of CeO2 results in a decrease of the temperature at which the N2O 

intermediate is converted to N2. This can be effectively achieved by replacing Ce with Fe. 

The Fe doping lowers surface O vacancy formation energy and boosts the H2 and CO 

oxidation at interface sites. Our simulations suggest that full conversion of NO to N2 can be 

achieved on Fe-doped Pd/CeO2 at a temperature much lower than for Pd/CeO2. These 

predictions are validated by preparing a set of Fe-doped Pd/CeO2 catalysts. Notably, the 

addition of Fe to Pd/CeO2 results in nearly similar light-off curves for NO conversion but 

much higher N2 selectivity at low temperature. H2-TPR experiment confirms that oxygen 

removal from the ceria is facilitated by Fe doping. The experimental results agree with the 

DFT calculations and microkinetics simulations. This study demonstrates that facile 

formation of oxygen vacancies in ceria support is pivotal for achieving high performance in 

NO + CO (H2) reaction.  

As the above chapter shown that the performance of catalyst is strongly related to the 

support, therefore, the development of suitable support is essential to design efficient TWC. 

In Chapter 5, we used LaFeO3 (LFO) perovskite as the support and constructed the 

perovskite-supported Rh, Pd, and Pt single-atom models for the study of a typical probe 

reaction, namely CO oxidation. We systematically explored the impact of La defects and 

subsurface O vacancies on the catalytic activity. These defects modulated the electronic 

structure of adsorbed or doped metal atom, hence affecting the binding strengthen of CO and 

O2. Consequently, the changes affect the activation barrier for CO oxidation surface reactions. 

For the La defect containing models, we found a strong correlation between activation 
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barriers and the oxygen vacancy formation energies. Microkinetic analyses show that the Rh-, 

Pd-, and Pt-doped LFO surfaces with a La defect exhibit much higher CO oxidation rates 

than the stoichiometric surface. Among all the considered models, Pd-doped LFO with the 

La defect has the best performance for the low-temperature CO oxidation. On the other hand, 

the presence of subsurface O vacancies only boosts CO oxidation on the Rh-adsorbed LFO 

surface. Our findings suggest that the introduction of La defects in LFO-based catalysts is a 

promising strategy to improve oxidation performance. 

In Chapter 6, we investigated the activity trends of CO oxidation on Rh, Pd, and Pt metal 

doped LaBO3 perovskites (B = Mn, Fe, Co, and Ni). Our calculations indicate that CO 

adsorption on Pd-doped LaBO3 surfaces is weaker than on corresponding Pt-doped LaBO3 

and Rh-doped LaBO3 surfaces. This is because that the presence of more empty d-states just 

above the Fermi level for systems doped with Rh or Pt, resulting in a stronger interaction 

between CO orbitals and d-orbitals of Pt or Rh atoms. The influence of support on CO 

adsorption was investigated. We identify that a strong correlation between CO adsorption 

energy and the d-band center of the M atom in the M-doped LaBO3 surfaces. Detailed 

electronic structure analysis indicates that the support tuned the location of d-states which 

resulting in different CO adsorption strength. Pd-doped surfaces have relatively weak CO 

adsorption leading to lower activation barrier for CO oxidation surface reaction compared to 

Pt- and Rh-doped surfaces. Interestingly, we found a BEP relation for CO oxidation on 

supported single-atom catalysts following the Mars-van Krevelen (M-vK) mechanism. This 

finding can help identify the promising perovskite supported catalysts for environmental 

catalysis. Microkinetics simulations indicate that Pd-doped LaCoO3 is the most promising 

system for CO oxidation due to moderate CO adsorption strength and the lowest activation 

barrier for CO oxidation. This study indicates that doping B site of LaBO3 surface with 

transition state can potentially improve the performance of perovskite-based catalyst. 

In Chapter 7, we explored O2 activation and CO oxidation on a series of SrTiO3 supported 

transition metals (TM/STO). The detailed reaction mechanism, structure-activity relationship 

as well as the active sites for CO oxidation on TM/STO catalysts are investigated. The 

electronic structure analysis was conducted to understand the trend of O2 activation at 

TM/STO interfaces. DFT calculations show that O2 can bind strongly at TM/STO interface 

sites, resulting in activation of the oxygen-oxygen bond. Especially Au benefits from O2 

dissociation at the Au/STO interface compared to the closed-packed Au surface. Other TMs 

exhibit comparable to or lower activation barriers for O2 dissociation in contrast to the 

TM/STO interface. Replacing an oxygen atom of the STO surface by fluorine results in lower 

O2 dissociation barriers, which can be explained by back-donation of the increased d-electron 

density of STO metal ions into the 2π* orbitals of O2. We found a BEP relation for O2 

dissociation at the TM/STO interface. A similar linear correlation holds for the F-doped 

TM/STO models, with a slight change in the BEP parameter due to a different nature of the 
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transition state. CO oxidation via different reaction mechanisms, namely O2 dissociative and 

associative mechanisms were explored, which were used as input to microkinetic modeling 

to obtain the kinetic information of CO oxidation at TM/STO interfaces. Although O2 

dissociation at the Au/STO interface is facile in comparison to Au(111), an O2 associative 

mechanism involving reactions of CO adsorbed on the Au nanorod with O2 adsorbed at and 

activated by the interface with STO is dominant. A lower overall barrier (0.71 eV) for this 

reaction mechanism is found, indicating the importance of interface sites and a strong effect 

of dispersion. This result agrees well with previous experimental data. CO oxidation at 

Ag/STO catalyst have a similar mechanism. For Pd/STO catalyst, the same reaction at the 

interface encounters higher barrier. CO oxidation via a conventional Langmuir-Hinshelwood 

(LH) mechanism on Pd surface has an apparently lower overall barrier than the Pd/STO 

interface, suggesting Pd surface determines the overall CO oxidation rate. This is consistent 

with recent experimental observation. Additionally, we exclude an M-vK mechanism 

involving the STO support surface because of the high binding energy of STO lattice O atoms. 

This mechanism is also followed for other transition metals surface as Pt and Rh. However, 

CO oxidation on Ir/STO involves interface sites via the O2 dissociative mechanism as the 

binding strength of O at the interface is weaker than on Ir(111). These findings provide an 

explanation to differences in structure-activity relationship for STO supported TM catalysts. 

Moreover, our results predict that doping of the STO support with fluorine can improve the 

catalytic performance of CO oxidation. This work provides insight for design of efficient 

catalyst for oxidation reaction.  

To a promising catalyst, a good stability is as important as a high reactivity and selectivity. 

In Chapter 8, we assess the stability of heterogeneous single-atom catalysts (SACs). 

Importantly, a practical way to predict the stability of SACs is proposed. We found a strong 

correlation of diffusion barrier for single metal atoms on support with two easily accessible 

parameters, namely the corresponding binding energy of the metal atom on the support and 

the cohesive energy of the metal. Using Machine learning methods, we confirm that the 

diffusion barrier is strongly related to the Ebind
2/Ec. The developed diffusion correlation 

provides a feasible way to screen large numbers of metal support combinations. In this way, 

we provide a step toward understanding the stability of SACs, by directly considering the 

diffusion barrier rather than the simple thermodynamic metric of binding energies. This 

finding paves the way to rationally design SACs with promising stability. 

The results presented in this thesis provide a fundamental understanding of the reaction 

mechanisms for CO oxidation and NO reduction on oxide-supported metals. The 

understanding of the nature of the catalytic reaction on these model surfaces give insights for 

the optimization of TWC, therefore, providing guidelines for the rational design of low-cost 

and efficient oxide-supported catalytic systems for automotive emissions control.
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