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ABSTRACT 

 

Electrocatalytic reactions are of great interest for fuel cell technology. Oxidation 

reactions, such as the transformation of CO to CO2 and the dissociative chemisorption of 

small alcohols are influenced by the presence of anions. Thus, the incorporation of anion 

adsorption into kinetic models for these small molecule oxidation reactions is desired to 

develop mechanisms of experimentally practical systems. This thesis focuses on models 

for anion adsorption that can be applied in more realistic kinetic descriptions of small 

molecule oxidation reactions. 

In this work, anion adsorption is modeled through the use of kinetic Monte Carlo 

(kMC) methods. An overview of the formulation, implementation, application and 

challenges is provided. Then, the adsorption of anions to form several overlayer 

structures, such as p(2x2) and 0( 3 3) 30R×  on (100) and (111) electrode surfaces 

during linear scan voltammograms are modeled. Simple lateral interaction models were 

tested initially and formed a foundation for approaching more complicated adlayer 

structures that are representative of practical systems. The overall goal was to develop 

reaction schemes for anion adsorption on (111) and (100) planes that can be incorporated 

into models for small molecule oxidation reactions to improve the predictive capabilities 

of the simulations. 
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CHAPTER I 

IMPORTANCE AND METHODS OF KINETIC MONTE CARLO 

(KMC) SIMULATIONS 

 

1.1. Introduction to kMC methods 

With the development of fast computers and calculations, Monte Carlo (MC)  

simulations have become an increasingly popular method to analyze the behavior of 

adsorbates at crystal surfaces. Although traditionally applied to obtain equilibrium 

properties, they can also be used to study dynamic phenomena.1 As one of the examples, 

the kinetic Monte Carlo (kMC) method is intended to simulate the time evolution of 

processes.2 In order to perform such a simulation, a stochastic model of the chemical 

system is built. Elements of such a model often include the crystal surface, the absorbates, 

and the microscopic reaction steps that change the surface configuration over time. The 

behavior of the whole system over time is determined by the rates of these reactions. 

The simulation can reproduce experimental results and can be reproduced if the 

model has sufficient detail.3 This approach enables one to verify and analyze assumptions 

applied in the interpretation of the experimental data. For example, if the specification of 

the system is at a microscopic level, the simulation allows the relationship between 

microscopic model and macroscopic behavior to be studied. 
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1.2. Formulation 

The kMC method mainly explores sequences of transitions randomly in the state of 

a model system and select 'links' in the chain of events according to the rates of the 

transitions.4,5 Generally, for thermally activated transitions, the rate constant depends on 

the temperature, expressed as an Arrhenius equation,  

( )0
B

E-k=k e xp k T                                                 (1) 

where k0 is an exponential prefactor, E is the activation energy, kB is Boltzmann’s 

constant, and T is the temperature. The activation energy and prefactor vary depending 

upon the system. 

Each step in the kMC method consists of randomly allowing the possible events. 

The probability of an event being chosen is directly proportional to its rate constant. Let 

us consider a system comprised of N possible events in total. To select one event 

stochastically, we generate a random number 1ρ  evenly distributed over the range [0,1). 

Then the rate of the chosen event m obeys 

m-1 N m

i 1 i i
i=1 i=1 i=1

k k < kρ≤∑ ∑ ∑ ,                                            (2) 

where i is a summation indice denoting the individual event, ki is the rate of the event i 

and 
N

i
i=1

k∑  is the sum of the rates of all possible events of interest in the beginning. This 

rule ensures that a faster event has a larger probability to be chosen.  

Once an event is selected, the model system is modified and stored in the 
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corresponding vector of the specific event. The simulation time is then updated with an 

increment due to the assumption in the Poisson process: 6 

2
N

i
i=1

ln( )t = -
k

ρ
Δ

∑
,                                                  (3)  

where 2ρ  is another random number distributed uniformly on (0,1), and N is still the 

total number of possible events before the specified event has taken place. 

The above procedure represents a single time step in a kMC model. At the end of 

the time step, once the event list has been updated, the procedure is repeated to realize the 

next step. 

  

1.3. Implementation 

The algorithmic foundation of kMC makes it well suited to describe the many types 

of chemical processes, e.g. atomic diffusion, chemical reactions, etc.7-9 Algorithms of 

kMC simulations are diverse. The choice of an algorithm usually depends on the type of a 

problem and the researcher's taste and experience. 

The general steps in a kMC algorithm are illustrated in Figure 1.1.3,10 The 

underlying principle in all kMC algorithms is the random selection of a process based on 

the transition probabilities, execution of the selected process and the advance of the time 

clock. The simulation continues until it reaches a stop condition. The subtle differences 

among the different kMC algorithms are in the the selection of a process and determining 
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the time increment after a process is executed. In my work, the kMC simulation of the 

catalytic reactions on an electrode surface is performed by CARLOS program (see 

Appendix). The specific algorithm used in my studies is called the first reaction method 

(FRM), which is described precisely in the next chapter. 

 

1.4. Sufface diffusion and growth 

The kMC method is a powerful tool for exploring the evolution and properties of a 

wide range of systems. Currently, this technique has been successfully applied to the 

simulation of the thin film growth processes including electrodeposition, physical vapour 

deposition and chemical vapour deposition and some other areas of physics and 

chemistry.  

