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Abstract 

Recent studies have shown that highly dilute alloys of platinum group metals (PGMs: Pt, Rh, Ir and 

Pd) with coinage metals (Cu, Au, and Ag) serve as highly selective and coke–resistant catalysts in a 

number of important chemical reactions. These materials are composed of trace amounts of a PGM or 

Ni, whose atoms are embedded in a coinage metal surface, and their catalytic behaviour is governed 

by the size and shape of the surface clusters of PGM atoms. Therefore, establishing a means of control 

over the topological architecture of highly dilute alloy surfaces is crucial to achieving catalytic 

performance tailored to a specific application. This Thesis employs density functional theory, kinetic 

Monte Carlo and microkinetic modelling in order to investigate ways of manipulating the surface 

architecture of a number of dilute alloy surfaces towards optimal performance for key catalytic 

reactions. The latter include the direct dissociations of NO, CO2 and N2, and the reverse events, which 

are important in, among others, emission control technologies. Also examined is the potential of a 

Ni/Cu dilute alloy for the NO + CO chemistry, and it is demonstrated that the selectivity toward the 

desired products can be manipulated by tuning the size of the Ni clusters in the ensemble. The results 

can guide future theoretical, surface science and catalysis studies on highly dilute alloys, towards the 

development of superior catalysts that can efficiently accelerate chemistries of industrial significance.     

 

 

 

 



 
 

Impact Statement 

The total worldwide revenues of the chemical industry in 2019 were USD 3.94 trillion, which 

represented around 18 % of the total GDP of the United States of America. Approximately 90 % of 

bulk and specialty chemicals are prepared through catalytic processes, whereby a solid, liquid or gas 

substance (the catalyst) is employed in order to accelerate the conversion of raw materials into valuable 

products. Catalysts are used in a wide spectrum of important applications being the cornerstone in the 

synthesis of numerous everyday products (e.g. fertilisers, pharmaceuticals, plastics etc.), in petroleum 

refining and in the reduction of noxious gases that cause severe environmental issues. Along these 

lines, it would not be an overstatement to claim that catalytic materials are at the centre of a multi–

trillion–dollar industry.   

Among all catalyst types, solids (or heterogeneous catalysts) are the most widespread, and this 

is because of the associated benefits of using solid materials in a chemical process (e.g. easy separation 

from the reaction mixture, possibility for regeneration). A large number of industrial catalysts in the 

chemical and automotive sectors are based on platinum group metals (PGMs: Rh, Pt, Pd, Ir), and 

unsurprisingly, these two sectors are those with the highest demand in such metals. PGMs exhibit 

excellent catalytic performance for many industrial chemistries, but they are very expensive and 

scarce. These challenges can be circumvented by, the non–trivial task of, developing PGM–free 

catalysts that have equally good performance to PGMs.      

This Thesis investigates a new class of bimetallic materials that have recently drawn the 

attention of the catalysis community and are known as highly dilute alloys. The latter contain trace 

amounts of a PGM or Ni, which are embedded in coinage metal (Ag, Au and Cu) surfaces. Although 

small, or no, amounts of PGMs are utilised, such materials exhibit resistance to common poisons, 

excellent selectivity, activity and stability for a number of reactions of practical interest. On this basis, 

they show strong potential in replacing conventional PGM–based materials. Given the exceptional 

catalytic performance of highly dilute alloys, their use in the industry may bring about a number of 



 
 

benefits. These include the synthesis of products of high purity that comply with strict regulations (e.g. 

substances used in the pharmaceutical industry), the reduction of the complexity of the chemical 

process (and particularly the separation train), and the reduction of the associated capital and operating 

costs thereof, just to name a few.  

Importantly, scientific research has shown that the catalytic performance metrics of dilute 

alloys depend on the arrangement of the atoms of the two constituent metals in the surface of the 

material. Therefore, establishing a means of control over the topological architecture of highly dilute 

alloy surfaces is crucial to optimising their catalytic performance with regard to the application of 

interest. The work presented in this thesis takes the advantage of sophisticated computational methods 

and identifies highly dilute alloys that can catalyse chemistries of central importance to emission 

control catalysis. This computational approach is employed in order to screen for the most promising 

materials for the catalytic reduction of noxious gases (e.g. N2O, NO), thereby minimising the cost, 

time and resources required by experiments that may rely on cumbersome trial and error techniques. 

Markedly, the findings suggest that dilute alloys, which are composed of inexpensive metals, with a 

specific surface structure are promising for the aforementioned applications (e.g. reduction of pollutant 

emissions from road vehicles). Furthermore, this work provides guidance in developing pretreatment 

strategies in order to prepare the aforementioned structures. Thanks to their simplicity, these strategies 

have the potential to be applied in an industrial scale, and accordingly this thesis contributes to the 

ongoing efforts toward the successful commercialisation of highly dilute alloy catalysts.  
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1. Thesis background 

This Thesis focuses on the effects of the adsorbate layer structure and the surface morphology on the 

reactivity of pure metal and alloy catalysts. Therefore, in this chapter we introduce fundamental 

concepts and review the pertinent literature. We further present the objectives of our study and give an 

outline of the Thesis. 
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1.1. Heterogeneous catalysts 

Solid catalysts are used to accelerate chemical reactions, which would not be proceeding at a 

considerable rate in a gas or a liquid phase.1 The role of heterogeneous catalysts is central to the 

manufacturing of over 85% of everyday products currently on the market. These materials are 

composed of a porous support (a metal oxide, e.g. Al2O3, MgO etc.), whereon the active phase (one or 

more transition metals) is dispersed and often “organised” into nanoparticles (NPs) – (see e.g. Figure 

1). In turn, NPs expose several different facets that provide the loci for the reactant species to interact 

with each other, and undergo chemical transformations. A number of industrial chemistries that have 

a large impact upon our everyday life, are catalysed by heterogeneous materials. Typical examples 

include the synthesis of ammonia (Fe catalyst), the production of ethylene oxide (Ag catalyst), the 

reduction of nitric oxide (NO) – (Rh catalyst), and the catalytic cracking of crude oil (zeolites).1 

Therefore, the discovery and development of materials with optimal catalytic properties has been a 

very active area of research during the last decades. 

   

Figure 1. A cuboctahedral NP that exposes the most common low–index facets for face centred cubic metals 
(i.e. (100) and (111) surfaces) connected along edges, which can be modelled by a (211) step edge.      

(111) 

(100) 

(211) 
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1.2. Predicting and tuning the reactivity of heterogeneous catalysts 

An important, but challenging, step toward the understanding of chemical reactions over solid 

surfaces is to establish models that are capable of predicting the reactivity of solid catalysts. A widely 

employed model of this kind is the so–called d band model, which was developed by Hammer and 

Nørskov.2 This model is a powerful tool that can help us rationalise reactivity trends among pure metal 

and alloy surfaces (the latter surfaces are those composed of more than one metal),3 and it is briefly 

introduced in the following text.  

As noted in section 1.1, gas–phase molecules adsorb on catalytic surfaces whereon they interact 

with other adsorbates that are within their close vicinity. According to the d band model, the adsorption 

energy of an adspecies (e.g. A*, where * indicates that the species is adsorbed on a surface) can be 

decomposed into the sp electron contribution, and the interaction between the adsorbate states and the 

d electrons of the metal4  

 A*ads sp dE E E  ,           (1)   

where Esp and Ed represent the interactions between the electrons of the sp and d bands and the 

adsorbate states, respectively. The sp and d bands are formed from the corresponding s, p and d 

electrons of individual metal atoms. These electrons become delocalised in solid surfaces, and are 

therefore able to “travel” throughout the material. In general, the sp band is much broader than the d 

band, which is more localised and closer the highest occupied state (i.e. the Fermi level). As a result, 

one may expect a more significant sp contribution than d contribution to the adsorption energy.5 Yet, 

the broad features of the sp bands result in a contribution that is similar for all the transition metals 

that are employed as heterogeneous catalysts, and accordingly the d band model relies on the 

assumption that reactivity differences between transition metals are by and large owing to Ed.6   

Upon the interaction of the metal’s d states with the states of an adsorbate, there is the formation 

of bonding and antibonding states similar to the bonding and antibonding orbitals of gas–phase 

molecules. The strength of the chemical bond between the adsorbate and the metal surface depends on 
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the position of the antibonding states relative to the Fermi level,7 and the position of the latter states is 

determined by the position of the metal’s d states. On this basis, the reactivity of metal surfaces can be 

described by the d band centre (εd), which is the first moment of the d density of states (DOS)6 

 

 
d

d

d



















   


  

,           (2)

where  () and  are the electronic DOS distribution and the energy, respectively, and the integration 

proceeds over the filled states (i.e. states below Fermi level).  In general, the higher the d band centre 

of a surface, the more reactive the surface is expected to be.    

The d band centre is a descriptor of the variation of the binding strength of adsorbates over 

metal surfaces and can be used to explain reactivity trends. For example, from right to left across a 

series of the periodic table, the d states of metals move to higher energies (i.e. higher d band centre), 

thereby “shifting” the anti–bonding states to higher levels as well. In this manner, the antibonding 

states become increasingly unoccupied entailing a strong adsorbate–surface interaction. Therefore, the 

d band model predicts that transition metals on the left of the periodic table (e.g. Ru, Re, Fe etc.) 

interact with adsorbates more strongly than metals on the right (e.g. Au, Ag etc.). This trend is 

congruent with experimental findings, and also gives rise to the traditional activity volcano plots,8 

which “teach us” that the highest catalytic activity is achieved when adsorbates bind to the surface 

strong enough to undergo a chemical transformation, but weak enough so that the surface is not 

poisoned (i.e. an intermediate binding strength is optimal).  

It follows that the catalytic performance of a material can be tuned by changing its d band 

centre, and this task may be achieved by: (1) modifying the surface structure; (2) introducing strain 

effects; and (3) alloying.6 Regarding the first point, the d band of surfaces with low coordination 

number (e.g. (211)) tend to be narrower as compared to that of a densely packed surface (e.g. (111)), 

thereby lifting the d band centre to higher energy levels.9 Consequently, stronger adsorbate binding is 
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anticipated on more open and undercoordinated surfaces. Moreover, strain effects are associated with 

changes to the lattice constant of a material. Mavrikakis et al. have shown that tensile strain (i.e. 

increase in lattice constant) induces a loss of electronic overlap between neighbouring metal atoms, 

thereby increasing the reactivity of the surface, whilst the opposite holds for compressive strain (i.e. 

reduced lattice constant).10 Finally, alloying is another strategy to modify the structure of the d band, 

and therefore to change the position of the d band centre. In this regard, Kitchin et al. demonstrated 

that the dissociative adsorption energies for H2 and O2 over Pt(111) can be drastically altered by 

“intercalating” a layer of a 3d transition metal between the surface and subsurface layers of a Pt(111) 

slab.11 The authors explained the simulated changes in the H2 and O2 dissociative adsorption energies 

over these “skin alloys” based on the structure of the d band and the position of εd.11    

These three are ways to manipulate the reactivity of a surface, but it should be noted that a 

reactive surface is not necessarily catalytically active. This is because strong absorbate–surface 

interactions may result in the poisoning of the active sites. As indicated earlier, the optimal catalytic 

activity is found for intermediate adsorbate binding. This is the Sabatier principle,8,12 which is 

displayed through the, common in catalysis, volcano plots (Figure 2 (a)). A volcano plot shows how 

the activity of a catalyst varies as a function of an activity descriptor (e.g. the adsorption energy of an 

intermediate surface species),13 which is specific to the reaction under consideration.  

Identifying a catalytic descriptor is useful for assessing the catalytic performance of 

heterogeneous catalysts in an efficient manner. Moreover, this concept can be used in conjunction with 

the so–called Brønsted–Evans–Polanyi (BEP) relations,14 thereby providing a sophisticated framework 

that aids the discovery state–of–the–art catalysts based on a relatively small number of electronic 

structure calculations (see chapter 2).8  The BEP relations belong to a class of scaling relations known 

as the linear transition state energy scaling relations,15 and dictate that the activation barrier of a surface 

reaction correlates linearly to the reaction energy (i.e. the difference in energy between products and 

reactants) – (Figure 2 (b)). As it will be discussed in more detail in chapter 3 (see section 3.5.2), the 
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role of the BEP relation is central to kinetic simulations that take into account the interaction between 

adspecies.16    

 

 

Figure 2. Panel (a) shows the shape of a volcano plot indicating that the maximum catalytic activity is observed 
for intermediate values of an activity descriptor; panel (b) shows a BEP plot where the reaction energy correlates 
linearly with the reaction energy. Each point on the two plots represents a catalytic surface.  

The d band model and the linear scaling relations are tools that can facilitate the design of 

heterogeneous catalysts. However, it is not always true that these models provide accurate predictions 

in relation to the catalytic performance. For example, Xin and Linic showed that the d band model is 

incapable of predicting the trend of the binding strength of very electronegative adsorbates (e.g. OH*, 

F*, Cl*) on metal surfaces with almost fully filled d band.5 Surprisingly, the authors demonstrated that 

for such adsorbate–surface systems stronger adsorbate bindings are accompanied by both lower (in 

energy) d band centres and, counterintuitively, larger adsorbate–surface bond distances. This unusual 

behaviour was explained by the magnitude of the repulsion between the d electrons of the metal surface 

and the renormalised states of OH*.5 Along the same lines, there are certain classes of materials (e.g. 

dual–atom catalysts) that do not follow the linear scaling relations.17 Yet, such a deviation may be 

beneficial because BEP relations pose a non–trivial constraint to the catalytic performance. This 

becomes apparent from Figure 2 (b), where one observes that low activation barriers are accompanied 

by strong product binding, which is the culprit for catalyst poisoning. As a result, a great amount of 
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ongoing research is dedicated to the discovery of materials that “break free” from the conventional 

BEP.18 

  This section has briefly reviewed some fundamental concepts and tools that may be employed 

upon the search for novel heterogeneous catalysts. These tools are powerful, but not always predictive 

owing to the very complex behaviour exhibited by chemical reactions on solid surfaces. In such cases, 

it is imperative to study surface reactions by considering their specifics in detail. This task can be 

accomplished by using elegant computational methods like density functional theory (DFT) – (see 

chapter 2), microkinetics (see chapter 6) and kinetic Monte Carlo (KMC) – (see chapter 3),19 whose 

underpinnings and applications are briefly discussed in this Thesis.  

1.3. The role of adsorbate – adsorbate interactions in catalytic reactions 

A factor that adds to the complexity of catalytic reactions and requires particular attention is 

the interactions between adspecies on solid surfaces (these are known as adsorbate–adsorbate or 

lateral interactions).20 The magnitude of these interactions may be significant (i.e. larger than 20 

kJ/mol),21 thereby affecting the macroscopic catalytic properties of the system. In particular, 

adsorbate–adsorbate interactions give rise to spatial correlation in the adsorbate layer (or adlayer – this 

is the layer formed by the adsorbed species on the solid surface), whereby ordered patterns may be 

formed and powerful microscopy techniques like scanning tunnelling microscopy (STM) may be 

employed to visualise them.22 In turn, the adlayer structure impacts upon the reaction kinetics and 

thermodynamics, and a theory that is not capable of predicting the structure of the adlayer is essentially 

not able to accurately capture the behaviour of a surface reaction under a wide range of conditions. 

Indeed, kinetic models that overlook adsorbate–adsorbate interactions often fail to capture the 

complexity of surface reactions.23,24 Wu et al. modelled the oxidation of NO over Pt(111) and 

highlighted that the inclusion of long–range (i.e. interactions between adspecies that are not on 

neighbouring sites) and many–body interactions (i.e. interactions between more than two adspecies) 

were necessary in order to obtain O* coverages and reaction rates that are consistent with experimental 
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results.16 Ovesson et al. parameterised KMC simulations based on DFT–derived energetics. Their 

computational work revealed that coverage effects control the direction of the oxidation reaction, and 

that small changes to O* coverage may result in dramatic changes to the production of NO2.25 It is true 

that the presence of spectator O* species even at moderate coverages can obstruct the O2* dissociation 

reaction,26,27 which is the rate–determining step (RDS) for the oxidation of NO on Pt(111). Finally, 

Schneider and co–workers demonstrated that there exists a considerable discrepancy between volcano 

plots of activity that take into account lateral interactions and those that do not.28 This of course has 

strong implications in the search of optimal catalysts. In more precise terms, materials that appear on 

the top of the volcano plot in the absence of coverage effects may be, in practice, far from it and vice 

versa. Therefore, the inclusion of adsorbate–adsorbate interactions in kinetic models is often crucial. 

Unfortunately, conventional ways of modelling the kinetics of heterogeneous reactions (i.e., 

Langmuir-Hinshelwood type models) do not account for the aforementioned interactions. By contrast, 

the proper treatment of coverage effects is possible by employing elegant computational techniques 

like the KMC method (see chapters 3, 4 and 8).     

1.4. Single atom alloys  

Besides adsorbate–adsorbate interactions, the existence of numerous different active sites even 

within a single surface (crystal) is another source of complexity for surface reactions. Often two metals 

are combined in one catalyst (i.e. an alloy catalyst) in order to obtain superior performance as compared 

to that of the pure constituent metals. Indeed, the use of alloy catalysts is a common strategy to optimise 

the catalytic performance,29 and such materials are being used in important large–scale applications 

such as naphtha reforming (Pt−Re alloy), and ammonia oxidation to nitric acid (Pt−Rh alloy). The 

disparate catalytic behaviour of alloy catalysts as compared to their monometallic counterparts is 

rationalised based on the ligand and ensemble effects.30,31 The latter effects are related to the 

composition of the site whereon a species adsorbs,32 while ligand effects are associated with 

compositional changes in the “surroundings” of the adsorption site, but not in the adsorption site itself.  
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An emerging class of bimetallic alloys that have lately attracted the attention of the catalysis 

community is the so–called single atom alloys (SAAs).33 The latter contain a trace amount of a 

platinum group metal (PGM: Pt, Pd, Rh, Ir) or Ni embedded in a coinage metal surface (Cu, Au, Ag), 

and catalyse efficiently a number of chemistries.34 The discovery of these materials is the result of 

continuous efforts toward the development of catalysts that are highly selective, resistant to poisons, 

and have the additional benefit of utilising minimal or no quantity of expensive PGMs.35 The amount 

of the PGM (or dopant) is sufficiently small so that PGM atoms are atomically dispersed in the host 

surface (Figure 3 (a)). Under these circumstances, chemical bonds are activated on the reactive PGM, 

and this is followed by spillover to the coinage metal, whereon highly selective catalysis and efficient 

product removal are carried out.36 In this way, one effectively combines the benefits of the two metals 

in one catalyst.  

 

Figure 3. (a) An example of a SAA(111) surface where dopant atoms are isolated over a the host metal surface; 
(b) d DOS for a single Pd and an Au atom of Pd/Au(111) SAA. Pd and Au atoms are shown in grey and yellow, 
respectively. 

As a result, SAAs catalyse selectively a number of reactions including hydrogenations,37 C–H 

activation,38,39 hydrogenolysis,40 and catalytic oxidations.41 Remarkably, recent studies by Xing et al.42 

revealed that SAAs have a great potential for replacing PGMs in emission control catalysis. In 

particular, the authors prepared a Pd/Cu SAA supported on Al2O3, and this catalyst was tested toward 

the NO + CO reaction. To better simulate the conditions under which an automobile catalytic converter 

functions, the authors tested the Pd/Cu SAA in the presence of O2 and C3H6. The results not only 
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unveiled that the SAA catalyst is superior to its monometallic counterparts, but also that NO could be 

reduced to N2 at relatively low temperatures (less than 250 oC) and without the formation of by–

products over the Pd/Cu surface.   

The enhanced catalytic performance of SAA surfaces as compared to pure coinage metals is 

ascribed to the extraordinary electronic structure of isolated dopant atoms amid host metal atoms. 

Photoemission spectroscopy and DFT show that, for a number of SAA surfaces, the d band of the 

doped atom is very narrow, resembling that of a gas phase metal atom.43,44 This electronic 

characteristic is a testament to the occasionally limited electronic interactions between the dopant atom 

and its coordination environment, and gives rise to the high reactivity of SAAs. For example, Figure 

3 (b) shows the d DOS projected onto the isolated Pd atom and an Au atom of a Pd/Au(111) surface.43,44 

As seen, the d DOS of the isolated Pd atom exhibit a very sharp feature close to the Fermi level, while 

the d DOS of the Au atom are broad given its better interaction with its coordination environment.   

The unusual electronic structure of SAAs is responsible for their unique catalytic behaviour. In 

particular, computational studies underscore that SAAs catalysts is another class of materials that 

“escape” from the conventional BEP relations (Figure 4),45 and also that their reactivity cannot be 

understood based on the conventional d band model (see chapter 5).43,46  

 

Figure 4. The use of SAAs is a strategy to break the traditional BEP relations, which are “convenient” but place 
a constraint to the catalytic performance.  
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According to studies dedicated to the activation of chemical bonds, SAAs break the traditional 

BEP relations because a dissociation reaction is activated on the dopant site, while the dissociation 

products may desorb from the surrounding host metal sites in a facile manner. On this basis, these 

remarkable materials bring us one step closer to the development of optimal heterogeneous catalysts.47 

On the other hand, the reasons why the reactivity of SAA surfaces cannot be rationalised by the d band 

model are not fully clarified yet, but they might be related to the repulsion between the adsorbate states 

and the localised d band of the isolated dopant.5 

1.5. Highly dilute alloys – dopant clusters 

The application of SAAs has been met with resounding success in the catalysis of numerous 

chemical processes; yet, their use is not ubiquitous. In some instances, dispersed dopant atoms are not 

capable of activating chemical bonds, with this task requiring contiguous active dopant metal sites like 

those seen in Figure 5.48 The largest part of this Thesis is focusing on the catalytic properties of surfaces 

where dopants are organised in small clusters (e.g. dimers and trimers – Figure 5), but also on how to 

manipulate the morphology of such highly dilute alloys toward tailored catalytic performance for a 

specific application. 

 

Figure 5. A (111) dilute alloy surface where dopant are organised in small clusters like dimers, trimers and 
tetramers. Host and dopant atoms are shown in yellow and grey, respectively. 

There are several examples where the disparate catalytic behaviour between isolated dopant 

atoms and small dopant clusters on coinage metal surfaces has been reported. Goodman and co–

workers studied the dehydrogenation of ethylene (C2H4) over a Pd/Au alloy supported on SiO2, and 
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they argued that the reaction rate increases linearly with respect to the density of Pd dimer and trimer 

species on the catalyst surface.49 Interestingly, in the absence of these Pd clusters, the reaction rate was 

poor, whereas at high densities of contiguous sites, the activity was excellent. Similarly, Gao et al.50 

examined the catalytic oxidation of CO over a Pd/Au(100) surface, and determined that isolated Pd 

atoms are incapable of dissociating O2*, which is an essential elementary reaction in a number of 

oxidative chemical systems. The inability of isolated Pd atoms to dissociate O2* has since been 

rationalised DFT calculations by Ham et al.51 and their calculations have demonstrated that the 

activation barrier of the O2* scission reaction is significantly lower on Pd dimers and Pd trimers as 

compared to single Pd atoms. The lower activation barrier of the reaction in the former configurations 

is attributed to the fact that Pd aggregates are only partially covered by CO* (e.g., a Pd dimer with 

only one CO* adsorbed thereon), thereby enabling O2* to interact with the free Pd atoms of the small 

clusters for a sufficient amount of time and, therefore, dissociate.51 The calculations of Kim and 

Henkelman on the same system (i.e. CO oxidation on Pd/Au alloys) highlighted that only clusters with 

more than three Pd atoms favour the adsorption of O2 over CO adsorption, and on this basis the authors 

concluded that these are the active clusters for the catalytic CO oxidation.52 Wang et al. demonstrated 

that Pd–Pd dimers on a Au host matrix exhibit optimal catalytic performance during the 

electroreduction of CO2.53 Qiu et al. proposed that Co trimers and tetramers on a Cu host are highly 

active and selective for the synthesis of CH3OH via the hydrogenation of CO2.54 This is because CO2* 

interacts strongly with the latter Co aggregates, and this strong interaction promotes its dissociation 

over desorption. McCue and Anderson studied the performance of Pd/Cu alloys toward the 

hydrogenation of acetylene (C2H2).55 The surface composition of the Pd/Cu catalyst was quantified by 

means of Fourier–transform infrared (FTIR) spectroscopy, and the authors determined that surfaces 

whereon there is a significant fraction of Pd–Pd dimers are more active than that where the SAA phase 

prevails. Along the same lines, Stakheev et al.56 conjectured that the SAA phase exhibits relatively low 

activity during the hydrogenation of diphenylacetylene over Pd/Ag alloys, while Vignola et al.57 
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argued that the oligomerisation of C2H2, which takes place as a side–reaction during its hydrogenation, 

could be prevented by clusters of two or three Pd atoms. Oligomerisation gives rise to detrimental 

coupled species that poison the active sites of the process catalyst, and therefore, using clusters that 

prevent this would be essential in catalytic process development.  

These studies along with those referenced in the previous paragraph indicate that certain 

chemistries can be catalysed by materials with dopant atoms at high dispersion, whereas other 

chemistries require the presence of contiguous sites as found in dopant atom dimers, trimers, and 

islands. Therefore, it is important to define ways to control the topological architecture of bimetallic 

catalysts, and this is a topic of interest in this Thesis (Chapters 7 and 8).  

Unsurprisingly, the restructuring of catalytic materials has been extensively researched, and a 

number of experimental and theoretical studies investigating the structure of alloy systems under 

vacuum58,59 versus reactive conditions55–57,60–63 (i.e., in the presence of adsorbates) have appeared in 

the literature. Since catalytic surfaces interact with gas–phase species during catalysis, it is reasonable 

to focus on catalyst restructuring under reactive conditions. The effect of numerous adsorbates (e.g. 

CO*, H*, O*, S*) on the structure of single crystal surfaces has been investigated.64 Out of these 

adsorbates, CO* is of great interest because: (1) it is typically used as a probe molecule for specifying 

the properties of adsorption on solid materials; (2) it is a common molecule in many industrial 

chemistries; (3) it binds strongly on many transition metal surfaces, thereby causing considerable 

morphological changes to them.55 Interestingly, the chemisorption of CO on metal surfaces gives rise 

to mobile surface species. Highly mobile carbonyl species on Pt– and Pd–doped Fe3O4(001) have been 

observed with scanning tunnelling microscopy (STM) after exposure of the surfaces to CO gas at low 

PCO (e.g., 2×10−10 mbar); these species appeared to promote the formation of Pd and Pt aggregates 

over dopant dispersion. Additionally, the possibility of CO–induced surface manipulation has been 

demonstrated through diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and FTIR 

studies on dilute Pd/Au and Pd/Cu alloys.55,65 Both of these studies indicated that the exposure of the 
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alloy surfaces to CO gas caused the migration of Pd atoms from the bulk to the surface and the 

formation of dopant aggregates. The latter was evidenced by bands observed at relatively low 

wavenumbers of the FTIR spectra (ca. 2002 cm−1 see ref. 55) that correspond to CO* adsorbed on Pd 

atom clusters. CO–induced restructuring was further investigated in other experimental,66 and 

computational studies,67 and as mentioned earlier is the topic of chapters 7 and 8.  

1.6. About this Thesis 

  Motivated by these studies, this Thesis examines the reactivity and surface restructuring of 

highly dilute alloys, while a small part of it is dedicated to the effect of adsorbate–adsorbate 

interactions on the adlayer structure and therefore on the rate of catalytic reactions. The presented 

investigations make use of sophisticated computational methods that improve our understanding with 

regard to atomic– and molecular–scale processes, and aid the development of heterogeneous catalysts. 

These methods are DFT and KMC and are reviewed at a relatively high level in chapters 2 and 3, 

respectively. However, the computational setup for the presented calculations is briefly described in 

the beginning of the corresponding chapter. In chapter  4, we explore coverage effects and their impact 

on reaction rates predicted by KMC simulations. To this end, we model the oxidation of NO on Pt(111). 

In Chapter 5, our focus turns to bimetallic alloys, and in particular to the performance of a number of 

dilute alloy surfaces toward association and dissociation reactions that are relevant to emission control 

technologies (e.g. NO dissociation, N2 formation). We thus perform screening studies that highlight 

promising materials for the NO + CO reaction, and the most promising of these materials are assessed 

by additional first principles calculation and microkinetic modelling in chapter 6. Moreover, chapters 

7 and 8 discuss strategies for the manipulation of dilute alloy surfaces. Finally, chapter 9 summarises 

the findings of the Thesis and provides directions for future research. 
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2. Overview of density functional theory 

The energy of gas–phase molecules, solid surfaces, and adsorbate overlayers can be obtained by 

electronic structure calculations. Use of these energies enables us to compute important parameters in 

relation to heterogeneous reactions (e.g. adsorption energies, activation barriers for “single–step” 

reactions), accordingly to identify the most favoured reaction paths for a chemical process, and 

parameterise kinetic simulations. This is an elegant bottom–up approach for modelling reactions on 

solid surfaces, and allows us to make a connection between the processes occurring at the atomistic 

and molecular scales to what is observed in the macroscale (i.e. catalyst and reactor scales). The most 

widespread electronic structure method in catalysis literature is the Kohn–Sham DFT.68 The increasing 

popularity of the DFT method is attributed to its relatively low computational expense, as well as to 

the good agreement of predicted observables with experimental values for many systems. As this 

method is extensively employed in the remainder of this Thesis, the present chapter is dedicated to its 

fundamentals.  
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2.1. The Schrödinger equation 

We start our discussion by describing the celebrated equation by Schrödinger (eq. (3)), which 

is used to study matter in the atomic and molecular levels within the framework of quantum mechanics. 

Its solution provides the wave function ( ) of any system, namely an entity that replaces the classical 

concept of the trajectory of a particle. Based on   one calculates the probability of finding an electron 

in a point of certain coordinates within the system, but this function becomes extremely complex for 

systems with numerous nuclei and electrons. Given that the wave function contains the coordinates of 

every electron and nucleus (i.e. =   (R1, R2,…, RN+n)), a system with N electrons and n nuclei 

entails an 3(n+N) dimensional problem. It follows that solving Schrödinger’s equation for catalytic 

surfaces, which are essentially composed of several hundreds of atoms, will be an enormously 

complex, multidimensional problem. The time–independent Schrödinger equation in its succinct form 

is    

   1 1,......, ,......,N n N nH E


   R R R R .         (3) 

The Hamiltonian in eq. (3) is  

2
2

1 1 1 1 1 1

1 1 1 1 1

2 2 2 2

N n N n N N N N
aa a

i
i a i a i j i i j ia i a aj i

Z ZZ
H

M



       

 
       
  

     

R - R R - RR - R
,   (4) 

where the first two terms in the bracket are the kinetic energies of electron and nuclei, respectively; 

the third, fourth and last terms define the electron–nuclei, electron–electron and nuclei-nuclei 

interactions, respectively; aM  and aZ  are the mass and charge of nucleus α, respectively. The bracket 

term as a whole is the Hamiltonian operator that operates on  . The last two terms are multiplied by 

½ so that double counting is prevented. 

The high complexity of eq. (3) can be reduced by making reasonable approximations. The first 

approximation relies on the fact that protons and neutrons are more than 1800 times heavier than 

electrons. Thus, one may treat the nuclei as stationary particles that create a field within which there 
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is a continuous motion of electrons. This is the Born–Oppenheimer approximation,69 which enables 

the division of the electronic structure problem into two parts. These are the electronic and nuclear 

parts that can be solved independently, thereby reducing the dimensionality of the wave function from 

3(n+N) to 3N. Under these circumstances, the electronic Schrödinger equation is simplified to    

   1 1, ......, , ......,elec N NelecH E


  R R R R ,        (5) 

and the electronic Hamiltonian is simplified to  

2

1 1 1 1

1 1 1

2 2

N N n N N
a

elec i
i i a i j ii a j i

Z
H


    

 
     
  

  R - R R - R
.      (6)  

The solution of eq. (5) provides the electronic energy based on which one may calculate the total 

energy of the system as  

1

1

2

N N
a

total elec
i j i a

Z Z
E E

 

   

R - R
,          (7) 

where the second term on the right appears in eq. (4) and represents the nuclei–nuclei repulsions. The 

ground state energy is expressed as a function of the position of the nuclei (i.e. Etotal(R1, R2,…, Rn)). 

This function is known as the potential energy surface (PES) because the kinetic energy of the 

stationary nuclei is zero. 

2.2. Density functional theory 

Under the Born–Oppenheimer approximation, the dimensionality of   is reduced; however, 

the task of solving the Schrödinger equation remains a formidable one. To be more specific, the 

electronic wave function is now a function of x, y and z coordinates of each electron in the system (i.e. 

  =   (R1, R2,…, RN)). Therefore, even a small cluster of 10 Cu atoms (supported NPs usually 

contain thousands of atoms) will result in a Ѱ with more than 870 dimensions. The situation is even 

worse owing to the complicated form of the electron–electron repulsion term (i.e. 3rd term in the 

bracket of eq. (6)).  
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At this point, we note that the electronic wave function is a mathematical construct that cannot 

be observed in an experiment. What one can measure instead, is the probability that N electrons will 

have a set of coordinates (e.g. R1, R2,…, RN), and a closely related quantity to this is the electron 

density,  ρ r . This is a three–dimensional function that can be determined experimentally using X–

ray diffraction.70 The electron density provides a wealth of information (e.g. the average position of 

the electrons and the total number of electrons), which is essentially the same to what is obtained once 

the extremely complex  (R1, R2,…, RN) “has been specified”.  This implies that instead of focusing 

on how to attain  , our goal should be to solve for  ρ r . To this end, one can employ the DFT 

method, namely an electronic structure method that focuses on the electron density instead of the full 

wave function, and it is widely applied thanks to its satisfactory accuracy and moderate computational 

cost. This theory is based on two mathematical theorems proved by Kohn and Hohenberg,71 but also 

on a set of equations developed by  Kohn and Sham in the mid–1960s. These aspects are briefly 

discussed in the following, beginning with the two theorems.  

The 1st theorem by Kohn and Hohenberg states that: The ground–state energy of Schrödinger 

equation is a unique functional of the electron density. In other words, this theorem dictates that based 

on the ground state electron density, one can uniquely determine the ground state energy (E[  ρ r ]), 

i.e. the solution of the incredibly intricate eq. (5). The high importance of the 1st theorem emerges from 

the fact that the 3N problem of solving Schrödinger equation may be converted into a three–

dimensional problem. The only difference is that, we simply express the ground state energy as a 

functional of  ρ r and not with respect to  (R1, R2,…, RN).   

Yet, the 1st theorem gives no information on how to obtain the electronic density that 

corresponds to the ground state energy. This is done in the 2nd theorem by Kohn and Hohenberg, which 

unveils an important property of E[  ρ r ]: The electronic density  ρ r  that minimises the energy E[
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 ρ r ] of the ground state is the electron density that corresponds to the full solution of Schrödinger 

equation. The exact functional exists and is unique (1st Hohenberg–Kohn theorem), but unfortunately 

its exact form in not known. Therefore, approximate forms are employed in practice, and the 

variational principle is applied (according to the 2nd Hohenberg–Kohn theorem) in order to find the 

 ρ r  that minimises E[  ρ r ].  

The two Hohenberg–Kohn theorems in conjunction with the so–called Kohn–Sham (KS) 

equations lay the foundations of the DFT method.68 In particular, the work of Kohn and Sham 

demonstrated that the electron density that gives the ground state energy can be found by solving a 

system of differential equations where each equation correspond to an electron (eq. (8)). These 

equations describe fictitious non–interacting electrons that still obey the Pauli principle and are defined 

so that they yield the same electron density as that of interacting electrons.68  

     
2

2 ψ ψ
2 i i ieffV

m

 
 
 
    r r r ,                   (8)

where   is the reduced Planck constant; m is the mass of an electron. Having obtained the single–

electron wave functions ( ψi ), one may compute the kinetic energy, which is a functional of  ρ r  (eq. 

(9)), but also  ρ r  itself (eq. (10)) 

  * 2 3
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1
ρ ψ ψ
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i i
i

T d r


     r ,         (9)  

    2

1

ρ ψ
N

i
i

r r .                      (10) 

Once  ρ r  is computed, numerous properties of the systems can be derived. For example, the total 

number of electrons is obtained by simply integrating  ρ r 72 

   3ρ ρ 0N d r  r r .                      (11) 
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effV  in eq. (8) is an effective potential that contains three terms 

       eff H XCV V V V  r r r r ,                   (12) 

where  V r  describes the interaction between the i electron and all the atomic nuclei;  HV r is the 

Hartree potential and  XCV r  is the exchange correlation (XC) energy. The Hartree potential describes 

the repulsion between the explicitly considered electron in the KS equation and the total electron 

density, and is given as 

   2 3ρ
HV e d r





r

r
r r

;                    (13)  

interestingly, the explicitly considered electron is also part of the electron density, thereby interacting 

with itself. This is resulting in an unphysical self–interaction error, which is lumped into the exchange 

and correlation potential defined as  

   
 ρ

XC
XC

E
V 

r
r

r




,                      (14) 

where δ represents a functional derivative.73 

 From the equations presented in this section, it appears that the KS equations can only be solved 

after computing Veff (eq. (12)), while Veff can be found after obtaining the electron density (eq. (10)), 

which is attained based on the solution of the KS equations (eq. (8)). This “circularity” indicates that 

the KS equations should be solved iteratively after providing an initial guess for  ρ r . Then, Veff is 

calculated, the KS equations are solved and  ρ r  is updated (Figure 6). This procedure is repeated 

until the difference between the initial and updated  ρ r  is negligible, that is, the KS equations are 

solved numerically and in a self–consistent manner (Figure 6).  
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2.3. A brief overview on exchange–correlation functionals 

According to KS DFT, the ground state energy is given by eq. (15) where the first three terms 

on the right are found based on the KS single–electron wave functions, while the last term is the XC 

term. This term accounts for quantum mechanical effects not included in the other terms, and also for 

the difference between the kinetic energies of interacting and non–interacting electrons.74 

Unfortunately, the XC term is not known and in practice, one has to resort in approximate expressions 

in this regard.  

          ρ ρ ρ ρ ρH XCE T V V E    .                              (15) 

 
Figure 6. Iterative procedure for solving the KS equations in a self–consistent manner.  
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The largest portion of DFT error stems from the approximate nature of XC functionals that are 

currently in use, and the development of increasingly accurate XC functionals is a topic of ongoing 

research.75 The following paragraphs provide a short description of commonly employed XC 

approximations.  

The first, and simplest, approximation makes use of the local electron density to define the XC 

functional. This is the local density approximation (LDA), for which the  [ρ ]
XC

E r  term is given by  

      3[ρ ] ρ [ρ ]unif
XC XCE d r  r r r ,                    (16) 

where 
unif
XC  is the exchange–correlation energy per electron in a uniform electron gas. This term can  

be divided into the exchange and the correlation terms, the former of which was derived by Dirac,76 
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r r .                                (17) 

The analytical expression of the correlation term is unknown and differences between LDA functionals 

arise based on the way the correlation term is parametrised. Despite its simplicity, the LDA 

approximation works well in some occasions and turns out to correctly predict structural properties of 

solids.77 On the other hand, LDA functionals become highly inaccurate when species either in an 

adsorbed state or in the gas–phase are present in the system that is being modelled. This is because 

under these conditions, the system deviates considerably from the uniform electron gas configuration. 

As molecular orbital (MO) theory states, a chemical bond is the result of accumulated electron density 

between two atoms as a result of the constructive interference of atomic orbitals.78 In turn, this 

deviation gives rise to an inhomogeneous electron density, thereby deteriorating the accuracy of 

LDA.77  

An improvement can be achieved by developing XC approximations that make use of more 

physical information than LDA. An example is the generalised gradient approximation (GGA), which 

considers the dependence of  [ρ ]
XC

E r  on the density gradient and therefore 
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        3[ρ ] ρ [ρ , ρ ]
XC

GGA GGA
XCE d r  r r r r .                  (18)

GGA functionals, and particularly the Perdew–Burke–Ernzerhof (PBE) functional, yield reliable 

results for processes that take place on solid surfaces.79 For example, using a revised version of the 

PBE functional, Honkala et al. were able to determine the nature of the active site for NH3 synthesis 

on Ru catalysts and to acquire insightful information about the reaction mechanism.80  Additionally, 

GGA functionals predict adsorption energies over transition metal surfaces with a reasonable accuracy, 

since they provide values that typically differ by less than 0.2 eV as compared to experiment.81 Along 

these lines, GGA functionals are the most widespread in the catalysis literature, and are also 

extensively employed in this Thesis.  