 

1.4.1. Nucleation and growth in electrodeposition  

Over the past few decades, electrodeposition has been studied extensively, mainly 

by experimental work such as Scanning Electron Microscopy (SEM), X-ray diffraction 

(XRD), and Transmission Electron Microscopy (TEM).11-13 Since the 1980s, the 

simulation of electrodeposition has also become an effective tool to aid the understanding 

of the fundamentals. At present, kMC simulation with stochastic techniques is the only 

realistic approach for the simulation of crystal growth at a practical size and time scale, 

although molecular dynamic simulation can be useful at a much shorter time scale.  
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Guo et al. have developed a kMC model in which ion transport in solution is 

modeled for studying the nucleation and island growth during the bulk 

electrodeposition.14 The rate constants and nucleus density predicted by kMC have been 

compared to several analytic models. This, as one of many examples, demonstrates that 

the kMC method is generally more powerful than analytical methods. Dr. Searson and his 

research group once reported a study on kMC simulations of nucleation and growth during 

the early stages of overpotential deposition.15 Their simulation results show good 

agreement with one of the analytical model. More recently, Zheng et al. have developed a 

hybrid multi-scale kMC model, which has accelerated the simulation by using the 

coarse-grained model without much loss of accuracy.16  

 

1.4.2. Chemical vapor deposition (CVD) 

Chemical vapor deposition (CVD) is a chemical process widely used in depositing 

films. A complete model for the CVD process must include the evolution of the atomic 

structure at the growth surface and the reaction kinetics in the vapor and at the surface.17 

kMC method is ideally suited for modeling the CVD of thin films. Although many of the 

early kMC simulations focused on general features of film growth especially the physical 

vapor deposition (PVD) rather than describing particular materials, recent paper have 

employed a kMC model of CVD to investigate the growth process.  

Martine Kalke et al. once developed a kMC model to explore aspects of thin film 
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growth via CVD compared with the PVD growth.18 In this work, the model included 

continuous random deposition, different atomic and molecular mobilities, bond energies 

and site-dependent dissociation. The result showed that the presence of enhanced 

mobility at low temperatures and site-dependent dissociation can affect the growth of 

films. More recently, Cuixia Liu et al. have established a three-dimensional atomic-scale 

growth model of (111)-oriented SiC film.19 This model contains two parts: the chemical 

reaction in the chamber and atom’s deposition and diffusion. The relationship between 

temperature and growth rate, surface roughness and relative density and the relationship 

between growth rate and surface roughness and relative density were simulated.  

 

1.5. Challenges of kMC simulation 

In the above sections, we have shown that in some cases the kMC method is 

important. Application of this method is, however, often limited by computer facilities. 

During the last two decades, the interpretation of the experimental results was primarily 

based on the mean field (MF) approach.20, 21 Such models are indispensable for analysing 

complex behaviour of catalytic reactions on the macroscopic scale. There is no doubt that 

the MF models will continue to play an important role in the future. On the other hand, 

the applicability of the MF approximation is often limited. For this reason, the MF and 

kMC approaches are complimentary.  

Compared with the MF approach, the kMC simulations are often more 
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time-consuming. Due to computational limitations, the large-scale patterns (micrometer 

or millimeter) can not be simulated using the conventional kMC algorithms. If one is 

interested in analysis of a specific reaction with a very wide range of rate constants, the 

MF method may be more favorable. Last but not the least, almost any kinetic model 

treated by MF approach can be reformulated in terms of the kMC technique in princlple. 

The opposite is not the case, because a kMC model can easily take into account some 

details which cannot be incorporated into MF models.  

 

1.6. Project focus 

This work explores the application of kMC simulation in electrochemical anion 

adsorption processes. The goal is to test models for sulfate adsorption on platinum single 

crystal electrodes with the aim of incorporating anion adsorption steps into models for 

adsorbed CO electrochemical oxidation. Anions play an important role in electrocatalytic 

reactions. The ability to account for anions, whether serving as a catalytically inert 

spectator (e.g., sulfate, perchlorate, chloride), or reactant (e.g., OH-), in models of the 

electrode-solution interface improves the predictive capabilities of simulations. This 

project examined models for sulfate adsorption on Pt(111) and Pt(100) electrodes by 

starting from simple models based on atop bound adsorbates and progressing to adlayers 

formed by bridging species, which more accurately predict adlayer structures observed 

experimentally.   
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Figure 1.1. A general flow chart for any kMC algorithm. 
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CHAPTER II 

 MODELING THE BUTTERFLIES ON THE (100) AND (111) 

STEPPED ELECTRODE SURFACES 

 

2.1. Introduction 

In recent years, electrochemical surface science has become important in a number 

of diverse fields such as microelectronics, catalysis, and fuel cells.1 As one of the central 

techniques in electrochemistry, linear scan voltammetry can provide an abundance of 

quantitative information regarding electrochemical surface phenomena.2,3,4 Since the 

work by Clavilier in the early 1980s,5,6 linear scan voltammograms of single-crystal 

electrodes have became a "fingerprint" for specific anion adsorption at well-defined 

surfaces, as well as the long-range order on the crystal surface. 

The adsorption of ions at the electrode/electrolyte interface is a classical topic in 

surface electrochemistry. With advances in the preparation and characterization of 

single-crystal electrodes, a large amount of data have become available on ionic 

adsorption at well-defined surfaces.7-10 The adsorption of ions or simple molecules on 

single-crystal electrode surfaces often gives rise to a rich variety of ordered adsorbate 

structures. From many modeling studies on single-crystal substrates, it is well known that 

the type of ordered layer formed depends critically and sensitively on the lateral 

interactions between the adsorbates.11,12 If these interactions are attractive, the atoms tend 
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to gather to create clusters and island structures. Such studies are important for 

understanding anion adsorption itself and its influence on the rate of reactions taking 

place at the electrode surface.7,13 In the linear scan voltammograms, the formation of 

these ordered adlayers is usually accompanied by a characteristic sharply-peaked current 

response commonly known as a ‘‘butterfly’’.5, 14  

The interactions that accompany the adsorption of anions on electrode surfaces can 

be theoretically studied either in the mean-field (MF) approximation or by using Monte 

Carlo (MC) simulations.7,15,16 F. Berthier et al. used both methods to study the influence 

of attractive interactions between adsorbed atoms in voltammetry measurements that 

probed electrodeposition.17,18 Although the MF approach can express the main 

characteristics of the peak that appears in the plot of current density versus electrode 

potential, the MF approach can only be applied to a higher temperature range, relative to 

the critical temperature (Tc) of the equilibrium isotherm. When the temperature is lower 

than Tc, the nucleation and growth processes participate in the electrosorption kinetics, 

but they have not been taken into account in the mean-field approach. With the help of 

kMC simulations, the influence of such processes on anion adsorption kinetics has been 

investigated.  

The algorithm used in my work was called discrete event simulation (DES), also 

known as the first reaction method (FRM).19 In this algorithm, a tentative time for the 

reaction is drawn from (1-exp(-kt)). Specifically,  
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ln(1-u) ln(u)Δt = -  -
k k

→ ,                                                 (1)   

where u is a number drawn from the uniform distribution. Initially, a tentative time is 

determined for each possible reaction. Then, all reactions together with their times are 

stored in an event list. The algorithm then proceeds by repeatedly performing the 

following steps: select and perform the stored reaction with minimal time from the event 

list, advance the system clock by the time to the last realized event, adjust the lattice 

according to the reaction and recompute the event list. This method is efficient in 

computation time because the reaction always occurs in one event. On the other hand, 

however, it consumes a lot of computer memory because of the event list. Therefore, it is 

difficult to apply to large-scale systems. 

The goal in this section is to improve the model for sulfate adsorption and diffusion 

on both the terrace and stepped surface. This chapter first investigates three different 

models for anion adsorption on the (100) and (111) surfaces with repulsive hard 

interactions. The calculated linear scan voltammograms from -0.2V to 0.2V agree with 

the results of adlayer compressibility published by Koper recently.11 In addition, the 

effects of hydrogen co-adsorption is examined with kMC methods. Finally, by 

introducing the steps into the previous surface model, we will show the effect of surface 

step sites with different widths in anion adsorption.  
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2.2. Kinetic model 

As discussed in the Appendix A, the lattice-gas model is widely used to study the 

electroadsorption of adsorbates on the surfaces. The single adsorbate could be an anion, a 

molecule or a metal adatom. The model in this chapter focuses on the atop site 

coordination at low potentials. Figure 2.1 shows the (100) and (111) surfaces with 

labelled sites. In this model, we will only consider purely hard interactions for anion 

adsorption, which excludes the simultaneous occupation of neighboring sites. The range 

of the hard interaction is determined by the number of neighboring sites included in the 

interaction. For each surface, there are three hard interaction models excluding sites 1, 

sites 1+2 and sites 1+2+3 respectively. As for the model of hydrogen co-adsorption in 

triangular lattice, we assume that when the anion occupies a particular surface site, both 

hydrogen and anions can no longer occupy its six nearest-neighbor sites, which is 

equivalent to an infinitely high repulsive lateral interaction energy between two 

adsorbates on nearest-neighbor sites. Two hydrogen adsobates, can, however occupy the 

neighboring sites at the same time. As shown in Figure 2.1b, the presence of an anion at 

the site 0 will block the adsorption of adsorbates onto the nearest-neighbor sites 1, while 

the adsorption of a H on site 0 will not.  

The kinetic theory demonstrated by Hermse et al. has been successfully applied in 

this model.7,11,12 The rate (the probability per unit time) of a particular reaction is 

proportional to the Boltzmann factor, thus the rate constants for adsorption and 
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desorption are given by 

0 exp( )ads
ads

B

eEk k
k T

α γ−
=  ,                                              (2) 

0 exp( )des
des

B

eEk k
k T

α γ−
=  ,                                            (3) 

where αads=1/2 is the transfer coefficient for adsorption, γ is the electrosorption valency 

often taken as −1, e is the elementary charge, and E is the electrode potential. The 

exponent describes the potential-dependent adsorption of the anion. The definitions in 

Equations 2 and 3 imply that in our model at zero potential the adsorption rate constant is 

equal to the desorption rate constant: kads=kdes=k0. The transfer coefficient for desorption 

is given by 

1des adsα α= − .                                                      (4) 

The isotherms were determined with the coverage θ on the lattice as a function of 

the electrode potential E. And the compressibility dθ/dE of the adlayer is proportional to 

the Faradaic current measured in an electrochemical voltammetry experiment. As a result, 

the dθ/dE vs. E is similar to a linear sweep voltammogram. The current can then be 

calculated from: 

m
di e
dE
θγ ν=− Γ  ,                                                 (5) 

where i is the Faradaic current in A/cm2, Γm is the surface sites density depending on the 

surface planes (taken to be 1.3×1015 sites/cm2 for the (100) and 1.5×1015 sites/cm2  for 

the (111) surface), and ν is the sweep rate (taken as 25 mV/s in my work). 
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The adsorption energy μ on a lattice site is potential dependent according to  

0( ) ln ( )ref refE RT C e E Eμ μ γ= − + −。                                  (6) 

where refEμ。（ )  is the electrochemical potential of the species at some reference 

potential refE . C is the bulk concentration of the species. A more negative adsorption 

energy means a higher affinity of the adsorbates for the surface.  

The kMC simulation was carried out with the CARLOS program. The reactions 

include adsorption, desorption, and surface diffusion steps. The scanning E is slow 

enough such that the coverage did not depend on the sweep rate. The temperature was set 

at 300 K, which is in fact only relevant for the simulations with finite lateral interactions. 

In (100) surface, a 256 x 256 lattice with periodic boundary conditions was used. While 

for (111) surface the lattice of 128 x 128 was chosen. 

 

2.3. Results and Discussion 

 

2.3.1. Modeling the butterflies on (100) surface 

Figure 2.2 gives the θ-E isotherm and the calculated voltammogram i-E from -0.2 V 

to 0.2V for the three hard interaction models on (100) surface excluding sites 1 (in blue) 

sites 1+2 (in pink) and sites 1+2+3 (in yellow), respectively. 

The first model excluding only the nearest neighbors "1" shows a disorder-order 

transition at θ=0.37, accompanied by a characteristic "butterfly" peak in the simulated 



Texas Tech University, Song Li, December 2010 

 17 
 

voltammogram. The ordered phase formed in this model is the c(2×2) layer (Figure 

2.3a). The snapshots of the lattice provided in this chapter only shows the empty and 

filled atop sites instead of the surface atoms. 