 Meta– and hyper–GGA are classes of functionals that include even more physical “ingredients” 

than GGA. Meta–GGA include information from  ρ r ,  ρ r  and  2ρ r , while hyper–GGA 

include information from  ρ r ,  ρ r  and describe the exchange by using a mixture of the exact 

exchange and the exchange of a GGA functional. These functional categories occupy higher rungs 

than GGA in the Jacob’s ladder, which was used as a metaphor by Perdew co–workers for the 

classification of XC functionals (Figure 7).82 The ladder leads to the “heaven” where the true XC 

functional “exists” and, on this basis, a DFT calculation gives the same result as the one obtained from 

the solution of the equation of Schrödinger (Figure 7).  

  

Figure 7. Jacob’s ladder of density functional theory approximations for the XC energy.82 
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Yet, DFT functionals on higher rungs do not always provide better results as compared to that 

of lower rungs. For example, functionals on high rungs may be semi–empirical that have been 

developed based on specific experimental or ab initio data. Such functionals are expected to be fairly 

accurate for systems that are closely related to those in the selected training set, but they may fail to 

describe systems that exhibit significantly disparate behaviour.83  

2.4. Practical aspects of DFT calculations on solid surfaces 

Solid surfaces are composed of a very large number of atoms that form multi–layer structures, 

within which electrons can move freely. This results to a tremendously large number of occupied 

energy levels that are very close to each other, and therefore to the formation of energy bands instead 

of molecular orbitals like those of gas–phase species. Owing to the very large number of atoms 

involved in extended solid surfaces, one may expect that DFT calculations of solid surfaces will be a 

task that requires substantial computational effort. This is true, but fortunately, the computational cost 

can be alleviated by taking advantage of the periodicity encountered in crystal structures. A perfect 

solid structure (i.e. a structure that has no local defects) is a periodic configuration, where a finite part 

of the structure can be repeated to form the solid. This finite part is the unit cell and contains all the 

information one needs in order to define a periodic material with infinite extent. If this unit cell contains 

the minimum number of atoms that are necessary is the primitive cell.  

For periodic surfaces, the solution of the Schrödinger equation satisfies Bloch’s theorem 

according to which the wave functions of particles that experience a periodic potential in a lattice of 

spacing a (i.e. V(x+a) = V(x)), are given by eq. (19). We note that these solutions are only valid for 

periodic potentials.84  As seen, the wave function is the product between two functions.  uk r  is the 

Bloch function and has the same periodicity as the potential V.  exp i k r  is a plane wave, and hence 

the name plane–wave calculations that is very often used for DFT calculations for extensive solid 

surfaces.  
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   k kψ exp

Planewav Bloch functioe n

i u 


k r r ,                      (19) 

where    au u k kr  r  . The space of vectors r and k are called the real and the reciprocal space, 

respectively, and mathematical problems posed by DFT are often more conveniently solved in the k 

space than in the real space.85  If a1, a2, and a3 are lattice vectors of the primitive cell in the real space, 

then the lattice vectors of the primitive cell in the reciprocal  space (also known as Brillouin zone (BZ)) 

b1, b2 and b3 are defined so that ai ∙bj is 2π for i = j and 0 otherwise. The volumes of the two cells are 

related as shown by eq. (20),85 and therefore larger vectors in the real space correspond to smaller 

vectors in the reciprocal space. 

32
BZ

cell

V
V




,                     (20) 

where BZV  and CellV  are the volumes of the BZ and the primitive cell in the real space.  

The periodicity of  u
k

r  suggests that the Bloch function can be expanded by means of a set 

of plane waves  

  exp[ ]c iu   G
G

k r G r ,                       (21) 

where G  = m1 b1+m2 b2 +m3 b3 is a reciprocal lattice vector that satisfies 
i

2 m G R = , with mi being an 

integer and R being a real space lattice vector.85 By replacing eq. (21) into eq. (19) 

    ψ expc i


k G k
G k

r k +G r ,                   (22) 

where c G k  is a plane wave expansion coefficient. Eq. (22) implies that for a system with infinite 

number of electrons, occupying infinite different states in k space, an infinite number of calculations 

will be required. In addition, it appears that in order to evaluate the solution even at a single point in k 

space, the summation of eq. (22) will have to go over an infinite number of possible G values. 

However, the electronic wave function is very similar on k points that are very close in the reciprocal 
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space. Moreover, when ψk  is expanded to infinity leads to solutions of a very high kinetic energy that 

have little meaning from a physical standpoint. This issue is resolved by setting a cutoff energy, Ecut (

 2 2
2cut cutE m  G ), that truncates the summation in eq. (22)   

    exp
cut

c i


 k k +G
k +G G

rψ k + G r .                   (23)

To find the cutoff energy that provides the desired accuracy, one has to converge the total energy (or 

the parameter of interest) with respect to cutE . The same is true for the k–point mesh that is used to 

sample the Brillouin zone.85   

2.5. Pseudopotentials 

  We conclude our discussion on DFT with a short introduction to pseudopotentials. According 

to our previous discussion, a large cutE  will be needed in order to take into account fast oscillating 

plane waves of high curvature. The kinetic energy operator  2 22kinE m


   , which appears in 

the equation of Schrödinger, contains a second derivative term. In general, the second derivative 

provides a measure of the curvature of a mathematical function. It follows that the larger the second 

derivative the sharper the function will be, and, in turn, the higher the kinetic energy of the particle. 

Core electrons are often characterised by a very high kinetic energy and consequently their wave 

functions show fast oscillations that are also large in amplitude. For an accurate description of these 

electrons, the summation in eq. (22) has to be expanded to a large extent, and that will significantly 

increase the computational cost of DFT calculations.  

 Nonetheless, core electrons have hardly had any effect on the physical properties of a material. 

The less tightly bound valence electrons are those that participate in chemical bonding, thereby 

determining the properties and behaviour of the material. Accordingly, it is reasonable to approximate 

the behaviour of core electrons so that the number of plane waves that should be added in the 

summation of eq. (22) is kept minimal. This task is accomplished by employing pseudopotentials, 
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which render plane wave calculations computationally tractable. In doing so, the electron density of a 

set of core electrons is simply replaced by an effective potential, which is a smooth function that 

properly describes the physical properties of the actual ionic core. DFT software packages often 

provide a library of pseudopotentials. Those that require high cutE , are called hard, whereas those with 

a low cutE  are called soft pseudopotentials. A type of the latter is the ultrasoft pseudopotentials. 

Although a low cutE  is needed in this case, usually a number of empirical parameters has to be 

specified. An alternative way to approach pseudopotentials is the projector–augmented–wave (PAW) 

method,86 which requires the use of no empirical parameters, and provides equally accurate results as 

ultrasoft pseudopotentials or even better for materials with high magnetic moment.86  

2.6. Concluding Remarks  

This chapter provided a high–level overview of the DFT method, by means of which one can 

obtain the electronic structure of catalytic surfaces covered with adsorbates, and investigate atomic–

scale processes (e.g. bond breaking). As discussed, modern DFT relies on two theorems by Kohn and 

Hohenberg and on a set of equations known as the KS equations. Although DFT calculations are 

generally insightful, they disregard effects that are always present during an actual surface reaction. 

For example, DFT is a zero temperature approach, but surface reactions never happen at 0 K. 

Therefore, we proceed by discussing how DFT results may be used to parameterise models that account 

for such effects, thereby enabling the accurate description of heterogeneous reactions.   
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3. Kinetic Monte Carlo  

 DFT has been playing a key role in the development of state-of-the-art catalytic materials (e.g. Ni3Fe 

for the methanation of CO,87 Co–doped MoS2 for hydrodesulphurisation reactions88), and it is the most 

established electronic structure method within the computational catalysis community. Yet, this 

method is limited to small systems, under zero pressure and temperature conditions. To accurately 

model a surface reaction, one needs to take into account temperature, pressure and important entropy 

effects. This may be accomplished by parametrising KMC simulations based on DFT–derived 

energetics. The KMC method is a sophisticated statistical mechanics technique, which can deal with 

the highly complex nature of surface reactions. The following sections are dedicated to the theoretical 

foundation this method,89 applications of which are presented in chapters 4 and 8. The contents of this 

chapter have been published in Computational Modelling of Nanomaterials, Volume 17, 2020, pp. 95–

125.    
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3.1. The time scale problem and the KMC trajectory 

During a chemical transformation, a system performs a “jump” from one basin (i.e. reactant 

state A) of the PES to another (i.e. the product state B). The two states are separated by an energy 

barrier, which is the difference between the energy of the transition state of the transformation minus 

the energy of the initial state (A). The energy barrier will be traversed only when sufficient momentum 

is possessed by the system. Until that time, the system may spend a lot of time wandering in the basin 

of the initial state, performing random vibrations.  

Conventionally, one can follow the evolution of the system from state A to state B by adopting 

some variant of molecular dynamics (MD). The MD method is based on the numerical integration of 

Newton’s 2nd law of motion with respect to time, thereby providing the full trajectory followed by the 

system upon the A→B transition. The reliability of the simulated MD trajectories depends on the 

accuracy of the calculation of the forces (Fi) exerted on the participating atomic species, and in order 

to assure high accuracy and numerical stability during simulation, the selected time step in an MD 

simulation must be small enough to resolve atomic vibrations. As the latter occur in the picosecond 

scale,90 typically employed MD time steps are in the order of femtoseconds.91 Then, it comes as no 

surprise that the time scales accessible by the MD method is, at best (even by taking the advantage of 

modern supercomputers), in the order of microseconds.  

 Yet, in the field of catalytic reaction engineering, one is interested in reactive events (or rare 

events in MD parlance), which arise from barrier crossings. Reactive events may require seconds or 

even hours to happen, namely time scales that are not accessible by classical MD techniques (hence 

the term rare events). However, as mentioned earlier, the system can spend a significant amount of 

time in an initial state A undergoing random vibrations that do not alter its chemical state and therefore 

are not reactive events. To circumvent the problem of the large gap between the time–scale of a 

molecular vibration and a chemical reaction, we may resort to methods that focus on the coarse time–

scale of barrier crossing and not on atomic vibrations that occur in the picosecond scale.  
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Thus, KMC is a method that bridges the time–scale gap between atomic vibrations and 

elementary reactive events, and can be adopted to study the kinetics of catalytic reactions. In a KMC 

simulation, our attention is focused on the statistics of barrier crossing, based upon which a stochastic 

trajectory is generated. Post–processing of this trajectory yields macroscopically observed quantities 

(e.g. surface coverage, turnover frequency, reaction order with respect to surface species, etc.) that can 

be directly compared to experimental observables.     

Importantly, the information with regard to barrier crossing is coarse–grained in the so–called 

reaction rate constant (
i jk ). This parameter is derived from the transition state theory (TST) and 

represents the average number of the occurring i→j events per unit time. In more precise terms, this 

parameter tells us that on average 
ijk d   events will happen within the time interval [τ, τ + dτ], per 

reacting species (or configuration, e.g. a pair of molecules on neighbouring lattice sites), while it gives 

no information on when a specific event will take place. One of the fundamental assumptions of TST 

is that the reactant state is Boltzmann–distributed.92 This assumption appears to be in line with the 

extensive wandering of the system in the initial PES basin before the occurrence of the reactive event, 

which allows the initial state to reach quasi–equilibrium. Additionally, provided that the fundamental 

assumptions of the TST (e.g. Boltzmann distributed initial state, rare event occurrence, no quantum 

tunneling, etc.) are valid, and that 
i jk  is accurately calculated from a force–field, the overall reaction 

rates predicted by a KMC simulation will be identical to those of an MD simulation with the same 

force–field. However, the KMC results would have been obtained at a fraction of the computational 

cost of MD.      

The principles of the KMC method and the corresponding KMC trajectory can be illustrated 

using a prototype model involving a CO molecule that is either adsorbed on a Ni(111) surface or exists 

in the gas phase. We assume that CO is initially adsorbed on the low–index Ni(111) surface (Figure 8 

(a)). Then the temperature is increased gradually, causing the desorption of CO* (such an elementary 

event may take place in a Temperature–Programmed Desorption experiment). Figure 8 (a) shows the 
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PES for the desorption of CO* from Ni(111), where state A corresponds to the adsorbed state and state 

B corresponds to a gaseous (desorbed) state (Figure 8 (c)). The blue curly line in Figure 8 (a) represents 

a typical MD trajectory, and as observed the system undergoes extensive wandering within the basin 

of the adsorbed state, before traversing the energy barrier (Ebarrier) and making a “jump” to the desorbed 

gas state (state B).  

 

Figure 8. Panel (a) shows a schematic description of the PES for the desorption of CO* from a Ni(111) surface. 
The blue curly line shows a representative MD trajectory. CO in the desorbed state is assumed to be in a gas 
state; panel (b) shows a schematic of a KMC trajectory, indicating the state–to–state dynamics followed in a 
KMC simulation; panel (c) shows the desorbed state that corresponds to the right flat part of the PES in (a); the 
distance between CO and surface is sufficiently large, thereby ensuring small interaction between CO and the 
Ni surface; panel (d) shows the adsorbed state as found from DFT calculations. C, O and Ni atoms are shown 
in grey, red and blue, respectively.    

On the other hand, the KMC method does not resolve these fast molecular motions that, as 

highlighted earlier, are not reactive events. The corresponding KMC trajectory is portrayed in Figure 

8 (b), where one observes state–to–state dynamics. In simpler terms, in a KMC simulation, CO will be 

either adsorbed or in the gaseous state. The KMC trajectory emerges through a sequence of state–to–

state hops that eventually allow us to simulate a large number of reactive events, and consequently to 

access time scales that are relevant to catalytic applications. We point out that the time interval spent 

in a particular state depends on the energetic features of the possible “escape pathways” from that state 

to others. This “lingering time” (more formally referred to as “waiting time” or “inter–arrival time”) 

is dictated by the rate constant, 
i jk  (where i and j are the initial and final states), which quantifies the 

propensity (i.e. the probability of occurrence of an event per unit time) for a transition.    
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3.2. Fundamental concepts in KMC simulations 

KMC simulations that model surface reactions are commonly lattice–based; thus, the catalytic 

surface is represented by a lattice, which is a collection of sites with translational symmetry, thereby 

forming a regular grid. Because of the translational invariance, the position of each site of the grid is 

defined by two linearly independent vectors, Α1 and A2, which are the so–called primitive vectors and 

are not uniquely defined. For example for the low–index (100) surface, two possible pairs of  primitive 

vectors would be: Α1 = α(1,0) & Α2 = α(0,1) or Α1 = α(-1,0) & Α2 = α(0,1) where α is the lattice constant 

of the metal. The points lying within the area spanned by the primitive vectors (essentially within the 

unit cell) are:   

1 2m m  1 2Α Α ,   

where m1, m2  [0, 1). A unit cell may contain a single site (this corresponds to a Bravais lattice) or 

more than one site (this corresponds to a composite lattice), and by tiling it over space one gets the 

simulation lattice.  

The lattice sites can be either occupied by an adsorbate or vacant (i.e. “occupied” by a “free 

site” pseudo–species). Each site has a site number (i.e. site identity) and an occupation variable 

pertinent to its state (i.e. vacant or occupied). Within the lattice–gas model formalism, when the latter 

index is 0 the site is vacant, whilst when this is 1 the site is occupied by an adsorbate. Furthermore, if 

the adsorbate layer is composed of more than one adspecies, additional indices, besides 0 and 1, have 

to be used in order to fully specify the state of a particular lattice site. By registering all the 

aforementioned indices into a two–dimensional matrix (i.e. the occupation matrix), one becomes aware 

of whether a site is free or occupied by an adsorbate, and in the latter case by which adsorbate. In this 

way, the state of the lattice is fully specified.    

The concept of this simple matrix–grid representation of KMC lattices is highlighted in Figure 

9 (a) and (b), where the adsorbate layer of the portrayed lattices are composed of CO*, O* and “free 

site” “pseudo–species”. The latter species are represented by 2, 1 and 0, respectively. The 
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configuration in Figure 9 (a) can be directly mapped onto the occupation matrix, wherein each element 

describes the state of a site. A reactive event between an O* and a CO* species involves two sites, and 

can only happen if these two species exist in neighbouring sites. For instance, in the system portrayed 

in Figure 9  (a), a realisable CO* + O* → CO2(g) event involves sites 22 and 23 and its execution will 

bring about a change in the adsorbate layer and in the occupation matrix (Figure 9 (b)). Hence, a KMC 

event is simply modelled as a change in the occupation matrix.  

 

Figure 9. (a) A rectangular lattice whose adlayer pattern is mapped into the occupation matrix; (b) Same lattice 
as in (a) and the modified occupation matrix after the execution of a CO* + O* → CO2(g) event. Site numbers 
are shown in the centre of the circles in both (a) and (b). The white circles with thin black edges are vacant sites, 
the grey circles with grey edges indicate O* species and the green circles with thick green edges indicate CO* 
species.  

We highlight that the connectivity between the lattice sites is a crucial property for the 

successful enlistment of possible events on the simulation. For the simple examples we just discussed, 

the site corresponding to element (m,k) of the occupation matrix, has the following four neighbours: 

(a) (b) 
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(m+1,k), (m,k+1), (m-1,k) and (m,k-1). Thus the detection of a reactive pattern, such as CO oxidation, 

amounts to checking that the “current” site (m,k) and one of its neighbours are occupied by CO* and 

O* respectively (Figure 9 (a)). For more complicated lattices, the lists of neighbours can be stored in 

the memory for efficient detection of such reactive patterns, but also for the detection of energetic 

interaction clusters (see section 3.6). 

The site occupation can change because of the random (stochastic) execution of microscopic 

processes (i.e. KMC events). The latter can be adsorptions or desorptions of species, reactions (Eley-

Rideal or Langmuir-Hinshelwood) and diffusions of adspecies from one site to another. Throughout 

the KMC simulation, a large number of events is executed, but only one event is simulated per KMC 

step. For instance, a diffusion and an adsorption cannot happen simultaneously, but only in two 

consecutive KMC steps.  

To better illustrate this concept, we return to our exemplar system of section 3.1 (CO on 

Ni(111)). We assume that the Ni(111) surface is in contact with a gas species reservoir of CO(g) (Figure 

10). In state A there is a CO(g) molecule that approaches the surface (Figure 10), and subsequently (in 

state B, Figure 10) it binds thereon as a result of electronic interactions with the Ni atoms on the solid 

surface. This process is modelled by the execution of a KMC elementary event, which changes the 

microscopic energy of the system. The two snapshots of the catalytic surface in Figure 10 (state A and 

state B) correspond to two basins of the PES that are visited by the system. We point out that it is 

likely, but not necessary, that the microscopic energy of the system will be different in two consecutive 

states visited by the system (e.g. as those shown in Figure 10). An example of a KMC event that causes 

no change to the microscopic energy of the system is the diffusion of a species from an atop site to 

another atop site on an empty lattice (i.e. in the absence of any spectator species). In this case, the 

initial state is equivalent to the final state by translational symmetry, and of course, the two states have 

identical energies.   
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Figure 10. Illustration of an elementary process (CO adsorption on Ni(111)) that changes the adsorbate layer 
structure in a KMC simulation. The execution of this process corresponds to one KMC step.  The species 
involved in the elementary process are shown in grey, the rest of gas phase species are shown in black, Ni atoms 
are shown as filled dark blue spheres, adspecies are shown with an * notation and the catalyst support is shown 
in grey. In both insets, the adspecies that compose the adsorbate layer are enclosed in dashed rectangles.  

During a KMC simulation the occurrence of reactive events is random and satisfies the so–

called Markov property,93 which states that given the present state of the system, the probability of a 

transition to another state is independent of the past history. In addition, KMC simulations of physical 

systems of interest typically satisfy an additional property, which calls for memoryless transitions, or 

equivalently, exponentially distributed waiting (inter–arrival) times. This is justified as follows: as the 

system vibrates in the current PES basin (which corresponds to a KMC state) before the barrier 

crossing, momentum is continuously dissipated leading to quasi–equilibrium. The equilibration of the 

system in the current PES basin “breaks” any connection between the state visited prior to the current 

state and any state (basins) that will be visited next. These two properties (Markov and memoryless) 

are central to the formulation of the KMC framework.   

 As the system performs “jumps” from one basin of the PES to another, it passes through a large 

number of states. The collection of these states defines the state space, Ω, and a KMC simulation is 

nothing more than a random walk within Ω, emerging by the simulation of a sequence of elementary 

processes. Because of the Markovian nature of the KMC processes, we express the evolution of the 
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probability of finding the system in a particular state i, Pi(t) where iΩ, by means of the Markovian 

Master equation: 

     i
ij i ji j

i j i j

dP
k P k P

dt  

   
t

t t ,                 (24)  

where kij is the rate constant of the elementary event that brings about the transition from state i to 

another state j (jΩ) and kji is the rate of the reverse transition. If state j is not accessible from state i 

via a single elementary event, the corresponding rate constant is zero. The states i and j correspond to 

two different adlayer structures (see e.g. Figure 10).  

Eq. (24) is simply a loss–gain equation: the first term on the right hand is the loss term that 

decreases Pi(t) as a result of transition from i to j, and the second term is the gain term that increases 

Pi(t) as the system moves from another state j to i. The numerical solution of the Master equation is a 

daunting task because of the very large number of states visited by the system in a KMC simulation. 

Nevertheless, one does not need to perform such a task. One needs to produce trajectories with statistics 

consistent with the Master equation instead, and this is what is done in KMC simulations.  

 Additionally, the Master equation imposes thermodynamic constraints that must be obeyed. In 

particular, under stationary conditions, the probability of finding the system at a state i has to be 

constant with respect to time (i.e.  idP

dt

t = 0), and from eq. (24) we write  

jji ij
i j i j

i

eq eqk P k P
 

  ,                     (25) 

where Peq is the time–independent probability of finding the system in a specific state under stationary 

conditions. Eq. (25) indicates that the total flux to state i from all other states j equals the flux from 

states i to state j at stationery conditions. Under thermodynamic equilibrium, there is an even stronger 

constraint imposed by the Master equation. This is the principle of microscopic reversibility, which is 

called principle of detailed balance when applied to non–elementary (i.e. reactions that involve several 

steps) chemical reactions. The principle of detailed balance dictates that, at thermodynamic 
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equilibrium, for each microscopic elementary process there is a reverse process occurring with the 

same rate as the forward process, namely 

ji ijj i

eq eqk P k P .                        (26) 

To find an expression for the time–independent probability, we recall that a system at thermodynamic 

equilibrium has Boltzmann–distributed energies and therefore  

expeq i
i

B

P
k T

 
 
 

 ,                      (27) 

where i  is the microscopic energy of the system at state i, T is the temperature and Bk  the Boltzmann 

constant.  

A subtlety of KMC simulations needs to be discussed at this point. What we refer to as 

microscopic energy ( i ) is actually the free energy of the PES basin corresponding to KMC state i; 

after all, KMC is essentially a coarse-grained approach. Thus, i  contains electronic and vibrational 

contributions of the adsorbate species as well as electronic, translational, vibrational and rotational 

contributions of the species in the gas reservoir:  

, , , ,
gas gas gas gas

i i vib i rot i transl i vib i iE E E E E E       ,                  (28)  

where Ei and Evib,i are the electronic and vibrational energies of the current lattice configuration or state 

i; ,
gas
rot iE , ,

gas
transl iE , ,

gas
vib iE  and 

gas
iE  are the rotational, translational, vibrational and electronic energies of the 

gas species. With regard to the vibrational contribution, if the bottom of the potential energy well is 

chosen as a reference, eq. (28) will require a zero–point energy correction as well. We point out that 

adsorbate–adsorbate lateral interactions (attractions or repulsions between adspecies on the lattice) 

affect the electronic energy Ei but have negligible effect on the vibrational modes of the adsorbates.20 

We return to this point in section 3.5, where we discuss ways of incorporating adsorbate–adsorbate (or 

lateral) interactions in KMC models.   



 

40 
 

From eq. (26), eq. (27) and eq. (28), we can now express the detailed balance principle as a 

ratio of two Boltzmann factors that contain the microscopic energy of the system at states i and j:  

exp expij j i j

ji b i B

rxnk Q E

k k T Q k T

 
   

   
   

  

 
,                    (29)  

where Qi and Qj are the partition functions of states i and j, respectively; these partition functions 

contain vibrational, translational and rotational contributions of the gas species and the vibrational 

contributions of the adsorbates. The numerator of the Boltzmann factor in eq. (29) represents the 

change in the electronic energy of the system due to the transition from state i to state j, ΔErxn (i.e. the 

reaction energy). Based on eq. (28), the reaction energy is expressed as 

   gas gas
rxn j j i iE E E E E     .                   (30) 

3.3. KMC spatio–temporal evolution 

As mentioned earlier, in a KMC simulation we do not explicitly solve the Markovian Master 

equation. Instead, we generate stochastic realisations (trajectories) whose statistics follow this equation 

and by sampling these trajectories, we obtain the observables of interest. In generating these 

trajectories, a KMC algorithm needs to determine two things at each step: (i) the amount of time 

required for the transition from the current state to the new state and (ii) the state that will be visited 

next. While there are a few algorithmic variants for propagating the KMC simulation, the statistics of 

event occurrence have to be the same and in line with the Master equation, which contains all the 

information for the temporal evolution of the system.  

3.3.1. Advancing the time in KMC simulations 

In early KMC algorithms the time was advanced in an approximate way by multiplying the 

total number of KMC steps by an average time increment.94 The time advancement in modern KMC 

algorithms relies on a more rigorous approach, which simulates the exact statistics of the Master 

equation.95 The approach considers the possible events that may be executed from state i, thereby 
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bringing the system to a new state. The total escape rate from state i is defined as the sum of the rate 

constants of all the potential events that can alter the state of the system and therefore  

ij
j

i

j i

k k






  .                      (31)     

As discussed in section 3.2, during the “inactive” period of thermal vibrations in the current PES basin, 

there is a “loss of memory” in the system, and as a result, the transition to another state is equally 

probable at every moment spent in the current state. This, in turn, gives rise to exponential decay 

statistics.96 Along these lines, the cumulative probability of escape from state i to any other state 

 iP  , i.e. the probability that the system has escaped from state i at some time less than  is given 

by:  

   1 expi iP k      .                                 (32) 

The corresponding probability density for the same escape will be the first derivative of  iP  , which 

gives the following exponential distribution:97  

     expi
i i

dP
P k k

d


    


 


.                                                                (33) 

In addition, each of the microscopic processes that brings the system from state i to another state j 

follows an exponential distribution as well. For a time–independent rate constant the probability for 

the i→j escape is:   

   expj ji ij iP k k    .                    (34) 

Samples from this distribution can easily be obtained if a uniform random number generator (URNG) 

is available. If χ ∈ (0,1] is a sample from the uniform distribution, then a random waiting time for the 

i→j transition can be computed as:95  

 ln
trans

ij

ij

k
 


 ,                      (35) 
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3.3.2. KMC algorithms 

Having discussed the temporal evolution in KMC simulation, we proceed by describing the 

general structure of a KMC algorithm. The three widely implemented methods in computational codes 

for propagating the state of on–lattice KMC are: the random selection method, the direct method and 

the first reaction method. The underlying concepts of these methods along with their technical details 

can be found in the available literature,95,98–102 but the general form of the KMC algorithm remains the 

same for all cases.    

In preparation of a KMC simulation, one has to specify the simulation setup and parameters. 

The former includes the reaction mechanism (i.e. the elementary processes that can happen on the 

lattice), the energetics of the system, including the interaction between the surface and adsorbates, as 

well as adsorbate–adsorbate interactions, and the structure of the simulated lattice. The simulation 

parameters are the pressure, temperature and composition of the gas phase, which is in contact with 

catalytic surface, as well as all parameters relevant to the energetics and the kinetics of the system, i.e. 

energetic interaction parameters and kinetic constants, which can be parameterised e.g. by the 

Arrhenius equation. In the next step, the lattice is initialised. This can be done by either specifying an 

initial adsorbate configuration on the lattice or by choosing to start with an empty lattice. The latter 

corresponds to an adsorbate–free surface, whilst the former starts the simulation with a pre–covered 

surface. Stationary conditions may be reached fast, if one is aware of representative adlayer 

configurations under the simulation conditions, thereby initialising the lattice by seeding the adsorbates 

in such a configuration.103    

In the next stage, the KMC algorithm scans the lattice and detects all the elementary processes 

that can happen thereon. Based on the detected events, a lattice process queue is constructed and the 

KMC algorithm selects the next process to be executed. Once the selected process is executed, the 

lattice and time are updated accordingly. Thus, processes that cannot happen anymore are deleted from 

the lattice process queue and substituted by newly enabled processes. For instance, when CO* desorbs 
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from a site, a diffusion of this previously adsorbed species on the neighbouring sites is no longer 

possible and such elementary events have to be deleted. Yet, neighbouring adsorbate species are now 

able to diffuse to the free site generated by the CO* desorption. The latter processes have to be added 

to the process list. In the next step, the time is advanced and the termination criterion is checked. If 

this criterion is fulfilled, the algorithm terminates, otherwise the process to be executed next is selected 

and the aforementioned updates happen anew. A stopping/termination criterion can be set based on 

clock time, simulation time or the number of the executed KMC steps. This general algorithm is shown, 

as a flow chart, in Figure 11. The way one “decides” (i) which process will happen next out of all the 

possible processes and (ii) when this process will happen, gives rise to variations (e.g. direct method, 

first reaction method) of this general algorithm. 

 

Figure 11. The general structure of a KMC algorithm presented in a flow chart.  
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3.4. The reaction rate constant from first principles  

In line with our previous discussions, the selection of the next event and the waiting time for 

the occurrence thereof are determined by the KMC algorithm. Both decisions are heavily based on the 

computed reaction rate constants of the detected events. We will now demonstrate how the rate 

constant of a microscopic processes can be calculated from first principles. 

The rate constant from TST is parameterised as follows:92  

TST

†

R

†E
k = expB

B

k T Q

h Q k T

 
 
 

,                    (36) 

where Q† and QR are the partition functions of the transition and reactant states and †E  is the activation 

energy of an elementary event. In general, the term 
†

R

†E
exp

B

Q

Q k T

 
 
 

 describes the relative probability 

of finding the system in the transition state over the reactant state, whereas the kBT/h term comes from 

the momentum of the system “moving” from the reactants towards the products region. Eq. (36) is 

retrieved based on the assumptions that thermal equilibrium has been reached between the initial and 

transition states, that the Bohr–Oppenheimer approximation holds, that quantum tunnelling is 

negligible and that there is no barrier recrossing.92 The latter assumption implies that once the system 

has reached the transition state with a momentum toward the product region, it will necessarily react 

to form a product. Nonetheless, in several cases barrier “recrossings” happen frequently, thereby 

bringing back the system to the initial state and “cancelling” the reactive event. This effect leads to an 

overestimation of the rate constant by the TST, and in general kexact < kTST. In order to mitigate the 

overestimation of the rate constant, a dynamic correction coefficient can be introduced to eq. (36), 

which is always less than 1 such that  

R

† †

exact
E

k = expB

B

k T Q

h Q k T

 
 
 

 .                                         (37)

This factor  is the so–called transmission coefficient and is calculated from MD simulations. For our 

calculations  is set equal to 1 to avoid the computational cost associated with MD calculations.  
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Notice that both eq. (36) and (37) involve a Boltzmann factor and a pre–exponential term. The 

activation energy of a reactive event (entering the Boltzmann factor) is computed from DFT 

calculations combined with efficient methods in finding the saddle point between the reactant and 

product states. Such methods are the dimer method,104 as well as the nudged elastic band (NEB) 

method, 105,106 the theoretical underpinnings of which can be found in ref. 107.  

 The pre–exponential terms in eq. (36) and eq. (37), contain partition functions which are also 

computed from first principles calculations. In general, Q contains all the information about the 

thermodynamic behaviour of a system (as it can be related to all thermodynamic potentials) and is 

defined as: 

0 0

i states i states

i

B B

i

B k T k T

ε
k T

Q e e e
 

 
  
 
 

 
  

,                     (38) 

where i is the energy of microstate i, the sum runs over all miscrostates, and 0 is the energy of the 

ground state. At very low temperatures one should expect →1 and at the limit of T = 0 K the partition 

function will be unity. Under these circumstances, only the ground state is populated. i is the sum of 

the energy contributions of the different modes of molecular motion (i.e. translations, vibrations, 

rotations) and is 

i
translation rotation vibration electronic
i i i i        ,                 (39) 

By replacing eq. (39)  into eq. (38), we factorise the partition function into different contributions as  

i i i i states

i i i i

B B B B

states states states

translation rotation vibration electronic

k T k T k T k T

translation rotation vibration electronic

Q e e e e

Q Q Q Q

   
        

                         

   

   

,            (40) 

and each of them can be examined separately. 

We begin with the electronic excitation energies, which are typically much larger than the 

thermal energy, kBT, and therefore Qelectronic = 1 for applications in catalysis. Qelectronic is rarely not equal 
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to unity, and an exception is alkali metal atoms, where there is a degenerate ground state and Qelectronic 

= 2.  

 The vibrational modes are often the dominant modes of motion in surface reactions given that 

molecules and atoms are, at least partially, translationally and rotationally “constrained” on surfaces.108 

By assuming that a species performs harmonic vibrations, we imply that it is under the influence of a 

parabolic potential energy that upon substitution to the 1D Schrödinger equation gives 

1
0,1,2,.....

2i i i     
 

 ,                    (41) 

where  is the frequency of oscillation. By substituting eq. (41) into (38) we obtain 
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 ,                                                              (42) 

where m

vibration
Q and m are the partition function and the oscillation frequency of the mth normal mode, 

respectively. The numerator of eq. (42) contains the zero–point energy factor 1
2 . The total 

vibrational partition function is the product of all the partition functions that correspond to the different 

normal vibrational modes such that  
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 .                (43) 

For example for a CO molecule in the gas phase, there is only one mode of vibration to be included in 

eq. (43), the stretching of the CO bond, as this is the only mode that brings about a change to the energy 

of the system. Conversely, when CO is adsorbed on Ni(111) there are 6 modes of vibrations in total. 

The first two correspond to the stretching of the bonds between C and O, and C and Ni, respectively. 

The other four are frustrated rotations and translations. 
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 Moving on to the rotational partition function, we find that its expression differs depending on 

the molecular symmetry. For rotating chemical groups around an axis, the rotation is 1D and the 

corresponding partition function is:108 

,1 2
2 B

rotation DQ I k T
h


  .                              (44) 

On the contrary, for a rotating linear molecule (e.g. CO2) the rotation is 2D and the corresponding 

partition function is:108  
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,2 8 Bro ta tion D I k T

Q
h





,                               (45) 

where σ is the symmetry number. The latter number is 2 for molecules with inversion centre such as 

H2O, CO2 and H2. In both eq. (44) and eq. (45), I represents a moment of inertia which is  

2
i i

i
I m r  ,                                  (46) 

where mi  is the mass of atom i and ri is its distance from the rotating axis. For non–linear rotating 

molecules, after fixing the centre of mass of the molecule, we find three different moments of inertia, 

IA, IB, IC and the partition function for rotation is  

22 2
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.                  (47) 

Finally, species attached to solid surfaces perform free translations only to a limited extent. 

The free translation area can be approximated by the size of the active site, which can in turn be 

approximated by the van der Waals radius of the metal atom. In contrast, for molecules in the gas 

phase, the free translation length is the volume of the container where the translation happens. The 

partition function t r a n s la ti o nQ  is found following a similar procedure as for v ib r a t io nQ ,78  and  

,3 2 Btranslation D V m k T
Q

h


 ,                    (48) 
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where m is the mass of the adsorbate and V is the volume of the container, wherein a molecule performs 

the translations. We note that, if the partition function for translation is to be calculated for a transition 

state, a 2D gas state has to be considered and  

2
,2 2 Btranslation D

st
m k T

Q A
h

   
 

 .                    (49) 

Using the equations presented in this section, in conjunction with the transition state theory 

expressions (36) or (37), one can find the rate constant of a microscopic process solely based on first 

principles calculations. The presence of spectator species in the vicinity of a reactive pattern (i.e. the 

presence of an adsorbed CO species next to a CO–O surface pattern, which can give CO2) has 

negligible effect in the ratio of partition functions of eq. (37).20 In other words, Q is presumed as a 

coverage–independent quantity and can be computed, independently of the local coverage of the 

configuration whereon a reactive event takes place, using the equations we have presented so far. This 

is not true, however, for the activation energies of elementary events, which may be substantially 

affected by coverage effects.28,109,110  

3.5. Modelling adsorbate–adsorbate interactions in KMC simulations 

3.5.1. The effect of adsorbate–adsorbate interactions on the adsorption energy    

Lateral interactions have an important effect on the structure of the adsorbate layer, but also on 

the stability of the initial, final and transition states of reactions; therefore, they can markedly affect 

the rate of catalytic reactions. For instance, a directly observable effect of repulsive and/or attractive 

interactions between adsorbates is the formation of ordered patterns on catalytic surfaces.22,111 There 

are several factors that give rise to these adsorbate–adsorbate interactions, including electrostatic 

interactions, indirect interactions through the surface material and overlap between the wave functions 

of two or more adsorbates that reside on neighbouring sites.3 The latter effect is important when two 

adsorbed species are at small distances between each other (e.g. less than 2.5 Å).112,113  

Owing to adsorbate–adsorbate interactions, the binding strength of an adsorbate on a surface 

decreases at increasing surface coverage, thereby occasionally preventing the reach of full monolayer 
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(ML) coverage.16 To illustrate this effect, we define the surface coverage with respect to a specific 

adsorbate as   

ads

surf atoms

N

N 

  ,                     (50) 

where Nsurf-atoms is the number of metal atoms on the surface layer of the catalyst, and Nads the number 

of chemisorbed species thereon. The average adsorption energy of a species at different coverages can 

be computed from DFT, using the following expression: 

 
ads

ads

ads

ads gN slab slab
average
ads

E E N E
E

N

   
 ,                              (51) 

where adsN slabE   is the total DFT energy of the DFT slab with Nads  adsorbates on the surface, slabE is 

the total DFT energy of the clean slab and  ads g
E  is the DFT energy of the corresponding gas–phase 

species.  

The effect of increasing coverage on 
average
adsE is shown in Figure 12, where less negative values 

of 
average
adsE are computed at increasing CO* coverage of a Ni trimer on a Ni/Cu(111) surface. In general, 

more negative values of 
average
adsE correspond to stronger CO* binding, and we indeed observe a weaker 

CO* binding at higher coverages (Figure 12). In particular, at 1/3 ML coverage we compute an average 

adsorption energy, which is less negative by ~0.13 eV as compared to the corresponding value 

computed at 1/9 ML coverage. This difference can be significant; in the presence of more than one 

type of surface species on the catalyst surface, binding energy differences on the order of 0.10 eV can 

lead to a surface almost fully covered by the species that binds stronger thereon (we assume an 

equimolar gas–phase composition).114  



 

50 
 

   
Figure 12. Effect of increasing CO* coverage to the average adsorption energy of CO* on the top site of a Ni 
trimer on a Ni/Cu(111) surface. The insets next to the points show the top view of the DFT slab used for the 
calculations, in the relaxed state. Ni atoms are shown in blue, Cu atoms are shown in orange, C atoms are shown 
in gray and O atoms are shown in red. For these calculations, a four–layer (3  3) slab with 9 atoms in the 
surface layer was used. 

3.5.2. Effects of adsorbate–adsorbate interactions on the activation energy of elementary 
processes 

 Coverage effects are not only important to the adsorption energy of species on solid surfaces. 

Similarly, these effects impact upon the activation barrier of KMC events and therefore upon the 

computed rate constant. Note that an activation barrier for a surface process represents the energy 

difference between two adsorbed states, both of which are governed by the same physics and are 

affected by adsorbate–adsorbate interactions. Using eq. (37) we express the ratio of the forward and 

reverse rate constants of a reversible process as  
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,                  (52) 

where QP and QR are the partition functions of the product and the reactant states, respectively, †E fwd

and 
†Erev  are the activation energies of the forward and reverse reactions, respectively, and ΔErxn is the 

reaction energy. The latter represents the energy difference between the initial and final states (Figure 

13) and from eq. (52)  
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† †ΔE = E Efwdrxn rev ,                      (53) 

which is also dictated by the principle of microscopic reversibility (see section 3.2).  

 

Figure 13. Energy profile of a reversible elementary KMC step (blue line), and energy profile of the same 
step with destabilized initial state (red line). 