The model excluding both nearest neighbors "1" and next-nearest neighbors "2" 

does not show a detectable butterfly peak in the i-E curve. Interestingly, within the 

reasonable computational times, we never see any observable onset of a singularity which 

is supposed to signify the presence of a second-order phase transition. The ordered p(2×

2) structure cut from the whole lattice is shown in Figure 2.3b. Binder and Landau once 

studied a similar equilibrium model with their MC simulation.20 And they did not observe 

a phase transition in the isotherm either, though they worked with a much smaller lattice, 

in spite of the fact that it was predicted to occur from mean-field considerations. Now we 

have to conclude that the principle for absence of long-range ordering in this model is 

still poorly understood. In particular, it is not clear if the effect is due to limitations of the 

simulation or a more fundamental effect. 

Finally, the model excluding sites 1+2+3 from adsorption shows an isotherm with a 

clear order-disorder transition at 0.15V. The ordered layer 0( 5 5) 26.6R×  structure is 

illustrated in Figure 2.3c. It should be mentioned that on the large 256 x 256 lattice, some 

"defects" formed for these overlayers is often observed with our diffusion rates setted. 

The increase of the diffusion rates could reduce this possibility, but on the other hand 

would take a longer job running time for the simulation. In the current performed 
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simulation, anyway, we could still easily tell the regular structure. 

 

2.3.2. Modeling the butterflies on (111) surface 

In Figure 2.4, we show the θ-E isotherm and the corresponding i-E voltammogram 

for the model on a triangular (111) lattice with three different ranges of interaction as 

shown in Figure 2.1b.  

The first model only excluding sites "1" is actually known as Baxter's hard-hexagon 

model, which can be solved analytically.3,12 Compared with the third model, the other two 

both exhibit a disorder-order transition to a 0( 3 3) 30R× (θ=1/3) (Figure 2.5a) and a 

p(2×2)(θ=1/4) (Figure 3.5b) ordered overlayer respectively at very negative adsorption 

energies, with an associated butterfly current-voltage peak. The sharp increase in the 

coverage observed near the phase transition is due to the sudden ordering occuring as the 

diffusion on the surface. An ordered structure can contain more adsorbates because of the 

more efficient packing. Extending the range of interaction by excluding all the three sites 

leads to the formation of a 0( 7 7) 19.1R× (θ=1/7) ordered layer (Figure 2.5c). 

One distinctive feature between the first two models is the absence and presence of 

a clear maximum (prewave) before the sharp peak at the order-disorder region. The 

difference between these two simulated voltammogram could be relative to the 

experimental datas.3 The 0( 3 3) 30R× system is similar to the butterfly of Pt (111) in 

sulfuric acid,6,14 where the butterfly is due to sulfate adsorption. The p(2×2) system 



Texas Tech University, Song Li, December 2010 

 19 
 

without the prewave, on the other hand, is much more like the butterfly of Pt(111) in 

perchloric acid,14,21 for which is related to the adsorbed OH formation from the 

dissociative water adsorption.  

In addition, the co-adsorption of hydrogen in model 1 is also included to make the 

calculation more suggestive. The anion adsorption could shift the potential of zero charge 

towards the lower values due to the attractive anion-metal interaction. Here we adjust the 

adsorption energy of H at 0.05V and the adsorption energy of the anion species at 0.45V.  

For the hydrogen adsorption on the (111) terrace, this lateral interaction energy has been 

estimated from temperature-dependent voltammetry to be 0.046eV or 4.5 kJ/mol.13 Then 

the simulated voltammogram is given in Figure 3.6. There is a small overlapping 

potential range. From 0.05V, the adsorption of H dominates but the coverage of H is 

decreasing as the potential goes up. At high potentials from 0.3V, the anion particle start 

to adsorb in a 0( 3 3) 30R×  structure and displace the remaining hydrogen. The 

variation of the current of for anion adsorption with the potential here is quite similar to 

the adsorption isotherm of anion alone with nearest-neighbor infinite repulsion.12 

 

2.3.3. Comparison of the simulated voltammogram on different stepped (111) surfaces 

With a reasonable model for anion adsorption on (111) surfaces, we can consider 

the influence of periodic steps. We have investigated this effect by introducing step sties 

at regular intervals in our model. Bonding to these step sites is excluded, and the 
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adsorbates are also not allowed to diffuse across the steps. Figure 2.7 gives an example of 

the triangular lattice with steps as lines in red when terrace width n=8. In this part, we 

only consider the anion adsorption on the (111) terrace.  

In Figure 3.8, we compared the simulated voltammetry on stepped (111) surface 

with five different terrace widths: n = 4, 8, 16 ,32 and ∞. The results indicate that for 

different terrace sizes, the disorder-order transition peak changes. For the smallest terrace 

width, n=4 and 8, it shows clearly the disappearance of the singular peak in the current at 

about 0.07V. This is because the adsorbates are still in order on the terraces and the 

terraces are too small to lead to an observable singularity in the voltammetric curve for 

these narrow terraces. However, as the terrace widths get larger, a sharp peak is observed 

and the voltammetry becomes closer to the one for full adsorption on the terrace (n=∞). 

Especially when n=32, the peak shows only a smaller amplitude than the one on the 

perfect (111) surface. In fact, if we adjust the adsorption energy of this anion to 0.45V, the 

results are consistent with the experimental curve for the cyclic voltammogram of Pt(111) 

in 0.5M H2SO4.
13  

 

2.4. Conclusion 

In this report, we have examined the adsorption of an ion on (111) and (100) 

surfaces. The hard interactions were taken into account by three different models for both 

the single adsorption and co-adsorption of adsorbates. The order–disorder phase 
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transitions lead to characteristic sharply peaked voltammetric responses known as 

"butterflies". And the shape of the butterfly depends on the type of ordered overlayer 

formed as illustrated in section 3.3.1 and 3.3.2. Butterfies generally consists of a prewave 

and a sharp peak. The prewave corresponds to the long-range disordered adsorption 

whereas the sharp peak is related to the transition to long-range ordered adsorption. By 

modeling the anion adsorption on the stepped Pt(s)-[n(111)x(111)] surface with specific 

terrace widths, we observed the influence of steps on the shape of the butterflies.  

At last, it should be mentioned that the models we used here still could not provide 

the "real" voltammograms such as the one of Pt(111) in sulfuric or perchloric acid. 

However, the results presented provide a simple explanation for the different butterfly 

patterns. 
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   (a) 

 
 

   (b) 

 

 
Figure 2.1. Lateral interaction model on different lattice. The adsorbed anion or hydrogen 
occupy the top sites of (a) square lattice; (b) hexagonal (triangular) lattice.  
 
 
(a) 

01

22 

1

1

2 

1

2

3

3

3

3

1

1

2

23

3 

01

2

2

1

1 2

1

2

3

3 

3

3



Texas Tech University, Song Li, December 2010 

 24 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

E(V)

C
ov

er
ag

e θ

1
1+2
1+2+3

 
 
(b) 

0

10

20

30

40

50

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

E(V)

i (
μA

/c
m

2)

     
 
Figure 2.2. The (a) θ-E isotherms and (b) simulated voltammogram for adsorption on the 
square (100) lattice, for hard interaction models excluding site 1, sites 1+2 and sites 
1+2+3.  
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                  (a)                                  (b) 
 

                           
                                   (c) 
 
Figure 2.3. Different ordered overlayers formed on the (100) surface. (a): c(2×2); (b): 

p(2×2); (c): 0( 5 5) 26.6R× . The snapshots only shows the empty and filled atop sites 

instead of the surface atoms. 
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Figure 2.4. The (a) θ-μ isotherms and (b) simulated voltammogram for adsorption on the 
square (111) lattice, for hard interaction models excluding site 1, sites 1+2 and sites 
1+2+3. 
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               (a)                                      (b) 

  
 (c) 

 

Figure 2.5. Different ordered overlayers formed on the (111) surface. (a): 0( 3 3) 30R× ; 

(b): p(2×2); (c): 0( 7 7) 19.1R× . The snapshots only show the empty and filled atop 

sites instead of the surface atoms. 
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Figure 2.6. Calculated voltammogram for the co-adsorption of H and adsorbate A on 
model 1 at (111) surface. 
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Figure 2.7. One example of a lattice-gas model for a stepped surface (n=8). (top view) 
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Figure 2.8. Monte Carlo simulated voltammetry of a model on (111) surface for five 
different terrace widths, n = 4, 8, 16 ,32 and ∞.  
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CHAPTER III 

SIMULATION FOR BRIDGE-BONDED ADSORBATES ON FCC(100) 

AND FCC(111) SURFACE 

 

3.1. Introduction 

It is well known that the electro-oxidation of carbon monoxide is one of the most 

important reactions in low temperature fuel cell. And the presence of specifically 

adsorbed anions on a metal electrode surface, apart from the characteristic voltammetric 

response, can significantly affect the electrochemical reactivity.1-5 The theoretical study of 

this electrosorption process could provide a better understanding of these reactions. Most 

of these studies with kMC methods in the past focused on the atop and hollow adsorption 

of species on electrode surfaces.6-8 More recently, the bridge adsorption has also gained 

interest.9,10 Compared with the other two types of adsorption, the one on bridge sites is 

more complicated. Since there is more than one bridge site available per substrate atom, 

two for the fcc(100) surface and three for the fcc(111) surface, the system can have a 

choice among two or three energetically equivalent sites. Therefore an extra degree of 

freedom is introduced. This may give rise to the formation of several different ordered or 

semiordered structures. Another distinctive factor is that the interaction model does not 

have the same symmetry as the underlying substrate.  

Hermse et al. once presented a study of bridge-bonded adsorption on fcc(100) and 
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fcc(111) surfaces in the presence of lateral interactions.10 The purpose of my work in this 

chapter is to reproduce the data in this literature to provide system files for use in 

developing models of the electrode-solution interface that include bridge-bonded carbon 

monoxide and anionic adsorbates, such as sulfate or bisulfate, which play a role in 

electrocatalytic reactions. 

 

3.2. Kinetic model 

We consider the electrosorption of an anion A from a solution or a gas molecule A 

from the gas phase onto a surface by Monte Carlo simulations employing a lattice-gas 

model for the substrate:  

−− +→∗∗+ eAA ads　　　 ,                                      (1) 

−+→∗∗+ eAA ads　　　 ，                                         (2)  

where ** denotes an empty bridge site formed by two empty surface atoms. 

In this model, a shell of hard interactions is considered, in which the simultaneous 

bonding of two anions to neighboring sites is excluded. The exclusion of the first shell of 

neighbouring sites is a common approximation related to the fact that the metal–metal 

distance is usually smaller than the van der Waals diameter of the adsorbate.9,10 

Significant repulsion, therefore, can be expected if two adsorbates are bound to 

neighboring sites. These excluded neighbouring sites around a bridge site are indicated by 

the blue sticks in Figure 3.1 on both fcc(100) and fcc(111) surfaces. For model 1, the 
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adsorbed anion (black circle) on a bridge site makes bonding to the first shell of 

neighboring atoms (blue circles) impossible. Model 2 is similar to model 1, with 

additional exclusion of the bridge sites at one unit cell distance. In model 3, the first and 

second shell of neighboring atoms are both unable to absorb an anion on the bridge sites.  