Lateral interactions between spectator and reacting species give rise to a change to the 

electronic energy of the initial and/or the final state, thereby altering the reaction energy (see eq. (30)

). This is illustrated in Figure 13, where the red dotted line represents a destabilised initial state that 

changes the activation energy of the reverse reaction (
†Erev ). Coverage–dependent activation energies 

can be modelled by the BEP relationship, which was briefly mentioned in section 1.2.14 According to 

the BEP relation, the activation energy of an elementary process scales linearly with the reaction 

energy such that  

†E Efwd rxn    ,                               (54) 

 †E 1 Erev rxn     ,                                (55) 

where α and β are fitting parameters which can be obtained from first principles calculations.  

The significance of the BEP relation is far–reaching in KMC,115 eliminating the need of 

performing a large number of DFT calculations for the transition state energies in all the possible 

configurations of spectator species within the neighbourhood of the reaction. Instead, the effect of 
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lateral interactions between the reacting species and such spectators is quantified by this linear relation 

after fitting α and β from first–principles. This dependence of activation energy on the local coverage 

of spectators, eventually shapes the macroscopic performance of the catalyst in terms of the observed 

kinetics. 

In the BEP representation, the only information required in order to compute the activation 

energy, consists of the energies of the final and initial states and the activation barrier at the zero–

coverage limit. For the implementation of the BEP relation in KMC, the fitting parameters, α and β, 

are parameterised with respect to the forward and reverse activation energies, the reaction energy in 

the zero–coverage limit and the proximity factor .116 The latter parameter defines how reactant– or 

product–like the transition state is with respect to the reaction coordinate and 0 ≥  ≥ 1.117 The 

activation energy of an i→j reaction is  

       † †
,0 ,0E = max 0, ΔE , E + ω × ΔE ΔEfwd rxn fwd rxn rxni j i j i j    ,                                         (56)                                               

where 
†

,0E fwd  and ,0ΔErxn  are the forward activation barrier and the reaction energy at the zero–coverage 

limit, respectively. The max operator ensures a non–negative activation energy. In line with eq. (56) 

and eq. (53), the reverse activation energy will be given as  

         † †
,0 ,0E = max ΔE , 0, E 1 ω × ΔE ΔErev rxn rev rxn rxni j i j i j       ,                        (57)                                                         

where 
†Erev  is the reverse activation barrier at the zero coverage limit.  

3.5.3. Modelling the lattice energetics: the cluster expansion Hamiltonian approach 

According to our discussion in the previous section, coverage–dependent activation energies 

are calculated using the BEP relation, which is parameterised based on the energy of the final and 

initial states of the system. In turn, the latter energies can be computed by adopting a cluster expansion 

(CE) Hamiltonian approach, which enables the accurate modelling of lateral interactions on solid 

surfaces. 
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 Early first principles–based KMC works employed only first nearest neighbour (1NN) 

pairwise interactions in the energetics model, whilst long–range and/or many–body interactions were 

neglected owing to the large computational cost incurred upon their incorporation in the reaction 

model. Nevertheless, inclusion of long–range and many–body interactions is often necessary in order 

to reproduce experimentally observed adlayer structures, surface coverages, catalytic rates and 

activation energies.16,20 A versatile way to treat lateral interactions of any range and complexity is the 

aforementioned CE method.118 This method has been extensively used to study the thermodynamics 

of adsorbate layers,20,119,120 and the diffusion of atomic species on transition metals.121 Importantly, 

Schneider and co–workers have recently applied the CE method for the prediction of catalytic rates.16 

Within the CE framework, the energy of a specific adsorbate (or lattice) configuration is represented 

by a sum of energy contributions of “clusters” or “figures”, typical examples of which are seen in 

Figure 14 (a). Each cluster’s contribution to the total energy can be calculated from first principles and 

is known as the effective cluster interaction (ECI) of that cluster. Based on the ECI parameters, of the 

different patterns defined in the energetics model, one can calculate the total energy of a lattice 

configuration as   

  k
k

kk 1

ECI
NOC

GM

cN

H


 ,                          (58) 

where Nc is the number of clusters incorporated in the energetics model; ECIk is the effective cluster 

interaction of the cluster k; NOCk is the number of times cluster k was detected on the lattice state σ 

and GMk is a correction factor against cluster double–counting, known as graph-multiplicity factor. 

For instance, the 1NN cluster in Figure 14 (a) can be detected twice by the KMC algorithm because of 

symmetry: either as 6-12 or as 12-6. Therefore, we set a GM1NN equal to 2. If the ECIs of the 

incorporated patterns in the energetics model are known, one can find the energy of any lattice 

configuration by applying eq. (58). For example, by assuming that the ECIs of the 1NN, 2NN and 
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single–body clusters in Figure 14 (a) are 2.0 eV, 1.5 eV and -2.0 eV, respectively, we calculate the 

energy of the adsorbate configuration shown in Figure 14 (b) as follows:  

   2.0 2.0 1.5
5 2 4 5.0

1 2 2

eV eV eV
H eV

                 
     

 . 

The forward and reverse activation energies of a microscopic process depend on the local 

environment, wherein this elementary process takes place. This is because of the lateral interactions 

between the species that participate in the reaction and spectator species. In a BEP relation, the 

aforementioned energies are parameterised with respect to the reaction energy (see eq. (56) and eq. (57)

), which is found by adopting the CE Hamiltonian approach as follows  

     ΔE σ σ' = σ' σ + ΔErxn gasH H  ,                                                                                                      (59) 

where σ (initial) and σ’ (final) are two consecutive lattice states visited by the system and ΔEgas  is the 

difference in the gas phase energy between the final and initial states. The reaction energy computed 

from eq. (59) is used in eq. (56) and eq. (57), thereby providing coverage–dependent activation 

energies. 

 
Figure 14. (a) Examples of graph patterns (or clusters) that may be taken into account in a Hamiltonian model; 
(b) an example of snapshot of the lattice during a KMC simulation. The orange circles indicate sites occupied 
by an adsorbate. The white circles with black edges are vacant sites and white circles with orange edges indicate 
sites that may or may not be vacant. Site numbers are shown in the centre of the circles in both (a) and (b). 

 The calculation of the Hamiltonian of a specific lattice state (eq. (58)) requires knowledge of 

the ECI parameters of the considered patterns in the CE. To find these parameters, one has to fit eq. 

2NN 
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(58) to a DFT dataset, which includes a large number of adsorbate configurations (Nconf) and a least–

squares approach is then adopted to minimise   

    22

1

1 confN

i DFT i
iconf

H E
N

  


    ,                  (60)  

where σi is the lattice state of configuration i, H(σi) is calculated from eq. (58) and EDFT(σi) is the 

formation energy of the i configuration calculated from DFT.  

We note that any desired number of clusters can be added to the CE, but this could potentially 

require a large number of DFT calculations to fit the ECIs, which would be costly. Considering a large 

number of clusters in the CE may also result to overfitting issue,108 since, besides the adsorbate–

adsorbate interactions, the CE will also capture the DFT error. A remedy to overfitting is to truncate 

the CE to the “right” level, which can be determined based on statistical techniques, such as the leave–

one–out cross–validation (LOOCV) method,60,122 and Bayesian statistics.123,124  In the former method, 

a configuration is left out from the DFT dataset and linear regression is performed to find the ECIs. 

Then based on the calculated ECIs, we compute the formation energy of the omitted configuration and 

compare it to the DFT–computed formation energy. This is done not only for one configuration, but 

for each configuration in the DFT data set, thereby calculating a cross–validation score (CV) by using 

eq. (61).  

    22

1

1 confN
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CV E E
N

 


    ,                  (61) 

where ECE(σi) is the CE–predicted formation energy for the configuration i. The CV score describes 

the predictive capability of the CE: the lower the CV value, the more probable is that the energy of an 

adsorbate configuration that may appear during the KMC simulation, but is not included in the DFT 

dataset, will be predicted correctly. On the other hand, in Bayesian model selection, one compares 

different interaction models, and each of them is assigned with a probability based on Bayes’s theorem. 

The model with the highest probability is the one that is expected to be the most robust. An interesting 

discussion on the application of this method is provided by Jansen and Popa in ref. 124. 



 

56 
 

3.6. Handling more complex lattices and reactions 

In section 3.2, we highlighted that the catalytic surface can be represented by a simple matrix–

grid, which is a network of sites connected to each other. As discussed, the direct mapping of a simple 

matrix–grid lattice into an occupation matrix is a rather intuitive and simple. However, several 

complications arise when modelling surfaces with more complex geometry, than those seen in Figure 

9 (a) and (b). A typical example is a (211) stepped surface, where the atoms on the edge are connected 

with 2 atoms on the (111) facet and 1 atom on the (100) facet.125 A more rigorous and generic approach 

for the representation of the simulation lattice (including the connectivity of sites) and of the 

elementary events of realistic chemistries, is provided by the graph–theoretical KMC (GT–KMC) 

framework of Stamatakis and Vlachos.126  

Early KMC works were based on the assumption that an adsorbate can occupy only one site 

and that a maximum two sites are involved in an elementary reaction.127–129 In realistic chemistries, 

however, the existence of multi–dentate species that occupy more than one site (e.g. bidentate when 

occupying two sites) and the occurrence of elementary processes that involve more than two sites are 

common.130–132 Then, the approach just noted (assuming “one adsorbate per site”) cannot capture the 

complexity of the surface reaction. This can be achieved only by adopting a multisite approach.    

Such an approach was first established by Hansen and Neurock in order to study the kinetics 

of ethylene hydrogenation on Pd.133 Using a multisite KMC algorithm the authors could account for 

events that involve three sites and also capture bidentate species. This approach was later generalised 

by Stamatakis and Vlachos to arbitrarily complex chemistries, i.e. chemistries that include species with 

dentate number even larger than 2 and an arbitrary number of sites involved in elementary events, in 

the context of the GT–KMC framework.126 Within this formalism one can deal with the high 

complexity of surface reactions, whilst keeping the computational expense comparable to the “one 

adsorbate per site” approach thanks to the use of efficient data structures.126     
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In the GT–KMC framework, the catalytic surface is represented as a two–dimensional lattice 

graph where vertices denote surface sites, and edges define the connectivity (neighbouring relations) 

between those sites (Figure 15 (a) and (b)). Similarly, to the rectangular lattices in Figure 9 (a) and (b), 

every lattice site has an identity label, which is known as the site index. The connectivity between the 

sites is shown in a table, where each row is dedicated to a specific site and includes all of its 

neighbouring sites.126 The lattice may be periodic or non–periodic depending on the application. The 

former lattice type is used to describe sites that belong to an extended surface, precluding edge sites,108 

while non–periodic lattice may be used to model a reaction on an entire NP facet.103 In GT–KMC each 

lattice site is represented by a three–element vector,     

T L1 2 1 2{1 , 2 , . . . , S } { , , . . . , } { , , . . . , } {1 , 2 , . . . , S }
L Li S Ss x x x y y y i     ,               (62) 

where SL is the number of sites and ST is the number of site types. The first element of the vector 

denotes the site type, whilst the second and third elements give the x–coordinate and y–coordinate of 

the site. For instance, the representation of site 6 in Figure 15 (a) will be s6 = (1; 7 Å; 2.2 Å), and an 

entire simulation lattice is given by a 3  SL array 

  3

, 1 1

LS

i j j i
s s

 
 .                      (63) 

The state of each site is defined in a similar manner. Namely, it is given by a three–element vector 

such that   

  33

L S , 1 1
{1, 2, ...,S } {0,1, ..., N } {1, 2, ...maxdent}i i j j i 

       ,                                           (64) 

where NS is the number of species bound to the surface. The first element provides the entity label, 

which is a unique integer that identifies an adsorbate (or an “empty–site” pseudo–adsorbate) on the 

lattice. The second element denotes the species that occupies site i (e.g. 0 for empty site, 1 for CO*, 2 

for O* adatom etc.), and the third element is the dentate number of that adsorbate on site i. The latter 

is useful when multi–dentate species participate in the reaction, in which case one needs to specify the 
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orientation of the adspecies. Under these circumstances, NS will be always less than SL, while in the 

presence of mono–dentate species only and for a fully covered surface NS = SL.   

Using a toy example, we present how the state of the system is specified within the GT–KMC 

formalism. In this toy model there are two mono–dentate adsorbates (reactants), A* and B*, that can 

react to give a bidentate product, AB**. The orientation of the latter species should be known (Figure 

15 (a) and (b)). Figure 15 (a) shows the graph of a small periodic lattice, whereon all the 

aforementioned species exist. The state of the lattice (array σ in line with eq. (64)) is shown in Figure 

15 (c). As noted, each AB** species occupies two sites; the site pairs occupied by AB** species are 

{2, 9} and {4, 11} in Figure 15 (a). Since sites 2 and 9 are occupied by the same species, they will 

have the same entity number (Figure 15 (c)) and the same species number. This is also the case for 

sites 4 and 11 (Figure 15 (b)).  

Such a description not only provides information about the occupation of sites, but also clarifies 

the orientation of the multi–dentate species, thereby specifying unambiguously the state of the system. 

A change to the orientation of the two AB** adsorbates, as the one seen in Figure 15 (b), is effectively 

described by a difference in the states of the corresponding sites (Figure 15 (d)). In this case, sites 4 

and 2 have the same entity number, as is true for sites 9 and 11.    

Similarly, within the GT–KMC framework, the elementary events are represented as connected 

graphs with specified initial and final configurations.126 It follows that the GT–KMC approach is 

heavily based on the detection of surface patterns. The latter are detected by solving a sub–

isomorphism problem,134 whose solution indicates whether an existing pattern in a graph is part of 

another graph as well. Accordingly, complex multisite reactions and intricate energetic patterns can be 

detected. We note that GT–KMC combined with the CE expansion method provide the framework 

toward the accurate modelling of highly complex surface reactions. The aforementioned combination 

is indeed powerful and has been applied to both dynamic (see chapter 4)135,136 and equilibrium 

problems (see chapter 8).63      
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Figure 15. (a) and (b) show two small periodic lattices, whereon A*, B* and AB** species are adsorbed on 
lattice sites. A*, B* and AB** are shown in purple, black and yellow, respectively. Vacant sites are represented 
by grey circles and sites numbers are shown in the centre of the circles in both (a) and (b). (c) and (d) show the 
state (σ) arrays of the configurations shown in (a) and (b), respectively. The state of each lattice site is 
represented by a three–element  vector as described in the main text. Figure adapted from ref. 126. 

3.7. Concluding remarks 

Having reviewed the underpinnings of DFT and KMC methods, we now proceed by presenting 

their applications in heterogeneous catalysis. As highlighted in this chapter, the strength of the KMC 

method is its ability to treat adsorbate–adsorbate in a systematic and detailed manner. The following 

chapter is dedicated to the effect of such interactions on the predicted rate of catalytic reactions in 

KMC.  
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4. Studying the effect of adsorbate–adsorbate interactions on the 
structure of the adlayer and on KMC–predicted  catalytic rates 

This chapter demonstrates the effect of adsorbate–adsorbate interactions the catalytic rates predicted 

by KMC simulation to model. To this end, we model the catalytic NO oxidation on Pt(111). The 

interaction between the adspecies are treated by adopting a CE Hamiltonian approach, thanks to which 

we are allowed to incorporate interaction of increasing complexity to our model. The obtained data 

underline that CE models that include interactions of different range may yield disparate adsorbate 

layer structures, thereby resulting in disparate predicted catalytic rates as well. Additionally, it is found 

that energetics models that include long–range and three–body terms are more accurate in predicting 

the structure of the adsorbate layer than models that take into account only short–range interactions. 

On this basis, the results of this chapter highlight the key role of adsorbate–adsorbate interactions 

toward the accurate modelling of surface reactions.  The contents of this chapter have been published 

in J. Chem. Phys. 149, 184701 (2018). 
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4.1. Computational details 

Kinetic Monte Carlo. KMC simulations of NO oxidation on Pt(111) were performed within the GT–

KMC framework,126 as implemented in Zacros (version 2.0).137 Adsorbate–adsorbate interactions were 

of high importance to our work and were accurately captured by a general CE approach incorporated 

in this framework. The simulation input was composed of the reaction conditions (temperature, 

pressure, gas phase composition etc.), the lattice structure that represents the catalytic surface, an 

energetics model where we specify the CE capturing the lateral interactions, and the reaction 

mechanism which defines all possible elementary events that can happen on the lattice. Optionally, 

one may also provide an initial adsorbate configuration on the lattice, otherwise the simulation is by 

default initialised with an empty lattice.    

The frequency by which a particular event is executed during the simulation is proportional to 

its rate constant. The forward and reverse rate constants of each elementary event can be computed 

from eq. (36), but the activation energy in the Boltzmann factor is affected by lateral interactions (i.e. 

 and ). To account for the effect of lateral interactions on the reaction kinetics, the forward and 

reverse activation energies of each elementary reaction step were parameterised with respect to the 

reaction energy (ΔErxn) using a BEP relation (see paragraph 3.5.2).14,16 The latter quantity was 

estimated for each lattice state, , detected during the simulation and required the calculation of the 

energy of configuration  and of the succeeding state ’. These configuration energies were in turn 

calculated using the CE Hamiltonian approach.118 To determine the total energy, the lattice was 

scanned by Zacros and clusters defined in the energetics model were detected and enumerated (see 

paragraph 3.5.3).116  

Finally, the catalytic rate is given by the turnover frequency (TOF) which is defined as the 

number of molecules of gas A produced per active site, per unit time. “A” is a representative gas 

species, which will be NO2 in our case (see next section). To determine the TOF, we plot the number 

of molecules of gas A produced during the simulation versus time and filter out any initial transients 
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(whilst the system reaches steady state) before fitting using linear regression. Subsequently, we divide 

the slope by the total number of lattice sites as shown in eq. (65). 

A

sites

n
TOF =

× Nτ
,                                                      (65) 

where nA is the number of A molecules produced, τ  is the simulation time and sitesN  is the number 

of lattice sites.  

Reaction mechanism and simulation details. This work is based on an original reaction model 

developed by Wu et al.16 and adapted for KMC by Nielsen et al.116 Three reversible elementary events 

(see eq.  (66), eq. (67) and eq. (68)), from which the O2 dissociation on Pt(111), eq. (67), is the RDS. 

Furthermore, it is assumed that the catalytic oxidation of  NO  proceeds via an Eley–Rideal mechanism, 

and that O* dominate the catalytic surface, in accord with the high efficiency of NO2 in supplying the 

catalyst surface with O* atoms.26,138 Moreover, the analysis is restricted to surface coverage below 1/2 

ML, where the Pt surface is not reconstructed,111 and O* populate three–fold fcc hollow sites 

only.16,20,139  

2NO + O* NO + *
fwd

rev

k

k
 ,                  (66) 

2
2 *O O* O*+

fwd

rev

k

k
  ,                   (67) 

* *O O* *+
fwd

rev

k

k
  ,                   (68) 

where * depicts a vacant fcc site. Eq. (66) represents the reversible Eley–Rideal NO oxidation, eq.  (67) 

is the O2 dissociation and eq. (68) is the surface diffusion of O* between neighbouring fcc lattice sites.   

As noted earlier, the forward and reversible rate constants of each elementary events were 

computed based on eq. (36), while the corresponding activation energies were found using a BEP 

relation (see paragraph 3.5.2). The proximity factor (ω, defining the relative position of the transition 

state along the reaction coordinate) was set to unity for the dissociation of O2 as the transition state is 
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molecular O2  with an elongated O─O bond,16 zero for the NO oxidation/reduction and 0.5 for O* 

diffusion.  

In relation to the rate constants, there is a quasi–equilibrium where the dynamics of NO 

oxidation/reduction and O* diffusion are fast compared to O2 dissociation, such that the latter is the 

RDS (based on the previous work by Schneider and co–workers).16 Therefore the values of the pre–

exponential terms for the NO oxidation/reduction and O* diffusion are set such that the rates of these 

elementary events are at least 50 times larger than the rate of the RDS, assuring the fast equilibration 

of the adlayer.116,140 This method has been implemented in our previous work and for further details 

on the derivation and calculation of the rate constants the reader may consult ref. 116.   

The simulations were performed using two types of lattices, with and without periodic boundary 

conditions. The shapes of the periodic lattices are equilateral parallelograms of dimensions m × m 

(containing a total of m2 sites) and for the non–periodic ones we use equilateral parallelograms in 

addition to equilateral triangles of side length n (containing a total of 
1

N

i

i

  sites).   

The reaction is modelled at a total pressure of 1 bar, and fixed partial pressures of NO, O2 and 

NO2. The NO2 to NO pressure ratio is set to 0.37 in all simulations, thereby fixing the chemical 

potential of surface oxygen µO* (since reaction (66) is fast), and the partial pressure of O2 is set to 0.1 

bar. The reaction is carried out either at 480 K or 680 K temperatures and the lattice is always initialised 

with an O* adsorbate overlayer with the  structure, which is a stable adlayer configuration when using 

short–range, 1NN lateral energetics at 1/3 ML coverage. Thus, the system is initially in a low energy 

state, though is allowed to reach stationary conditions before analysing the kinetics.   

Lateral interaction models. We studied different CE models of varying complexity. In particular, we 

examined cases where the CE Hamiltonian contains 3, 5 and 8 figures (clusters) and the corresponding 

graph patterns are presented in Figure 16. Each Hamiltonian contains a constant term (which does not 

affect any of the results but included for compatibility with other Hamiltonian descriptions), and a 
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single–body term that models the adsorption energy of one O* adsorbate. In the 3–Fig. CE model, 

two–body interactions with adsorbate separation of up to 1NN are considered; these short-range 

interactions are often referred as hard interactions herein, as the lead to highly ordered adlayer 

structures (see next section).  In addition to 1NN interactions, 2NN and 3NN two–body interactions 

are included in the 5–Fig. CE model (see Figure 16). Finally, the 8–Fig. CE model incorporates the 

clusters found in the 3–Fig. and 5–Fig. cluster expansions, as well as two–body terms at 4NN and 5NN 

separation in addition to a 3–body NN cluster (1–1–3 cluster). The terms included in each CE model 

along with their ECIs can be found in Appendix I. 

 
Figure 16. Graph patterns (or clusters) that are taken into account in 3–Fig., 5–Fig. and 8–Fig. CE Hamiltonian 
models. The blue circles indicate sites occupied by oxygen atoms. The white circles with black edges are vacant 
sites and white circles with blue edges indicate sites that may or may not be vacant.   

4.2. Results and discussion 

4.2.1. 3–Figure CE energetics    

We first examine a 3–Fig. CE model where only 1NN interactions contribute to the energetics. 

To exclude lattice–boundary effects on the predicted catalytic rate, we run simulations on periodic 

equilateral lattices of various sizes at the two aforementioned temperatures (480 K and 680 K). The 

calculated TOFs on parallelogram lattices with number of sites ranging between 36 and 2500 (6  6 to 

50  50) are plotted in Figure 17. For both temperatures, there is an oscillatory behaviour in the 

catalytic rate as the lattice size is increased. A regular pattern is observed by which certain lattice sizes 
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exhibit much higher activities than others; a difference which does not diminish even for relatively 

large lattices of more than 2000 sites. Upon further inspection, we note that lattices with a number of 

sites per side that is divisible by 3, exhibit a significantly lower TOF (ca. one order of magnitude 

lower) than those with sites non–divisible by this number.    

According to our earlier discussion on the BEP relationship, the activation energy for a surface 

reaction is dependent on the configuration of neighbouring spectators in the adsorbate overlayer. It 

follows that this dependence is carried into the corresponding kinetic constant and indeed the catalytic 

rate. Thus, the variability in the values of TOF can be elucidated by studying the adlayer structures of 

different lattices giving high and low TOF.  To this end, we use two representative lattice sizes, a 42 

× 42 lattice (1,764 sites), whose number of sites per side is divisible by 3, and a 44 × 44 lattice (1,936 

sites), for which this is not true. Snapshots of these lattices for simulations at 480 K are shown in 

Figure 18 (a) and (b), respectively.  

 

Figure 17. Computed TOFs of the 3–Fig. CE model for a range of lattice sizes at 480 K (red) and 680 K (black). 

Ptot = 1 bar, 
2NO NO

P P =0.37 and 
2Oy = 0.1 for all simulations.     
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In a representative configuration at stationary conditions on the 42 × 42 lattice, the O* 

adspecies are perfectly ordered in the  structure, which minimises the 1NN repulsions exerted upon 

them (Figure 18 (a)). The ordered structure is, however, disrupted on the 44 × 44 lattice by the 

formation of anti–phase boundaries that appear to divide the adlayer into a number of perfect  domains 

(Figure 18 (a)). As the 44 × 44 lattice has a number of sites per side that is not divisible by 3, it is 

impossible for the adlayer to organise into a perfect  structure and instead forms line–defects: the 

observed anti–phase boundaries. That is to say that the size of the lattice is not commensurate to the 

stable  adlayer structure. Closer examination of these defects reveals lower local coverage in the anti–

phase boundary (Figure 18 (b), inset left) compared to the ordered  domain (Figure 18 (a), inset). 

Even lower local O* coverages are detected on point–defect regions that are adjacent to anti–phase 

boundaries (Figure 18 (b), inset right), where remarkably, the pair of fcc sites covered by the cyan line 

is surrounded by just one neighbouring O* adatom.      

The local coverage affects the activation barrier of the RDS (i.e. O2 dissociation) because of 

the repulsion between O* adatoms. By the BEP relationship, the lower coverage of O* in the anti–

phase boundary is expected to result in lower activation barriers on fcc site pairs thereon. The effect 

of the local coverage on the O2 dissociation activation is shown in Figure 18 (c) and (d), where the 

snapshots found in Figure 18 (a) and (b), are colour–coded, respectively, according to the activation 

energy values of the dissociation of O2. The presence of four 1NN O* adatoms around empty fcc site 

pairs in the  phase domain considerably hampers the dissociation of O2, by significantly elevating the 

activation barriers from 0.02 eV at the zero coverage limit  to approximately 1.90 eV in this region. 

On the other hand, the lower local coverage in anti–phase boundary and point defect configurations 

results in lower values for the activation energy, between 1.20 and 1.60 eV at the former and less than 

1.0 eV at the latter. Consequently, in these regions, high values of the O2 dissociation rate constant are 

computed, making the RDS more probable to occur.   
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Figure 18. Representative lattice snapshots from KMC simulation at 480 K of a 3–Fig. CE energetics model. 
Panels (a) and (b) show the adlayer structure of a 42 × 42 and a 44 × 44 lattice, respectively; O* adatoms are 
represented by black circles and empty sites by grey circles. The close–up on the left of panel (a) shows a phase 
domain local configuration, while close–ups on the left and right of panel (b) indicate local anti–phase boundary 
and point defect configurations, respectively. Panels (c) and (d) show the same snapshots but coloured according 
to the local O2 dissociation activation energy where low values and high values are shown in blue and red, 
respectively. Panels (e) and (f) show histograms of the distribution of O2 dissociation activation energies of 
listed events by the KMC algorithm on (a) and (b) KMC snapshots, respectively (green) and of the actually 
executed adsorptions throughout the simulation (blue) on the 42 × 42 and the 44 × 44, respectively. The former 
are normalised to the total number of listed O2 dissociations for the particular KMC snapshot and the latter to 
the total number of executed O2 dissociations throughout the KMC simulation. Ptot = 1 bar, 

2N O N O
P P =0.37 

and 
2Oy = 0.1 bar.   
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The different adlayer regions seen in Figure 18 (d) do not equally contribute to the catalytic 

rate. To identify the local configurations whereby oxygen adsorptions occur on each lattice, we plot a 

histogram of the distribution of O2 dissociation activation energies on the 42 × 42 and 44 × 44 lattices 

in  Figure 18 (e) and (f), respectively.  The green bars in these histograms show the activation energy 

distribution of O2 dissociation events that may occur on each lattice (Figure 18 (a) and (b)). These are 

possible events that may happen on vacant fcc site pairs and are listed in the event–queue of the KMC 

algorithm. As expected, in the 42 × 42 system all of these listed events have the same activation energy 

(ca. 1.90 eV) because of the ordered  structure seen in Figure 18 (a). This is not true for the 42 × 42 

lattice given the observed anti–phase boundaries. In this case, the majority of O2 dissociations belong 

to the ordered  phase, simply because this phase covers most of the lattice area, and have activation 

energies of 1.80 – 1.90 eV (tallest bar on the right of Figure 18 (f)). Events with activation energies 

between 1.20 and 1.60 eV correspond to adsorption processes on anti–phase boundary sites, while 

those below 1.0 eV correspond to O2 dissociations on sites located in point defect regions. The 

normalised frequencies of possible dissociation events on anti–phase boundary and point defects are 

less than 19 % and 4 %, respectively, of that over the ordered domain.     

On the other hand, the blue histogram shown in Figure 18 (e) and (f) correspond to O2 

dissociation events that actually occur (i.e. are executed by the KMC algorithm during the simulation) 

on the 42 × 42 and 44 × 44 lattices, respectively. To generate these histograms, we record the activation 

energies of all occurring O2 dissociations throughout the simulation. Interestingly, on the 44 × 44 

lattice no O2 dissociation happens on  and anti–phase boundary domains (Figure 18 (f)); instead, these 

events happen primarily at point defects adjacent to the anti–phase boundaries, with the largest portion 

of the lattice remaining inactive. The catalytic activity is dominated by defect–regions that contain fcc 

site pairs with two 1NNs or less, and the overall reaction appears to proceed in short “bursts” in these 

highly active but also highly ephemeral point defects. Thus, the absence of anti–phase boundaries in 

the 42 × 42 lattice, where all O2 dissociations happen on rarely formed point defects with activation 
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barrier of 0.62 eV (Figure 18 (e)), explains the one order of magnitude lower TOF compared to that 

on the 44 × 44 lattice, as well as the fluctuations in the catalytic rate as shown in Figure 17.        

4.2.2. NO oxidation on non–periodic lattices 

 To verify whether the discussed effects in the previous section are associated with the lattice 

periodicity, we have performed additional simulations using non–periodic equilateral parallelogram 

lattices. These lattices provide a better description of complete nanoparticle facets. By eliminating the 

periodic boundary condition, one breaks the connectivity between sites that belong to opposite sides 

of the lattice. Consequently, potential reaction patterns that involve O* (or vacant sites) located on two 

opposite sides cannot be detected by the algorithm in this case. Under these circumstances, there is no 

generation of anti–phase boundaries that disrupt the  structure, and therefore, the catalytic rate is not 

subject to systematic changes at increasing lattice size as in Figure 17 (Figure 19 (a)).     

 

Figure 19. (a) TOF of various non–periodic parallelogram lattices at 480 K, 
2Oy = 0.1 bar and 

2N O N O
P P = 

0.37 for 3-Fig. CE energetics; (b) typical snapshot of a KMC simulation using a triangular non–periodic lattice 
with 780 sites of a 3–Fig. CE energetics model at 480 K and colour–coded according to O2 dissociation 
activation energy (low and high values are shown in blue and red, respectively). Conditions as in panel (a). 

On the contrary, the computed TOF decreases with increasing number of lattice sites for lattices 

smaller than 46  46 (Figure 19 (a)). Beyond that point, the catalytic rate is practically constant and 

independent of the lattice size (Figure 19 (a)). After careful examination of the adlayer structure, it is 

noted that highly active point defects are now present on the lattice edges/corners throughout the KMC 
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simulation. Because of the non–periodicity, adspecies on edges/corners experience less repulsion 

compared to the inner phase adsorbates, as it may be true in a real nanoparticle facet. More specifically, 

the “curvature” at nanoparticle edges result in larger distances between adsorbates in neighbouring 

facets as compared to cases where these adsorbates are on a planar surface. In addition, edge adsorbates 

might be differently oriented than the adsorbates on conterminous facets,141 and therefore the dynamics 

of non–periodic lattices may better represent those on the facets of a nanoparticle.  

In line with the latter consideration, the catalytic oxidation is modelled on equilateral triangular 

(111) lattices that have the same shapes as facets encountered in perfect nanoparticle structures such 

as cuboctahedral and octahedral. Figure 19 (b) shows the results of such KMC simulations, revealing 

that O2 dissociation is indeed more facile on edges/corners as compared to inner parts of the lattice, 

and therefore the catalytic activity emerges predominantly from such locations in our non–periodic 3–

Fig. CE calculations.    

 The edge/corner sites are also characterised by a distinct electronic environment given their 

low coordination number, which is not taken into account in our simulations. What the latter show, is 

that, even in the absence of such electronic effects, there is a remarkably different physicochemical 

environment on edges/corners that is governed by geometry and lateral interaction strength, which 

results in the distinct behaviour of these sites compared to those in the inner part of the facet. It should, 

however, be noted that for a complete description of the chemistry towards highly accurate catalytic 

rate predictions on edge and corner sites, electronic effects have to be accounted for, in addition to the 

geometric effects shown here. The adsorption energy of O* at edges and terraces is often not the 

same.142 This is verified by the higher TOF measured at larger Pt particle size, which implies that 

edge/corner sites might be poisoned in practice as a result of strong adsorbate binding.143 

4.2.3.   Beyond 1NN interactions   

We proceed by investigating the effect of long–range interactions on the adlayer structure. We will 

first present the results for a 5–Fig. CE Hamiltonian model, that includes long–range adsorbate–
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adsorbate interactions (2NN and 3NN) and leads to more accurate predictions than the 3–Fig. CE.116 

We instantly note significant differences between the results of these simulations (Figure 20) compared 

to those previously obtained with the 3–Fig. CE (Figure 18). We show simulation snapshots with 

colour–coded maps of the O2 dissociation barriers, on a 44 × 44 non–commensurate periodic lattice at 

480 K and 680 K (Figure 20 (a) and (b), respectively). There is a notable absence of well–defined anti–

phase boundary regions in these cases, owing to the incorporation of 2NN and 3NN lateral interactions 

(Figure 20), and the adlayer distribution appears more random compared to that obtained by the 3–Fig. 

CE at 480 K (Figure 20 (a)). In turn, the calculated TOF is significantly higher because of the presence 

of several highly active configurations characterised by low local coverage, with O2 dissociation 

activation barriers less than 1.0 eV (Figure 20 (a)).    

At 480 K, we observe some  islands in the O* adlayer, and the total O* surface coverage is 

around 0.34 ML. As seen from the colour–coded KMC snapshot in Figure 20 (a), the O2 dissociation 

activation barrier on fcc pairs belonging to these ordered islands is approximately 1.40 eV. This lower 

activation energy compared to that of the 3–Fig. CE on identical adsorbate configurations (i.e. 1.90 

eV, see Figure 18) reflects the “softening” of adsorbate–adsorbate interactions at higher order CEs. 

The distribution of activation energies for the executed O2 dissociations at 480 K (Figure 20 (c) – blue 

bins) reveals that no oxygen adsorption occurs on  islands. On the contrary, around 40 % of O2 

dissociation events happen with activation energies between 0.40 and 0.50 eV, in configurations with 

no more than two 1NN O* adatoms (for example the configuration highlighted by the cyan line in the 

inset above the blue bin at 0.40 – 0.42 eV in Figure 20 (c)).    

Furthermore, at 680 K the O* adlayer appears mostly random, as it lacks any appreciably large 

ordered island (Figure 20 (b)). A lower average O* coverage (ca. 0.27 ML) and a greater degree of 

adlayer disorder compared to the previous case at T = 480 K, give rise to numerous local adlayer 

configurations of very low coverage, which encompass pairs of fcc sites without any 1NN O* adatoms. 

Unsurprisingly, the majority of O2 dissociations happens therein and are executed with activation 
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energies below 0.10 eV (Figure 20 (c) – green bins). The occurrence of these low local coverage 

configurations in conjunction with the relatively high temperature result in higher TOF by two orders 

of magnitude as compared to 480 K. Instead of a “short burst” behaviour, as for the 3–Fig. CE (Figure 

18), events are executed with a broader range of activation energies at both temperatures with a 

“widespread participation” of fcc site pairs in the catalytic rate (Figure 20 (c)).  

 
Figure 20. (a) and (b) show KMC snapshots of a 44 × 44 periodic lattice for 5–Fig. CE energetics at 480 K and 
680 K, respectively. The snapshots are colour–coded according to the O2 dissociation activation energy where 
blue and red correspond to low and high values, respectively. Panel (c) shows a histogram of the distribution of 
O2 dissociation activation energies at 480 K (blue) and 680 K (green). Ptot = 1 bar, 

2N O N O
P P =0.37 and 

2Oy = 0.1 

bar.  

Plots of the computed TOFs at 480 K and 680 K for lattice sizes up to 2500 sites are given in 

Figure 21. A key difference is noted between the simulations at 680 K and 480 K; at 680 K there is 

near–constant TOF with increasing lattice size, whereas at 480 K there are systematic variations of the 

catalytic rate. These fluctuations at 480 K span a much narrower range as compared to those of 3–Fig. 

CE (see Figure 17) and are associated with the retained spatial correlation at this temperature. Upon 
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closer inspection, we also note that the predicted TOF on commensurate lattices at 480 K exhibits an 

increasing trend with increasing lattice size (Figure 21), though this trend fades for larger lattices, 

beyond 45 × 45 (Figure 21).  

 
Figure 21. Calculated TOFs of the 5–Fig. CE model for a range of equilateral parallelogram periodic lattices 
at 480 K (red) and 680 K (black). Ptot = 1.0 bar, 

2N O N O
P P =0.37 and 

2Oy = 0.1 for all simulations.  

To clarify the causes of the lower TOF on smaller commensurate lattices, within the size range 

of 6 × 6 to 45 × 45, we investigate the local adlayer configurations for O2 dissociation events. Figure 

22 (a) – (d) show the activation energy distributions of the executed O2 dissociations on a 9 × 9, 12 × 

12, 45 × 45 and a 48 × 48 lattice, respectively. It is important to point out that in this case, the 

histograms were constructed after processing the statistics of the activation barriers of all occurring 

O2 dissociations. The main observation is that in all lattices this elementary event is executed at roughly 

the same activation energies (i.e. on the same local adlayer configurations). The activation barrier 

distributions of the two large commensurate lattices (45 × 45 and a 48 × 48 – Figure 22 (c) – (d)) are 

identical, and consequently, the two calculated TOFs are in excellent agreement.   

Conversely, remarkable differences are noticed in the distributions of the two small lattices 

(i.e. 9 × 9, 12 × 12). As seen, on the 9 × 9 lattice around 53 % of O2 adsorptions happen with an 

activation barrier less than 0.48 eV, whilst the corresponding normalised frequency of the next largest 

commensurate lattice (12 × 12) is higher by approximately 7 %. This difference suggests that local 
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low O* coverage configurations (i.e. configurations where O2 dissociation can occur with activation 

energy of  0.48 eV or less) may be more frequently formed during the KMC simulation as compared 

to the 9 × 9 lattice, thereby explaining the discrepancy between the predicted catalytic rates on the two 

lattices (Figure 21).    

To verify this speculation, we examine how the catalytic rate is affected by the frequency of 

configurations where O2 can dissociate with barrier less than 0.48 eV. This normalised frequency is 

calculated by enumerating the KMC lattice snapshots where low O* coverage configurations have 

been detected and subsequently dividing this number by the total number of KMC snapshots taken 

throughout the simulation (i.e. by the total number of O2 dissociations). The result for nine 

commensurate periodic lattices with up to 2916 sites is shown in Figure 22 (e). On lattices smaller than 

45 × 45, the frequency of highly active configurations increases with the lattice size, whereas for larger 

lattices there is a convergence of this frequency value to ca. 0.85. Interestingly, the observed trend is 

in excellent agreement with the TOF trend in Figure 21, where constant catalytic rate values (TOF  

0.042 s-1) are reached on lattices larger than 42 × 42. 

We finally present results of an 8-Fig. CE model where 4NN and 5NN pairwise interactions as 

well as a 3-body interaction are taken into account (graph patterns in Figure 16). At 480 K and under 

stationary conditions, a substantial part of the O* adsorbate layer adopts a 2 × 2 structure at surface 

coverage approximately equal to 0.28 ML (see the O2 dissociation colour–coded KMC snapshot in 

panel (b) of Figure 23). Adsorbate–adsorbate interactions become “softer” as compared to 3 and 5–

Fig. CE models. This is reflected in the fact that O2 dissociations can happen on pairs of fcc sites 

encompassed by the ordered 2 × 2 phase with low activation energy being in the range  0.55 – 1.0 eV 

(Figure 23 (b)). Besides, we observe the formation of several 1–1–3 triplets in the adlayer that, to a 

limited extent, cause the development of a meandering phase with 2 × 1 O* domains (Figure 23 (b)). 

This structure becomes dominant at higher surface coverage (see Figure A1 in Appendix I) and 

therefore these triplets can be considered the precursor of the 2 × 1 O* phase.    
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Figure 22. Panels (a) and (b) show the activation energy distributions of occurring O2 dissociations for 5–Fig. 
CE on a 9 × 9 and a 12 × 12 periodic lattice, respectively; (c) and (d) show the same distribution for a 45 × 45 
and a 48 × 48 periodic lattice, respectively. Panel (e) shows the frequency of appearance of highly active adlayer 
configurations for nine commensurate lattices. T=480 K, Ptot = 1 bar, 

2N O N O
P P =0.37  and 

2Oy = 0.1.   