The kinetic theory of this model has been stated clearly in the previous chapter. The 

voltammograms shown here are averages over several simulations to increase the 

signal-to-noise ratio. For the (100) surface, a 256×256 lattice was used, while a 128×128 

lattice was chosen for (111) surface due to the simulation time limit. The temperature was 

fixed at 300K. The values of the prefactors are k0=103 s-1 and k0
diff=105 s-1. It should be 

noted that the diffusion rate constant was modeled to be independent of the applied 

potential instead of specifying both a prefactor and a diffusion barrier. All snapshots are 

taken from the full simulated grid of 256×256 or 128×128 sites. Again, the snapshots of 

the lattice (Figure 3.3 and Figure 3.5) only shows the empty and filled bridge sites 

without the surface atoms. This is the reason that the symmetry observed here does not 

reflect the arrangment of the lattice which is composed of the substrate atoms. 

 

3.3. Results and Discussion 

 

3.3.1. Adsorption on the fcc(100) surface 

In Figure 3.2, the left panel shows the adsorption isotherm and simulated 
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voltammogram for model 1 of bridge-bonded anions on a fcc(100) surface. The potential 

was swept from -0.2V to 0.2V, causing a relatively broad peak in the current. Although 

the adsorption energy and saturation coverage of this structure is close to that of model 2 

(the middle panel of Figure 3.2), the configuration entropy of the disordered structure is 

larger at saturation. Thus a disordered structure is always found for model 1.(Figure 3.3a)  

A small extension of the range of the lateral interactions in one lattice distance 

yields model 2. It shows a slight delay for the adsorption, while a ordered structure is 

formed at saturation. A typical adsorbate configuration is shown in Figure 3.3b. It should 

be noted that the snapshots of the lattice provided in this chapter only shows the empty 

and filled bridge sites instead of the surface atoms. Closer inspection of this snapshots 

reveals there are two different unit cells obtained: c( 2 2 2× ) and ( 2 2× ) (two 

alternatives for this one, but could not shown in this configuration) structures. The 

coexistence of these two ordered structures originates from the availability of two types 

of bridge sites per surface atom (indicated as subsites 1 and 2 in Appendix Figure A.1). 

For the c( 2 2 2× ) structure, these are alternatively arranged as 121212.... For the 

( 2 2× ) structure, however, only one type of bridge sites is occupied, either 1111... or 

2222.... Since the coverage and energy of all these structures is identical, the chance for 

the next row to adsorb on subsites 1 is equal to that on subsites 2. As a result, in the 

simulated voltammogram of model 2 (in Figure 3.2), no separate disorder-order transition 

peak can be seen.  
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Until now, the c( 2 2 2× ) order structure is found for bromide (Br-) 

electrodeposition as well as dissociative bromine gas (Br2) adsorption on Au(100). The 

binding sites was also confirmed to be bridge. The chloride ions will experience less 

repulsive interactions due to their small sizes. The c( 2 2 2× ) structure is therefore not 

found. The iodide ions on the other hand are larger than the bromide ions. It was reported 

that by stepping up the electrode potential coverages of 0.5 can be reached and 

subsequently a c( 2 2 2× ) structure was found.10, 12-14  Carbon monoxide adsorbed on 

the (100) surface of platinum instead offers a ( 2 2× ) structure.15   

Further extending the range of lateral interactions as model 3 will lead to a drop in 

the saturation coverage from 0.50 to 0.25 (the right panel of Figure 3.2). The 

voltammogram now shows two peaks. One, although relatively smaller, is still due to 

adsorption in a disordered phase, while the other one at 0.11V is caused by a 

disorder-order transition in the adlayer. That is the reason for the increase in the coverage 

from 0.2 to 0.25. And this ordered c(4×2) structure is shown in Figure 3.3c. 

 

3.3.2. Adsorption on the fcc(111) surface 

The adsorption of bridge-bonded anions for model 1 on the fcc(111) surface (left 

panel in Figure 3.4) shows very similar behavior to that for model 1 on the fcc(100) 

surface. Adsorption from -0.2 V to 0.2 V causes a broad adsorption peak. The adlayer at 

saturation is disordered (shown in Figure 3.5a), due to the choice among the three 
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different bridge sites per surface atom and the mild constrictions of the lateral interaciton 

model.  

A small extension of the range of excluded sites, as defined on model 2, again 

causes ordering of the adlayer. While for the fcc(111) surface, the ordering c( 2 3× ) 

structure (Figure 3.5b) is two dimensional. And there is a disorder-order transition at 

0.18V, associated with an increase in coverage from 0.45 to 0.5. The disorder-order 

transition is clearly visible in the simulated voltammogram (in Figure 3.4) as an 

additional sharp peak in the current.  

Finally, for model 3, the coverage at saturation is reduced to 0.20 because of the 

larger number of excluded sites around each substrate atom. The voltmmogram once 

again displays a broad peak due to adsorption in a disordered phase and a second sharp 

one due to a disorder-order transition in the adlayer (right panel of Figure 3.4). This 

transition at 0.22V converts the disordered structure with a coverage of 0.18 into a 

ordered c( 3 7× ) structure. Koper et al. confirmed that the behavior of this model has 

many similarities with sulfate adsorption on the fcc(111) surfaces at many metals. The 

anion involved is either bisulfate ( 4HSO− ) or sulfate( 2
4SO − ). 9 

 

3.4. Conclusion 

The adsorption on the bridge sites of fcc(100) and fcc(111) surfaces was studied by 

kMC methods. On the fcc(100) surface, the first model with the least excluded neighbor 
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sites does not cause ordering in the adlayer at saturation coverage. While the model with 

the most excluded sites, on the other hand, causes the formation of a c(4×2) ordered 

structure with a saturation coverage of 0.25. The voltammogram shows a jump due to the 

disorder-order transition in the adlayer. For the model with intermediate-ranged lateral 

interactions, a one-dimensional ordered structure is formed with a saturation coverage of 

0.50. This is composed of strips of a c( 2 2 2× ) structure and strips of a ( 2 2× ) 

structure. And the voltammogram only shows one broad peak. 