Importantly, because of the largely ordered adlayer at 480 K, the computed TOFs on periodic 

lattices with size in the range of 10 × 10 to 50 × 50 (Figure 23 (c)) show again an oscillatory behaviour 

similar to that observed in Figure 17. Commensurate to the 2 × 2 O* phase are now lattices with 

number of sites (per side) divisible by 2, and after thorough inspection of event–wise KMC snapshots 

of commensurate and non–commensurate lattices we find that there is no formation of well–defined 

anti–phase boundaries. To this end, the calculated TOFs on different lattices are on the same order of 

0.0 0.5 1.0
0.00

0.20

0.40

0.0 0.5 1.0
0.00

0.20

0.40

0.0 0.5 1.0

O
2
 Dissociation Activation Energy (eV)

0.00

0.20

0.40

0.0 0.5 1.0
O

2
 Dissociation Activation Energy (eV)

0.0

0.05

0.1

10.0 20.0 30.0 40.0 50.0
Number of Sites per Lattice Side

0.50

0.60

0.70

0.80

0.90

1.00

(a) (b) 

(c) (d) 

(e) 

9 × 9 12 × 12 

45 × 45 48 × 48 



 

77 
 

magnitude (Figure 23 (c)), which was not true for the 3–Fig. CE model because of the existence of 

“hard” short range interactions and therefore anti–phase boundaries.       

 

Figure 23. Panel (a) shows the O2 dissociation activation energy distribution on a 42 × 42 commensurate 
periodic lattice. Panel (b) shows an O2 dissociation KMC colour–coded snapshot of the 42 × 42 lattice for 8–
Fig. CE energetics model. Panel (c) plots the computed TOF of the 8–Fig. CE model. 

The two aforementioned adlayer patterns have been detected using STEM and low–energy 

electron diffraction (LEED) at similar coverages to those reported here,111,138 and have also been 

reproduced in computational studies that employ equilibrium models.20,27,144 This furnishes evidence 

that the O* – Pt(111) system, at least with regard to the adlayer structure, is more accurately described 

by an 8–Fig. CE energetics model than by the 3–Fig. CE and 5–Fig. CE models.    
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The formation of the 2 × 2 phase is explained by the very small energetic contribution 

parameter of 3NN clusters (0.012 eV) compared to other clusters in 8–Fig. CE models (see Appendix 

I), leading to the formation of numerous such patterns in the adsorbate layer (Figure 23 (b)). According 

to experimental studies the 2 × 2 O* phase remains inactive to the catalytic NO oxidation within the 

temperature range of 350 – 500 K at 1/4 ML surface coverage,138 and this is further corroborated by 

our 8–Fig. CE simulations. In more precise terms, the activation barrier distribution of the executed 

O2 dissociations on a 42 × 42 periodic lattice  (Figure 23 (a)) reveals that less than 5 % of such events 

takes place with  activation barrier of 0.55 – 1.0 eV. By contrast, we see that the vast majority of O2 

dissociation events happen with barriers below 0.50 eV (Figure 23 (a)). The contribution of fcc site 

pairs to the catalytic rate is even more widespread than in the simulations with the 5–Fig. CE. Yet, the 

overall reaction progresses in a similar manner in both cases with O2 dissociations occurring for 

various adlayer configurations and not only on highly active point defects as for the 3–Fig. CE 

simulations. The calculated TOFs are in turn of the same order of magnitude, but not identical, owing 

to the fact that the adsorbate layer exhibits different structure in the two cases.  

The analysis is finalised with a comparison between the apparent activation energy, 
†
appE , found 

by the 8–Fig. CE model and experimentally obtained values.145 To determine , we calculate seven 

TOFs at different temperatures in the temperature range of 480 - 493 K where the differences in surface 

coverage are known to be small.16 From the Arrhenius plot in Figure 24, we find 
†
appE  = 52.6 ± 4.0 kJ 

mol-1, which is slightly greater than the reported value by Smeltz et al.145 over Pt(111) single crystals 

under similar conditions (ca. 41 kJ mol-1). Furthermore, we compute TOF = 0.013 s-1 at 
2NO NO

P P = 

0.56, 
2Oy = 0.1 and 480 K. At these conditions, the experimentally reported TOF (ca. 0.15 s-1) is found 

one order of magnitude larger.145 This discrepancy is in accord with the larger computed , by  11 kJ/mol 

(0.1 eV), as compared to experiment.145 More specifically, a larger activation barrier by 0.1 eV results 
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in a smaller rate constant by a factor of approximately 11 at 480 K. As noted in chapter 8, errors of 

around 0.1 to 0.2 eV are  indeed expected for commonly used DFT functionals.146  

 

Figure 24. Arrhenius plot of the temperature dependence of the rate of NO oxidation on a 42 × 42 commensurate 

periodic lattice for 8–Fig. CE, 
2

O
y  = 0.1 bar, 

2NO NO
P P =0.37 and Ptot = 1 bar. Slope in K, kB in eV/K and  in eV. 

4.3. Concluding remarks 

Chapter 4 described the inhomogeneity of adsorbate layers that is caused by lateral interactions 

and adds to the complexity of surface reactions. KMC simulation in conjunction with CEs is an 

approach capable of dealing with this complexity. Catalytic reactions become even more complicated 

when they occur over alloy catalysts, which have a number of active sites with a dissimilar contribution 

to the total activity of the material. The remaining chapters of this Thesis examines the performance 

of chemical reactions on highly dilute alloys, and also the restructuring of these materials under 

reactive conditions.  
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5. Structure sensitive reactions over single atom and dilute alloys 

The present chapter focuses the behaviour of structure sensitive over dilute and single atom alloys. 

Recent theoretical and experimental studies corroborate that isolated dopant atoms on coinage metal 

surfaces exhibit d states that resemble that of a free metal atom (see section 1.4).43,44 This finding gives 

rise to questions of paramount importance for future surface science and theoretical investigations: are 

isolated dopant atoms on the most common (111) and (100) surfaces equivalent in terms of reactivity? 

Do dopant atoms on different flat facets have comparable electronic structures? Could typically 

structure sensitive reactions (e.g. N─N,147 C─O,148 N─O149 bond–breaking) exhibit similar behaviour 

on the two aforementioned flat surfaces? This chapter attempts to answer these questions by means of 

DFT calculations. It begins with an investigation on the adsorption of NO, N2 and O adspecies over a 

number of SAA(111) and SAA(100) surfaces, and continues with simulations of structure sensitive 

association/dissociation reactions on the same surfaces. The contents of this chapter have been 

published in Catal. Sci. Technol., 2020,10, 5815-5828. 
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5.1. Computational details 

Before discussing our results let us first describe the employed computational setup. Periodic 

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP),150,151 which 

solves the KS equations (eq. (8)) in an iterative manner.68 The PAW method was employed to model 

the interaction between the core and valence electrons, and the kinetic energy cut–off was set at 400 

eV (see sections 2.4 and 2.5).152 Exchange and correlation effects were treated with the optB86b–vdW 

functional,153–155 which accounts for dispersive van der Waals (vdW) interactions. Spin–polarised 

calculations were performed for gas–phase NO and O2, but also for Ni surfaces and Ni–containing 

alloys; however on the latter surfaces, we noticed that the magnetic moment of Ni atoms was quenched 

during the simulation, which is consistent with previous works.43,44  The low–index (100) and (111) 

surfaces were modelled by a 5–layer p(3  3) cell, and periodic images along the z–direction were 

separated by a vacuum of 10 Å. The presence of a small number of dopant atoms (i.e. up to three) on 

the surface layer of the highly dilute and SAA surfaces will, in all probability, have an unimportant 

effect on the lattice constant of the host material. Therefore, the lattice constant of the alloy materials 

was the optB86b–vdW computed lattice constant of the host metal (i.e. 3.608 Å, 4.077 Å and 4.127 Å 

for Cu, Ag and Au, respectively). During geometry optimisation, the three top layers of the DFT slab 

and any adsorbed species were allowed to relax, whilst the two bottom layers were fixed at the 

calculated lattice constant. The electronic self–consistency threshold was set to 10-7 eV, the Hellman-

Feynman forces were relaxed to less than 10-2 eV/Å and the first Brillouin zones of the (111) and (100) 

surfaces were sampled with a 9  9  1 Monkhorst–Pack k–point mesh. Our k–point convergence 

check shows that this simulation setup affords a good accuracy (see Figure A3 in Appendix II). In turn, 

this permits us to compare our computed activation barriers for the dissociation of CO2 reaction on the 

(100) surface to those previously obtained on the (111) surface using a 13  13  1 k–mesh (see Figure 

A4 in Appendix II).45 The adsorption energy of a NO and N2 species bound to the surface (Eads (A*), 

where A* = NO* or N2*) was calculated using the following expression: 
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   *+slab slab
tot tot totadsE * E E E gAAA   ,                   (69) 

where 
*+slab

totEA
 is the DFT total energy of a slab with the adsorbed species thereon, 

slab
totE is the DFT 

total energy of the clean slab, and  
totE gA

 is the DFT total energy of the adspecies in the gas phase. The 

corresponding adsorption energies of O adatoms on the different surfaces are computed relative to O2 

in the gas–phase: 

   2O*+slab slab
ads tot tot tot

1E O * E E E2
gO

   ,                  (70) 

where 
O*+slab
totE  is the DFT total energy of a slab with an O* thereon, and  2

totE gO
 is the DFT total energy 

of O2 in the gas phase.  

The transition states (TSs) of the elementary reactions studied, were located using the dimer 

method,104 and vibrational frequency analyses verified that each TS found was a first–order saddle 

point on the potential energy surface. The activation barrier (Ea) and the reaction energy (Erxn) of an 

elementary step are found from eq. (71) and eq. (72), respectively. 

a T S ISE = E E ,                      (71) 

r x n F S ISΔ E = E E ,                     (72) 

where ETS, EFS and EIS are the DFT–computed energies for the TS, final state (FS) and initial state 

(IS), respectively. 

5.2. Results and discussion 

5.2.1. Adsorption energies on SAA (111) and (100) surfaces 

The adsorption of CO* on the top dopant site has been explored over a number of Cu–, Ag–, 

and Au–based SAA surfaces.67,125 A highlight of these works is that the binding strength of CO* on 

SAA (111) and (100) surfaces is almost identical,125 thereby suggesting that isolated dopant atoms on 

flat facets exhibit very similar reactivity. To some extent, this phenomenon can be attributed to the 

limited electronic and spatial overlap between the dopant atom and its surrounding host metal 

atoms.43,44  
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First, we further investigate and compare the reactivity of SAA (100) and (111) surfaces by 

calculating the adsorption energy of other common adsorbates thereon. We compute and report the 

adsorption energies of N2*, NO* and O* on the top dopant site of Cu–, Ag– and Au–based SAA (100) 

and (111) surfaces, with Pt, Pd, Rh and Ni as dopants. With regard to the most stable adsorption 

structure of the adsorbates under investigation, our DFT calculations show that both N2 and NO prefer 

to adsorb in an upright linear configuration, with N being closer to the alloy surface for the latter 

species (i.e. the dopant atom).  

Figure 25 (a) shows a parity between the computed adsorption energies of the three adspecies 

on the (111) and (100) SAA surfaces. For greater clarity, we do not show which alloy corresponds to 

which point in the plot, but a full list of the adsorption energy values is provided in Appendix II. A 

first observation is that there is a strong correlation between Eads(111) and Eads(100) for the SAA 

surfaces, with the vast majority of the plot points lying close to the parity line (Figure 25 (a)). We also 

observe that the binding strength is systematically stronger on the more open SAA (100) surfaces than 

on the SAA (111) surfaces, by ca. 0.10 eV on average (Figure 25 (a)). As noted earlier, one may expect 

a small electronic interaction between the PGM atom and its coordination environment.44 Yet, the 

narrow dopant–host interactions do not rule out the transfer of charge between these two types of 

surface species.44 Consequently, the observed disparate reactivity in Figure 25 (a) may be the result of 

dopant–host charge transfer, which occurs to a different extent on the SAA (100) and (111) surfaces, 

given their different geometry.   

In chapter 1, it was discussed that the reactivity of pure metal and alloy surfaces is 

conventionally explained by the position of the d band centre (d) relative to the Fermi level: the higher 

the d band centre the higher the reactivity of a catalytic surface.6 In an effort to better understand the 

generally higher reactivity of the SAA (100) facet as compared to the SAA (111) facet, we compute 

the d band centres of the isolated PGM atoms on the examined SAA surfaces (Figure 25 (b)).  



 

85 
 

 

Figure 25. (a) Parity plot between Eads(100) and Eads(111) for the adsorption of N2*, NO* and O* on the top 
dopant site of a number of SAA surfaces; for clarity, we also show the adsorption energies of the three species 
on the most stable adsorption site of the corresponding monometallic (MM) surfaces which include Pt, Pd, Rh, 
Ni, Ag, Au and Cu surfaces (points without outline). (b) Linear correlation between d(100) and d(111) of the 
dopant d states of the SAA surfaces. The parity line is shown as a dashed black line in panels (a) and (b); 
determination coefficients (R2) and fitting lines are shown in both panels (a) and (b). In the linear fit in panel 
(a) only the SAA surfaces are considered (points with black outline). (c) d DOS plots for all the SAA (100) and 
(111) surfaces, whereby the DOS are projected onto the d states of the single atom. 
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Interestingly, the results reveal a strong correlation between d(100) and d(111). Additionally, 

one observes that the values of d(100) for the materials studied are always at higher energy than the 

corresponding values of d (111), suggesting that the d band model can rationalise the disparate 

reactivity exhibited by different SAA facets. On the contrary, the same model cannot explain the 

reactivity of different SAA surfaces that belong to the same facet. As noted in chapter 1, the reactivity 

of SAAs cannot be explained by the d band model, and this is confirmed by a poor correlation between 

the adsorption energies of the investigated adspecies (i.e. Eads(O), Eads(N2) and Eads(NO)) and the d 

band centres of the PGM for a specific facet (Figure A5).  

Next, we study the electronic structure of the dopant on the two low–index surfaces. To this 

end, we present the corresponding d projected DOS plots for a number of dopant atoms on coinage 

metal surfaces (Figure 25 (c)). As seen in Figure 25 (c), the d band of the single atom exhibits very 

sharp features close to the Fermi level for all Au– and Ag–based SAA surfaces for both low-index 

facets. Conversely, Cu-based SAA surfaces deviate, to some degree, from this behaviour, probably 

because of a better electron density mixing between the dopant and Cu atoms (Figure 25 (c)).43 It is 

also noted that the DOS plots of SAA (100) surfaces are shifted slightly closer to the Fermi level as 

compared to those of SAA (111) surfaces (Figure 25 (c)). This shift in d DOS is consistent with the 

data displayed in Figure 25 (b), and implies a higher electron density available close to the Fermi level 

for the PGM atoms on SAA (100). The result is an enhanced interaction between the SAA (100) 

dopants and the adsorbate species (Figure 25 (a)).      

5.2.2. Assessing the reactivity of SAA surfaces by calculating kinetic barriers 

We continue by assessing the reactivity of SAA(100) and SAA(111) surfaces by means of TS 

calculations. We compute and report effective activation barriers with respect to the most stable initial 

states for three typically structure–sensitive reactions (for the definition of the effective barrier see 

Figure A6 in Appendix II), which include the direct dissociations of NO*, CO2* and N2*,56,156–158 over 

the same SAA surfaces as before. The same barriers are computed over seven (100) and (111) pure 
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metal surfaces (i.e. Pt, Pd, Rh, Ni, Ag, Cu and Au surfaces). The dissociation of the aforementioned 

adsorbates may occur through different pathways over the dilute alloy surfaces. The goal is to identify 

and report the reaction barriers that correspond to the minimum energy path (MEP), which will be the 

most probable dissociation route during reaction (Figure 26).   

 

Figure 26. Examples of different reaction pathways for the dissociation of (a) NO; (b) CO2 and (c) N2. The 
computed barriers and reaction energies are shown on the side of each pathway. The images show the top view 
of the DFT slab and Cu, Ni, N, O and C atoms are shown in orange, purple, blue, red and grey, respectively. 
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Figure 26 shows examples of two alternative dissociation pathways for one of the examined 

surfaces, namely the Ni2Cu(100) where Ni atoms form 1NN dimers. Also shown are the computed Ea 

and Erxn for each path (Figure 26). Path 2, in which the bond cleavage occurs (nearly) above the 

bridge site of the Ni–Ni dimer, is the energetically favoured path for the diatomic adspecies (i.e. NO* 

and N2*), while CO2* prefers to dissociate along the dimer (Figure 26). Similar analysis for other SAA 

and cluster surfaces leads to the reported MEP barriers of Figure 27. It should, however, be noted that 

given the extreme complexity of the PES the existence of alternative paths to those identified cannot 

be precluded.      

Moreover, to verify the reliability of our calculations, it is instructive to compare our results to 

data reported in the literature. The direct dissociation of NO* is underscored as a crucial step for the 

NO reduction with CO. According to theoretical and experimental studies, under some circumstances 

this reaction step is the RDS of the NO + CO reaction.159,160 Among the commonly employed pure 

metal catalysts in three–way catalytic converters (i.e. Rh, Pt and Pd), Rh is the only metal that is 

capable of activating the N─O bond at low temperatures.157 This observation is in line with our DFT 

calculations, which show that the activation barriers for the NO* dissociation reaction over Rh surfaces 

(i.e. Ea = 0.44 eV and 1.42 eV for Rh(100) and Rh(111), respectively) are considerably lower than 

those over Pd and Pt surfaces (Ea = 1.44 eV, 2.25 eV, 0.81 eV and 2.05 eV for Pd(100), Pd(111), 

Pt(100) and Pt(111), respectively) – (Figure 27 (a)). Based on our simulations, the initial state of this 

reaction involves a nitric oxide molecule, which is adsorbed in an upright linear configuration with the 

N atom closer to a hollow site (3–fold and 4–fold for (111) and (100) surfaces, respectively). The only 

exception to that is Rh(100), where we find that a different adsorption configuration, with NO almost 

parallel to the surface, is thermodynamically more stable than the upright linear adsorption structure. 

This is consistent with previous theoretical studies;161 in addition, our computed NO dissociation 

barriers on Rh(100), Rh(111), Pd(100) surfaces are congruent with activation barriers reported in 

previous theoretical and experimental works.157,162–166 
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Regarding the dissociation of CO2* on Cu(100), we compute Ea = 0.95 eV, namely a value 

which is in excellent agreement with the experimentally determined value by Chorkendorff and co–

workers of Ea = 0.96 ± 0.05 eV.167 We also note that there is an excellent match between our calculated 

Ea for Ni(100) and Rh(100) surfaces and those reported by Liu et al. (Figure 27 (c)).158 Furthermore, 

in Figure A7, we provide the activation barriers for the reverse reaction (i.e. CO* oxidation to CO2*). 

Our data, in line with other studies, suggest that the catalytic CO oxidation is very facile on pure metal 

Ag and Au surfaces,168 while relatively low activation barriers are calculated for Cu(111) and Cu(100) 

surfaces (0.48 eV and 0.73 eV, respectively). 

 

Figure 27. Ea(100) and Ea(111) parity for SAA surfaces (red circles), pure metal surfaces (green squares) and 
Ni clusterss on Cu (orange diamonds) for (a) the direct dissociation of NO*; (b) the dissociation of CO2*, and 
(c) the dissociation of N2*. (d) Cu nanoparticles whereon the geometry of Ni and Rh clusters (Ni2Cu, Rh2Cu 
and Ni3Cu) on the (100) and (111) surfaces is highlighted. Cu and Ni or Rh atoms are shown in orange and 
purple, respectively. The red lines in panels (a), (b) and (c) are linear fits of only the SAA data (red circles).  
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An important observation in Figure 27 (a) – (c) is that all three dissociation reactions are, in 

most of the cases, more facile on (100) SAA and pure metal surfaces than on the corresponding (111) 

surfaces. Indeed, according to Liu and Hu,112 one should expect more facile bond activation on more 

open surfaces and on those containing under–coordinated sites (e.g. steps and kinks). This is not true, 

however, for association reactions, which do not follow this trend.112 In our results, the structure–

sensitivity of reactions that involve N─O, C─O and N─N bond–breaking is clear for PGM surfaces 

(i.e. Pt, Pd, Rh and Ni), for which there is a significant scatter in the data (Figure 27 (a) – (c)). By 

contrast, the dissociation barrier differences between the (111) and (100) SAA surfaces are relatively 

small, and noticeably less accentuated in comparison to monometallic PGM surfaces (Figure 27 (a) – 

(c)). The same is true for coinage metal surfaces as well. 

In order to quantify the average difference between the computed kinetic barriers on the two 

low–index surfaces, we define the following metric, Dk :  

   a, , a, ,
1

1
D E 100 E 111

SN

k k i k i
ikN 

  ,  

{ , , , }k SA As PG M s C oinage M etals A ll Pure M etal Surfaces                                                     (73) 

where Nk is the number of surfaces in group k (where k ∈ {SAA surfaces, PGM surfaces, coinage metal 

surfaces, all pure metal surfaces}), Ea,k,i are the computed activation barriers for surface i that belongs 

to group k, and NS is the total number of surfaces in group k. Thus, for each catalyst group k, Dk is 

indicative of the average extent by which the dissociation barriers computed for (111) surfaces deviate 

from those for the more open (100) surfaces.  

Table 1 summarises values of Dk  for the dissociations of NO*, CO2* and N2*. We note that 

D SAAs  and DCoinage Metals  show similar values for the three dissociation reactions, and an average

D DSAAs Coinage Metals  of just 0.11 eV (Table 1). Along these lines, bond scission processes seem to 

exhibit low structure sensitivity on both pure coinage and SAA low–index surfaces. On the other hand, 
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we find that the deviation between Ea(100) and Ea(111) for PGM surfaces  is, on average, larger by ca. 

0.38 eV than that for SAA surfaces. Accordingly, it appears that a significant “part of the structure 

sensitivity” of dissociation reactions is diminished on SAA surfaces as compared to the PGM surfaces, 

and this is an important observation from a surface science standpoint. The “retained structure 

sensitivity” of SAAs can be ascribed to two factors: (i) the slightly different electronic d–band structure 

of the dopant on SAA (100) and (111) (see Figure 25 (b) and (c)); and (ii) geometric effects that arise 

as a result of the extended nature of the TS structure. Indeed, the TS geometries for the N2* and NO* 

dissociations are quite extended, and involve mainly mixed metal sites (e.g. see Figure 28 for SAA 

(100) surfaces).169 Yet, the scission of the C─O bond of CO2* appears to happen closer to the top 

dopant site, hence the relatively small   for this reaction (see Figure 28 and Table 1).  

Table 1. Dk values for SAA and pure metal surfaces for the three examined dissociation reactions. 

Reaction D SAAs  (eV) D PGMs  

(eV) 

DCoinage Metals  (eV) D All Pure Metals  (eV) 

1. NO* → N*+O* 0.27 0.94 0.15 0.60 

2. CO2* → CO* + O* 0.13 0.42 0.33 0.39 

3. N2* → N* + N* 0.39 0.55 0.36 0.49 

Finally, the group All Pure Metals (Table 1) includes all the pure metal surfaces (i.e. PGM and 

coinage metals). Although this group contains the coinage metal surfaces, which do not exhibit 

pronounced structure sensitivity for the bond cleavage reactions, we compute D All Pure Metals  values that 

are always larger than D SAAs  and an average D DSAAs All Pure Metals over the three reactions of ca. 

0.23 eV. 

5.2.3. Highly reactive Ni and Rh clusters on Cu-based alloys  

Another noteworthy feature of Figure 27 is that Cu–based SAAs show considerably lower 

dissociation barriers as compared to Ag– and Au–based SAA surfaces (Figure 27 (a) – (c)). The high 
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activity of Cu–based SAAs toward numerous chemical reactions has been experimentally 

confirmed.40,42,170 We determine that, among the Cu–based SAAs, Ni/Cu and Rh/Cu bimetallic alloys 

exhibit the lowest dissociation barriers. The most facile bond cleavage reactions are predicted to occur 

on Ni/Cu surfaces (Figure 27 (a) – (c)). This behaviour may be explained by: (1) the more localised d 

states of the isolated Ni atom on Cu as compared to the broader d states of Rh, Pt and Pd atoms on the 

same host metal (Figure 25 (c)), and (2) the closer position of the d DOS peak of Ni on Ni/Cu to the 

Fermi level than the corresponding Pt and Pd peaks on Pt/Cu and Pd/Cu, respectively (Figure 25 (c)). 

 
Figure 28. Top view of representative IS, FS and TS structures on SAA(100) surfaces for the (a) dissociation 
of CO2*; (b) dissociation of NO*; and (c) dissociation of N2*. Dopant and host metal atoms are shown in dark 
green and orange, respectively. N, O and C atoms are shown in blue, red and grey, respectively. The structures 
of this figure correspond to the Pd/Cu(100) system, but they are representative for the majority of the SAA(100) 
surfaces.   

Yet, our simulations show that the computed kinetic barriers on pure metal Ni and Rh surfaces 

are always lower than those of the Ni/Cu and Rh/Cu SAA surfaces (Figure 27 (a) – (c)). For example, 

the activation barriers for the direct dissociation of NO* on Rh (111) and (100) surfaces are 1.42 eV 

and 0.44 eV, respectively, while on Ni/Cu (111) and (100) SAA surfaces are 1.47 eV and 1.07 eV 

(Figure 27 (a)). Along the same lines, the dissociation of CO2* appears to be more facile on Rh(100) 

– (Ea = 0.28 eV) than on Ni/Cu(100) – (Ea = 0.64 eV) – (Figure 27 (b)). Finally, the same trend holds 

(a) 

(b) 

(c) 

Final State Initial State Transition State 
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true for the dissociation of N2* for which our computed barriers for SAA surfaces are very large (i.e. 

Ea > 3.0 eV), and large for pure metal surfaces (i.e. Ea > 2.0 eV) – (Figure 27 (c)).   

In an effort to circumvent the “kinetic barrier gap” between SAA and pure metal surfaces, we 

explore the reactivity of small PGM clusters (i.e. dimers and trimers), on Cu surfaces. PGM clusters 

embedded on coinage host surfaces have recently drawn the attention of the catalysis community (see 

chapter 1). Herein, we focus our attention on Ni and Rh clusters on a Cu host (i.e. Ni–Ni dimers and 

Ni trimers, which will be denoted as Ni2Cu and Ni3Cu, and Rh dimers Rh2Cu) – (Figure 27 (d)). This 

is because Ni/Cu and Rh/Cu SAA surfaces demonstrate the highest capability of activating chemical 

bonds (Figure 27 (a) – (c)), and because Ni/Cu alloys are composed of relatively inexpensive metals 

and therefore are attractive from a practical standpoint. Regarding the Rh/Cu dilute alloys, we examine 

the performance of Rh–Rh dimers on Cu, as ab initio Monte Carlo studies indicate that the SAA phase 

on Rh/Cu exhibits high thermodynamic stability under both vacuum and reactive conditions.63 Along 

these lines, we assume negligible formation of clusters larger than Rh–Rh dimers at low concentration 

of Rh over these surfaces.  

Our data suggests that the kinetic barriers for NO* or CO2* dissociation on Rh–Rh dimers are 

closely comparable to or higher than those on the Rh/Cu SAA surfaces (Figure 27 (a) and (b)). On the 

contrary, the breaking of N─O, C─O and N─N bonds is easier on Ni clusters than on isolated dopant 

atoms on coinage metals (Figure 27 (a) – (c)). Therefore, the presence of small Ni aggregates on the 

catalytic surface appears to be beneficial for the catalytic activity toward dissociation reactions. 

Remarkably, Ni2Cu, Ni3Cu surfaces perform almost equivalently to commonly employed PGMs in 

catalysis, such as Ni, Pt and Rh (Figure 27 (a) – (c)). For the direct dissociation of NO*, which is a 

key reaction step for the NO + CO reaction,159  Ni2Cu(111) and Ni3Cu(111) demonstrate moderate 

kinetic barriers of 1.30 eV and 1.37 eV, respectively. These barriers are lower than the corresponding 

barriers for Rh(111) (Ea = 1.42 eV) as well as than that for Pd(111), Pt(111) (Ea = 2.25 eV and 2.08 

eV, respectively) – (Figure 27 (a)). Additionally, the desorption energies of NO* from Ni dimers and 
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trimers are larger (within the range of 2.7 eV – 3.1 eV for both low-index surfaces; see Appendix II) 

than the corresponding NO* dissociation kinetic barriers, indicating a high probability for NO 

dissociation over Ni clusters. This dissociation probability will also be large on the Ni(111) surface 

(where we find Ea = 1.29 eV and a desorption energy of NO of 2.84 eV; see Appendix II), but not that 

large for pure Cu(111) whereon the NO* dissociation barrier (Ea = 1.57 eV) is almost identical to the 

corresponding desorption barrier (1.55 eV). Finally, it should be mentioned that on the (100) surface 

the lowest kinetic barrier is observed for Rh(100) (Ea = 0.44 eV), justifying the extensive use of Rh in 

catalytic converters.   

Moreover, the cleavage of the C─O bond is quite facile on Ni3Cu and Ni2Cu surfaces (Ea < 

0.50 eV for both Ni cluster surfaces). Regarding their pure metal counterparts, our calculations imply 

that the desorption of CO2 will be preferred to its dissociation over Ni(111), Cu(111) and Cu(100) (see  

Appendix II). Remarkably, the same is not true for Ni–Ni dimers and trimers, where we compute CO2* 

desorption energies that are larger than the CO2 dissociation barriers on these surfaces (see Appendix 

II). Accordingly, we conclude that CO2 dissociation will be generally favoured against CO2 desorption 

over that Ni cluster surfaces. The only exception to that is the Ni2Cu(111) surface for which the 

dissociation and desorption energies are 0.47 eV and 0.37 eV, respectively.    

The better efficiency of Ni2Cu and Ni3Cu in cleaving chemical bonds compared to the Ni/Cu 

SAA, can be rationalised by the electronic structure of these systems (Figure 29). Based on the IS and 

TS structures of the examined dissociation reactions, we realise that, with the exception of the 

Ni3Cu(111) surface, the adsorbate species mainly interact with mixed sites on the Ni/Cu surfaces (i.e. 

sites that are surrounded by both Cu and Ni atoms) – (e.g. see Figure 28). These mixed sites, whereon 

the bond breaking occurs, are composed of three and four surface atoms for (111) and (100) dilute 

alloy surfaces, respectively, and are displayed in the insets on the right of Figure 29 for the Ni/Cu 

dilute alloy and SAA surfaces.  
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Also shown in Figure 29 (a) and (b) are the d DOS projected onto the atoms of the mixed active 

sites of SAA and dilute alloy surfaces. Almost all DOS plots exhibit bimodality; the first peak on the 

right (between 0.0 eV and -1.30 eV) is related to the d states of the embedded Ni atoms, while the 

broader peak on the left (between -1.50 eV and -4.50 eV) corresponds to the d states of Cu atoms 

(Figure 29 (a) and (b)). On the other hand, the Ni3Cu(111) surface is hardly bimodal, and this stems 

from the fact that the active site for the dissociation thereon is composed only of Ni atoms (Figure 29 

(a)). 

 
Figure 29. d DOS plots for the Ni/Cu SAA and dilute alloy (a) (111) and (b) (100) surfaces, whereby the DOS 
are projected onto the d states of the mixed active sites shown on the right inset of each DOS plot. The mixed 
active sites are highlighted in the same colours as those of the corresponding DOS curves.  

Importantly, it is noted that the right DOS peaks of Ni3Cu and Ni2Cu exhibit higher intensity 

and are closer to the Fermi level than the corresponding peaks of the two SAA low–index surfaces 

(Figure 29). Along these lines, one may expect that electron back–donation from the mixed active site 

of the former surfaces to the antibonding orbitals of the adsorbates will be more pronounced compared 

to that on the Ni/Cu SAA surfaces. Charge transfer in this direction leads to the formation of 

dissociation precursors (e.g.  during CO2* dissociation),158 and thus is a crucial process in bond 

breaking reactions. This observation explains the generally higher efficiency of small Ni clusters (i.e. 

dimers and trimers) than isolated Ni atoms in activating chemical bonds (Figure 27 (a) – (c)). 

(a) 

(b) 

Ni3Cu(111)   

Ni2Cu(111)   

NiCu(111)   

Ni2Cu(100)   

NiCu(100)   Ni3Cu(100)   
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5.2.4. On the performance of Ni and Rh clusters in association reactions 

Our discussion in the previous section implies that small Ni, and Rh to a smaller extent, clusters 

on Cu surfaces show promising performance in relation to the activation of chemical bonds. The next 

step is to examine the performance of the Rh2Cu, Ni2Cu and Ni3Cu surfaces toward association 

reactions, which are often equally important to dissociation reactions. We focus on the reverse 

reactions to those presented in Figure 27, namely the formation of NO*, N2* and CO2*. Besides the 

aforementioned highly dilute alloy surfaces, we also investigate the performance of pure Cu, Ni and 

Rh surfaces, as these catalysts are the monometallic counterparts of the dilute alloys. Before 

proceeding to our results, we briefly discuss some fundamental principles with regard to association 

reactions. This discussion will help us in deciphering the observed trends in our simulation data.  

In general, the barrier of an association reaction (e.g. A* + B* ↔ AB*) can be decomposed 

into terms that are associated with the geometric and electronic effects on the kinetic barrier as 

follows:113  

   TS TS IS IS TS IS

A B A B int intTS IS
as as asE E E E E E E E E

Geometric effects

a

Electronic effects

       



,                           (74) 

where , TS
AE , TS

BE , IS
AE  and IS

BE  and are the chemisorption energies of A and B in the TS and IS 

positions, respectively, TS
intE  and IS

intE  account for the interactions between the reactants A and B in the 

TS and IS, respectively.171 The latter terms are often positive as a result of repulsive interactions 

between the two reactants.  

The chemisorption energies in eq. (74) are strongly related to the local electronic environment 

(i.e. the position of the d band centre) of the surface whereon the reactant species are bound to. These 

terms may be considerably different for chemisorption on under–coordinated sites (e.g. steps, kinks) 

than for chemisorption on flat surfaces  (e.g. sites on the (111) surface), and quantify the contribution 

of the electronic effects to the association barrier.112 Importantly, a large number of association 

reactions, including these examined here, exhibit early TSs. In such cases, the IS structure closely 
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resembles the TS structure (e.g. see panels in Figure 28 in the reverse order), thereby rendering TS
AE  

and TS
BE  similar to IS

AE  and IS
BE , respectively. On this basis, it is generally true that the contribution of 

electronic effects to the structure sensitivity of association reactions is small,112 but not necessarily 

negligible.  

Furthermore, the contribution of the geometric effects to asEa  is described by TS
intE  and IS

intE ,112 

which quantify the interactions between the two reactants in the TS and in the IS. These interactions 

arise due to: (i) bonding competition effects;172 and (ii) the direct Pauli repulsion between the reactant 

species.113 The former effects are important when the reactants are bonded to the same metal atom in 

the TS and/or IS structures.113 A good example is the activation of CH4 over a Pt/Ag(111) SAA surface, 

where CH3* and the activated H adatom share the top Pt site in the TS.45 Accordingly, we expect that 

bonding competition effects will be alleviated for the NO*, N2* and CO2* formation reactions on Rh, 

Cu, Ni, Rh2Cu Ni2Cu and Ni3Cu (100) and (111) surfaces, for which in the TS and IS, the reactants 

are located in different hollow sites and are not competing for the same metal top site (see Figure 30 

(c)).   

Regarding the direct Pauli repulsions, we note that these effects are important when the distance 

between the reactant species is less than 2.5 Å.113 Within this range of distance there will be a direct 

overlap between the wave functions of the reactants.3  Figure 30, panels (a) and (b) summarise these 

distances (dA-B) for the three studied reactions on dilute and pure metal surfaces for the TS and IS 

structures, respectively. It is observed that for all the ISs dA-B > 2.5 Å, while for all the TSs the opposite 

is true and in the vast majority of the cases dA-B < 2.0 Å. Therefore, the magnitude of direct Pauli 

repulsions in the IS will be small, and IS
intE  in eq. (74) will be approximately zero.112,113 Conversely, 

Pauli repulsions will be significant in the TSs and the magnitude of a computed association barrier will 

be heavily dependent on TS
intE .  



 

98 
 

 
Figure 30. Reactant distances in the (a) TS and (b) IS structures for the three association reactions on the dilute 
alloy and pure metal (111) and (100) surfaces. The dashed line marks the 2.5 Å distance, below which Pauli 
repulsions become significant. Top view of the TS structures for the three reactions on the (111) and (100) pure 
metal surfaces (panels (c) – (e) for N2, NO, CO2, respectively) and dilute alloy surfaces (panels (f) – (h) for N2, 
NO, CO2, respectively). O, N and C atoms are shown by red, blue and grey, respectively. Ni, Cu and Rh atoms 
are shown in purple, orange and dark green, respectively.  

Our computed barriers for the formation of N2*, NO* and CO2* are shown in Figure 31 (a), (b) 

and (c) from where one sees that these association reactions exhibit significant structure sensitivity. 
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This behaviour can be loosely attributed to the fact that, in many cases, the reaction intermediate 

species reside in high coordination sites (i.e. threefold and fourfold sites) – (Figure 30 (c) – (h)).173 

The lowest structure sensitivity is seen for the oxidation of CO*, where CO* and O* in the TS are 

always bound to low coordination sites (i.e. top and bridge sites) – (Figure 30 (e) and (h)).173  

Importantly, for all the association reactions, we observe that the Cu and dilute alloy surfaces follow 

the same trend by which the computed barriers on the (111) surfaces are lower than those of the 

corresponding (100) surfaces. The exact opposite trend is observed for Rh surfaces (Figure 31 (a), (b) 

and (c)). These trends are associated with the extent of the direct Pauli repulsions between the reactants 

in the TS on these surfaces (we discuss this in the following paragraphs).   

Particular attention is paid to the formation of N2* as this reaction is a crucial elementary step 

for the NO reduction by CO because of the following reasons: (i) this association reaction frees up 

active sites that can catalyse subsequent surface reactions; and (ii) it is the RDS for the NO + CO 

reaction at high temperatures.159 The IS of this reaction involves two N adatoms on hollow sites, whilst 

in the FS, N2* is vertically adsorbed on a top site.149,174 In order to verify the reliability of our data, we 

compare our computed kinetic barrier on Rh(111) – (Ea = 1.84 eV) to the value reported by Ishikawa 

and Tateyama for the same reaction pathway of N2 formation (Ea = 1.78 eV),159 and we find a 

reasonable agreement.   

Our simulations show that the N2* association reaction proceeds with similar kinetic barriers 

on the Rh2Cu(100), Ni cluster (100) – (i.e. Ni2Cu & Ni3Cu), Cu(100) and Rh(100) surfaces (Figure 31 

(a)). These barriers are large, being within the range of 1.50 eV – 2.00 eV, and the lowest values are 

observed for Rh(100) and Ni2Cu(100) (1.50 eV and 1.57 eV, respectively) – (Figure 31 (a)). We also 

find a very large association barrier on Ni(100) (Ea = 2.82 eV), whereon the formation of N2 will be 

an extremely rare event.   

Interestingly, the formation of N2* is dramatically more facile on Ni e clusters, Rh–Rh dimers 

and Cu (111) surfaces as compared to the Rh(111) and Ni(111) surfaces. For example, the kinetic 
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barrier for the Ni2Cu(111) surface (Ea = 0.62 eV) is lower than that for Rh(111) (Ea = 1.85 eV) by 1.23 

eV and that for Ni(111) (Ea = 1.54 eV) by 0.92 eV (Figure 31 (a)). This observation, along with the 

ability of Ni clusters to dissociate the N─O bond, and the relatively low CO* oxidation barriers of Cu 

surfaces (Figure 31 (c)), make us envision a bifunctional Ni/Cu alloy suitable for the reduction of NO. 

On this alloy catalyst, Cu atoms may be the active sites for the oxidation of CO*,175 while Ni clusters 

will provide the sites for the N─O bond cleavage and the formation of N2*.     

 
Figure 31. Computed barriers for the formation of (a) N2; (b) NO and (c) CO2 on different (100) and (111) 
dilute alloy and pure metal surfaces (colour coding shown in the legend below the bar charts). Panels (d) and 
(e) show the 2p–projected DOS of an N atom adsorbed on Ni2Cu and Rh surfaces, respectively. Panels (f) and 
(g) show the 2p–projected DOS of an O atom adsorbed on Ni2Cu and Rh surfaces, respectively. The insets in 
panels (d), (e), (f) and (g) show the top view of the DFT slabs where the positions of the adatoms (N and O) is 
highlighted. Cu, Ni, Rh, O and N atoms are shown in orange, purple, dark green, red and blue, respectively. The 
area shaded in green in panels (d), (e), (f) and (g) is the p-d bonding area.   

As pointed out earlier, an interesting observation is that the kinetic barrier for the formation of 

N2* for Rh(100) is lower than that for Rh(111)  (i.e. Ea(111) > Ea(100)), while the opposite trend is 

true for the rest of the examined surfaces (i.e. Ea(111) < Ea(100)) – (Figure 31 (a)). This is true for the 
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other association reactions as well (Figure 31 (b) and (c)), namely bond formation is more facile on 

the most densely packed dilute alloy (111) surfaces (Ni2Cu, Ni3Cu and Rh2Cu).   

According to our previous discussion, the preponderant contribution to the computed 

association barriers stems from the direct Pauli repulsion between the reactants in the TS. Qualitative 

insights into the magnitude of the Pauli repulsion can be provided by the local DOS of the reactant 

species in the TS position.113 To this end, we analyse the N 2p–projected DOS of a single N atom 

adsorbed on the same position as in the TS structure for the following four surfaces: Ni2Cu(111), 

Ni2Cu(100), Rh(111) and Rh(100) – (Figure 31 (b) and (c)). The former two surfaces are representative 

of the Ea(111) < Ea(100) trend, while the latter two follow the Ea(111) > Ea(100) trend. Our DFT 

calculations show that the TS position for the N* atom is near a bridge site for Rh(100), Rh(111) and 

Ni2Cu(111) surfaces and near a mixed 4–fold site for Ni2Cu(100) – (Figure 30 (c) and (f)).   

The DOS plots are displayed in Figure 31 (d) and (e), and the main difference between the DOS 

curves is observed in the region between –7.0 eV and –5.0 eV; this is the region where the p orbitals 

of the N adatom mix with the d states of the catalytic surface (i.e. the p–d bonding region). We realise 

that the 2p–projected DOS in the p–d bonding region of the Ni2Cu(100) surface has much higher 

intensity and appears more localised than on the Ni2Cu(111) surface (Figure 31 (e)). Therefore, we 

expect a larger Pauli repulsion between the N adatoms on Ni2Cu(100) than on Ni2Cu(111), thereby 

explaining the large difference in the computed barriers (Ea = 1.57 eV and 0.62 eV for Ni2Cu(100) and 

Ni2Cu(111), respectively). Similarly, the N* 2p–projected DOS for Rh(111) and Rh(100) show an 

overall higher density of states in the p–d bonding region for the former surface than for the latter (the 

total areas below the DOS curves in the p-d bonding region are 1.62 for Rh(111) and 1.35 for Rh(100); 

Figure 31 (e)). However, in this case the intensity of the peaks is similar (Figure 31 (e)), and 

consequently there is no dramatic difference in the barriers exhibited by the two surfaces (Ea = 1.85 

eV and 1.50 eV for Rh(111) and Rh(100), respectively).  
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The observed trends for the formation of NO* can be understood along the same lines as for 

the formation of N2*. We find that for the former reaction Ea(100) > Ea(111) on the three dilute alloy 

surfaces, and that the TS structures on both Ni2Cu(111) and  Ni2Cu(100) facets involve an O adatom 

on a mixed bridge site (Figure 30 (g)). By analysing the 2p–projected DOS of the O adatom in the 

mixed bridge sites of the two aforementioned surfaces, we note that the DOS peaks in the p-d bonding 

area are similar in terms of intensity and width (Figure 31 (f)). This may be an indication that the 

observed differences between the barriers of the NO* formation on (111) and (100) dilute alloy 

surfaces arise largely from the disparate electronic structure of the N* atoms on these surfaces (Figure 

31 (d)), and not from both reactants. Accordingly, the barrier differences between the (111) and (100) 

surfaces for the association of NO* are much smaller than that for the formation of N2* (Figure 31 (a) 

and (b)). Finally, Figure 31 (g) shows the 2p–projected DOS of an O adatom on Rh(111) and Rh(100) 

surfaces. The O* DOS on Rh(111) exhibit a higher intensity and are more localised than the DOS for 

Rh(100), thereby explaining the Ea(100) < Ea(111) trend in Figure 31 (b).   

5.3. Concluding remarks 

As a final remark, regardless of the showcased capability of Ni clusters to perform facile N2* 

formation and N─O bond scission, we acknowledge that further studies are required to establish Ni/Cu 

dilute alloys as promising NO reduction catalysts. In particular, additional reaction steps that take place 

during the NO + CO reaction have to be examined (e.g. the formation of N2O).176–178 Moreover, in the 

presence of CO, the formation of harmful Ni(CO)4 species is a common problem for Ni–based 

catalysts, and this would also have to be taken into account. Finally, KMC simulations, which account 

for adsorbate–adsorbate interactions, should be performed in order to unveil phenomena occurring at 

the mesoscale. This will also enable an accurate comparison between the Ni/Cu dilute alloy and 

currently employed metals in catalytic converters (Pd, Pt and Rh). Some of these factors are considered 

in the next chapter, while the rest could be future research.  
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6. The decomposition of N2O and the NO + CO reaction over Ni/Cu 
dilute alloys 

A key conclusion of the previous chapter was that bond cleavage reactions exhibit reduced structure 

sensitivity on low–index facets that prevail on NPs of fcc metals. This result implies that studies over 

the (111) SAA facet may give insight into the behaviour of the (100) SAA facet, and vice versa, thereby 

accelerating the development and design of optimal SAA catalysts. Additionally, the presented 

screening study revealed the potential of Ni/Cu dilute alloys, whereby Ni atoms form small clusters, 

for the NO + CO reactions. The catalytic reduction of NO by CO is a crucial reaction for controlling 

automobile emissions, and Rh is underlined as the most promising PGM for this reaction.179 By and 

large, this is because Rh can activate the N─O bond at relatively low temperatures,46,157,180 and also 

because of its high resistance to common poisons (e.g. sulphur).181 Therefore, Rh is extensively used 

in the automobile three–way catalysts (TWCs), whereon noxious gases (nitrogen oxides (NOx), CO, 

unburned hydrocarbons) are converted into environmentally benign products (e.g. N2). Yet, there are 

two important shortcomings in relation to Rh: (1) it is very expensive; and (2) it is scarce.179 

Unsurprisingly, these downsides have turned the attention of the catalysis community into the search 

of TWCs that are either PGM–free182–191 or utilise minimal amounts of PGMs.42,192–194 The present 

chapter contributes to these efforts by investigating the performance of Ni/Cu(111) dilute alloys for 

the catalytic reduction of NO by CO. As the formation and decomposition of nitrous oxide (N2O) are 

parts of the NO + CO reaction, we begin by studying these reaction steps by means of DFT. Then, the 

obtained energetics are used to parametrise a microkinetic model for the entire NO + CO reaction. 

Along with the Ni/Cu dilute alloys, the aforementioned reactions are also modelled on Cu(111) (i.e. 

the host metal surface), as well as on Rh(111), which is used for benchmarking.  The contents of this 

chapter have been published in Catal. Sci. Technol., 2021.195 
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6.1. Computational details  

The DFT setup for the calculations of this chapter is identical to the one employed in the 

previous chapter (see section 5.1). The microkinetic model for the NO + CO reaction included 16 

reaction steps for Cu(111), Ni/Cu(111) single atom alloy (SAA), and Ni2Cu(111) surfaces and 14 

reaction steps for Rh(111) – (see Table 3). On the monometallic surfaces there was only one site type, 

while in the bimetallic surfaces there were Cu and Ni sites, denoted as Cu* and Ni*, respectively. 

Therefore, for the latter surfaces, we define the “local” coverages as follows: 
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where  m
iN  is the number of molecules of adsorbate species i that are bound to sites of type m (either 

Cu* or Ni*); and  m
sitesN  is the number of sites of type m. We further define the total coverage of 

adsorbate i,  i, as: 
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where Nst is the total number of site types; the summation index m runs over these site types (for the 

bimetallic surfaces the two types are: Cu* and Ni*; for monometallic surfaces there is only one site 

type which can be either Cu* or Rh*); and xm is the fraction of sites m on the surface, given as: 
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All reactions were considered reversible, and the forward/reverse rates were given by the typical mass–

action law expressions used in microkinetic models, which contain the partial pressures of gas–phase 

species (considered as constants) and the surface coverages. The gas–phase species taken into account 

were NO, CO, N2, CO2, N2O, while the surface species were O*, CO*, N*, NO*, CO2*, N2* and N2O*, 

as well as the vacant site pseudo–species denoted as *. Regarding the N2O* species, three different 
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adsorption geometries were taken into account (see the next section). The transitions from one 

adsorption geometry to another could happen through transformation reactions that were included in 

the reaction mechanism (see R10 – R11 in Table 3). The forward rate for reaction j on site–type m is 

formulated as follows: 
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.                 (78) 

In the above equation, gas
jR  is the set of gas–phase reactant species of reaction j; gP  is the partial 

pressure of gas species g; and gjv  is the stoichiometric coefficient of that gas phase species in reaction 

j. By convention, stoichiometric coefficients are negative for reactants and positive for products; if a 

species does not appear in a certain reaction, the corresponding stoichiometric coefficient is zero. 

Moreover, surf
jR  is the set of surface reactant species of reaction j; ijv  is the stoichiometric coefficient 

of that surface species i in reaction j; and  ij
i
m

q  is the local coverage of surface species i on sites of 

type ijm . The latter term may or may not be equal to m, since, a reaction that is said to happen on site 

m (e.g. Ni*), may well involve another species adsorbed on a neighbouring site type (e.g. Cu*). For 

instance, when reaction R9 of Table 3 (NO* + N* ↔ N2O* 2NbNt  + *) happens on a Ni site, NO* 

is found on the Ni site, while N* is on Cu; therefore, the rate would be: 

       Ni* Ni* Ni* Cu*
, NO* N9 , *fwd fwd jR k q q .     

For further information on the considered reactant configurations for events that involve two sites see 

Appendix III. Similarly, the reverse rate for reaction j on site–type m is formulated as follows: 

       
, ,

m m ij
rev j rev j g i

gas surfg ij j

ij
gj

v
v

R k P

 

   
   m
q

P P

.                            (79) 

Note that gas
jP  and surf

jP  denote sets of products of reaction j, and the stoichiometric coefficients 

appear with their “original” positive signs, because of the convention mentioned earlier. 
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 The rate constant calculations for the surface reactions (  
,

m
fwd jk  and  

,
m

rev jk ) are calculated after 

invoking the widely used transition state theory approximations. If a reaction cannot happen on a 

certain site, then    
,, 0m m

rev jfwd jk k  . We further define the net rate of reaction j on site m as: 

     
,,

m m m
j rev jfw d jR R R  .                    (80) 

The coverage profiles over the investigated surfaces can now be obtained by solving a system of 

ordinary differential equations (ODEs) written as    

 
 

1

RNm
mi

ij j

j

d
v R

dt

q



 ,   (81) 

where NR is the total number of (reversible) reactions. The ODEs were solved in Matlab R2017a, using 

the ode23s solver, which is capable of dealing with stiff equations. An important constraint that had to 

be satisfied is the site conservation law   

 

1 1

1
s stN N

m
m i

i m

x q
 

 .                     (82) 

To calculate the rate constants of the reactions the following assumptions and approximations were 

adopted. Molecular adsorptions were assumed as non–activated events with a 2D gas as a transition 

state, where molecules retain translational and rotational degrees of freedom. Accordingly, the rate 

constants for molecular adsorptions were calculated using the Hertz–Knudsen equation assuming a 

sticking coefficient equal to unity (eq. (83)):196 

2 T
st

ads
i B

A
k

m k


   
,                    (83) 

where mi is the mass of molecule i; T is the temperature; and Ast is the effective area of the adsorption 

site. The pressure of gas phase–species is omitted in eq. (83) because it is explicitly taken into account 

in eq. (78) and eq. (79). The rate constants for surface reactions and desorption events were calculated 

using the Eyring equation:   
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TS

IS

T Q
= exp

TQ
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Ek
k

h k


 
 

 
,                   (84) 

where h is the Planck’s constant; QTS and QIS are the partition functions of the transition and initial 

states, respectively. The rate constants of surface reactions were calculated using the harmonic 

approximation, and therefore frustrated translations and rotations of surface species were treated as 

vibrations; under these circumstances, the partition function of an adsorbed state (either initial or 

transition state) is equal to the vibrational partition function (qvib): 
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,                              (85) 

where S is the number of vibrational modes; k is the angular frequency of the kth normal mode of 

vibration; and ħ is the reduced Planck’s constant.  

The net rates for N2 and N2O are calculated as follows: 

 
R 3,2,

1
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m

N netnet
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 ,                     (86)  
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   ,                    (87) 

where  
,
m

j netR  is the net reaction rate of j on site m. Finally, the contribution of each elementary step to 

the total reaction rate was quantified using Campbell’s degree of rate control (DRC) – (see eq. (88)):197,198  
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,                          (88)     

where  
,

m
RC jΧ  is the DRC coefficient for reaction j on site m; 

2,netNR is the net reaction rate for the 

production of N2 (eq. (86)) on site m (eq. (80));  

nK  is the equilibrium constant of reaction =1,…,NR 

on site m = 1,…,Nst;  

n m

jk  are the rate constants for all other steps than j that take place on either Cu* 
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or Ni* (the site other than m). The larger the absolute value of  
,

m
RC jΧ  the larger the influence of that 

reaction step to the overall reaction rate; also when  
,

m
RC jΧ  > 0, the reaction is rate–limiting, whereas for 

 
,

m
RC jΧ  < 0 the reaction is an inhibition step. 

6.2. Results and discussion 

6.2.1.  Adsorption of N2O on Ni/Cu dilute alloy surfaces  

 N2O is a linear molecule (C∞V symmetry) with an N─N bond between a central N atom (Nc) 

and a terminal N atom (Nt), and an Nc─O bond. The optB86b–vdW-computed N─O and N─N bond 

lengths are 1.20 Å and 1.14 Å, respectively, and these values are in excellent agreement with the 

experimentally determined bond distances (~1.18 Å and ~1.13 Å for N─O and N─N, respectively).199 

Gas–phase nitrous oxide is a harmful by–product of industrial processes (e.g. nitric acid production), 

and its catalytic decomposition has been investigated over many transition metals, including Rh,200 

Cu,178 Ru,201 Pd,202 Fe,203 Ni,204 Pt,176 PdAu,205 and  PdCu.206 Here, we begin by examining the 

adsorption of nitrous oxide on Cu(111), Ni/Cu(111) SAA and Ni2Cu(111) surfaces, but also on our 

“benchmarking surface” Rh(111). It is known that N2O* may adopt a number of different adsorption 

geometries upon its interaction with metal surfaces.177,202 Accordingly, we identify six stable 

adsorption geometries, out of which one is linear and perpendicular to the surface, whilst in the other 

five, N2O* undergoes considerable distortion compared to N2O in the gas phase. These structures are 

denoted as: 1–(Nt{top}), 2–f(Nt{bridge},Nc{top}), 2–h(Nt{bridge},Nc{top}), 2–

(Nt{top},Nc{top}), 2–(Nt{top},O{top}), and 2–(Nt{hcp},O{top}); their side and top views are 

shown in Figure 32 (a) – (f). From those adsorption structures, 1–(Nt{top}) is the only one where 

N2O* is bonded to the catalytic surfaces through only one atom. Regarding the 2 structures, we note 

that the adopted geometries in 2–f(Nt{bridge},Nc{top}) and 2–h(Nt{bridge},Nc{top}) are virtually 

identical. The only difference is that in the former, nitrous oxide lies over an fcc hollow site, while in 

the latter it lies over an hcp site. Moreover, the 2–(Nt{top},O{top}) structure is known to be the 
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precursor state for adsorbed N2 and atomic oxygen.177 Since we will be referring often to the 1–

(Nt{top}), 2–f(Nt{bridge},Nc{top}) and 2–(Nt{top},O{top}) structures throughout this paper, we 

adopt the following abbreviations for them: 1, 2NbNt and 2NtOt, respectively.   

 

Figure 32. Top and side views of (a) 1–(Nt{top}); (b) 2–f(Nt{bridge},Nc{top}); (c) 2–
h(Nt{bridge},Nc{top}); (d) 2–(Nt{top},Nc{top}); (e) 2–(Nt{top},O{top}) and (f) 2–(Nt{hcp},O{top}) 
adsorption structure. On the side view of (a) we highlight the terminal (Nt) and central (Nc) nitrogen atoms. Ni, 
Cu, N and O atoms are shown in purple, orange, blue and red, respectively. The adsorption geometries are 
shown over Ni2Cu(111), but they are representative for all surfaces.    

The computed adsorption energies for the considered geometries, along with the N─O (dN-O) 

and N─N (dN-N) bond distances are summarised in Table 2. We note that there are two most preferred 

N2O* adsorption structures on Rh(111): the 2NbNt mode (Eads(N2O) = -0.83 eV), and the equally 

stable 2–h(Nt{bridge},Nc{top}); in the latter, N2O* adopts the same structure as 2NbNt, but over 

an hcp hollow site (Table 2). This type of adsorption can be considered as a weak chemisorption 

(a) 1–(Nt{top}) 2–f(Nt{bridge}, Nc{top}) 

(c) 

(e) 

(b) 

(d) 2–h(Nt{bridge}, Nc{top}) 2–(Nt{top}, Nc{top}) 

2–(Nt{top}, O{top}) 

Nt 
Nc 

(f) 2–(Nt{hcp}, O{top}) 
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because: (1) the geometry of N2O* deviates noticeably from the gas–phase geometry; and (2) because 

the N─N bond is considerably elongated (dN-N = 1.14 Å and 1.35 Å for gas-phase N2O and 2NbNt 

N2O*, respectively). The following most stable adsorption structures are the 1 and 2NtOt with 

Eads(N2O) = -0.71 eV and Eads(N2O) = -0.72 eV, respectively. The former structure can be characterised 

as a strong physisorption owing to the unaffected geometry and bond lengths of 1 N2O* as compared 

to gas–phase N2O.   

The activation of the N─N bond in the 2NbNt structure can be elucidated by careful 

examination of the electronic structure of this geometry (Figure A9).177 Our DOS analyses indicate 

that in 2NbNt  the 2π and 3π orbitals of N2O* become broader as a result of their interaction with the 

metal states, whilst the same is not true for  the 1 structure where the same orbitals appear rather 

localised (Figure A9). The broadening of the 3π orbitals is indicative of electron back–donation, which 

in turn leads to the activation of the N─N bond. This result is in qualitative agreement with the work 

of Paul et al.177 where the authors, by means of DFT calculations using the PW91 functional, found 

that the 2NbNt and 1 are ca. equally stable on Rh(111) (Eads(N2O) = -0.35 eV and Eads(N2O)  -0.39 

eV, respectively). Moreover, our calculations suggest that N2O* is bound stronger by ca. 0.5 eV on 

Rh(111) compared to the work of Paul et al.177 This, however, should come as no surprise as recent 

studies by Ishikawa and Tateyama have shown that the inclusion of dispersion forces in DFT 

calculations may increase the binding strength of loosely bound adsorbates of the NO + CO reaction 

(i.e. N2O*, CO2*) by as much as 0.7 eV.   

We proceed by investigating the adsorption of N2O* over Cu(111) and the Cu–based alloy 

surfaces. We find that N2O* interacts weakly with Cu(111) (Table 2), and that the most stable 

adsorption geometries thereon are 2–(Nt{hcp},O{top}) and 1 for which Eads(N2O) = -0.25 eV and   

-0.21 eV, respectively. This small binding strength suggests that N2O* desorption from the Cu(111) 

surface will be likely happening before its decomposition, thereby reducing the selectivity of this 

surface toward N2 during the NO + CO reaction. This observation is in line with previous studies,178 
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and is discussed in greater detail in the next section. Furthermore, adsorption in the 2NtOt 

configuration is exothermic with Eads(N2O) = -0.19 eV, while the rest of the 2 adsorptions are 

endothermic (Table 2).     

Table 2. Adsorption energies (in eV) and bond distances (in Å) for the different N2O* adsorption geometries 
over the investigated surfaces. The adsorption energies and bond distances that correspond to the most stable 
adsorption structure(s) for each surface are shown in bold. A dash indicates either that the adsorption structure 
is not stable on the specific surface or that it is not a minimum on the potential energy surface (i.e. there was an 
imaginary frequency in the vibrational analysis). For comparison: dN-N = 1.14 Å and dN-O = 1.20 Å for gas N2O.  

Adsorption Structure Property Rh(111) Cu(111) Ni/Cu(111) SAA Ni2Cu(111) 

1–(Nt{top}) 
(denoted as1) 

Eads(N2O) -0.71 -0.21 -0.70 -0.68 

dN-O 1.20 1.20 1.20 1.21 

dN-N 1.15 1.15 1.15 1.15 

2–f(Nt{bridge},Nc{top}) 
(denoted as 2NbNt) 

Eads(N2O) -0.83 +0.15 -0.43 -0.74 

dN-O 1.22 1.23 1.23 1.23 

dN-N 1.35 1.29 1.29 1.31 

2–h(Nt{bridge},Nc{top}) 

Eads(N2O) -0.83 +0.15 -0.41 -0.73 

dN-O 1.22 1.23 1.23 1.23 

dN-N 1.36 1.29 1.28 1.30 

2–(Nt{top},Nc{top}) 

Eads(N2O) -0.72 +0.27 – -0.62 

dN-O 1.25 1.23 – 1.24 

dN-N 1.26 1.22 – 1.25 

2–(Nt{top},O{top}) 
(denoted as 2NtOt) 

Eads(N2O) -0.71 -0.19 -0.53 -0.68 

dN-O 1.33 1.28 1.30 1.32 

dN-N 1.20 1.19 1.20 1.20 

2–(Nt{hcp},O{top}) 

Eads(N2O) – -0.25 -0.44 -0.75 

dN-O – 1.30 1.31 1.32 

dN-N – 1.27 1.25 1.27 
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Interestingly, we note that the presence of a small amount of Ni on the surface layer of Cu(111) 

brings about drastic changes with regard to the binding strength of N2O* (Table 2). Thus, the most 

stable adsorption geometry on the Ni/Cu(111) SAA surface is 1 (Eads(N2O) = -0.70 eV), where the Nt 

atom of N2O* interacts closely with the isolated Ni atom. By contrast, the 2NbNt and 2–

(Nt{hcp},O{top}) are the most favourable adsorption modes for Ni2Cu(111), with Eads(N2O) = -0.74 

eV and Eads(N2O) = -0.73 eV,respectively. Crucially, the corresponding adsorption processes are about 

0.5 eV more exothermic than the 1 and 2–(Nt{hcp},O{top}) modes on Cu(111), thereby 

highlighting the potential of the Ni/Cu dilute alloys for the decomposition of N2O*. With this in mind, 

we examine the latter reaction over Cu(111) and the Cu–based surfaces.     

6.2.2.  N2O* formation and activation on Cu–based surfaces – the “conventional” 
reaction path  

In order to verify the reliability of our data, we first perform calculations in relation to the 

activation of N2O* on the Rh(111) surface, and compare our results to those reported in previous 

theoretical works. The computed reaction pathway for the decomposition of N2O* to either N2* + O* 

or NO* + N* is displayed in Figure A10 in Appendix III. In this “conventional” reaction pathway the 

transformation of NO* + N* to N2* + O* proceeds via the 1 adsorption structure (Figure A10), and 

our computed activation barriers are congruent with previously calculated values. For example, Paul 

et al.177 reported an activation barrier of 0.34 eV for the transformation of the 2NtOt structure to the 

1 structure; this number is in good agreement with our computed barrier (Ea = 0.38 eV from state (4) 

to state (3) in Figure A10). Another example is the required barrier for the decomposition of the 

2NbNt (state (1) in Figure A10) structure to NO* + N*. The values for this work and ref. 177 are 0.36 

eV and 0.41 eV, respectively. Consequently, we use our computational setup and study the 

decomposition of N2O* on Cu(111), Ni/Cu(111) SAA and Ni2Cu(111) surfaces.     

Figure 33 (a) shows the “conventional” decomposition pathway for Cu(111), where the 1 

structure “connects” the NO* + N* and N2* + O* states. During the NO + CO reaction, the 
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combination of NO* and N* species may result in the formation of N2O*, which ideally should be 

decomposed to N2* + O*. Once formed, N2O* adopts the 2NbNt structure, and starting from this 

geometry on Cu(111) (state (1) in Figure 33 (a)), we realise that the formation of N2* and O* is 

thermodynamically and kinetically favoured over the formation of NO* and O*. In particular, the 

decomposition of 2NbNt N2O* to NO* + O* requires the traversing of a barrier of 0.94 eV, while the 

three barriers to be traversed for the formation of N2* + O* are only 0.14 eV, 0.06 eV and 0.06 eV. 

Yet, we conjecture that Cu(111) will be susceptible to the production of N2O during the NO + CO 

reaction. This is because of the following reasons: (1) N2O* can be formed from NO* and N* species 

with a relatively small kinetic barrier of  0.44 eV (Figure 33 (a)); once N2O* is formed from NO* and 

N* in the 2NbNt structure (state (1) in Figure 33 (a)), its desorption is the most probable scenario 

(Table 2); and (3) even in the 1 and 2NtOt geometries, N2O* binds weakly on Cu(111) and its 

desorption will be proceeding at considerable rates even at moderate reaction temperatures.  

 
Figure 33. Reaction path for the decomposition of N2O* to NO* + N* or N2* + O* over (a) Cu(111) surface; 
(b) Ni/Cu(111) SAA, Ni2Cu(111) and Ni3Cu(111) surfaces.  The numbering of the adsorbed configurations of 
N2O is as follows: (1) 2NbNt, (2) 1 and (3) 2NtOt. The zero level corresponds to infinitely separated (and 
thus non–interacting) N2O molecule and clean slab. States without any labelling are transition states. Side views 
of the different states are shown in Appendix III (Figure A13). Ni, Cu, O and N atoms are shown in purple, 
orange, red and blue, respectively.   

On the contrary, we find that the decomposition of N2O* may be significantly promoted by 

embedding one or two Ni atoms on Cu(111), thereby forming a single atom alloy or a dilute alloy 
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surface. The computed desorption energies for 2NbNt N2O* (state (1) in Figure 33 (b)) on Ni/Cu(111) 

SAA and Ni2Cu(111) are 0.43 eV and 0.74 eV, respectively. By considering this adsorption structure 

as the starting point, we note that the transformation of N2O* to structure 1 (i.e. state (2)) and 2NtOt 

(i.e. state (3)), and the decomposition of the latter to N2* + O would generally traverse small barriers, 

which are always less than 0.30 eV and 0.40 eV for Ni/Cu(111) SAA and Ni2Cu(111), respectively. 

Thus, 2NbNt N2O* (state (1)) would prefer to decompose to N2* + O*, than desorb to the gas phase. 

The exothermic adsorption of 2NbNt N2O* (i.e. the first adopted structure after N2O* 

formation from NO* and N*) will, to certain extent, prevent the N2O* desorption to the gas phase. 

This will increase the probability of “trapping” N2O* to the catalyst surface and therefore the 

probability for its decomposition. Moreover, even stronger 2NbNt N2O* binding should be expected 

on Ni–Ni dimers and Ni single atoms that are embedded on more open surfaces than the densely packed 

(111) and on under–coordinated sites that can be found in catalytic nanoparticles.   

Another point that merits consideration is that the selectivity toward the decomposition 

products (NO* + N* or N2* + O*) can be altered by tuning the size of the Ni cluster. To better illustrate 

this point, we present the corresponding N2O* decomposition pathway over a Cu(111) with an 

embedded Ni trimer (Ni3Cu(111) in Figure 33 (b)). Interestingly, the kinetic barrier for the formation 

of the 2NbNt geometry (state (1) in Figure 33 (b)) from NO* and N* increases monotonically at 

increasing size of the Ni cluster (Ea = 0.51 eV, 0.60 eV and 0.68 eV for Ni/Cu(111) SAA, Ni2Cu(111) 

and Ni3Cu(111), respectively). The opposite is true for the reverse reaction (i.e. 2NbNt N2O* to NO* 

+ N*) for which Ea = 0.97 eV, 0.68 eV and 0.44 eV for Ni/Cu(111) SAA, Ni2Cu(111) and Ni3Cu(111), 

respectively. This result underlines the importance of developing ways to control the architecture of 

dilute alloy surfaces. 

6.2.3. N2O formation and activation on Cu–based surfaces – an alternative reaction path  

Besides the “conventional” route for the decomposition of N2O* (Figure 33), we have 

identified an alternative reaction pathway which, to the best of our knowledge, has not been reported 
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before. This path exists only on Cu(111) and on the Ni/Cu dilute alloy surfaces. The decomposition of 

N2O* to N2* + O* happens without transformation to the 1 structure as in the conventional pathway. 

In contrast, in this pathway the two decomposed states (i.e. NO* + N* and N2* + O*) are “connected” 

via an 2-(Nt{fcc},O{top}) adsorption structure (this is as Figure 32 (f) but over an fcc site; the two 

adsorption structures exhibit the same binding strength – Eads(N2O) = -0.74 eV for Ni2Cu(111)). After 

performing a number of test simulations, we could not identify the same path on Rh(111), and this 

might explain why it was not reported in previous studies.177 

For all the Cu–based surfaces, Figure 34 shows that 2NbNt N2O* is formed in the same way 

as in the reaction path of Figure 33. Then the 2NbNt N2O* rotates around the axis of the N─N bond, 

thereby bringing the more electronegative O closer to the surface. Interestingly, once O is closer to the 

Ni/Cu(111) SAA, the N─O bond is immediately cleaved and the kinetic barrier for this process is only 

0.23 eV (Figure 34 (b)). The ease by which the N─O is broken over the Ni/Cu SAA surface may be 

associated with the sharp and narrow distribution of the electron density of the single Ni atom close to 

the Fermi level (see section 5.2.1), and it is expected that back–donation to the 3π antibonding orbital 

of N2O* enables the facile activation of the N─O bond. 

By contrast, the decomposition of N2O* to N2* and O* is taking place through the 2– 

(Nt{fcc},O{top}) geometry (state (2) and (3) in Figure 34 (a) and (c), respectively) over Cu(111) and 

Ni2Cu(111). The intervening barriers between the 2NbNt and N2* + O* states are small (≤ 0.23 eV). 

Irrespective of these low kinetic barriers, Cu(111) is still expected to be prone to releasing N2O* to the 

gas phase given the generally weak N2O*–Cu(111) interaction (Figure 34 (a)). The same is not true 

for Ni2Cu(111) where the N2O* desorption energy is in the range of 0.65 eV – 0.74 eV, while the 

kinetic barriers that lead to N2* + O* are between 0.06 eV and 0.23 eV (Figure 34 (c)). Given the 

similar energetics between the pathway of Figure 34 and the “conventional” one, we conclude that 

both of them need to be considered in the reaction mechanism of the NO + CO reaction. Importantly, 
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the existence of alternative N2O* decomposition paths may provide an explanation of the high 

selectivity to N2 exhibited by dilute Cu–based alloys.42    

 
Figure 34. A second reaction path for the decomposition of N2O* on (a) Cu(111); (b) Ni/Cu(111) SAA and (c) 
Ni2Cu(111). State (1) corresponds to a 2NbNt structure in all panels. The 2–(Nt{fcc},O{top}) structure is 
state (2) and state (3) in panels (a) and (c), respectively. The zero level corresponds to infinitely separated (and 
thus non–interacting) N2O molecule and clean slab. States without any labelling are transition states. Side views 
of the different states are shown in the Appendix III (Figure A14). Ni, Cu, O and N atoms are shown in purple, 
orange, red and blue, respectively. 

6.2.4. N2O formation and activation on Cu–based surfaces through the formation of 

(NO)2*  

Thus far, the formation of nitrous oxide was assumed to proceed through the coupling of NO* 

and N* species (Figure 33 and Figure 34). NO* is of course the product of the molecular adsorption 

of gas–phase nitric oxide. On the other hand, the existence of N* species implies prior scission of the 
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N─O bond. In general, low–index coinage metal surfaces exhibit large kinetic barriers for the direct 

dissociation of NO* (Ea = 1.57 eV for Cu (111) and (100), and Ea > 2.5 eV for Ag and Au (111) and 

(100) surfaces) – (see Figure 27), thereby being ineffective at activating the N─O bond of NO*. Yet, 

they are known to be active for the reduction of NO, which is mainly converted to N2O. The activity 

of coinage metal surfaces is ascribed to the formation of NO* dimer species (i.e. (NO)2*) whose N─O 

bonds are more easily activated than those of monomeric NO*.42,178,207–209 This species is formed 

owing to van der Waals interactions between neighbouring NO* species,210 and may be observed even 

at relatively low NO* coverages over Cu(111).211 On the contrary, our calculations indicate that NO* 

is adsorbed as a monomer on Rh(111) and this is corroborated by near edge X–ray absorption fine 

structure spectroscopy.212 

The most energetically favoured adsorption structure of NO* on Cu(111) is an N–down 

geometry where the N─O bond axis is perpendicular to the surface, and N is above an fcc hollow site 

(Eads(NO) = -1.55 eV).46 A stable NO dimer is formed when two NO* species are adsorbed on adjacent 

fcc sites (NO* + NO* state in Figure 35 (a)). We note that in the relaxed geometry of this state, the O 

atoms of the neighbouring nitric oxide adspecies are slightly tilted towards each other (Figure 35 (a)). 

The thermodynamic stability of this configuration has been confirmed by other DFT studies, as well 

as in scanning tunnelling microscopy experiments.210,211 The two neighbouring NO* species can be 

converted to N2O* (with an 1 structure) and O* (see state (1) in Figure 35 (a)). This is happening via 

a transition state where one of the two NO* adsorbates bends down to the Cu(111) surface, while the 

other is slightly lifted (Figure 35 (a)). Once 1 N2O* is formed, its decomposition occurs in the same 

way as in Figure 33 (a), namely through the formation of the 2NtOt structure. We note that the 

structure of the (NO)2* transition state, and the computed barrier for the scission of the N─O bond via 

the (NO)2* precursor (Ea = 0.84 eV) are in excellent agreement with the DFT calculations by Bogicevic 

and Hass (Ea = 0.82 eV),178 thereby furnishing further evidence for the reliability of our calculations.   
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We continue by investigating the same reaction pathway over the Ni/Cu(111) SAA and 

Ni2Cu(111) surfaces. Our calculations show that the formation of N2O* via the dimerization route is 

indeed possible over small Ni clusters. In contrast to Cu(111), on these dilute alloys (NO)2* adopts a 

flat geometry parallel to the surfaces in the transition state, and the computed kinetic barriers are 1.27 

eV and 1.30 eV for Ni/Cu(111) SAA and Ni2Cu(111), respectively (Figure 35 (a) and (b)). These 

values are higher than the computed barrier for Cu(111) – (Ea = 0.84 eV), and this may be attributed 

to the extra energy cost required for bending down both NO* species. Nevertheless, they are lower 

than or equal to the corresponding kinetic barriers for the direct dissociation of NO* (Ea = 1.47 eV and 

1.30 eV for Ni/Cu(111) SAA and Ni2Cu(111), respectively).46 Therefore, the formation and 

decomposition of N2O* through dimerization is another pathway that should be included in the 

reaction mechanism of the NO + CO reaction over the Cu–based alloy surfaces.    

To elucidate the effect of the Ni cluster size to the formation rate of 1 N2O* and O* via the 

(NO)2* intermediate, we perform additional calculations for the Ni3Cu(111) surface (Figure A12). On 

this surface, we compute Ea = 1.77 eV and Ea = 1.37 eV for the splitting of the N─O bond via 

dimerization and via the direct NO* dissociation, respectively. Additionally, we note that on Ni dimers 

and trimers the formed 1 N2O* can be transformed to the 2NtOt (state (3) in Figure 35 (c) for 

Ni2Cu), and decompose to N2* + 2O* only after O* spillover to Cu(111). The barrier for O* diffusion 

from a mixed hollow site to a Cu hollow site over Ni2Cu(111) (from state (1) to state (2) in Figure 35 

(c)) is 0.61 eV. Therefore, this extra energy cost in conjunction with the large kinetic barrier for the 

scission of the N─O bond of (NO)2* render the decomposition of N2O* through the dimerization 

pathway less likely on Ni clusters with more than two Ni atoms.  
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Figure 35. Reaction pathway for the formation and decomposition of N2O* via (NO)2* for (a) Cu(111); (b) 
Ni/Cu(111) SAA; and (c) Ni2Cu(111). The zero level corresponds to two non–interacting gas–phase NO 
molecules and a clean slab. States without any labelling are transition states. Side views of the different states 
are shown in the Appendix III (Figure A15). Ni, Cu, O and N atoms are shown in purple, orange, red and blue, 
respectively. 
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6.2.5.  The microkinetics of the NO + CO reaction over Ni/Cu dilute alloys 

Using the computed energetics for the decomposition of N2O* in conjunction with previous 

results for the formation of N2*, CO* oxidation and NO* decomposition over Ni/Cu surfaces (see 

chapter 5), we parameterise a microkinetic model for the NO + CO reaction. Our studies include one 

site type for Cu(111) and Rh(111) surfaces, and two site types for the bimetallic surfaces (see section 

6.1). The goal is a preliminary assessment of the catalytic performance of the Ni/Cu dilute alloys and 

a comparison to Cu(111) and Rh(111). Accordingly, the microkinetic simulations are performed in the 

absence of adsorbate–adsorbate interactions, whose effects in the catalytic performance of the Cu–

based surfaces is part of future research. Regarding the bimetallic surfaces, we assume that Ni* species 

(single atoms or dimers) can be occupied by one adspecies (e.g. CO*), which can react with another 

adspecies on a Cu site (e.g. O*) and form a product on the Ni site (e.g. CO2*). Such events are treated 

as reactions that take place on the dopant site, and follow the energetics computed over the Ni site of 

the Ni/Cu surfaces (Appendix III).  On the contrary, the Cu(111) energetics are used if the reaction 

involves two adspecies that are both on Cu sites (Appendix III). Despite their simplicity, such 

microkinetic models are sometimes capable of capturing the salient features of experimental trends,213 

providing mechanistic insights, 214 and aiding in the identification of the active site during 

catalysis.215,216    

The NO + CO reaction mechanism is composed of 16 reversible reaction steps, shown in Table 

3 along with their forward and reverse barriers. For all simulations the total pressure is set to 16.0 Torr 

with PNO = PCO = 8.0 Torr, thereby replicating the experimental conditions of Belton and co–workers. 

217 At this point, we note that the dissociative desorption of O2 and the formation of NO2* are reactions 

through which O* may be removed from the surface and they could be included in the microkinetic 

model. However, both of them exhibit very high kinetic barriers, and on this basis are excluded from 

the reaction mechanism. For example, the computed barrier for the O2* association reaction on 

Cu(111) is 2.10 eV, while the barrier for the reverse process is just 0.16 eV (see Figure A16 in 
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Appendix III); these values are is in reasonable agreement with former DFT calculations.218 Along the 

same lines, we find that the dissociation of NO2* to NO* + O* is significantly more facile than its 

formation and its desorption (see Figure A17 in Appendix III)).   

We first simulate the NO + CO reaction on Rh(111). The total coverages of the surface species 

and the DRC analysis for this surface are shown in Figure 36 (a). The coverage profiles reveal that the 

catalyst surface is saturated with NO* species up to temperatures of 1000 K. Under these conditions, 

the high surface coverage gives rise to steric hindrance effects, which prevent the dissociation of NO*. 