On the fcc(111) surface, once again no ordered structure is found for the model with 

the least excluded sites. For the models with more excluded sites, a c( 2 3× ) ordered 

structure and a c( 3 7× ) ordered structure are formed with the saturation coverage of 

0.50 and 0.20, respectively. 
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Figure 3.1. Lateral interaction models on Fcc(100) and Fcc(111). Black circle: adsorbed 
anion; White circle: substrate atoms; Blue circle: blocked atoms; Blue sticks: excluded 
bridge sites. 
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(a) 

 

 
(b) 

 
 
 
Figure 3.2. Comparison of (a) the adsorption isotherm and (b) simulated voltammogram 
for the models a bridge-bonded anion on a fcc (100) lattice. From left to right: model 1, 
model 2 and model 3. 
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          (a): model 1                            (b): model 2 

 
                          (c): model 3 
 
 
Figure 3.3. Part of the adsorbate configuration for the adsorption of bridge-bonded anions 
on fcc (100) surface. For model 1, no ordering. For model 2, the ordering falls into a 

c( 2 2 2× ) and ( 2 2× ) structure. For model 3, the unit cell for the c(4×2) ordered 

structure is indicated. This snapshot only shows the empty and filled bridge sites instead 
of the surface atoms. 
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(a) 

 
 
 
(b) 

 

 
 
Figure 3.4. Comparison of (a) the adsorption isotherm and (b) simulated voltammogram 
for the models a bridge-bonded anion on a fcc (111) lattice.  
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         (a): model 1                            (b): model 2 

                            

                          (c): model 3 
 
 
Figure 3.5. Part of the adsorbate configuration for the adsorption of bridge-bonded anions 
on fcc (100) surface. For model 1, no ordering. For model 2, the ordering falls into a 

c( 2 3× ) structure. For model 3, the unit cell for the ( 3 7× ) ordered structure is 

indicated. This snapshot only shows the empty and filled bridge sites instead of the 
surface atoms. 
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CHAPTER IV 

CLOSING REMARKS AND FUTURE DIRECTIONS 

 

The electrochemical adsorption process have been studied by the kinetic Monte Carlo 

(kMC) simulation. Several different excluded models were built to investigate the lateral 

interactions for the bonded anions and molecules on the (100) and (111) surfaces. The 

comparison of the simulated voltammograms and experimental results was used to 

demonstrate the availability of the models as well as to understand the mechanism of 

adsorption process on the electrode surface. 

In the future work, the co-adsorption of hydrogen in different stepped surfaces should be 

further studied. The next step is to find out the hydrogen adsorption energy on step sites 

for a reference potential. Besides, the model simulated on Pt(s)-[n(111)x(111)] surface 

can be improved to other types of stepped Pt surface such as Pt(s)-[n(111)x(100)] surface. 

One way to achieve this is to modify the initial configuration used in the system file. The 

results could be examined by the experimental datas. 

In a long term, the combination of adsorption sites and the long-range lateral interactions 

among the adsorbates could be included in the kinetic model. In the previous chapters, we 

have considered the hard interactions for the top sites or the bridge sites only. Therefore, 

in order to improve the simulated model, the adsorption will be adapted to a little more 
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complicated structures with finite interactions. 
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APPENDIX 

CARLOS PROGRAM 

 

CARLOS is a computer program that performs kMC simulations. The model is specified 

in terms of surface structure and changing patterns, reflecting the reactions taking place at 

the surface. There are several features about this program. 

1. Dealing with changing external conditions, such as temperature, pressure, potential and 

so on. 

2. The ability to simulate stepped surfaces or otherwise structured surfaces as well as 

surface reconstruction. 

3. Working with lateral interactions. 

4. Scanning with arbitrary parameter changes. 

5. Generation of rich outputs including snapshots of the surface, evolutions of reaction 

speeds and relative concentrations of adparticles. 

 

A.1. Two-dimensional lattice 

The kMC simulations are usually performed in two dimension using a hexagonal or 

square lattice as the simulation grid. The crystal surface is represented as a 

two-dimensional lattice of unit cells with periodic boundaries: each lattice point 

corresponds to a surface site. Each cell contains one or more sites and each lattice site can 
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either be unoccupied (representing vacancy), or occupied by a single atom. The sites 

correspond to the different adsorption sites: top, bridge and hollow sites (Figure A.1). In 

many kinetic models, only one type of these sites is used and then a unit cell contains 

only one adsorption site. As a matter of fact, the lattice gas adsorption studies have 

mostly focussed on top site adsorption. The periodic boundaries on the lattice shows that 

the neighborship relations are wrapped around. 

CARLOS program has support for square and hexagonal surfaces. A square lattice has 

four active sites at most as shown in Figure A.1a which means that there are at least four 

sites per cell. The number is the same as the sequence in the list of active sites. For this 

example, site 0 is the top site, site 1 the hollow site and site 2 is bridge site 0 and site 3 is 

bridge site 1 as shown in this figure. For the square lattice, the symmetries specified in 

reaction patterns can be 90 and 180 (i.e. fourfold and twofold). If these are specified, 

CARLOS computes the rotational variants with the rotation center at the top site of cell 

(0,0). 

The situation on the hexagonal surface (Figure A.1b) is similar though somewhat more 

complex. The top site is site 0 and hollow site 0 is site 1 and hollow 1 as site 2 etc. On the 

hexagonal surface, the symmetries that can be specified in the reaction patterns are 60, 

120 or 180 (i.e. sixfold, threefold or twofold). 

In CARLOS, the reactions on the lattice are specified as a collection of transitions: a 

transition takes an old pattern (source pattern) into a new one (target pattern). A list of 
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integer coordinates is used to represent the patterns and to show the execution of a 

reaction.  

 

A.2. System file  

CARLOS uses a single input file as a description of a simulation and produces a family 

of output files. In this section, we will discuss how to set up the system file with a 

example. And this system file below is for model 1 on Fcc(100) surface in Figure 3.1. 