This behaviour has been reported in the experimental work of Herman et al., and is in qualitative 

agreement with the fact that Rh(111) is catalytically active only at temperatures higher than 625 K.217 

Moreover, our model predicts that surface sites are freed up by NO adspecies only at T > 1000 K; this 

high “T threshold” can be attributed to (1) the absence of the repulsive NO* – NO* in our microkinetics 

(see Figure A11 in Appendix III); and (2) the very strong NO* – Rh(111) interaction predicted by the 

optB86b–vdW functional. In particular, NO* – NO* interactions may contribute to the reduction of 

the surface coverage, and in turn, this will generate free sites whereon the dissociation of NO* can 

happen at lower temperatures than those predicted by our model.219,220 Regarding the second point, we 

find that the most stable adsorption site for NO* on Rh(111) is hcp, in line with previous computational 

and experimental works.174,221,222 However, we compute Eads(NO) = -2.85 eV, which is larger than the 

PW91 values of Mavrikakis et al.174 (-2.39 eV – 2  2 cell) and of González et al.221 (-2.62 eV – 3  3 

cell). Unfortunately, at coverages of 0.11 ML, like in our DFT calculations, accurate experimental 

measurement of Eads(NO) is challenging because of the tendency of NO* to dissociate on Rh(111).174 

 The reduction of the NO* surface coverage gives rise to the formation of N* and O* at T > 

1000 K. The accumulation of N* species in the temperature range of 1000 K – 1200 K, is associated 

with the inefficiency of Rh(111) in forming 2NbNt N2O* (R9, Ea = 1.50 eV) and N2* (R16, Ea = 1.85 

eV) – (Table 3). Both reaction steps are rate–limiting with a positive DRC coefficient (0.19 ≤ XDRC,R9 

≤ 0.30) between 1100 K and 1300 K (Figure 36 (a)). Along the same lines, the build–up of O* is 
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ascribed to the moderate activation barrier for the CO* oxidation reaction (Ea = 1.17 eV – R14 in Table 

3), which is the only reaction that exhibits a reasonable activation barrier for the removal of O* from 

the surface.  

Table 3. Reaction mechanism for the NO + CO reaction, and the corresponding forward (Efwd) and reverse (Erev) 
barriers (in eV). All reactions are treated as reversible, and dashes mean that the corresponding reaction does 
not take place on the catalyst surfaces. R1–R7 correspond to molecular adsorptions/desorptions; R8–R16 are 
surface reactions from which R10 and R11 are N2O* transformation reactions.  

 Rh(111) Cu(111) Ni/Cu(111)  
SAA 

Ni2Cu(111) 

Reaction & Reaction Number Efwd Erev Efwd Erev Efwd Erev Efwd Efwd 

NO(g) + *↔ NO*                              (R1) 0.00 2.87 0.00 1.55 0.00 2.10 0.00 2.65 

CO(g) + *↔ CO*                              (R2) 0.00 2.20 0.00 0.78 0.00 1.51 0.00 1.71 

N2(g) + *↔ N2*                                (R3) 0.00 0.79 0.00 0.15 0.00 0.79 0.00 0.77 

CO2(g) + *↔ CO2*                           (R4) 0.00 0.27 0.00 0.30 0.00 0.28 0.00 0.37 

N2O(g) + *↔ N2O* 2NbNt            (R5) 0.00 0.83 0.00 0.00 0.00 0.43 0.00 0.74 

N2O(g) + *↔ N2O* 2NtOt               (R6) 0.00 0.68 0.00 0.19 0.00 0.53 0.00 0.68 

N2O(g) + *↔ N2O* 1                       (R7) 0.00 0.72 0.00 0.20 0.00 0.70 0.00 0.68 

NO* + * ↔ N* + O*                        (R8)    1.42 2.03 1.57 1.43 1.47 1.43 1.30 1.24 

NO* + N*↔ N2O* 2NbNt  + *     (R9)    1.50 0.40 0.44 0.94 0.51 0.45 0.60 0.68 

N2O* 2NbNt   ↔ N2O* 1         (R10) 0.46 0.30 0.14 0.56 0.24 0.50 0.37 0.31 

N2O* 1 ↔ N2O* 2NtOt             (R11) 0.24 0.40 0.06 0.05 0.29 0.12 0.32 0.32 

N2O* 2NtOt +*↔N2*+O*            (R12) 0.07 2.54 0.05 2.12 0.03 2.26 0.09 2.48 

N2O*2NbNt +*↔ N2* + O*          (R13) ─ ─ 0.19 2.20 0.23 2.56 0.23 2.51 

CO* + O* ↔ CO2* + *                       (R14) 1.17 0.41 0.48  1.22 0.71 0.60 0.88 0.48 

NO* + NO* ↔ N2O*  1 + O*      (R15) ─ ─ 0.84 1.82 1.27 1.60 1.30 1.69 

N* + N* ↔ N2*                            (R16) 1.85 2.14 0.64 3.6 0.88 3.40 0.62 2.81 



 

124 
 

Figure 36.  Total coverage (eq. (76)) profiles and DRC coefficients (XRC) for the NO + CO reaction steps for 
(a) Rh(111); (b) Cu(111); (c) Ni/Cu(111) SAA; and (d) Ni2Cu(111). XRC values are presented at various 
temperatures by means of heatmaps; the site whereon the reaction occurs is shown on the top of the heatmaps 
for the bimetallic surfaces.  
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The corresponding coverage profiles and DRC analysis for Cu(111) are displayed in Figure 36 

(b). Cu(111) exhibits rather different behaviour than Rh(111). In particular, at T < 350 K all surface 

sites are occupied by NO*, but at T > 350 K there is a sharp increase in the coverage of the O* species. 

This sharp transition is attributed to the activation of the N─O bond via the NO* dimerization reaction 

(Ea = 0.84 eV) – (R15 in Table 3), which converts 2NO* to O* and 1 N2O*. The catalyst surface 

remains fully covered by O* within the temperature range of 420 K – 900 K. Accordingly, our DRC 

analysis shows that under these conditions, the oxidation of CO* controls the reaction rate, and that 

the NO* dimerization is an inhibiting step as it adds more O* onto the surface (Figure 36 (b)).   

 The last two coverage profiles shown in Figure 36 (panels (c) and (d)) are those for the Ni/Cu 

alloy surfaces. These surfaces contain a total of 10,000 sites, out of which 9,000 are Cu sites (Cu*) 

and 1,000 are Ni sites (Ni*). The coverage profiles are very similar on both cases, and indicate that 

Cu* sites are covered with O* up to ca. 900 K (similar to Cu(111)), while Ni* sites are poisoned by 

NO*. A disparity between the two surfaces is seen between 1000 K and 1500 K, where we observe a 

small build–up of N* over Ni2Cu(111) only (Figure 36 (c) and (d)). The presence of N* on the latter 

surface is indicative of the direct NO* dissociation (R8, Ea = 1.30 eV – Table 3), which happens to a 

smaller extent on the SAA surface (R8, Ea = 1.47 eV – Table 3). Markedly, the N* accumulation 

remains at low levels thanks to the efficiency of Ni2Cu(111) in forming N2* and 2NbNt N2O*(Table 

3). The latter can either decompose to N2* + O* (R10, R11, R12 and R13) or desorb (R5).  

Next, we examine the activity and selectivity to N2 of the four surfaces. The latter metric is 

computed as 

   
2

2

2,

,2, 2

N
N O

net

netnet

N

N N O

R
S

R R



,            (89) 

where 
2, netNR  and 

2 ,netN OR  are the net reaction rates for N2 and N2O, respectively (see eq. (86) and eq.  

(87)). 
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Figure 37 displays the activity plots for the studied surfaces, where the catalytic rate is provided 

by the computed turnover frequency TOF at various temperatures. The observed trend for Rh(111) 

(Figure 37 (a)) can be rationalised based on the corresponding coverage plot (Figure 36 (a)). As seen 

in Figure 37 (a), the activity of Rh(111) is low below 950 K owing to the high NO* coverage, which 

hinders the direct NO* dissociation (Figure 36 (a)). On the contrary, for T > 950 K there is an increase 

in the catalytic activity. Initially the rate of N2O production is greater than that of N2, and only at T > 

1200 K the two production rates become equal (Figure 37 (a)).  

Similarly to Rh(111), the catalytic activity of Cu(111) can be explained from the coverage 

profile plot in Figure 36 (b). For this surface, low (i.e. 300 K – 500 K) and high (i.e. 500 K – 1400 K) 

temperatures can be discussed separately. Between 300 K and 420 K, we observe that the catalytic 

activity increases steadily (see Figure A18 in Appendix III), and the surface transitions from a NO*–

rich phase to an O*–rich phase. As discussed earlier, this transition is associated with the dimerization 

reaction (R15 in Table 3), which consumes NO*, releases N2O and yields O*. At ca. 420 K, there is a 

sharp reduction in the catalytic activity (Figure A18), and this is the result of the poisoning of Cu(111) 

by O* species. The surface remains in the poisoned state for temperatures up to ca. 700 K, where the 

removal of O* species happens efficiently and the dimerization reaction begins to take place again at 

considerable rates (see Figure 37 (b) and the heatmap in Figure 36 (b)). Finally, for T > 1000 K there 

is a decrease in the catalytic activity (Figure 37 (b)) because under these conditions, the gaseous state 

of the reactants is preferred over adsorption on the catalytic surface. Throughout the investigated 

temperature range, the production rate of N2O is far greater than the production rate of N2, and this is 

attributed to the inability of Cu(111) to directly dissociate NO* as well as to the weak binding of the 

1 N2O* produced by the dimerization reaction.  

On the other hand, enhanced catalytic activity can be achieved when Ni* species are present in 

Cu (111) (Figure 37 (c) and (d)). Remarkably, the production rate of N2 is considerably larger on 
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Ni/Cu(111) SAA than on Cu(111) and even more so on Ni2Cu(111), where the N2 and N2O production 

rates become equal beyond 1000 K. 

 
Figure 37. Rates of production of nitrogen–containing products for (a) Rh(111); (b) Cu(111); (c) Ni/Cu(111) 
SAA; and (d) Ni2Cu(111).   

Given the importance of 
2

2

N
N O

S , this chapter concludes with an investigation on this metric, 

followed by suggestions for further improvements in this regard. Regarding Rh(111), our microkinetic 

model predicts that the main nitrogen–containing product from Rh(111) at T < 1000 K is N2O, whilst 

the production of N2 exhibits a substantial increase beyond 1100 K (Figure 38 (a)). The latter 

temperature corresponds to the point where the surface sites are freed up (Figure 36 (b)), and the 

dissociation of NO* is enabled. Notably, this trend is qualitatively in line with the reactor experiments 

of Peden et al.223 on Rh(111). The experiments showed that Rh(111) exhibits poor selectivity to N2 for 

reaction temperatures up to 700 K; yet, the authors observed a sharp increase in 
2

2

N
N O

S  at temperatures 

higher than that.   

The same analysis for Cu(111) reveals that this surface is indeed susceptible to the formation 

of N2O (Figure 38 (a)). We find that the main way of forming N2O* (in 1 structure) on Cu(111) is 

via the formation of the (NO)2* intermediate followed by N─O activation (R15). This is in line with 

molecular beam / infrared spectroscopy studies on other Cu low–index surfaces.207 The 1 N2O* can 

go through one of the following paths: (1) desorb directly (Ea = 0.21 eV); (2) transform to 2NtOt 

N2O* (Ea = 0.06 eV) and either desorb (Ea = 0.20 eV) or dissociate to N2* + O* (Ea = 0.05 eV); (3) 
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transform to 2NbNt N2O* (Ea = 0.56 eV) and desorb spontaneously. Therefore, N2O* can easily 

undergo transformations over Cu(111), but in every new state there is a high probability for desorption, 

thereby explaining the poor N2 selectivity of this surface. 

Interestingly, the catalytic behaviour Ni/Cu(111) SAA and Ni2Cu(111) appears to be more 

similar to Rh(111), which is well established for the NO + CO reaction, than to Cu(111), which is the 

host metal (Figure 38  (a)). In more precise terms, it is observed that on each of the dilute alloy surfaces 

the selectivity to N2 remains low at T < 900 K but increases sharply at higher temperatures similarly 

to Rh(111). 
2

2

N
N O

S  for both Ni/Cu(111) SAA and Ni2Cu(111) exhibits an interesting behaviour by 

which it first increases for T > 900 K and then decreases at 1200 K.  

 

Figure 38. (a) Selectivity to N2 for Cu(111), Rh(111) and the Ni/Cu alloys. (b) Maximum of the N2 selectivity 
peak at various N2O* adsorption energies. Values on the right correspond to smaller N2O* binding strength on 
Ni* than the DFT–computed (red shade); Values on the left correspond to larger N2O* binding strength on Ni* 
than the DFT–computed (green shade). In the simulations of panel (b) only the desorption energy of N2O* was 
varied, whilst all the other kinetic barriers were kept fixed at their DFT–computed values. 
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Ni2Cu(111) where the activation barrier of one of the following events on Ni* is assigned with a very 
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peak responds to the obstruction of the aforementioned events (see Figure A19 in the Appendix III). 
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We determine that the selectivity spike in the two bimetallic surfaces is associated with the direct 

dissociation of NO* and the formation of 2NbNt N2O*, which could subsequently decompose to N2* 

+ O* (see Appendix III). Therefore, it is the ability of Ni/Cu alloys to form and process 2NbNt N2O* 

that gives rise to the selectivity peak in Figure 38  (a). The selectivity to N2 enters a downturn because 

at T > 1200 K, there is a rise in the N2O* desorption rate. On the other hand, the formation of N2 on 

Rh(111) is solely relying on the direct dissociation of NO* and such a selectivity spike is not observed 

(Figure 38 (a)). Accordingly, the higher intensity of the N2 selectivity peak on Ni2Cu(111) than on 

Ni/Cu(111) SAA can be explained by: (1) the higher concentration of N* species on Ni2Cu(111) owing 

to its better ability to dissociate NO* as compared to Ni/Cu(111) SAA (see Table 3 and Figure 36 (d)); 

(2)  the generally stronger interaction between N2O* and  Ni2Cu(111) than that between N2O* and 

Ni/Cu(111) SAA (Table 3), noting that strong interaction will favour the decomposition of N2O* over 

its desorption. 

Finally, we explore the effect of the N2O* binding strength on the height of the selectivity peak 

on Ni2Cu(111) by performing a sensitivity analysis with respect to Eads(N2O) – (Figure 38 (b)). 

Remarkably, the adsorption energy of N2O* appears to have a great impact upon the N2 selectivity at 

1100 K – 1200 K (Figure 38 (b)). For example, shifting the adsorption energy of all N2O* adsorption 

structures to more negative values by 0.15 eV and 0.30 eV (i.e. stronger binding) results to an increase 

in the maximum of the peak by 0.31 (from 0.33 to 0.67) and 0.52 (from 0.33 to 0.85), respectively. 

We conjecture that binding strengths of this magnitude may be provided by sites on more open low-

index surfaces (e.g. (100) and (110)) but also on stepped surfaces, and if this is true, the presence of 

such sites will contribute dramatically to the N2 selectivity at low temperatures. Therefore, this result 

underscores the potential of well–engineered dilute Ni/Cu alloys for the NO + CO reaction and creates 

motivation for further investigations.   
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6.3. Concluding remarks 

DFT calculations and microkinetic modelling have highlighted the potential of highly dilute 

Ni/Cu for the decomposition of N2O* and the NO + CO. These materials are attractive because they 

are composed of abundant and inexpensive metals. Interestingly, our results pointed out that the size 

of the dopant cluster is critical to the catalytic performance of the dilute alloy. As demonstrated, the 

selectivity of the N2O* decomposition can be tuned by changing the size of the dopant clusters. On 

this basis, we proceed by exploring ways to control the size of dopant surface species.   
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7. On the surface restructuring of highly dilute alloys under vacuum 
and reactive conditions: a DFT study 

Our attention now turns to defining ways by which one can modify/control size and configuration of 

dopant clusters on coinage metal surfaces. Given that catalytic surfaces interact with gas–phase species 

during reaction, it is natural to investigate the morphological response of dilute alloys under reactive 

conditions. According to our discussion in 1.5, CO is capable of causing morphological changes to 

alloy catalysts owing to the strong CO*–metal interactions, and this molecule is ubiquitous in industrial 

chemistries. Therefore, in this chapter, we use DFT and explore restructuring events (e.g. aggregation 

and segregation) that are induced by CO*. The contents of this chapter have been published in J. Phys. 

Chem. C 2019, 123, 9128−9138 and J. Chem. Phys. 153, 244702 (2020).   
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7.1. Computational details 

DFT calculations were performed using VASP version 5.4.1.150,151 The valence electrons were 

treated explicitly and the core ionic potentials were modelled using PAW method.152 A plane–wave 

basis set was employed and the kinetic energy cutoff was set to 400 eV. Calculations were performed 

under the generalised gradient approximation using the revised Perdew–Burke–Ernzerhof (RPBE) 

exchange–correlation functional.224 This functional has been specifically designed to improve upon 

over–binding issues, particularly tailored to the chemisorption of CO.225 Moreover, binding energies 

calculated with RPBE have already been shown to be in good agreement to those experimentally 

acquired on SAA surfaces.67 Under–coordinated (211) edges were modelled using a four-layer (3 × 1) 

slab where the two bottom–most layers were fixed at the corresponding RPBE lattice constant and the 

remaining ones were allowed to fully relax. The low–index (100) facet was modelled by a five–layer 

(3 × 3) slab, where the two bottom-most layers were fixed and others were allowed to fully relax. 

Periodic images in the z–direction were separated by a 10 Å vacuum in both cases, and the first 

Brillouin zones of the (211) step and (100) facets were sampled with a 6 × 5 × 1 and a 7 × 7 × 1 

Monkhorst–Pack k–point mesh, respectively. In all cases, we used the RPBE–calculated equilibrium 

lattice constants of the coinage metal host (3.64 Å, 4.23 Å and 4.22 Å for Cu, Ag and Au, respectively). 

Electronic self–consistency was assured up to a tolerance of 10-7 eV and the Hellmann–Feynman 

forces acting on all ions that are free to move were relaxed to less than 10-2 eV/Å. The adsorption 

energy of m CO molecules (Eads (mCO)) was computed according to eq. (90):   

   COCOCO gm slab slab
tot tot totadsE m E E mE   ,                  (90) 

where COm slab
totE   is the DFT total energy of m CO molecules co–adsorbed on a slab, slab

totE  is the DFT 

total energy of the clean slab, and  CO g

totE  the DFT total energy of a CO molecule in the gas phase.  

The segregation energy (ΔEseg), denoting the enthalpic preference for a dopant atom to reside 

in the bulk versus in the surface layer of the host material, is given by eq. (91): 
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,,seg tot SAAtot BulkE E E   ,                (91) 

where ,tot BulkE  is the DFT total energy of the dopant atom immersed in the 3rd layer of the slab (Figure 

39) and ,tot SAAE  is the DFT total energy of the clean slab with the dopant atom in the surface layer 

(Figure 39). Negative values of ΔEseg imply a preference of the dopant to segregate into the bulk, 

whereas positive values indicate preference for segregation to the surface layer. 

 

 

Figure 39. (a) Figures in the first row show the top view of the (211) slab with the dopant atom (blue) being 
immersed in the 3rd layer of the host matrix (orange) – (top–left figure) and then being placed on the top layer 
(top–right figure). Figures in the second row show the side view of the same slabs; (b) figures in the first row 
show the top view of the (100) slab with the dopant atom (blue) being immersed in the 3rd layer of the host 
matrix (orange) – (top–left inset) and then being placed on the top layer (top–right inset). Figures in the second 
row show the side view of the same slabs. In the schematics of the axes the symbol  denotes an arrow pointing 
from the page towards the reader.   

The CO–induced segregation energy CO

segE  (see supplementary information of ref. 67) is given 

by  eq. (92):   

   CO CO CO{ }host SAA

seg seg ads adsE E E E     ,                    (92)  

where  COhost

adsE  and  COSAA

adsE  are the adsorption energies of one CO* molecule on the pure host 

material and SAA, respectively.  
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The aggregation energy (ΔEagg), denoting the thermodynamic preference for the formation of 

clusters (dimers and trimers) from isolated dopant atoms, is given by eq. (93):  

       1agg tot tot totE E n n E host n E SAA       ,                 (93) 

where  totE n ,  totE host  and  totE SAA  are the DFT total energies of an alloy with a cluster of n 

dopant atoms, the pure host material and the SAA, respectively. According to eq. (93), ΔEagg < 0 

indicates a preference for the dopant atoms to cluster on the surface. Conversely, ΔEagg > 0 implies a 

thermodynamic preference for the SAA phase.  

  A CO molecule can induce aggregation if its adsorption energy on an n–mer dopant island (

 COn mer

adsE 
) is more negative than on the SAA (  COSAA

adsE ), such that positive values of ΔEagg may 

be offset. It follows that the CO–induced aggregation energy (  
agg

mE n CO ) is expressed as: 

       { CO CO }m CO SAA

aggagg

n mer
ads adsE n E n m E E m       ,                 (94)  

where m represents the number of CO molecules adsorbed on the n–mer dopant island. 

7.2. Results and discussion 

7.2.1. CO Adsorption on SAA (211) and (100) Surfaces  

The dominant facets on fcc metal NPs are the low index (111) and (100), and these are linked 

by edge sites (se e.g. Figure 1). Previous works modelled the adsorption of CO* to SAA and pure 

metal (111) surfaces. This chapter expands the investigations to the (211) and (100) facets, thereby 

examining the vast majority of sites being found on commonly encountered NP geometries (e.g. 

cuboctahedral and octahedral). To model under–coordinated edge sites, one can employ a (211) step, 

whereon sites with coordination number equal to seven can be found. Edge sites exhibit distinct 

electronic environments as compared to lower index facets and are of great interest in catalysis because 

of their high reactivity.103,142 Although these sites are often highly active148,226 and can make a notable 

contribution to the overall catalytic rate, they are also known for their susceptibility to poisoning (e.g. 
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CO and sulphur poisoning).148 This is the result of their very strong interaction with certain adsorbates, 

which bind tightly to these sites leading to their deactivation.143  

                        

Figure 40. Top view of the (211) surface, showing the sites whereon the adsorption of CO was tested. This 
includes: three bridge sites (i.e. bridge–1, bridge–2 and bridge–3), a four–fold near edge site, two three–fold 
near edge sites (i.e. hcp near edge, fcc near edge) and the dopant (blue) top site. Host metal atoms shown in 
orange.  

Using the RPBE XC functional and the computational setup described in the previous section, 

we study the adsorption of CO* to (211) SAA surfaces and pure metal surfaces. Previous theoretical 

studies, which employed RPBE as the XC functional (see ref. 67), demonstrate excellent agreement 

between simulated and experimentally obtained temperature programmed desorption (TPD) data for 

various pure metal (111) and SAA (111) surfaces (including, Pd/Cu(111), Pt/Cu(111), Pd/Au(111) and 

others), with a mean absolute error in the CO* binding energy of 0.05 eV. Herein, we present 

calculations for the adsorption energy of CO (Eads(CO)) on fifteen (211) SAA surfaces, including Pt–, 

Pd–, Rh–, Ir– and Ni–doped Ag(211), Au(211) and Cu(211). Eads(CO), is computed on seven different 

adsorption sites, which are on or proximal to the edge of SAA and pure metal (211) surfaces (Figure 

40). We determine that in all SAA (211) surfaces the most stable adsorption site is the top dopant site 

and the corresponding Eads(CO) values are plotted in Figure 41 (a). In the same figure, we also plot 

Eads(CO) on the most stable adsorption site of (211) pure metal surfaces (e.g. Pt(211), Pd(211), 

Cu(211) etc.), which can be either the edge top site or the edge bridge site (bridge–3 in Figure 40), 

depending on the metal.  
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 For Cu(211) Eads(CO) = -0.70 eV, which is in reasonable agreement with experimentally 

determined value (Eads (CO)  -0.61 ± 0.01 eV).227  We also find that DFT is consistent with infrared 

reflection absorption (IRA) spectroscopy,228  predicting that adsorbed CO is considerably more stable 

on top sites over the Ir(211) surface (Eads (CO) = -2.14 eV). Furthermore, according to our results the 

most stable adsorption site on the Rh(211), Pd(211), Pt(211) and Ni(211) surfaces is the edge two–

fold site (bridge–3 in Figure 40), whereon Eads(CO) = -1.75 eV, -1.64 eV, -1.75 eV  and -1.55 eV, 

respectively. Interestingly, the two–fold edge site is marginally more stable than the top edge on 

Pt(211), where we calculate Eads(CO) = -1.75 eV  and -1.74 eV, respectively. This marginal difference 

of Eads(CO) on these two sites is also reported in studies that combine theory and experiment.229 

Finally, the CO adsorption strength is significantly lower on (211) coinage surfaces (i.e. Cu(211), 

Au(211) and Ag(211)) compared to that of the PGMs (i.e. Pt(211), Pd(211), Rh(211), and Ir(211)) and 

Ni(211) – (Figure 41 (a)) , testament to the much higher poisoning susceptibility of the latter over the 

former.   

Some SAAs bind CO with an intermediate strength as compared to the coinage metals and PGMs. 

Interestingly however, the adsorption strength of CO* on Ir and Rh SAAs is enhanced compared to 

pure Rh(211) and Ir(211). The calculated Eads(CO) values on Rh/Ag(211), Rh/Au(211), Ir/Ag(211) 

and Ir/Au(211) are -2.08 eV, -1.93 eV, -2.64 eV and -2.52 eV, respectively (compared to -1.75 eV and 

-2.14 eV on pure Rh(211) and Ir(211), respectively). On the other hand, the CO* adsorption strength 

on Pt and Pd(211) SAA surfaces is significantly reduced compared to that on pure Pt(211) and Pd(211). 

For example the binding strength of CO* on Pt/Cu(211) is weaker by ca. 0.27 eV compared to Pt(211), 

while the corresponding reduction between Pd/Au(211) and Pd(211) is about 0.60 eV. It follows that 

these two alloys will be more resistant to CO poisoning relative to the monometallic PGM edges. 

Indeed, Pd/Au and Pt/Cu SAAs have been shown to exhibit high resistance to poisoning, whilst 

performing highly selective hydrogenations.39 Our results suggest that Pt/Ag, Pt/Au, Pd/Cu and Pd/Ag 

SAAs also have the potential to exhibit high CO* tolerance and a previous screening study has 
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suggested that they are also of interest for use as hydrogenation catalysts, thanks to facile H2 activation 

and subsequent H spillover.45     

 
Figure 41. (a) The bars show adsorption energies of CO* (Eads(CO)) on the most stable sites of SAA (211) 
surfaces. Eads(CO) for (211) pure metal surfaces are shown by coloured lines [Ag (black), Cu (green), Au (red), 
Pt (orange), Pd (cyan), Rh (blue), Ir (light green) and Ni (burgundy)]; (b) linear correlation between Eads(CO) 
(211) and Eads(CO) (111) for SAAs (red) and pure metals (green). Regression lines and equations are shown, 
with the corresponding coefficients of determination (R2) and the parity line (dashed black line).         

Briefly comparing to a previous work on the (111) surface,67 we plot Eads(CO) (211) versus 

Eads (CO) (111) in Figure 41 (b) and make the general observation that the binding strength of CO* on 

the (211) edge is consistently greater than that on the (111) facet for both the pure metal catalyst and 

SAAs. Importantly, there is a strong correlation between Eads(CO) (211) and Eads(CO) (111) (Figure 

41 (b)), with CO* binding being systematically stronger on the (211) SAA surfaces by 0.18 eV on 

average, compared to (111) SAA surfaces. The same is true for the pure metal catalysts examined, for 

which the binding strength of CO* on (211) is greater than that on (111) by approximately 0.2 eV. 

This result is in line with the surface (211) atoms having a lower coordination number than those on 

(111) (7 versus 9, respectively).  

In a similar manner to the study on the (211) edge, we consider the adsorption behaviour of 

CO* on (100) SAA and pure metal surfaces, whereon surface atoms have a coordination number of 8. 

DFT calculated Eads(CO) on (100) SAA and pure metal surfaces are plotted in Figure 42 (a), and these 

values (e.g. Eads(CO) for Cu(100) and Ni(100)) are in agreement with other DFT using RPBE and 

experimental studies.230,231  
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Figure 42. (a) The bars show adsorption energies of CO (Eads(CO)) on the most stable sites of SAA (100) 
surfaces. Eads(CO) for pure (100) metals are shown by coloured lines [Ag (black), Cu (green), Au (red), Pt 
(orange), Pd (cyan), Rh (blue), Ir (light green) and Ni (Burgundy)]; (b) linear correlation between Eads(CO) 
(100) and Eads(CO) (111) for SAAs (red) and pure metals (green). Regression lines and equations are shown, 
with the corresponding coefficients of determination (R2) and the parity line (dashed black line).         

Interestingly, trends of the CO* adsorption energy are similar to those observed on the (211) 

edges, though binding of CO on the (100) facet is in general weaker (Figure 42 (a)). As with the (211) 

edges, CO* binds very strongly on Ir and Rh (100) SAAs, whereon the adsorption is more exothermic 

than on pure Ir and Rh (100) surfaces. This trend holds on (211), (100) and (111),67 and it follows that 

Ir and Rh SAA nanoparticles will be more susceptible to CO poisoning, and therefore inappropriate 

for applications that require high CO poisoning resistance (e.g. steam reforming). However, using the 

CO* binding strength as an indicator/descriptor of reactivity, Rh and Ir SAAs are likely to be promising 

catalysts for breaking strong chemical bonds that cannot be activated by other SAAs. Indeed, previous 

calculations and chapter 5 have shown that Rh SAAs in general exhibit some of the lowest activation 

barriers for numerous reactions (e.g. C─H activation and N─O scission).45 

As with adsorption on the (211) edge, Eads(CO) (100) is strongly correlated with Eads(CO) (111) 

(Figure 42 (b)) for both SAA and pure metal surfaces. In particular, for pure metals we find the relative 

binding strength across the different surfaces to decrease as follows: (211) > (100) > (111), which, 

according to our results suggests that an increase in the coordination number by 1 corresponds to ca. 

0.10 eV decrease in the binding strength. This trend is in line with the findings of a previous work on 
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various Pt and Au surfaces,9 and also in agreement with the d band model which suggests broadening 

of the d band upon increasing coordination number and therefore weaker binding (see section 1.2).  

 On the other hand, despite the different coordination numbers of the surface atoms on SAA 

(100) and (111) facets, the adsorption energies calculated thereon are very similar (i.e. Eads(CO) (100) 

 Eads(CO) (111)), as most of the SAA data points lie on the parity line (Figure 42 (b)). We postulate 

that the similarities in CO* adsorption behaviour of SAA (111) and (100) surfaces is the result of a 

lack of charge mixing between the dopant atom and the coinage metal atoms, which makes the former 

behave more like an isolated site rather than part of a well–delocalised surface state (see chapter 5). 

Consequently, the available electron densities for adsorbate binding are similar for dopant atoms in 

both facets and hence is the CO* binding strength.43 The binding strength of CO* on the SAA surfaces 

follows the order (211) > (100)  (111).  

7.2.2. Surface segregation studies 

Now that the adsorption of CO* on SAAs has been investigated, we move on by assessing the 

capability of CO* in inducing catalyst restructuring. The enthalpic preference of a dopant atom to 

reside on the surface layer or in the bulk matrix of the host metal is quantified by the segregation 

energy, ΔEseg. ΔEseg are computed for fifteen binary alloys, always relative to the SAA phase. Based 

on eq. (91), when ΔEseg > 0 there will be a thermodynamic preference for the dopant atom to segregate 

to the surface in favour of the SAA phase. On other hand, when ΔEseg < 0 there will be a preference of 

segregation into the bulk matrix of the coinage metal host such that the dopant atom is submerged 

therein. To compute ΔEseg values, one has to perform two calculations for each binary alloy on (100) 

and (211) facets: first, with one dopant atom in the top layer of the slab (Figure 39), forming a SAA 

and second, with the isolated dopant immersed in the bulk matrix of the coinage metal (Figure 39). 

The results presented in this and the following sections provide information on the thermodynamic 

stability of the different investigated structures, but neglect entropic and kinetic effects which are 

important under experimental conditions. Such effects are considered in chapter 8 and in section 7.2.4.  
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The computed ΔEseg are displayed in a parity manner in Figure 43. In the absence of any 

adsorbates on the surface, ΔEseg < 0 for almost all the (211) and (100) binary alloys. Therefore, in the 

majority of cases, the dopant atom has a thermodynamic preference for segregation into the bulk of 

the coinage metal (Figure 43). Exceptions to this observation are Pd/Cu(211) and Pd/Cu(100), for 

which ΔEseg are slightly positive (0.07 eV and 0.06 eV, respectively), and this is attributed to the fact 

that Pd and Cu atoms have very similar surface energies on (211) and (100) surfaces.232 The trends in 

the segregation of dopant metal atoms in SAA (211) and (100) surfaces are very similar to those on 

the (111) facet. The only difference is Pt/Cu SAA, where ΔEseg > 0 on (111),67 whereas we find ΔEseg 

< 0 on (100) and (211). 

 

Figure 43. Calculated ΔEseg for fifteen binary alloys in the absence of CO* (red circles) and in the presence of 
CO* (green squares). Segregation of the dopant atom to the surface is favoured in the area highlighted in green. 
The opposite is true in the area highlighted in red.  

The thermodynamic preference for the dopant to submerge into the bulk matrix of the coinage 

metal may be reversed by the presence of a potent adsorbate (e.g. CO*).55 Indeed, adsorbates that 

interact strongly with metal atoms usually enrich the surface of bimetallic catalysts with those metal 

atoms.233 Thus, the possibility of inducing segregation through CO adsorption is next evaluated. In the 

presence of an adsorbed CO molecule, the CO–induced segregation energy is found from eq. (92). The 

obtained results indicate that the adsorption of CO* will induce segregation of the dopant to the surface 
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for every binary alloy as CO
segE  > 0 in both (211) and (100) surfaces (Figure 43). It follows that the 

relative adsorption strength of CO* on the SAAs is sufficiently greater than on the pure coinage metals, 

overcoming any negative ΔEseg and making CO
segE  always positive (see eq. (92)).  

Interestingly, it is noted that the most positive CO
segE  values are calculated for those binary 

alloys that showed the most negative ΔEseg  on both (100) and (211) surfaces under vacuum conditions 

(e.g. Ir/Ag, Rh/Ag). These “reactive” dopants (i.e. Rh and Ir) have significantly higher surface 

energies, as well as smaller lattice constants than Ag.232 This difference in the lattice constants 

introduces strain effects, thereby reducing further any electronic overlap between dopant and coinage 

atoms.213 In turn, the accumulated electron density on the Ir and Rh atom sites could be mitigated either 

by an increase in the coordination number (i.e. immerse into the bulk of the coinage metal), or by 

coupling with a CO* molecule. Similarly, one may explain why those SAAs exhibiting less negative 

ΔEseg under vacuum conditions yield relatively small positive values of CO
segE . For example the surface 

energies of Pd  and Ag are not significantly different232 and the same holds for their RPBE lattice 

constants (4.00 and 4.23 for Pd and Ag, respectively). In turn, for Pd/Ag we find a slightly negative 

ΔEseg and a relatively small positive value of CO
segE .   

7.2.3. Surface aggregation studies  

 We continue by presenting a study on the restructuring of the surface layer of SAAs. To this 

end, we investigate the surface aggregation of dopant atoms on highly dilute alloys, in the presence 

versus in the absence of CO*. The aggregation energy (ΔEagg) for thirteen bimetallic alloys are 

computed using eq. (93). ΔEagg quantifies the preference of dopant atoms to form aggregates and 

clusters, such as dimers, trimers and islands from a dispersed SAA phase. In this case, we explicitly 

considered “small” dopant clusters like those considered in chapters 5 and 6 (i.e. dimers and trimers). 

The presence of only small clusters is based on the assumption that dopant atom loadings at the limit 
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of high dilution will be less than 1 % and therefore, entropic forces will make the formation of larger 

aggregates less likely for miscible metal combinations.36,234,235 

We examined different dopant dimer configurations on (100) and (211) surfaces (Figure 44). 

On the (211) step, there is a dimer that is formed by neighbouring dopant atoms on the edge. On the 

(100) surface we considered two dimers, with the dopant atoms being either 1NN or second nearest 

neighbours (2NN) (Figure 44). Under vacuum conditions, it is determined that most Cu–based alloys 

have a strong thermodynamic preference for dispersion to the SAA phase (ΔEagg > 0) on both (211) 

and (100) surfaces (Figure 44 (a)); this is in good agreement with other theoretical and experimental 

works and indeed our previous work on the (111) facet.34,235–237 The SAA phase is also 

thermodynamically favoured for most of Au– and Ag–based alloys under vacuum conditions. Yet, we 

compute ΔEagg  < 0 on Ir/Cu(100), Ir/Cu(211), Ir/Ag(211) and Ir/Ag(100), where there is clear 

thermodynamic propensity for forming edge and (100) 1NN dimers. The presence of strong Ir–Ir 

interactions in dimer configurations is also evidenced by the smaller relaxed distance between adjacent 

Ir atoms in dimers, as compared to adjacent atoms in pure Ir metal surfaces. For example, we find an 

Ir–Ir distance of 2.46 Å on the (211) dimer of Ir/Ag, whilst the corresponding Ir-Ir distance on pure 

Ir(211) is 2.75 Å. However, when the two Ir atoms are arranged in a 2NN dimer on (100) the distance 

between them is greater than that in the 1NN (100) dimer, and we compute ΔEagg  > 0 for the 2NN 

dimer (Figure 44 (a)). For example, on Ir/Cu(100) the relaxed distances between dopants of 1NN and 

2NN dimers are 2.53 Å and 3.18 Å, respectively, and ΔEagg = -0.08 eV and +0.09 eV, respectively. 

Finally, in some cases ΔEagg  0.0 eV (e.g. Rh/Ag(211), Rh/Au(211)). One would expect that when 

accounting for entropic effects in these cases, and those with slightly negative ΔEagg, will result in 

dopant atom dispersion.   

 

 



 

144 
 

 

 

 

Figure 44. Aggregation energies (ΔEagg) for dimers relative to the SAA phase of Ni, Pd, Pt, Rh and Ir doped 
into the (100) and (211) surfaces with (a) no adsorbed CO molecule; (b) 1 adsorbed CO molecule; and (c) 2 
adsorbed CO molecules. The legends next to each plot show dimer configurations in the relaxed state. Therein 
carbon, coinage metal, dopant metal and oxygen atoms are represented by grey, orange, blue and red spheres, 
respectively.   
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Finally, the aggregation behaviour of the same binary alloys is studied in the presence of CO*, 

exploring the idea of controlling the size of dopant ensemble by tuning PCO.55,238 First, we simulate 

“low PCO” conditions, whereby full saturation of all dopant atoms in the dimer configurations is not 

possible. To capture representative configurations for such conditions, we performed DFT calculations 

with only one CO adsorbed on the most stable adsorption site on the edge, (100) 1NN and (100) 2NN 

aggregates. In all alloys, the most stable site for CO* adsorption on the (100) 2NN dimer is a dopant 

top site. By contrast, the most stable adsorption site on edge and (100) 1NN dimers is the two–fold 

bridge site between two adjacent dopant atoms, with the exception of Ir/Cu and Ir/Ag alloys, where 

the top dopant site is the most stable. 

Using the corresponding adsorption energy values (  n mer
adsE CO ), where n–mer corresponds 

to a dimer in this case, we calculate  1
agg

COE   (Figure 44 (b)). The main observation is that all Ag– and 

Au–based alloys show a thermodynamic preference to forming (1NN) aggregates on the (100) facet 

and (211) edges in the presence of CO*. This is also true for Ni/Cu, where dispersion of Ni atoms was 

preferred under vacuum conditions (Figure 44 (a)). The same trend has been observed upon C2H2 

adsorption on Ni/Cu(111).239 We find that the type of the most stable adsorption site is crucial to the 

stability of the aggregate phase versus the SAA phase. In particular, the formation of (100) 1NN and 

edge dimers is promoted on the binary alloys where CO* prefers the two–fold site in–between adjacent 

dopant atoms (e.g. Pt/Ag, Pt/Au, Pd/Ag etc.). When bound to two neighbouring dopants, CO* interacts 

with both dopants, thereby keeping them together by forming a stable dimer. Quite the contrary is 

observed when CO* is more stable on the top dopant site, which is true for Ir/Ag and Ir/Cu (100) 1NN 

and edge dimers, as well as on (100) 2NN dimers of all the binary alloys. Under these circumstances, 

CO* interacts strongly with the atom where it is adsorbed and tends to isolate it from the neighbouring 

dopant. For example, under vacuum conditions the formation of (100) 1NN and edge dimers was 

favoured on Ir/Cu(211) and Ir/Cu(100) ( 1

agg

COE  = -0.13 eV and -0.08 eV, respectively, as shown in 

Figure 44 (a)). In contrast to all other cases, addition of a CO* on these configurations, brought about 
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slight preference for the SAA phase ( 1

agg

COE   = +0.01 eV and +0.03 eV, respectively, as shown in 

Figure 44 (b)) instead of further promoting the formation of aggregates.  