 
Average concentrations: yes 
Constant T = 300 
Variable Phi = -0.4 + 0.025*t 
 
Particles:      { A * } 
Lattice size:   256 x 256 x 2 
Active sites:  bridge on square 
 
Steps:    320 
Time per step:   0.1 
Time dependence:  exact  
Log    per 1  
Print   per 40 
Picture   per 40 
Graphics   per 40 
 
Initial configuration:  Step512 
Logfile:         Ads 
Print reactions:     yes 
 
Display on default 
Colors:  |     red  green     blue 
               0  65535       0        | A 
         65535  65535   65535        | * 
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Unit vectors:   (1,0) and (0,1) 
Radius:                 4 
Scaling:   20 
Subsites:   2 draw 0 at (0.5,0) 
                  draw 1 at (0,0.5) 
                               
Reactions: 
            Type: AAds 
           Speed: fast 
         Prefactor: 1000 

Activation energy: -5802.28 * Phi 
         Patterns: 2  
 7 particles at (0,0 / 0), (0,0 / 1), (-1,0 / 0), (0,-1 / 1), (1,0 / 0), (1,0 / 1), (1,-1/ 1): 
                    * * * * * * * -> A * * * * * * . 
 7 particles at (0,0 / 0), (0,0 / 1), (0,1 / 0), (0,1 / 1), (-1,1 / 0), (-1,0 / 0), (0,-1 /1): 
                    * * * * * * * -> * A * * * * * . 
 
             Type: Ades 
            Speed: fast 
          Prefactor: 1000 

Activation energy: 5802.28 * Phi 
          Patterns: 2  
     1 particles at (0,0 / 0) : 
                    A  -> * . 
     1 particles at (0,0 / 1) : 
                    A  -> * . 
 
             Type: Adiff 
            Speed: fast 
             Rate: 100000 
         Symmetry: square 90 
         Patterns: 2  
 7 particles at (0,0 / 0), (0,0 / 1), (-1,0 / 0), (0,-1 / 1), (1,0 / 0), (1,0 / 1), (1,-1/ 1): 
                    * A * * * * * -> A * * * * * * . 
 7 particles at (0,0 / 0), (0,0 / 1), (0,1 / 0), (0,1 / 1), (-1,1 / 0), (-1,0 / 0), (0,-1 /1): 
                    A * * * * * * -> * A * * * * * . 
 
end 
 

The system file is in fact a list of parameters and definitions. The first line contains 



Texas Tech University, Song Li, December 2010 

 50 
 

average reactions speeds over the logged period as well as the concentrations at the end 

of the period. In some cases like slowing scanning of a surface, a rather noisy result may 

be generated, so a better option is to determine the average concentration as "yes" to 

reduce the noise.   

The next part of the file defines constants and variables with the '|' symbol used to include 

comments. A constant can be a real number, an variable or an expression. 

Then the following lines specify the lattice. The set of particles gives the possible values 

for the adlayer. Usually, we use the particle 'e' or '*' to represent an empty site. In this 

example, the lattice consists of 256x256 unit cells where each one contains two bridge 

sites. Also, the current model is on a square surface and therefore has a fourfold 

symmetry.  

Then, a set of parameters related to the behavior of the simulator are defined. The 

simulated time is the product of 'Steps' and 'Time per Step' measured in Monte Carlo 

Steps rather in seconds. The latter one is the smallest time scale to log information. Time 

dependence in the simulation can be exact or average. In the latter case, when computing 

reaction times the expected value of the relevant distributions is chosen rather than 

selecting a time in random. 

The next lines refer to the files generated by CARLOS. Logging refers to writing a line in 

the logfile comprising information about the time evolution of the system. Printing refers 

to writing the adlayer to a file '.con' and 'Picture' gives the frequency with which to 
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generate '.gif' files. Finally, 'Graphics per xx' gives the frequency with which to update 

the graphics screen.  

The random generator can be initialized explicitly by specifying a non-negative number, 

mainly in order to repeat a certain simulation. A negative value will lead to CARLOS 

determining a seed itself. The random generator is defined in "The Stanford GraphBase, 

A platform for Combinatorial Computing". 

The initial configuration is read from file `Step512'. Such an input file can be made by 

CARLOS as a '.con' file, or can be constructed directly using a text editor by Fortran, 

C++ or some other program languages. Printing reactions includes some dependency 

analysis for the generation of the '.par' file at the end of the simulation. For larger models, 

printing reactions may result in extremely large '.par 'files.      

The next part of the file has to do with the appearance of the graphics screen which will 

be discussed below in a separated section. 

The last part of the system file comprises the specification of reaction types. These follow 

after the word "Reactions:". A reaction specification consists of several parts. A 

neighborhood contains a list of integer coordinates with respect to an origin. And the 

execution of a reaction means replacing the source pattern by the target pattern. The rate 

constant gives the speed of the reaction which is dependent on external conditions like 

the temperature and the pressure.  
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A.3. Graphics 

CARLOS can display the state of the lattice either as a continuous process or with a 

certain amount of time between updates . This is controlled by the graphics section of the 

system file. 

Graphics is based on (and requires) the X-window system. The display identifies the 

place where the picture should be shown using the X-windows encoding. Specifying 

'default' here means that the environment variable DISPLAY is used instead. Colors are 

specified in a standard way using 16-bit encoding for red, green and blue. The implicit 

order of the particles is the same as in the definition of the particle set.  

The shape of a unit cell is determined by two vectors. The value of (1.0, 0.0) and (0.0, 1.0) 

here determines a square shape because they are perpendicular and equal in length. If 

multiplying one of the two by 2, it will give a rectangular shape. Also by choosing the 

second vector as (0.5, 0.85), the cell becomes an hexagonal surface. 

Also, the graphics can be obtained with the '.con' files generated by the CARLOS. It 

opens the '.con' file specified on the command line and then begins a normal simulation, 

but only gets as far as printing the picture of the initial lattice. The 'Time per step' is 

adjusted to a extreme small value and the 'Steps' is edited to 1. 
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  (a)  

           
  (b)  

            

 
Figure A.1. Active sites on two-dimensional lattice. (a) one example of a square lattice 
(e.g. Pt(100)); (b) one example of a hexagonal lattice (e.g. Pt(111)). 
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