To simulate higher CO* coverages, a 2nd CO* is included in our DFT calculations, with both 

adsorbates placed on the two dopant top sites. The underlying assumption is that the PCO in a surface 

science experiment will be high enough so that the dopant atoms are covered with CO* (partially or 

fully), but also low enough so that the host coinage metal is free of CO*. This would be possible due 

to the significant difference between adsorption energies on each metal atom within the alloy. In this 

case, the CO*–CO* lateral interactions become prominent and force the dispersion of the dopant atoms 

on the (211) and (100) coinage metal surfaces. In particular, the SAA phase is strongly preferred over 

the dimer phase under full CO dopant coverage conditions (Figure 44 (c)) in agreement with 

calculations on the (111) facet.67 The formation of (100) 1NN and edge dimers is rarely 

thermodynamically favoured, with the only exception being Ir/Ag. For this particular system, there is 

a slight preference for aggregation with 2

agg

COE   = -0.06 eV and -0.03 eV for (100) 1NN and edge 

dimers, respectively. These 2

agg

COE   values are, however, close to zero. They are significantly less 

negative than the corresponding ΔEagg obtained under vacuum (i.e. -0.40 eV and -0.41 eV, 

respectively), and so when subjected to entropic forces may result in dispersion (see chapter 8). 

Interestingly, the number of CO* molecules bound to dopant cluster has little effect on the 

thermodynamic preference for forming (100) 2NN aggregates. In the presence of a single CO* 

adsorbed on these configurations, the stable adsorption site is the dopant top site for all binary alloys, 

so aggregation cannot be promoted. This could be enabled, however, using larger adsorbates that are 

also bidentate (e.g. C2H2) or chelating.239 In addition to the weak interactions between dopant atoms 

of the (100) 2NN dimer, we find that CO*–CO* interactions are also small given the large distance 

between the dopant atoms. This is reflected by the relaxed geometry of the two CO* molecules, which 

remain sharply vertical to the dopant top sites (see bottom inset in the legend of Figure 44 (c)).   
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Finally, aggregation for trimer configurations, in the presence versus in the absence of CO*, is 

analysed in a similar manner and the results are presented in Appendix IV (Figure A20). Aggregation 

energies, ΔEagg, are calculated under vacuum conditions, and in the presence of 1 × CO, 2 × CO and 3 

× CO.      

7.2.4. Case study on Rh/Cu SAA: theory and experiments 

The previous sections presented an extensive study in relation to the thermodynamic stability 

of the SAA phase over various bimetallic surfaces. According to the aggregation calculations, for the 

vast majority of the investigated bimetallic alloys there is a preference for atomic dispersion by the 

dopants under vacuum conditions. Indeed, the formation of the SAA phase has been experimentally 

confirmed for many systems, and one of them is Rh/Cu.240 Under the supervision of Prof. Charles 

Sykes, Yicheng Wang prepared three low–index Rh/Cu SAA surfaces ((111), (100) and (110)), which 

were then imaged by means of STM under ultra–high vacuum (UHV) conditions – (Figure 45).241 

Alloying occurred under identical conditions over the three single crystals, and the thermodynamic 

stability of the SAA phase was confirmed by a series of STM  images. This is congruent with our DFT 

predictions, which underline the enthalpic preference of Rh atoms to be isolated under vacuum (Figure 

44 (a)). 

A peculiar feature though is that on the Cu(111) surface Rh atoms are densely packed close to 

the step edge region of the crystal. The same is not observed for (110) and (100) surfaces, where Rh 

atoms are randomly distributed, thereby forming a uniform SAA phase. This interesting observation 

hints that the alloying mechanism differs on surfaces with different geometries, but also that kinetic 

effects might be pronounced under realistic conditions. Consequently, the observed behaviour cannot 

be explained by our DFT calculations that disregard the kinetics of surface processes that occur upon 

alloying.   
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Figure 45. STM images of 0.01 ML RhCu SAAs. (A) RhCu(111) where dense brims of Rh appear in 
the regions above step edges; Rh atoms appear as depressions. (B) RhCu(100) in which isolated Rh 
atoms can be seen alloyed throughout the terrace. (C) RhCu(110) in which isolated Rh atoms are also 
seen alloyed throughout the terraces. Typical imaging conditions: 300 mV and 300 pA. The scale bars 
are 5 nm. All SAA surfaces were prepared via Rh deposition on Cu held at 380 K followed by cooling 
to 80 K for STM imaging. STM images acquired by Yicheng Wang from Sykes group at Tufts 
University. The figure was prepared by Yicheng Wang.   

 In order to clarify the disparate behaviour of the three facets, we performed DFT calculations 

that provide the kinetic barriers for different types of Rh diffusion. Our computational investigations 

included three types of diffusion. The first is known as hopping diffusion, where an Rh adatom is 

visualised as a hard sphere, which slides over a corrugated plane (i.e. the surface) – (Figure 46 (a)). 

The second is diffusion via exchange, that is often the prevailing one on more open surfaces.242 In this 

case, a Rh adatom, which is adsorbed on a hollow site, displaces a neighbouring Cu atom from the 

surface, and the latter atom becomes the “new adatom” (Figure 46 (b)). The last diffusion mechanism 

is diffusion via an existing vacancy in the host material. This vacancy–mediated exchange diffusion 

first requires the formation of a vacancy on Cu, and then this vacancy is filled by the Rh adatom (Figure 

46 (c)). The computational setup that was used for these calculations is slightly different than the one 

described in the beginning of the chapter, and a short description is given in Appendix IV. 

Figure 46 (a) shows that simple Rh adatom hopping is significantly more facile on the Cu(111) 

surface (Ea,fcc→hcp = 0.23 eV or Ea,hcp→fcc = 0.06 eV) surface than on Cu(100) – (Ea,(100) = 0.90 eV) and 

Cu(110) – (Ea,(110) = 0.37 eV). It should be noted that the reported hopping barrier for Cu(110) in Figure 

46 (a) involves Rh hopping along the rows of the Cu(110) surface (see Appendix IV). Also computed 

is the corresponding barrier for Rh hopping across these rows, but this is a large kinetic barrier (1.82 
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eV). This high value implies that diffusion across the rows will be highly unlikely via hopping, in 

qualitative agreement with previous works.243  

 
Figure 46. DFT–computed kinetic barriers for (a) Rh hop diffusion; and (b) atomic exchange for the three 
investigated low–index surfaces. A side view representation of the different alloying steps is given above each 
panel, where we only show states that correspond to a minimum in the PES. Cu and Rh atoms are shown in 
orange and teal, respectively. Cu atoms that participate in an event are annotated by black circles. (c) Energy 
cost for vacancy formation on pure Cu surfaces and adsorption energies of an Rh adatom on the most stable 
adsorption site of the same surfaces.    

Regarding to the atomic exchange, we find that this process proceeds in a similar manner on 

the three Cu surfaces: the Rh adatom is initially adsorbed on a hollow site; in the transition state a Cu 
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atom is “lifted–up” by the adatom and a “Rh–Cu dimer” is formed above a surface vacancy; in the 

final state Rh is integrated into the Cu host surface, while the lifted–up Cu atom ends up as an adatom 

over a mixed hollow site (Figure 46 (b)). Contrary to the previously discussed hop diffusion (Figure 

46 (a)), atomic exchange events are much more easily activated on the open Cu(100) – (Ea,(100) = 0.71 

eV) and Cu(110) – (Ea,(110) = 0.27 eV) surfaces as compared to Cu(111), where Ea,(111)=1.04 eV. As a 

result, the computed barriers in Figure 46 (a) and Figure 46 (b) indicate that the predominant alloying 

mechanism toward the SAA phase will be different among the three low–index surfaces, and begins 

to explain the observed disparate distribution of Rh atoms over these three surfaces (Figure 45). In 

particular, Figure 46 (a) and (b) corroborate that Rh atoms which land on Cu(111) will be able to 

diffuse via hopping across the surface before they experience the appropriate alloying sites (e.g. step 

edges) that enables them to integrate into the Cu host surface. By contrast, Rh integration via direct 

atomic exchange into the terraces of the Cu host will be more favorable on Cu(100) and Cu(110) than 

hopping. This allows Rh adatoms to incorporate easily and directly in the terraces, and therefore form 

a uniform and well–dispersed SAA phase over the entire single crystal surface (Figure 45).     

The critical step in relation to the vacancy–mediated diffusion is the formation of a vacancy on 

the Cu crystal. Figure 46 (c) displays the barriers for this process on pure Cu(111), Cu(100) and 

Cu(110) surfaces. The energy cost for vacancy formation is also computed on the (211) surface, which 

models the step, and its close vicinity, in Figure 45 (A). The principal observation is that the formation 

of vacancies are much more facile on the more open Cu (100) and Cu(110), and the stepped Cu(211) 

surfaces than on the densely packed Cu(111). Therefore, the high concentration of Rh atoms in the 

vicinity of step edges of Cu(111) – (Figure 45 (A)) may be explained by the following four factors: (i) 

the fast Rh adatom hopping on Cu(111) – (Figure 46 (a)); (ii) the higher susceptibility of the region 

near the step towards the formation of vacancies as compared to the densely packed (111) plane (Figure 

46 (c)); (iii) the relatively easy integration of a Rh adatom into an existing vacancy on the Cu(111) 

surface (not shown) and (iv) the high stability of a Rh atom embedded in the Cu(111) host surface (see 
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the first inset in Figure 46 (a). The significantly stronger binding of Rh adatoms on Cu(211) as 

compared to Cu(111) is the force that drives these species on the area near the step (Figure 46 (c)). 

 Finally, it is interesting that although DFT predicts Rh atoms will tend to segregate to the bulk 

of Cu (Figure 43), the STM images reveal that Rh atoms mostly remain on the top layer. This is, 

however, the result of the kinetic trapping of Rh atoms on the surface layer because of the very large 

barriers for segregation to the bulk (Ea = 2.0 eV and 1.80 eV for Rh/Cu(111) and Rh/Cu(100), 

respectively (see Figure A21 in Appendix IV).     

7.3. Concluding remarks 

In summary, we examined the surface aggregation and surface segregation of dopant atoms on 

dilute alloys surfaces by means of DFT calculations. For the majority of the investigated systems, the 

dopant atoms prefer to form a well–dispersed phase under vacuum conditions, while this trend may be 

reversed, and clustering may occur, by exposing the surface to CO. The following chapter is also 

dedicated to the surface restructuring of dilute alloy surfaces, but this is studied by means of an 

alternative approach that combines DFT calculations and Monte Carlo simulations.  
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8. Engineering the surface architecture of highly dilute alloy under 
reactive conditions 

The presented DFT calculations in chapter 7 are useful in that they reveal whether there is an enthalpic 

preference by dopants to form clusters or to disperse into isolated atoms over the host metal surface. 

However, this approach does not account for important effects that are present in experiments, such as 

the CO* coverage, temperature, and configurational entropy effects. This chapter presents an 

alternative approach, which handles the aforementioned effects, and can be used for sampling the 

thermodynamically most favourable dopant configurations. This approach relies on lattice–based  

Monte Carlo (MC) simulations, which are parameterised from DFT calculations, and is employed to 

examine the surface architecture of Pd/Au(111), Pd/Ag(111), Pt/ Cu(111), Rh/Cu(111), Ir/Ag(111), 

and Ni/Cu(111) under both vacuum and reactive conditions. Interestingly, the results of our MC 

simulations suggest that fine–tuning of the surface architecture of highly dilute alloys may be possible 

by exposing the surface to different CO partial pressures. The contents of this chapter have been 

published in ACS Catal. 2020, 10, 1224−1236. 
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8.1. Computational details 

Density functional theory calculations. The DFT calculations were performed using VASP, and 

exchange and correlation effects were treated by the RPBE exchange–correlation energy functional.224 

Spin polarized calculations were performed only for the Ni/Cu surfaces. The core ionic electrons were 

treated using PAW potentials and the valence electronic wave functions were expanded by means of 

plane waves with an energy cutoff of 400 eV. We modelled the FCC (111) slab using a five–layer p(3 

 3) unit cell. We expect that the presence of a small number of dopant atoms on the surface layer of 

the alloy surface is unlikely to bring about a change to the lattice constant of the host metal. Therefore, 

the two bottom–most layers were kept fixed at the corresponding RPBE lattice constant of the host 

metal (3.64, 4.23, and 4.22 Å for Cu, Ag, and Au, respectively) and the three top–most layers were 

allowed to relax during ionic optimisation. The Brillouin zone was sampled with a 13  13  1 

Monkhorst–Pack k–point mesh and the Hellmann–Feynman forces on all atoms that are free to move 

were relaxed to less than 10-2 eV/Å. To aid with convergence, we employed the smearing scheme of 

Methfessel and Paxton with a width of 0.10 eV. The adsorption energy of m CO molecules (Eads (m·CO)) 

was computed according to eq. (90).    

The DFT–computed formation energies, which are used for the fitting of the CEs (see next 

subsections), are defined with respect to the DFT total energy of CO gas and the corresponding SAA 

catalyst, as follows:    

         1 g

f

CO

tot tot tot totE E n m CO n E host n E SAA m E          , (95) 

where  totE n m CO  ,  totE host ,  totE SAA and  gCO

totE  are the DFT total energies of an alloy surface 

with a cluster of n dopant atoms and m CO adspecies, the pure host material and a single dopant atom 

in the surface layer of the host material, respectively. According to eq. (95), the formation energy of 

an adsorbate–free SAA surface is zero. Along these lines, the SAA configuration and the CO molecule 

in the gas phase are used as a reference and therefore the formation energy of any other configuration 
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is relative to their energies. Negative and positive values of Ef  indicate, respectively, geometries with 

higher and lower stability than the SAA geometry with gas CO. Vibrational frequencies were 

computed within the harmonic approximation using a finite difference displacement of 0.02 Å. Based 

on the attained vibrational frequencies of CO in the chemisorbed state, we computed zero–point energy 

corrected pre–exponential factors for the desorption of CO*.      

Monte Carlo simulations. On–lattice Monte Carlo (MC) simulations were performed within the GT 

framework,116,126 as implemented in Zacros (version 2.0).137 The MC calculations were performed 

within the grand canonical ensemble with a fixed CO chemical potential (calculated from PCO) and a 

constant number of dopant/host atoms in each simulation. We performed MC simulations with various 

dopant loadings (1, 2, 3 and 4%) under vacuum conditions, as well as at various PCO for dopant 

loadings of 4 %. In the latter calculations, we investigate partial pressures of CO that result in CO* 

dopant fractional coverages (ΩCO) in the range of 0.0 ≤ ΩCO ≤ 1.0, and we define this quantity as   

CO*
CO

Dopant

N

N
  , (96) 

where NCO* is the number of adsorbed CO molecules on the dopant metal atoms and NDopant is the total 

number of dopant atoms. As a result of the weak interactions between CO* and the Au(111), Cu(111) 

and Ag(111) surfaces and the low PCO employed in all simulations, the CO* coverage on the host 

metal atoms was negligible; however, CO adsorption and CO* diffusion on host metal sites were 

explicitly taken into account in our MC model (see the following paragraphs). 

The simulation lattice contained three different site types, atop, threefold and bridge. The 

binding strength of CO* on fcc and hcp threefold sites surrounded by dopant atoms is very similar.67 

Therefore, we simplified the MC lattice by using only the fcc threefold site energies to treat both sites, 

referring to these throughout the text as “threefold”. To minimise any finite lattice size effects,103 we 

performed preliminary lattice size testing (see Figure A22 in Appendix V). On the basis of our tests, 

we employed lattices with a total number of sites of 19,200 (3,200 atop sites) and 7,500 (1,250 atop 
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sites) for the simulations under vacuum conditions and in the presence of CO, respectively, as there 

were no notable lattice size effects in either case (see Figure A22 in Appendix V). A representative 

lattice structure used in our simulations is shown in Figure 47. Each top site is connected with 18 sites, 

including the closest 6 atop sites, 6 bridge sites and 6 threefold sites (Figure 47). For example, the atop 

site shown in black in Figure 47 is connected with all the surrounded sites shown in green. Moreover, 

each bridge site is connected with 8 neighbouring sites: the closest 2 threefold sites, 4 bridge sites and 

2 atop sites. Finally, each threefold site is connected with the closest 3 atop sites and 3 bridge sites 

(Figure 47).   

 

Figure 47. Lattice employed in MC simulations. Three site types are considered: atop (shown as red circles), 
threefold (shown as blue triangles) and bridge (shown as orange squares). The sites that are connected with the 
atop site shown as black circle are shown in green.      

In order to capture both the state of CO* adlayer and that of the alloy surface with our model, 

we adopt the following conventions: atop sites are always covered by one of the following four species: 

a bare dopant atom (i.e. not covered by CO*), a bare host atom (i.e. not covered by CO*), a CO*–

covered dopant atom or a CO*–covered host atom. Importantly, the last species appears only on Au– 

and Ag–based alloys, where CO* can adsorb in all the host metal site types; these are atop, bridge and 

threefold. By contrast, the adsorption of CO on Cu atop site on the Cu(111) surface is significantly 

less stable than on Cu–Cu bridge and threefold fcc site (Eads (CO) of -0.51 eV, -0.48 eV and -0.35 eV 

for threefold, bridge and atop sites, respectively) and therefore the adsorption and diffusion of CO on 

Cu atop sites are excluded from our MC model. In addition, bridge or threefold sites can be either 

vacant or occupied by CO*. This gives rise to 5 species that are considered for the Cu–based alloys in 

Threefold site 

Atop site 

Bridge site 
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our MC simulations: dopant atom, host atom, CO*–threefold, CO*–bridge, CO*–top dopant. Along 

the same lines, there are 6 species considered for Au– and Ag–based: dopant atom, host atom, CO*–

threefold, CO*–bridge, CO*–top dopant and CO*–top host.   

We allowed for several state–to–state events to occur on the lattice during the MC simulation 

including: i) swaps of atop surface species (e.g. dopant metal atoms, host metal atoms and dopant 

atoms with a CO* molecule attached); ii) CO* diffusions from one site to another; and iii) CO 

adsorption on different site types (Figure 48). We consider 17 state–to–state events in total (Figure 

48), from which only the adsorptions/desorptions of CO* are actual elementary events. In contrast, the 

rates of CO* diffusion events and species swaps are set to be much faster than CO* 

adsorption/desorption so that stationary conditions are reached efficiently in the simulation. In any 

case, given enough simulation time, the system would sample the most thermodynamically favourable 

surface configurations, in line with the objective of our study, which did not aim at resolving the 

kinetics of the host–dopant atom swaps.   

CO adsorption events are treated as non–activated, and we compute the kinetic constant of CO 

adsorption (or equivalently the pre–exponential factor) using the 2D gas model (see eq. (83)). The rate 

constant for the desorption of CO* is calculated using the Eyring equation as derived from harmonic 

transition state theory:   

     ,CO ,CO ,CO

,CO*

exp
g g g B

des

B

vib transl rot ads

vib

Q Q Q Ek T
k

Q h k T

  
  



 
 
 

, (97) 

where 
 ,CO gvibQ , 

 ,CO gtranslQ  and 
 ,CO grotQ  are the vibrational, translational and rotational partition 

functions of a CO molecule in the gas phase, ΔEads is the adsorption energy and ,CO*vibQ  is the 

vibrational partition function for a CO molecule, which is chemisorbed on the alloy surface.  

We highlight that the actual values of kads and kdes are not important, as we are not interested in the 

kinetics; yet, their ratio has to be correctly calculated, because it is directly related to the chemical 

potential of gas CO. Thus, based on the equations above and those presented in chapter 3 (see eq. (43) 
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– eq. (49)), we find the ratio of the forward over the reverse pre–exponentials for all the CO adsorption 

events (reactions 12–17 in Figure 48). The use of these pre-exponential ratios in our calculations 

ensures their thermodynamic consistency.  

 

Figure 48. Schematics of the microscopic processes included in the reaction mechanism of the MC simulations. 
Processes 1–3 correspond to swaps of surface species; processes 4–11 are diffusions of CO and processes 12–
17 are CO adsorptions on the different site types. Dopant and host metal atoms are shown as blue and orange 
circles, respectively. Bridge sites surrounded by dopant and host metal atoms are shown as blue and orange 
squares, respectively; similarly for threefold sites but with triangle symbols. Adsorbed CO is denoted as CO*. 
We note that all the microscopic processes are included in the reaction mechanism of Au– and Ag–based alloys. 
For Cu–based alloys the adsorption of CO on Cu atop sites is omitted and therefore processes 10, 11 and 17 are 
not included in the reaction mechanism. 
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Along the same lines, the thermodynamically consistent pre–exponential ratios of CO* 

diffusion events (reactions 4 – 11 in Figure 48) were calculated on the basis of a thermodynamic cycle 

(see Appendix V), which includes CO adsorption to one site type, then diffusion of CO* from this site 

type to another site type and finally desorption of CO* from the latter site.  

In all simulations, the MC lattice was initialised without any CO* species adsorbed on the 

surface. Each atop site was occupied by either a dopant or a host atom, and the dopant loading remained 

constant at all times. We consider several surface aggregates, referred to as surface species from here 

on, including isolated dopant atoms (i.e. monomers), contiguous dopant dimers and trimers, but also 

island species that contain more than 3 dopant atoms. The system was allowed to reach stationary 

conditions, detected by having a constant average number of surface species and ΩCO over a time–

window. Under these circumstances, the lattice state was frequently sampled and the average fractional 

coverage of a particular surface dopant atom species k (single atoms, dimers, trimers, …), kY , was 

computed using eq. (98):  
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1 1
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  (98) 

where Yk,i is the fraction of dopant species k in snapshot i, NMC,conf is the number of lattice snapshots 

taken under stationary conditions, Nk,i is the number of dopant species k in snapshot i and Ntot,i is the 

total number of species detected in snapshot i. It follows that the number of dopant atoms (ND), which 

is constant in each simulation, is linked to the fractions of the dopant species as shown in eq. (99): 

max

1
D

D

tot m
m

N N Y m


   , (99) 

where Ntot is the total number of species in a particular snapshot, Ym is the fraction of species with m 

dopant atoms and Dmax is the number of dopant atoms contained in the largest species existing on the 

alloy surface. To simplify the analysis, we will lump together any species larger than trimers into a 

class of species referred to as islands. 
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Cluster expansion Hamiltonians. We have performed an approximate total of 240 DFT calculations 

with various dopant and CO* arrangements on the alloy surfaces in this study. Using this DFT dataset, 

we have fitted a CE for each alloy system,118 enabling the fast computation of the energy of arbitrarily 

complex configurations formed on the MC lattice during simulation. The CE method was recently 

implemented in the GT–KMC framework by Nielsen et al.116 and within this formalism, the energy, 

H(), of a configuration  is expanded in “clusters” or “figures”. These clusters represent single– to 

multi–body terms with a certain energy contribution to the total energy of a lattice configuration, H(), 

which is given by eq. (58). 

We again note that an exact CE can in principle be built by incorporating a very large number 

of clusters in the energetics model. Yet, the calculation of the ECI parameters for such a large number 

of incorporated clusters would require an impractically large number of DFT calculations. In addition, 

it is known that the inclusion of an excessive number of terms in the CE gives rise to overfitting 

issues.20,108 A common practice in order to overcome these challenges is to truncate the CE, by 

choosing an appropriate small set of energetic clusters, based on which one can accurately compute 

the energy of any on–lattice adsorbate configuration. After fitting the truncated CE, its performance is 

assessed by statistical measures such as the LOOCV score (see section 3.5), which indicates the 

predictive capacity of the CE.   

In our CEs, we consider explicitly the spatial arrangement of dopant and host atoms in the 

lattice top sites, as well as CO* as an adsorbate (surface species). This adsorbate can be bound to 

dopant top sites, bridge sites formed by two neighbouring dopant atoms (dimer), threefold sites 

surrounded by a dopant triangle (trimer) and to the most stable adsorption sites on the host (111) 

surfaces. The latter sites correspond to bridge and threefold sites on Cu(111) surfaces and atop, bridge 

and threefold sites on Au(111) and Ag(111) surfaces.67 Our DFT calculations show that the adsorption 

of CO* on mixed sites (i.e. bridge sites between a dopant atom and a host metal atom or threefold sites 

between 2 dopant atoms and 1 host) is not stable. This is in agreement with earlier DFT–based studies51 
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and high–resolution electron energy–loss spectroscopy (HREELS) works, which for example 

corroborate that CO adsorption can be stable on mixed Ni–Cu bridge sites only at high CO* coverages 

and temperatures lower than 130 K.244 Accordingly, it is ensured that CO* adsorption is not stable on 

mixed sites by assigning a high ECI value to clusters formed by CO* and a mixture of dopant and host 

metal atoms (see Figure A25 in Appendix V). This value is 10.0 eV, which is appropriate for the 

temperature range of our studies, since it is much larger than kBT at all temperatures considered.      

In our CEs, we consider terms with a different number of dopant atoms in various geometries 

(see Figure A25 in Appendix V). Furthermore, we include several two–body CO*–CO* interaction 

terms in the energetics (CO adspecies are adsorbed on different site types) with up to 2nd nearest 

neighbour interaction range. Figure 49 shows the parity between the DFT–computed formation 

energies of the geometries in our DFT datasets sets and the CE–predicted formation energies. 

Moreover, Table 4 shows the number of figures included in the CE of each alloy, the number of DFT 

geometries used to fit each CE, the root–mean square (RMS) errors between the DFT–computed and 

CE–predicted formation energies, as well as the calculated CV scores. We briefly note that the CV 

score and the RMS errors are normalised with respect to the number of top sites (Table 4).  

 

Figure 49. Parity between the DFT–computed and the CE–predicted formation energies of the geometries 
included in the DFT datasets of all investigated alloys. Open symbols represent the formation energy of clean 
geometries (i.e. geometries without CO adsorbed). Positive energy values correspond to geometries of lower 
stability than the SAA geometry. The dashed lines indicate the formation energy of the SAA geometry, which 
is used as a reference.   
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Table 4. Tabulation of the details of the CEs for each investigated surface in the present work. 

Surface Figures 

included in the 

CE 

Number of DFT 

Geometries 

Root-mean square  

between DFT and CE 

(meV/site) 

CV score 

(meV/site) 

Ni/Cu(111) 19 42 10.0 2.7 

Rh/Cu(111) 20 36 24.0 8.0 

Pd/Ag(111) 20 42 9.0 3.0 

Pd/Au(111) 20 46 10.0 3.2 

Pt/Cu(111) 19 35 17.0 6.5 

Ir/Ag(111) 19 41 31.0 9.7 

8.2. Results and discussion  

We investigate the surface aggregation of dopant atoms over a number of (111) highly dilute 

alloy surfaces. Simulations are performed under vacuum conditions (PCO = 0), as well as in the 

presence of gas CO at different concentrations (i.e. various PCO). In the latter case, the chemical 

potential of CO is such that the CO* dopant fractional coverage, ΩCO, is within the range of 0.0 – 1.0 

(see eq. (96)), whilst the host metal remains almost free of chemisorbed CO during simulation.  

8.2.1. Surface aggregation of dopant atoms under vacuum conditions 

We first use our MC model to investigate the effect of the dopant loading on surface 

aggregation under vacuum conditions. We study (111) surfaces of various dopant loadings within the 

range of 1 – 4 % at 350 K. Dopant loadings within this range are typically found in SAA catalysts 

employed in experimental studies.34,234,245 SAA catalysts are prepared by methods whereby the dopant 

atoms are deposited on the surface of the host metal (galvanic replacement for NP synthesis39 and 

vapour deposition in surface science).34 Accordingly, we assume that the barrier for diffusion of dopant 

atoms from the surface layer to the bulk is sufficiently large so that dopant atoms will be kinetically 

trapped on the surface of the catalyst under vacuum conditions and not segregate into the bulk of the 

alloy (see section 7.2.4 and Figure A21). Indeed, we note that a number of SAAs are kinetically stable 

as extended surfaces and NPs, despite having a thermodynamic preference for dopant atom segregation 
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into the bulk.67,125,234,246 Sykes and co–workers have highlighted the importance of the temperature 

under which the dopant deposition happens;247 they studied the Pd/Cu(111) structure showing that only 

when Pd deposition occurs at high temperatures (e.g. 500 K), there is a significant fraction of Pd atoms 

segregating into the subsurface layer of the alloy.247 Conversely, when Pd deposition took place at 350 

K the vast majority of Pd atoms remained on the surface layer. Along the same lines, HREELS studies 

have shown that on Ni/Cu(111) surfaces, segregation of Ni atoms into the bulk takes place only when 

Ni deposition occurs at temperatures higher than 475 K.248 Finally, under reactive conditions, and 

particularly in the presence of CO*, dopant atoms are generally very stable on the surface layer of 

highly dilute alloys as a result of the strong CO*–dopant interactions.   

In addition, we assume that the deposition of the dopant onto the host metal surface occurs at 

high enough temperatures so that dopant atoms are mixed in the matrix of the host metal, thereby 

forming a surface alloy. According to the pioneering work of Garfunkel and co–workers,248 deposition 

of Ni on Cu(111) surfaces within the temperature range of 375 – 475 K inhibits the formation of Ni 

2D and 3D islands on (top of) the host surface, and also prevents the segregation of Ni into the bulk of 

the alloy.   

Figure 50 shows the results of our MC simulations under vacuum conditions for all the alloys 

under investigation. A general observation is that within the examined range of 1 – 4 %, there is a 

small effect of the dopant loading on the surface aggregation. In particular, we simulate a clear 

thermodynamic preference toward the SAA phase for Pd/Au(111), Pt/Cu(111), and Rh/Cu(111) 

surfaces for all the considered dopant loadings (Figure 50 (c), (e) and (f), respectively). For all these 

cases > 0.99. Our calculations are in good agreement with combined surface science and theoretical 

studies on the Pt/Cu(111) system,249 where the SAA phase was found to prevail at Pt coverages lower 

than 6 % of the monolayer. Along the same lines, our simulations are corroborated further by H2 

activation studies on Pd/Au(111) alloys, which have revealed a tendency of Pd atoms to be dispersed 

at Pd coverages less than 0.05 ML,234 as well as by recent theoretical works.250,251 Finally, the same 
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trend has been suggested by recent DFT studies, in which the aggregation energies (ΔEagg) for the 

formation of dimer and trimer species for all the aforementioned alloys were found to favour the SAA 

phase under vacuum.67 

 

Figure 50. Fractions of surface species at 350 K under vacuum conditions and at different dopant loadings for 
(a) Ni/Cu(111); (b) Pd/Ag(111); (c) Pd/Au(111); (d) Ir/Ag(111); (e) Pt/Cu(111) and (f) Rh/Cu(111). The error 
bars are  one standard deviation.     

Conversely, the effect of dopant loading on the surface aggregation is somewhat important on 

the Pd/Ag(111) and more so on the Ni/Cu(111) surface (Figure 50 (a) and (b)). More specifically, for 

(a) 

(c) (d) 

(e) (f) 

Rh/Cu 

(b) 
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Pd/Ag(111) and Ni/Cu(111) surfaces and at 1% PGM loading, we compute a small fraction of dimers 

of 0.02 and 0.03, respectively (Figure 50 (a) and (b)). However, these dimer fractions are considerably 

larger at 4 % dopant loading, where = 0.06 and 0.10 for Pd/Ag(111) and Ni/Cu(111), respectively 

(Figure 50 (a) and (b)). Both cases are quite interesting, as they exhibit a behaviour that could not have 

been predicted by DFT calculations alone. For instance, under vacuum conditions, the DFT–computed 

ΔEagg for dimer clusters on the Ni/Cu(111) surface is -0.01 eV.67 This value is almost zero suggesting 

that, enthalpically, the SAA phase and the formation of Ni dimers will be almost equally favoured. 

Yet, our MC simulations suggest that Ni atoms tend to be dispersed (i.e. > 0.85) and that there is only 

a small fraction of dimers, which becomes larger at increasing Ni coverage. This is attributed to 

configurational entropy contributions to the free energy of the system, which become increasingly 

more important at higher temperatures, as those reached under experimental conditions. Similar 

conclusions hold for the case of Pd/Ag. We point out that these effects of coverage, temperature, and 

entropy are explicitly considered in our MC simulations, but are not accounted for in DFT calculations, 

thereby highlighting the value of MC approaches in elucidating the behaviour of such alloys.  

Finally, we find that the enthalpic preference for the formation of Ir aggregates on the 

Ir/Ag(111) surface is sufficiently high, such that there are no isolated Ir atoms thereon. Indeed, 

previous DFT studies have highlighted the high thermodynamic stability of dopant aggregates (e.g. for 

Ir triangular trimers ΔEagg = -0.90 eV).67 Yet, the present MC approach enables us to upscale these 

previous investigations, thereby showing that Ir aggregates with more than three Ir atoms dominate 

over the Ir/Ag(111) surface (Figure 50 (d)). 

8.2.2. Surface aggregation of dopant atoms in the presence of CO* 

CO chemisorption is, in general, more stable on hollow sites of dopant aggregates (i.e. dimers 

and trimers) than on their atop sites (see chapter 7). Yet, Ir alloys do not exhibit this behaviour; in 

these alloys, CO adsorption is very stable on the atop sites of Ir trimers and Ir–Ir species (see chapter 

7). A CO molecule adsorbed on the hollow site of a dopant cluster can bring about the trapping of the 
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dopant atoms in neighbouring positions, thereby providing an enthalpic driving force for surface 

aggregation. In contrast, at high CO* dopant coverage, lateral interactions between CO adspecies will 

inhibit aggregation.  

The ability of CO* to induce or inhibit surface aggregation in bimetallic alloys has been 

highlighted by MD and DFT,51,252,253 whilst electronic factors of the surface aggregation of Pd atoms 

on Pd/Cu(111) surfaces were discussed by Kasai and co-workers.254 With this in mind, we explore the 

effect of CO* coverage, ΩCO, on the surface aggregation of dopant atoms on each of the (111) highly 

dilute alloy surfaces in this study. PCO is varied such that ΩCO takes values in the range of 0.0 – 1.0, 

and such that the host metal atoms remain almost CO*–free. The dopant loading is kept fixed at 4 % 

in all the simulations presented in this section. We report ΩCO and kY  at different values of a 

normalised pressure, PN (Figure 51 (a) – (f)), which we define as:  

CO

CO,max

N

P
P

P
 , (100) 

where PCO is the applied partial pressure of CO and CO,maxP  is the partial pressure of CO for which 

ΩCO assumes a value close to unity. Therefore, PN  = 1.0 corresponds to dopant atoms approximately 

fully covered by CO* (i.e. one CO* adspecies per dopant atom) and PN values close to zero correspond 

to CO*–free dopant atoms (i.e. vacuum conditions).  

We note that for almost all the alloys there is a general thermodynamic preference toward the 

SAA phase at low PN (i.e. low ΩCO) – (Figure 51 (a), (b), (c), (e) and (f)). An exception to this is 

Ir/Ag(111), where we observe that for ΩCO < 0.28, Ir atoms aggregate to form islands (Figure 51 (d)). 

Moreover, the SAA phase is also favoured on all the alloy surfaces at PN values close to unity (Figure 

51 (a) – (f)), corresponding to almost one CO adspecies per dopant atom (ΩCO → 1). Under these 

circumstances, repulsive CO*–CO* lateral interactions tend to break dopant clusters apart by 

overcoming any attractive dopant–dopant interactions, thereby promoting the formation of the SAA 

phase.    
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Figure 51. Fractions of surface species  at 350 K at different values of the normalised pressure, PN ,for (a) 
Ni/Cu(111); (b) Pd/Ag(111); (c) Pd/Au(111); (d) Ir/Ag(111); (e) Pt/Cu(111) and (f) Rh/Cu(111). The left y–
axis (red) shows the CO dopant fractional coverage, while the right y–axis (black) shows the fraction of different 
surface species. The dopant loading is 4 % in all cases and the error bars are  one standard deviation.   

On the other hand, we realise that surface aggregation is induced at intermediate CO dopant 

fractional coverages on Ni/Cu(111), Pd/Ag(111) and Pd/Au(111) surfaces (Figure 51 (a) – (c)). The 

MC results suggest that dopant dimer and trimer as well as island species are present in significant 

fractions on the aforementioned surfaces for 0.20 ≤ ΩCO ≤ 0.80. Moreover, the tendency of Ni atoms 

(b) 

(e) 

Ni/Cu Pd/Ag 

Pt/Cu 

(c) (d) 

Pd/Au Ir/Ag 

Rh/Cu 

(f) 
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to form clusters is particularly pronounced as compared to Pd atoms on Pd/Ag(111) and Pd/Au(111). 

This high tendency for Ni surface aggregation on Ni/Cu(111) alloys in the presence of CO is in 

qualitative agreement HREELS studies, but also with very recent reflection adsorption infrared 

spectroscopy studies.248,255 Thus, on Ni/Cu(111) at ΩCO ≈ 0.41 we compute a relatively low fraction 

of monomers of approximately 0.39. Interestingly, in all three aforementioned cases the fraction of 

isolated monomers is minimal at a CO* dopant fractional coverage of approximately 0.40.   

Within the range 0.20 ≤ ΩCO ≤ 0.80 there is also a noteworthy phase transition between dimersY  

and trimersY , thereby indicating that one could favour the formation of a particular ensemble of dopant 

clusters by adjusting PCO. For example, for the three aforementioned alloys, the highest possible 

fraction of trimers at 350 K is for 0.20 ≤ ΩCO ≤ 0.40. At ΩCO ≈ 0.2 the fractions of dopant trimer 

clusters on Ni/Cu(111), Pd/Ag(111) and Pd/Au(111) are 0.21, 0.15 and 0.18, respectively, whilst the 

corresponding fractions of dopant dimers are 0.10, 0.09 and 0.06, respectively. By contrast, it is evident 

that the formation of dimers is promoted for 0.40 < ΩCO ≤ 0.80 and at ΩCO ≈ 0.6, where the computed 

dimer fractions are in most cases larger than the corresponding trimer fractions and are 0.26, 0.20 and 

0.11 for Ni/Cu(111), Pd/Ag(111) and Pd/Au(111), respectively (Figure 51 (a) – (c)).  

The DFT–computed ΔEagg for triangular trimer clusters on Ni/Cu(111), Pd/Ag(111) and 

Pd/Au(111) at ΩCO = 0.33 are -0.36 eV, -0.29 eV and -0.34 eV, respectively. These values are 

significantly more negative than the corresponding ΔEagg for dimer clusters which are -0.15 eV, -0.14 

eV and -0.14 eV for Ni/Cu(111), Pd/Ag(111) and Pd/Au(111), respectively. Accordingly, one would 

expect that trimer species will dominate over dimer and monomer species. However, our MC 

simulations (Figure 51 (a) – (c)) reveal that at similar ΩCO (i.e. 0.20 < ΩCO < 0.30) the fraction of 

monomer species is always larger than 0.52, being larger than both between dimersY  and trimersY . This 

result highlights the importance of coverage, configurational entropy and temperature effects, which 

can lead to the substantial population of states that are not the most enthalpically favoured.  
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Ir atoms in the Ir/Ag(111) surface have a high tendency to form islands at ΩCO < 0.28 (Figure 

51 (d)). However, these Ir islands become gradually smaller for higher PCO (i.e. ΩCO), and the SAA 

phase is “enforced” for ΩCO larger than 0.6. Contrary to the case of Ni/Cu(111), Pd/Ag(111) and 

Pd/Au(111) alloys, we observe a relatively sharp transition from a phase where island species prevail 

on the surface to a phase where dopant atoms are isolated and occupied by CO*. During this transition 

there is very limited, if any, formation of small Ir clusters (e.g. dimers and trimers), and the absence 

of these small dopant clusters can be attributed to: (1) the more energetically favoured adsorption of 

CO* on atop sites of Ir clusters as compared to hollow sites; and (2) the very low stability of the SAA 

phase at low and intermediate CO dopant fractional coverages.  

Finally, we study the effect of ΩCO into the restructuring of Rh/Cu(111) and Pt/Cu(111) alloy 

surfaces (Figure 51 (e) and (f)). DFT studies indicate that these alloys have a very strong enthalpic 

preference for the SAA phase, independently of the CO dopant fractional coverage. In addition, the 

high stability of the SAA phase in Rh/Cu(111) and Pt/Cu(111) is underscored in recent works, which 

focus on Cu–based highly dilute alloys.236 Indeed, the formation of dopant clusters in Rh/Cu and Pt/Cu 

is enthalpically unfavourable even in the presence of multi–dentate species (i.e. species that bind to 

more than one site upon adsorption) such as ethylene (C2H2).239 These results are further supported by 

our MC simulations, where we find that within the range of 0.0 ≤ ΩCO ≤ 1.0 the fraction of monomer 

species is always 1.0. Yet, we point out that Rh/Cu and Pt/Cu SAA catalysts are promising toward the 

efficient catalysis of numerous chemistries of practical interest, and in some cases the formation of 

contiguous dopant sites may deteriorate their performance for certain applications. A typical example 

of such a reaction is the selective hydrogenation of 1,3–butadiene to butenes over Pt/Cu alloys, where 

the formation of large Pt clusters, at high Pt loadings (≈ 30 %), diminishes the selectivity toward butene 

in favour of butane.170   
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8.2.3. CO influence on the surface morphology of dilute alloy surfaces: experimental 
evidence 

Prof. Maria Flytzani–Stephanopoulos, Prof. Charles Sykes and their groups at Tufts University 

have explored the possibility of influencing the surface morphology of Pd/Au dilute alloys by exposing 

them to CO. In particular, Mengyao Ouyang prepared Pd/Au NPs supported on SiO2 based on 

sequential reduction, and then used CO–DRIFTS to probe the catalyst surface under different CO* 

coverages.256 During the CO–DRIFTS experiment, the catalyst was exposed to 0.1 bar of CO gas and 

the surface coverage was manipulated by changing the temperature (Figure 52).   

 

Figure 52. (a) Schematic illustration of PdAu/SiO2 synthesis in which the final reduction step leads to migration 
of Pd to the interior of the NPs. Proposed structure and CO–DRIFTS results of Pd0.02Au0.98 /SiO2 sample 
sequentially at 30°C (b) (c) (d), 70°C (e) (f) (g), 30°C (h) (i) (j) during 10% CO/He adsorption (PCO = 0.1 bar) 
and desorption process. Prior to the experiment, the sample was reduced at 200°C in 5% H2/He for 1 h in situ. 
The annotation in the upper right box means CO adsorption (AD) process and He purge process (DE) during 
some time in each step. The experiments and analysis were conducted by Mengyao Ouyang – Tufts 
Nanocatalysis & Energy Laboratory. The figure was reprinted from ref. 256. 
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Interestingly, there were stark differences in the retrieved DRIFTS spectra under different 

conditions, thereby indicating that the catalyst transitioned between the SAA phase and a phase, which 

was rich in Pd clusters. Upon CO adsorption at 30 oC, the CO–DRIFTS spectra exhibited three peaks 

at 2173 cm-1, 2109 cm-1 and 2076 cm-1 from which the first is assigned to gaseous CO, the second to 

gaseous CO and CO* adsorbed on under–coordinated sites of Au, and the third to linear CO* adsorbed 

on Pd top (Figure 52 (b)). The gradual increase of the CO* Pd top peak shows that CO* is causing the 

segregation of subsurface Pd to the top (Figure 52 (b)) owing to the strong CO*–Pd interaction.256 

On the contrary, once the adsorption of CO happened at 70 oC, besides the aforementioned 

peaks, an additional peak appeared between 1925 cm-1 and 1805 cm-1 (Figure 52 (e)). The latter peak 

has been previously assigned to CO* adsorbed on hollow Pd sites,49,257 thus revealing the formation 

of Pd clusters at higher temperatures (and therefore lower CO* coverages). Markedly, this is in 

qualitative agreement with our MC results (Figure 51 (c)), which support that at high CO* coverage 

Pd atoms tend to be atomically dispersed, while a reduction in CO* coverage can induce surface 

aggregation. The Pd clusters remained on the surface even after CO* desorption (Figure 52 (f)), and 

disappeared only after exposure again to CO at 30 oC followed by CO* desorption (Figure 52 (i)).256 

 To test our computational approach, we performed MC simulations that replicate the 

conditions of the experiments of Ouyang et al. Under the same conditions (i.e. PCO = 0.1 bar, T = 70 

oC) our model predicted that Pd atoms are fully covered by CO*, and therefore the SAA phase is 

predominant on the alloy surface. As the quantitative reproduction of the interaction between CO* and 

metal surfaces is a great challenge for DFT,258,259 we carried out sensitivity analysis to understand the 

effect of the binding strength of CO* on the population of different Pd clusters (i.e. Pd monomers, Pd-

Pd dimers and Pd trimers) – (see Figure A26 in Appendix V). It appears that DFT overestimates the 

CO* binding energy as evidenced by (i) the absence of Pd aggregates for the experimental conditions 

of 70 oC and PCO = 0.1 bar; and (ii) the systematically lower vibrational frequencies for CO 

chemisorption on Pd atoms and aggregates in the Pd/Au(111) surface. In particular, the computed 
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vibrational frequencies of CO* on Pd top, Pd–Pd bridge and threefold sites are 2018 cm-1, 1859 cm-1 

and 1755 cm-1, respectively, which are lower than the corresponding experimental values (i.e. 2076 

cm-1, within 1925-1950 cm-1 and below 1900 cm-1 for Pd top, bridge and threefold respectively), 

thereby indicating that the binding strength of CO* is, in every case, overestimated by DFT. In view 

of this, in our model we used a CO binding energy which is lower than the DFT computed one by 0.2 

eV; equivalently an adsorption energy shifted by +0.2 eV, which is the widely accepted error of DFT. 

This value reproduces substantial populations of Pd aggregates, in line with experimental data for the 

aforementioned conditions (Figure 53).  Given the highly intricate structure of the supported catalyst 

and also the intrinsic DFT error, this result is encouraging and furnishes evidence that our ab initio 

MC approach is reliable.  

 

Figure 53. (a) kY  and ΩCO at temperatures within the range of 30 – 70oC for Eads(CO) on Pd surface 

species that are shifted by +0.2 eV as compared to the DFT–predicted values; PCO = 0.1 bar for all 
calculations. (b) Representative MC snapshot at 70oC that shows that the majority of Pd aggregates 
are Pd–Pd dimers. Pd, Au and Pd atoms covered by CO are shown in black, yellow and green, 
respectively. Bridge sites amid Pd atoms covered by CO are shown in blue. The error bars in panel (a) 
are ±1 standard deviation.256 

8.3. Concluding remarks 

This chapter presented an ab initio Monte Carlo approach that, in contrast to DFT calculations 

alone, accounts for coverage, configurational entropy and temperature effects. The approach was 

applied under both reactive and vacuum conditions and was used to study the surface architecture of 

different dilute alloy surfaces including Pt/Cu(111), Rh/Cu(111), Ni/Cu(111), Pd/Au(111), 
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Pd/Ag(111) and Ir/Ag(111). Our simulations revealed that different alloys may respond differently 

when exposed to a reactive environment, and provided “guidelines” on how one may pre–treat these 

surfaces toward a particular surface architecture. Future works may be dedicated to the incorporation 

of the kinetics of surface restructuring events (e.g. atomic swapping) in the presented approach, thereby 

leading to sophisticated dynamic models for the restructuring of dilute alloy surfaces.  
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9. Concluding remarks and future work 

9.1. Main contributions of this Thesis 

This Thesis explored the effects of the adlayer structure and surface morphology on the 

catalytic activity of materials that exhibit intricate behaviour. These materials can be pure metals, 

whose performance may be subject to strong adsorbate–adsorbate interactions, or bimetallic alloys, 

whose surface morphology may be manipulated at will under reactive conditions. Given their rich 

features, such materials often deviate from established conceptual models (e.g. d band model) and can 

be effectively studied by means of sophisticated computational methods like DFT and KMC, whose 

underpinning were given in chapters 2 and 3.   

Chapter 4 discussed that lateral interactions affect the structure of the adsorbate layer over 

catalytic surfaces. To demonstrate that, we employed KMC simulations incorporating BEP relations 

and CE Hamiltonians to model the oxidation of NO on Pt(111). These simulations suggested that the 

inclusion of interactions of different range and complexity gives rise to disparate adsorbate layer 

structures and catalytic rate predictions. This result has important implications on two aspects: first, it 

demonstrates that in systems with an ordered adsorbate overlayer, the strong correlation in the adlayer 

can lead to interesting effects, whereby the geometry of the domain alone can strongly influence the 

kinetics. This was clearly demonstrated by the 3–Fig. CE and 8–Fig. CE simulations on periodic 

lattices, which yield significant differences in TOF between commensurate and non–commensurate 

lattices; second, the accuracy with which the CE is fitted to density functional theory data can have a 

decisive effect on the physics reproduced by KMC simulations, even at the qualitative level. Note that 

all CEs had been fitted to the same DFT data. The only difference was the truncation level, including 

up to 1NN interactions in the 3–Fig. CE and up to 3NN interactions in the 5–Fig. CE. For this system, 

a CE with only 1NN interactions leads to TOF values that are very different from those of more 

accurate CEs, and our detailed analysis explained the origin of such deviations.  
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Next, we focused on bimetallic alloys like highly dilute and single atom alloys. Chapter 5 

investigated the behaviour of typically structure sensitive reactions on a number of SAA(111) and 

SAA(100) surfaces. In this regard, DFT calculations revealed that isolated dopant atoms show 

disparate reactivity when are exposed to different coordination environments. Remarkably, however, 

(dissociation) reactions that exhibit substantial structure sensitivity on PGM surfaces, revealed a 

“reduced” structure–insensitive on (111) and (100) SAA and coinage metal surfaces. This is a finding 

with far–reaching implications for future single–crystal and catalysis studies where the activation of 

chemical bonds is of central importance (e.g. the RDS). In more precise terms, this result implies that 

studies over the (111) SAA facet may give insight into the behaviour of the (100) SAA facet, and vice 

versa, thereby accelerating the development and design of optimal SAA catalysts. 

Besides SAAs, we also delved into highly dilute alloy surfaces whereon the dopant atoms form 

small clusters like dimers and trimers. Our screening studies in chapter 5 showed that the performance 

of Ni2Cu and Ni3Cu with respect to association and dissociation reactions, which are important to 

emission control catalysis, is similar (or even better in some cases) to those of well–established pure 

metals in heterogeneous catalysis (e.g. Rh, Pt and Pd). Ni/Cu alloys are attractive from a practical 

standpoint because of their low cost and the abundance of the constituent metals.        

Along these lines, we proceeded by studying the decomposition of N2O* and the NO + CO 

reactions over the aforementioned surface in chapter 6. Regarding the former reaction, on Cu–based 

surfaces we identified three different pathways, two of which could not be identified over Rh(111). 

The existence of these reaction paths provides alternative routes for the decomposition of N2O* on 

Ni/Cu dilute alloys, and renders these materials promising for this reaction. Additionally, our 

microkinetic analysis of the NO + CO reaction underscored that the addition of a small number of Ni 

atoms on Cu surfaces brings about substantially improved catalytic performance as compared to a pure 

Cu catalyst, and comparable performance to Rh, thus highlighting the potential of Ni/Cu dilute alloys 

for emission control catalysis.   
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Another noteworthy point that emerged from our discussion in chapter 6 was that the selectivity 

of the N2O* decomposition reaction could be altered by changing the size of the Ni cluster. In 

particular, larger Ni clusters (i.e. more than two atoms) appeared to favour the formation of NO* + 

N*, while smaller clusters favoured the formation of N2* + O*. This result demonstrated the 

importance of defining ways to control and manipulate the surface architecture of highly dilute alloys. 

Accordingly, chapters 7 and 8 were dedicated to this topic, and presented an ab initio MC 

approach that is capable of highlighting the thermodynamically most stable configurations of dopant 

atoms on coinage metal surfaces. Using this MC approach, the restructuring of dilute alloy surfaces 

could be modelled under both vacuum and reactive conditions, and its reliability was verified by 

experiments. In this Thesis, the reactive atmosphere was modelled by the addition of CO in the gas 

phase, which was in contact with the catalytic surface. Our results pointed out that in some cases, 

extensive dopant aggregation can be achieved upon exposure to CO chemical potentials that result in 

CO* dopant fractional coverages between 0.2 and 0.8 (e.g. Pd/Au(111), Pd/Ag(111) and Ni/Cu(111)). 

On the same surfaces, the formation of the SAA phase was favoured at high fractional coverages thanks 

to the repulsive interactions between CO* adsorbed on neighbouring dopant atoms. By contrast, on 

other surfaces (e.g. Pt/Cu(111) and Rh/Cu(111)), irrespective of PCO, the aggregation of dopant atoms 

was not possible. Markedly, our ab initio MC approach can be readily applied to other bimetallic 

combinations and adsorbate species, thus serving as a proof–of–principle for the design of bespoke 

ensembles that can optimise catalytic performance for reactions of practical interest.   

9.2. Further research opportunities 

  The conducted research herein has generated avenues for future research, and so this Thesis is 

completed with a brief mention in this regard. Future research activities may further our understanding 

on the performance of Ni/Cu dilute alloys in relation to emission control catalysis. To this end, the first 

step could be to model the NO + CO reaction by employing KMC simulations combined with BEP 
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relations and CEs (i.e. the approach presented in chapter 4). Under these circumstances, we will 

account for adsorbate–adsorbate interactions, thereby building accurate kinetic models. 

 Another point that merits consideration and could be part of future research is the identification 

of the active site for the NO + CO reaction on Ni/Cu dilute alloy catalysts. To achieve that, other 

commonly exposed facets (e.g. (100), (110), (211)), besides the densely packed (111), have to be 

investigated, and ideally the results should be compared with experimental data. This approach has 

been established by Mavrikakis and co–workers and has turned out to be successful.216  Moreover, it 

is known that under conditions relevant to catalysis, Cu–based catalysts undergo oxidation that results 

in the formation of a Cu2O layer on the catalyst surface. The Cu2O phase has been found to promote 

the oxidation of CO*,260 but also the dissociation of NO*.261 Therefore, studies on the effects of this 

oxide structure in the catalysis of the NO + CO chemistry could be another topic for future research.   

Finally, the ultimate goal would be to build KMC models that account for surface restructuring 

and reaction simultaneously. These models would provide “in–situ” information on how a catalytic 

surface is restructured when exposed to adsorbates, and on how this restructuring influences the 

reaction kinetics. Such models would be able to deal with the high complexity of surface reactions, 

and unveil aspects thereof that will be critical for the development of promising catalytic materials.   
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Appendix I 

 ECI parameters for the CE of the NO oxidation 

Table A1. Energetic contribution parameters used in this study in Lattice-gas Hamiltonian form and in meV.116 

Figure  3–Figure CE 5–Figure CE 8–Figure CE 
H0/NL -27 45 9  
Point  -1200 -1580 -1374 
1NN 300 260 156 
2NN  84 56 
3NN 84 12 
4NN  28 
5NN 28 
6NN  
7NN 
8NN 
1-1-3 64 

 

 Formation of 2 x 1 O* domains for 8-Fig. CE models 

Figure A1 shows a lattice snapshot from KMC simulation for µO* = -0.577 eV and ca. 0.39 ML 

coverage. We observe domains of 2 × 1 O* order.  

 

Figure A1. Representative lattice snapshots from KMC simulation at 480 K of an 8–Fig. CE energetics model 

adlayer structure of a 42 × 42. O* adatoms are represented by black circles and empty sites by grey circles. 
2Oy

= 0.1 bar, PNO2/PNO = 54.5. 

 

 

𝝁𝑶∗ = −𝟎. 𝟓𝟕𝟕 𝒆𝑽  -  0.39 ML 
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 Formation of anti-phase boundaries 

To understand the cause of the adlayer disruption by anti-phase boundaries we examine two 

small, periodic lattices (Figure A2 (a) and (b)). The lattice periodicity means that sites lying on lattice 

edges are connected to others located on opposite sides of the cell. For instance, in Figure A2 (a) site 

6 of the 6 × 6 lattice is connected to sites 5, 11 and 12 as well as sites 36, 31 and 1. Similarly, site 5 of 

the 5 × 5 lattice (Figure A2 (b)) neighbours sites 4, 10 and 9 as well as sites 25, 21 and 1. The 1st 

nearest neighbours of the sites located in the top left corner of each lattice, are shown in the areas 

enclosed by the dashed hexagons (Figure A2). 

 

Figure A2. (a) A 6×6 commensurate lattice with the adsorbates (orange circles) organised in  structure. (b) A 
5×5 non–commensurate lattice where the is disrupted, as exemplified on the left top corner. White circles depict 
vacant sites and both lattices are periodic.  

Starting from occupied site number 1, we organise adsorbates in the  structure on both lattices (this is 

the structure used as the initial configuration of each simulation). On the 6×6 lattice, whose number of 

sites is divisible by three, we observe that the  structure is preserved in the area of the dashed hexagon 

in Figure A2 (a). The adlayer structure is in this case commensurate to lattice size. In more general 

terms, if A and B are unit cell vectors of the simulation lattice, then there exist integers z1, z2, z3 and 

z4, and unit cell vectors of the adlayer structure a, b, such that A = z1 a + z2 b and B = z3 a + z4 b. Thus, 

no disruption is induced during simulation. On the contrary, Figure A2 (b) shows that defect structures 

emerge, e.g. around site 5 etc.; the stable  structure cannot “develop” in this lattice, as is the case of 

all lattices with dimensions not divisible by 3. The strong repulsions between O* adspecies in 3-Fig. 

 (a)  (b) 
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CE energetics model force adsorbates in the defective regions to rearrange, resulting in the emergence 

of anti-phase boundaries 
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Appendix II 

 K-point convergence testing 

 

Figure A3. K–point convergence test for a H adatom on (a) a 4–fold site on Cu(100); (b) a mixed bridge site 
on a Pt/Cu(100) SAA surface, and (c) a dopant top site of the latter surface. 

 

Figure A4. Parity between the adsorption energies of CO computed with 9  9  1 and 13  13  1 k-meshes. 
CO is chemisorbed on the top dopant sites of the single atom alloy surfaces and on a top site on the Cu(111) 
surface.  
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 Computed Adsorption energies 

Table A2. Adsorption energies of NO on the top dopant site on SAA surfaces and on the most stable site of 
pure metal surfaces. 

Catalytic Surface Eads(N2) (111) (eV) Eads(N2) (100) (eV) 

NiAg 
-2.30 -2.35 

NiAu 
-2.13 -2.32 

NiCu 
-2.09 -2.25 

PdAg 
-1.18 -1.24 

PdAu 
-1.13 -1.30 

PdCu 
-1.06 -1.21 

PtAg 
-1.38 -1.47 

PtAu 
-1.36 -1.58 

PtCu 
-1.22 -1.42 

RhAg 
-2.58 -2.68 

RhAu 
-2.44 -2.66 

RhCu 
-2.31 -2.48 

Au 
-0.85 -0.58 

Ag 
-0.62 -0.68 

Cu 
-1.55 -1.61 

Pt 
-2.25 -2.70 

Rh 
-2.85 -2.87 

Ni 
-2.84 -2.99 

Pd 
-2.62 -2.40 
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Table A3. Adsorption energies of N2 on the top dopant site on SAA surfaces and on the most stable (i.e. atop) 
site of pure metal surfaces. 

Catalytic Surface Eads(N2) (111) (eV) Eads(N2) (100) (eV) 

NiAg 
-0.93 -0.97 

NiAu 
-0.85 -0.93 

NiCu 
-0.79 -0.89 

PdAg 
-0.38 -0.42 

PdAu 
-0.40 -0.46 

PdCu 
-0.32 -0.41 

PtAg 
-0.39 -0.43 

PtAu 
-0.45 -0.52 

PtCu 
-0.28 -0.39 

RhAg 
-1.07 -1.08 

RhAu 
-0.97 -1.00 

RhCu 
-0.90 -0.93 

Au 
-0.17* -0.16* 

Ag 
-0.15* -0.16* 

Cu 
-0.15 -0.30 

Pt 
-0.45 -0.70 

Rh 
-0.79 -0.80 

Ni 
-0.65 -0.79 

Pd 
-0.48 -0.61 

* physisorption: N2 is far above the top layer of the surface. 
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Table A4. Adsorption energies of O on the top dopant site on SAA surfaces and on the most stable site of 
pure metal surfaces. 

Catalytic Surface Eads(O) (111) (eV) Eads(O) (100) (eV) 

NiAg 
-1.12 -1.25 

NiAu 
-0.47 -0.65 

NiCu 
-0.83 -0.99 

PdAg 
0.13 0.04 

PdAu 
0.56 0.45 

PdCu 
0.32 0.21 

PtAg 
-0.28 -0.33 

PtAu 
0.03 -0.17 

PtCu 
-0.08 -0.30 

RhAg 
-0.98 -1.27 

RhAu 
-0.64 -0.96 

RhCu 
-0.74 -1.02 

Au 
-0.20 -0.20 

Ag 
-0.60  -1.05 

Cu 
-1.90 -3.20 

Pt 
-1.52 -1.06 

Rh 
-2.28 -2.30  

Ni 
-2.47 -2.94 

Pd 
-1.49 -1.46 
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 Correlation plots between adsorption energy and d band centre 

 

Figure A5. Linear correlation between the adsorption energy of (a) O*; (b) N2* and (c) NO* on the dopant top 
site of several SAA surfaces and εd. Regression lines are shown with the corresponding coefficients of 
determination (R2). N, O, dopant and host atoms are shown in blue, red, grey and yellow, respectively.  
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 Effective activation barrier  

The concept of the effective activation barrier is illustrated in Figure A6 where we show how 

the barrier predicted by the dimer method (Ea, predicted) and the reported effective barriers (Ea, effective) are 

calculated. The dissociation of NO on Cu–based and platinum group metal (100) surfaces is an 

example of a system with a potential energy surface that resembles the one shown in Figure A6. More 

specifically, NO is initially adsorbed perpendicularly on a mixed bridge or a fourfold site (Most stable 

IS in Figure A6). Then, it tilts toward the surface, and ends up in an adsorption structure where the 

molecule is parallel to the surface (Meta–stable IS in Figure A6). The reported effective barriers are 

always defined with respect to the most stable IS. 

 

Figure A6. Illustration and definition of predicted and effective activation barriers. The effective activation 
barrier is always calculated with respect to the energetically most stable IS. The insets at the bottom of the figure 
show the corresponding structures of the presented potential energy surface for the dissociation of NO. O, N, 
Cu and dopant metal atoms are shown in red, blue, orange and green, respectively.  
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 Computed barriers for CO oxidation 

 
Figure A7 Ea(100) and Ea(111) parity for SAA surfaces (red circles), pure metal surfaces (green squares) and 
Ni clusters on Cu (orange diamonds) for the catalytic CO oxidation. The black dashed line represents the parity 
line. 

 

 Desorption energies 

Table A5. Summary of adsorption energies of NO on the most stable adsorption site of Ni dimers and trimers 
embedded on Cu surfaces. The most stable adsorption sites are hollow bridge and threefold sites for Ni dimers 
and trimers, respectively, and NO is perpendicular to the surface.  

Alloy Surface Eads(NO) (111) (eV) Eads(NO) (100) (eV) 

Ni2Cu 
-2.65 -2.86 

Ni3Cu 
-3.07 -3.09 

Cu 
-1.55 -1.61 

Ni 
-2.84 -2.99 
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Figure A8. (a) The side and top views of the η2–(atop, atop) CO2 adsorption structure on a Rh/Cu(100) SAA 
surface. (b) The side and top views of the CO2 physisorbed structure on a Ni/Cu(100) SAA surface. O and C 
atoms are shown in red and grey, respectively. Ni, Rh and Cu atoms are shown in purple, green and orange, 
respectively. 

 

Table A6. Summary of CO2 adsorption energies for the physisorbed and η2–(atop, atop) structures on the Ni 
cluster (111) surfaces. 

Catalyst Surface 
Eads(CO2) (eV) 

Physisorbed Structure 

Eads(CO2) (eV) 

“Bent” Structure (η2-(atop, atop)) 

Ni2Cu(111) 
-0.26 -0.37 

Ni3Cu(111) 
-0.27 -0.43 

Ni2Cu(100) 
-0.26 -0.65 

Ni3Cu(100) 
-0.27 -0.87 

 

(a) 
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Appendix III 

 Electronic structure analyses of N2O adsorption modes 

 

Figure A9. Projected density of states for (a) the 1–(Nt{top}) and (b) the 2–h(Nt{bridge}, Nc{top}) on 
Rh(111). The red line is the N2O contribution and the blue line is the metal contribution (only Rh surface atoms). 
The relaxed adsorption structures are shown on the right of each panel. Rh, O and N atoms are shown in dark 
green, red and blue.   

 N2O formation and decomposition on Rh(111) 

Figure A10 shows the reaction path for the decomposition of N2O to either NO* + N* or 

N2* + O*.  The energies presented are referenced to a non–interacting N2O molecule in the gas–phase 

and a clean Rh(111) slab. For an accurate comparison of our results to the work of Paul et al.,177  all 

the energies presented include the zero point energy (ZPE) correction, which can be introduced by 

calculating the energy of an adsorbed state as  
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constant; ωN2O,i is the the angular frequency of the i th mode of gas-phase N2O and ωi is the angular 

frequency of the i th mode of N2O in an adsorbed state.  

 
Figure A10. Reaction path for the decomposition of N2O* either to NO* + N*or to N2* + O*. The energy 
values are ZPE–corrected. The numbering of the adsorbed configurations of N2O is as follows: (1) 2–
f(Nt{bridge},Nc{top}), (2) 2–(Nt{top},Nc{top}), (3) 1–(Nt{top}) and (4) 2–(Nt{top},O{top}). Rh, O and 
N atoms are shown in dark green, red and blue, respectively.    

 N2O formation and decomposition on Rh(111) 

To demonstrate the NO* – NO* repulsive interactions, we plot the average adsorption energy of 

NO* over Rh(111) for different NO* surface coverages. As seen, at increasing surface coverage the 

NO* binding strength diminishes (i.e. less exothermic adsorption).   

 

Figure A11. Average adsorption of NO* for various coverages.  
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 N2O* formation via (NO)2* on Ni3Cu(111) 

 

Figure A12. N2O* formation via (NO)2* on Ni3Cu(111). 

 

 Side views of the states within the N2O* formation and decomposition reaction pathways 

The following figures show the side view of the different states that are involved in the N2O* 

formation/decomposition pathways (see Figure 32, Figure 33 and Figure 34 in the main text). The 

images are for the Ni2Cu(111) surface, but in the vast majority of cases they are representative for all 

the Cu–based surfaces.  

 

Figure A13. Side views of the states in Figure 33 (B) of the main text. Ni, Cu, O and N atoms are shown in 
purple, orange, red and blue, respectively. 
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Figure A14. Side views of the states in Figure 34 (C) of the main text. Ni, Cu, O and N atoms are shown in 
purple, orange, red and blue, respectively. 

 

 

 

Figure A15. Side views of the states in Figure 35 (C) of the main text. Ni, Cu, O and N atoms are shown in 
purple, orange, red and blue, respectively. 
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 O2* association and NO2* formation 

Figure A16 shows the initial, transition and final states for the formation of O2* from two O* 

adatoms. Also shown are the computed DFT energies for each structure.   

 

Figure A16. Top view of initial, transition and final states for the formation of O2* on Cu(111). Cu and O 
atoms are shown in orange and red, respectively.  

Regarding the NO2* formation, we find that on Cu–based the forward barrier is always larger 

than 0.70 eV, while the reverse barrier (i.e. NO2* dissociation) is always smaller than 0.30 eV. Our 

data indicates that the formation of NO2* is neither kinetically nor thermodynamically favoured. The 

most stable final state for all the three surfaces is the so–called μ–N,O–nitrito adsorption mode, whose 

stability is experimentally confirmed on other coinage metal surfaces.262 We also compute the 

adsorption energies of NO2* in the μ-N,O-nitrito structure on the Cu-based surfaces (Table A6). The 

obtained values imply that even if NO2* is formed on the surface its dissociation will be dramatically 

more favourable than its desorption, thereby corroborating our reaction mechanism, which does not 

take into account the formation of NO2*. 
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Figure A17. Top view of initial, transition and final states for the formation of NO2* on Cu(111), Ni/Cu(111) 
SAA and Ni2Cu(111) surfaces. Ni, Cu, O and N atoms are shown in purple, orange, red and blue, respectively. 
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Table A7. Adsorption energies for NO2* in μ–N,O–nitrito adsorption structure on Cu-based surfaces. Note that 
the gas–phase calculation for NO2(g) was spin–polarised.  

Surface Eads(NO2) 

Cu(111) -1.70 eV 

Ni/Cu(111) SAA -2.10 eV 

Ni2Cu(111) -2.30 eV 

 

 

 Activity plot for Cu(111) at “low temperatures” 

 

Figure A18. Activity of Cu(111) within the temperature range of 300 K – 500 K (low–temperature range). 
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 Explanation for the selectivity peak on Ni/Cu bimetallic alloys 

Figure A19 (a) and (b) shows that the selectivity peak of Ni2Cu(111) is unaffected by changes 

to the activation barrier to the formation of N2*  (R16 in Table 3 in chapter 6) and the dimerization 

reaction (R15 in Table 2 in chapter 6) on Ni*. On the contrary, the peak (which appears between 950 

K and 1400 K) disappears upon increasing the activation barrier for the formation of N2O* (R9 in 

Table 2 in chapter 6) and NO* dissociation (R8 in Table 2 in chapter 6) reactions on Ni*. Therefore, 

the selectivity spike for Ni/Cu SAA and Ni2Cu in Figure 38 (a) is associated only with the latter two 

reactions. 

 

Figure A19. Predicted selectivity to N2 after setting a large activation barrier (i.e. 2.5 eV) for (a) the formation 
of N2* on Ni*; (b) the dimerization reaction on Ni*; (c) the direct dissociation of NO* on Ni*; and (d) the 
formation of N2O* on Ni* 
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 Sites involved in surface reactions over Ni/Cu bimetallic alloys 

Several elementary events in our microkinetic model involve two sites, which may be of 

different type on the Ni/Cu bimetallic alloys. On the latter surfaces, the two–site reactions (see Table 

3) can happen either on Cu sites, where the reactants and products are on Cu*, or on pair of sites that 

include both Ni* and Cu*. Table A7 tabulates the two–site events of the NO + CO reaction along with 

the site types whereon the reactant and product adspecies are adsorbed in our model.   

Table A8. Two-site events and sites where reactant and product species are adsorbed. The adsorption sites (i.e. 
either Ni*or Cu*) are shown in bold. Also in bold are the reaction numbers, which correspond to the numbers 
shown in Table 2 in the main text.  Empty sites are denoted as Ni* or Cu*. For occupied sites, the adsorbate is 
specified followed by the site type in parenthesis.     

Reaction Reactant 1 Reactant 2 Product 1 Product 2 

NO* + * ↔ N* + O*                   

(R8)                   
NO* (Ni*) Cu* N* (Ni*) O* (Cu*) 

NO* + N*↔ N2O* 2NbNt + * 

(R9)                   
NO* (Ni*) N* (Cu*) 

N2O*2NbNt  

(Ni*) 
Cu* 

N2O* 2NtOt  + * ↔ N2* + O*       

(R12) 

N2O*2NtOt   

(Ni*) 
Cu* N2* (Ni*) O* (Cu*) 

N2O* 2NbNt  + * ↔ N2* + O*      

(R13)     

N2O*2NbNt  

(Ni*) 
Cu* N2* (Ni*) O* (Cu*) 

CO* + O* ↔ CO2*  + *                 

(R14)                   
CO* (Ni*) O* (Cu*) CO2* (Ni*) Cu* 

NO* + NO* ↔ N2O* 1 + O* 

(R15)     

NO*       

(Ni*) 
NO* (Cu*) 

N2O* 1 

(Ni*) 
O* (Cu*) 

N* + N* ↔ N2* + *                        

(R16) 
N* (Ni*) N* (Cu*) N2* (Ni*) Cu* 
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Appendix IV 

 Surface aggregation studies – dopant trimers 

 
Figure A20. Aggregation energies (ΔEagg) for trimers relative to the SAA phase of Ni, Pd, Pt, Rh and Ir doped 
into the (100) and (211) surfaces of the group 11 metals with (a) no adsorbed CO molecule; (b) 1 adsorbed CO 
molecule; (c) 2 adsorbed CO molecules and (d) 3 adsorbed CO molecules. The legend below each plot, show 
dimer configurations in the relaxed state; therein carbon, coinage metal, dopant metal and oxygen atoms are 
represented by grey, orange, blue and red spheres, respectively.   
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 Computational setup for Rh diffusion 

To describe the exchange and correlation effects, we employed the PBE functional. Using this 

functional, we computed a lattice constant for Cu of 3.63 Å, which is in excellent agreement with 

previous works and in reasonable agreement with the experimental value of 3.59 Å.263 The electronic 

wave function was converged to 10−7 eV and the Hellman–Feynman forces were relaxed to less than 

10−2 eV Å−1. The low-index SAA Rh/Cu(111), Rh/Cu(100), Rh/Cu(110) and Rh/Cu(211) surfaces 

were modeled by a 4–layer p(4 × 4), 4-layer p(4 × 4), 8–layer p(4 × 4) and a 4–layer p(4 × 1) cell, 

respectively. Some (110) surfaces, like Au(110) and Pt(110), undergo a transition towards the 

energetically favored (1  2) missing row reconstruction geometry.264–266 Cu(110), however, is not 

known to be prone to such a reconstruction, and therefore our DFT calculations focus on an ideal (1  

1) geometry.267 The bottom two layers of the (111), (100) and (211) surfaces were fixed at the PBE–

computed Cu lattice constant, while the top two layers and any Rh or Cu adatom thereon, were allowed 

to relax during geometry optimization. For the (110) surface, the bottom four layers were fixed at the 

Cu lattice constant and the top four ones were allowed to relax. The following Monkhorst–Pack k–

point meshes were used to sample the Brillouin zones of the considered surfaces: 4 × 4 × 1 k–point 

mesh for the (111) surface, 4 × 4 × 1 for (100), 3 × 4 × 1 for (110) and 5 × 4 × 1 for the (211) surface. 

Finally, transition states were identified with the dimer method, and vibrational analyses were 

performed in order to verify that each of the located transition states was a 1st order saddle point in the 

PES. 

.  
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Figure A21. Computed barriers for segregation of Rh to the bulk of Rh/Cu(100) and Rh/Cu(111) surfaces. 
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Appendix V 
 

 Lattice size testing 

 

Figure A22. (a) Lattice size testing performed on the Ni/Cu(111) alloy under vacuum conditions and for 4% Ni 
loading. (b) Lattice size testing performed on the Ni/Cu(111) alloy in the presence of CO at PN = 0.01 (for the 
definition of PN see the main text) and for 4 % Ni loading. (c) Lattice size testing performed on the Pd/Ag(111) 
alloy in the presence of CO and PN = 10-4. Note that at this CO pressure the induced aggregation is maximum 
(see the main text). (d) Walltime testing on the Pd/Ag(111) alloy in the presence of CO and PN  = 10-4. The error 
bars in all panels are  one standard deviation. 
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 Pre-exponentials for CO* diffusion – Thermodynamic consistency 

The total difference in free energy of a multistep thermodynamic process where the initial and 

final states are identical is 

12 23 1.... 0tot nF F F F      ,                 (102)      

where F is a free energy and ΔF12 , ΔF23 and ΔFn1 are the differences of free energies between states 1 

and 2, states 2 and 3 and states n and 1, respectively. An example of such a multistep process is shown 

in Figure A10: a gas-phase CO molecule binds to the bridge site of a dopant dimer (reaction 1→2); 

this is followed by a CO* diffusion to an atop site (reaction 2→3) and subsequently by a desorption 

(reaction 3→1) that brings the system to its initial state 1. The equilibrium constant for the 1→2 step 

will be 

1 2

rxn,1 21 2 1 2
12

2 1 2 12 1

exp

exp

exp

B

B

B

E
Ek TA A

K
A A k TE

k T



 

 

 
               

,               (103) 

where E1→2 and E2→1 are the activation barriers of the 1→2 and 2→1 reactions, respectively, T is the 

temperature, A1→2  and A2→1 are the pre-exponent factors of the 1→2 and 2→1 reactions, respectively, 

kB is Boltzmann’s constant, and ΔErxn,1→2 is the energy difference between the initial and final states.  

The right-hand-side of equation (103) is  

prodrxn ,1 2 rxn,1 21 2 12

2 1 B reac B B

exp exp exp
QE EA F

A k T Q k T k T
 



      
                  

, (104) 

where Qprod and Qreac are the partition functions of the initial and final state and 
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1 2
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Similarly, we write 
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2 3
23 rxn ,2 3 B

3 2
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,   (106)                 

3 1
31 rxn ,3 1 B

1 3
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F E k T
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.    (107) 

By replacing equations, and  into equation (102) we find  

3 1 2 3 1 2
tot rxn,tot B

1 3 3 2 2 1

ln ln ln 0
A A A

F E k T
A A A

  

  

      
             

         .                                             (108)

Since the final and initial states are identical (i.e. a CO molecule in gas phase), ΔErxn,tot =0, and 

therefore 

 
  

1 2 2 3 3 1

2 1 3 2 1 3

exp exp exp
1 2 3

1

Pre onential Pre onential Pre onential
Ratio Ratio Ratio

A A A

A A A
  

  

  

   .   (109) 

The pre-exponential ratios 1 and 3 in eq. (109) involve the pre-exponential factors of the CO adsorption 

and desorption from and to an atop site and a bridge site; these ratios are obtained from first principles 

(see chapter 8). Once the aforementioned pre-exponential ratios are computed, we calculate the 

diffusion pre-exponential ratio (pre-exponential ratio 2) by means of eq. (109). In this way, we assure 

the thermodynamic consistency of our MC calculations.  

 

Figure A23. A typical example of multistep process with the same initial and final states 
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 Figures included in the CE and ECIs 

 

Figure A24. All different figures that may be included in the cluster expansions (CEs) of the investigated 
alloys. Note that the CO adsorbates on the host bridge sites and on the dopant bridge sites are represented by 
one species in the CE, but we use two different colours for clarity in the figure above. Thus, in the simulation, 
the “extra stability” of CO on dopant bridge is modelled by attractive interactions of cluster 11, respectively. 
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Figure A25. Unstable configurations whose formation is eliminated in the MC simulations for all alloys by 
assigning a large effective cluster interaction parameter of 10.0 eV. Patterns 6 and 7 represent mixed bridge and 
threefold adsorption sites.  
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Table A9. ECI parameters and their graph multiplicities (GM). This table shows which clusters were used in 
the cluster expansion of each of the investigated alloys along with the corresponding ECI and GM. The cluster 
numbering is shown in Figure A24. A dash indicates that the specific cluster was not used in the specific case. 

Pattern Ni/Cu(111) Rh/Cu(111) Pt/Cu(111) Pd/Au(111) Pd/Ag(111) Ir/Ag(111) 

GM ECI 

(eV) 

GM ECI 

(eV) 

GM ECI 

(eV) 

GM ECI 

(eV) 

GM ECI 

(eV) 

G

M 

ECI 

(eV) 

1 1 -0.002 1 0.01 1 -0.02 1 -0.005 1 -0.01 1 -0.01 

2 1 -0.44 1 -0.44 1 -0.44 1 -0.03 1 -0.04 1 -0.03 

3 - - 2 -0.01 2 0.03 2 -0.01 2 0.01 2 -0.02 

4 1 -0.48 1 -0.49 1 -0.49 1 -0.05 1 0.07 1 -0.04 

5 2 0.18 2 0.29 2 0.34 2 0.12 2 0.22 - - 

6 1 -1.33 1 -1.65 1 -1.15 1 -0.87 1 -0.96 1 -2.4 

7 - - 2 0.31 2 0.22 2 0.04 2 0.06 2 -0.13 

8 - - - - - - 1 -0.02 1 0.01 1 -0.01 

9 2 0.05 - - - - 2 0.05 2 -0.003 2 -0.65 

10 1 -0.42 1 -0.42 1 -0.19 1 -0.47 1 -0.49 1 0.04 

11 1 -0.54 1 -0.59 1 -0.30 1 -0.53 1 -0.61 1 0.01 

12 2 0.11 2 0.33 2 0.36 2 0.11 2 0.16 2 0.08 

13 2 0.38 2 0.53 2 0.56 2 0.21 2 0.26 2 0.75 

14 2 0.01 2 0.10 2 0.19 2 0.08 2 0.03 2 -0.41 

15 - - - - - - - - - - 4 -0.18 

16 2 0.19 2 0.26 2 0.25 2 0.19 2 0.25 2 0.29 

17 1 0.38 1 0.50 - - 1 0.23 - - - - 

18 - - 2 -0.03 - - - - - - 2 0.20 

19 2 0.08 2 -0.06 2 0.06 2 0.03 2 0.11 2 0.29 

20 2 0.24 - - - - 2 0.12 2 0.12 - - 

21 - - 6 -0.05 6 -0.06 6 -0.02 6 -0.03 - - 

22 - - 2 0.02 2 0.05 - - - - - - 

23 - - - - 6 0.005 - - - - 6 0.41 
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 Sensitivity analysis on CO* binding strength over Pd clusters on Pd/Au dilute alloys 

 

Figure A26. Fractions of surface Pd species () and CO dopant fractional coverage (ΩCO) at various smaller 
binding energies than the DFT-computed value and at 70oC and PCO = 0.1 bar. Almost no Pd aggregates are 
observed in the red-shaded region, whereas such aggregates are present in the green-shaded. The error bars are 
±1 standard deviation. 
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