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Computer simulations studies of the catalytic oxidation of carbon monoxide 
on platinum metals 

H.-P. Kaukonen and R. M. Nieminen 
Laboratory of Physics, Helsinki University of Technology, SF-02150 Espoo, Finland 

(Received 2 May 1989; accepted 21 June 1989) 

The steady-state catalytic oxidation process of carbon monoxide on platinum metal surfaces is 
studied using two irreversible kinetic computer simulation models: (a) An extended version of 
the model introduced by Ziff, Gulari, and Barshad (ZGB) with the effects of CO desorption 
and diffusion as well as finite reaction probability taken into account. The different physical 
proces~es, diffusion and desorption are studied independently and their effect on the 
equilibrium window, i.e., the regime where steady CO2 formation occurs is determined. (b) An 
interaction model where adatom-adatom nearest-neighbor (nn) interactions are taken 
explicitly into account through Boltzmann terms J)O J2, and J3 which are the energies ofthe 
CO-CO, 0-0, and CO-O interactions, respectively. The phase diagrams in the temperature
CO-partial pressure (T,Peo- ) plane are determined for different values of the nn interactions. 
The behavior of the system is dependent on the sign of J I ( = J2 in the simulations) as well as 
the sign of the difference J I - J3• There is thus a clear analogy with a two-component 
eqUilibrium lattice gas with nn interactions. 

I. INTRODUCTION 

The catalytic oxidation reaction 

(1) 

on platinum surfaces has recently been studied at the micro
scopic level using Monte Carlo (MC)-related computer sim
ulations. The purpose of these studies has been to investigate 
the effects of the local structure of the adlayer and adatom
adatom interactions on the rates of the elementary reaction 
steps, adsorption, diffusion, surface reaction, and desorp
tion, and thereby on the overall reaction rate. The results 
indicate that cluster formation causes the reaction rate to 
differ significantly from that obtained from classical Lang
muir-Hinshelwood kinetics, where molecules are assumed 
to be randomly distributed on the surface. The effect of inter
actions between adsorbed molecules can be divided into two 
classes: (a) topological effects, i.e., the change in nearest
neighbor (nn) distributions which affects reactivity through 
a change in the frequency of reactive collisions, and (b) bond 
formation between adatoms, which affects the activation en
ergies of different reaction steps. 

The models presented so far have mostly been kinetic. 
The effect of microscopic structure has been modeled into 
the kinetic coefficients of the reaction steps instead of taking 
adatom-adatom interactions explicitly into account. Ben
Shaul and Silverbergl

,2 have studied the reaction by combin
ing MC methods for the rate determining step and lattice gas 
methods to calculate the rates of the other elementary steps, 
taking nn interactions into account through Maxwell-Boltz
mann terms. They first adsorbed a coverage () A of molecules 
A on the surface and let them aggregate due to attractive A
A nn interactions for a time period td' The diffusion rate of A 
molecules was assumed to be much slower than that of mole
cules B. At td a coverage ()B ofB molecules are allowed to 
adsorb on the surface and to react with A molecules when-

ever AB nn pairs are formed and a reaction condition is 
satisfied. Strong influence of cluster formation was seen. 
Further adsorption of either molecule was not allowed and 
therefore their model gives no information of the long-time 
behavior of the system. 

In this work we study the long-time behavior of the cata
lytic system and the conditions where steady state contin
uous total reaction rates can be achieved. Our approach is 
based on the nonequilibrium kinetic model introduced by 
Ziff, Gulari, and Barshad (ZGB). 3 The ZGB model is based 
on three reaction steps: 

CO + * ..... CO*, 

O2 + 2* ..... 20*, 

CO* + 0* ..... C02 i + 2*, 

(2a) 

(2b) 

(2c) 

where * stands for an empty site/adsorbed molecule. The 
principle of the model is briefly explained below, a more 
detailed discussion can be found in Ref. 3. In the ZGB model 
the catalytic surface is represented by a square lattice of ad
sorption sites. A CO or O2 molecule is then selected at ran
dom to hit the surface. Oxygen adsorption is assumed to 
occur dissociatively, both oxygen atoms filling a site. Thus, if 
the molecule is O2, two nearest-neighbor sites are chosen 
from the lattice, whereas CO adsorption requires only one 
adsorption site. If the randomly chosen site or one of the two 
nn sites are occupied the adsorbing molecule bounces off the 
surface and a new molecule and an adsorption site or sites are 
chosen. Whenever a molecule is adsorbed the local environ
ment, i.e., all nn sites are scanned and all CO-O pairs are 
removed from the surface, which constitutes the Langmuir
Hinshelwood reaction step. The long-time behavior of the 
system is characterized by only one parameter, Peo, which 
describes the selection probability of choosing a CO mole
cule. (P02 = I - Peo ). Within a critical range, 
PI <Peo <P2' the "equilibrium window", the coverage ()eo 
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and () 0 reach a steady nonzero value and CO2-production 
occurs at a constant rate. Whenpeo <PI (Peo >P2) the sur
face is rapidly poisoned with oxygen (carbon monoxide). 
The transition at PI is continuous, whereas at P2 the system 
has a first-order (like) kinetic phase transition. The ZGB 
model has also been studied by Meakin and Scalapin04 who 
extended the model to a hexagonal lattice and narrow strips. 
The qualitative behavior of the model remained the same for 
the hexagonal lattice and for strips wider than 3 lattice units. 
For narrower strips an equilibrium window could not be 
found. 

It is clear that while of considerable conceptual interest 
such a model is a gross oversimplification of the actual cata
lytic process. A more realistic treatment should consider at 
least the effects of surface diffusion, desorption, and nn inter
actions. Recently, Araya et al.5 have reported a study where 
they have analyzed the effect on elementary processes of the 
algorithm chosen to account for nn interactions in MC-relat
ed kinetic models. They also performed a comparison with 
published models. Their results show that the models con
sidered are sensitive to the algorithm chosen to account for 
nn pairs, which can lead to nonunique behavior changing the 
location of the equilibrium window. The effect of reducing 
the reaction probability was to shift the equilibrium window 
to what would correspond to lower Peo values in the ZGB 
model. The authors concluded that desorption decreases the 
average CO cluster size which leads to a better agreement 
between LH and MC calculations. Surface diffusion was not 
considered in their model. 

In the present work we aim at a more realistic model of 
the surface reaction ( 1) and present cellular automaton and 
MC studies of the steady-state properties. The work is divid
ed into two parts: 

(i) In Sec. II we extend the ZGB model by adding sur
face diffusion, desorption, and finite reaction probability 
into the model. The qualitative effect of the new parameters 
on the equilibrium window and the total CO2 production 
rate is examined. 

(ii) In Sec. III we introduce a new model which takes nn 
interactions explicitly into account. The local interactions 
change the probabilities of different elementary steps, which 
results in interesting behavior as the temperature is lowered. 

The conclusions are summarized in Sec. IV. 

II. EXTENDED ZGB MODEL 

Three new parameters were added to the ZGB model: 
the CO desorption probability R d , the CO surface diffusion 
probability D, and the reaction probability p,. Diffusion and 
desorption of oxygen were neglected since measurements on 
platinum metal surfaces indicate that the surface consists of 
a mobile CO phase interacting with a practically immobile 
oxygen phase.6 Oxygen desorption and diffusion are not im
portant at typical reaction conditions. The CO molecules 
were assumed to be independent of each other with respect 
to these elementary processes. Accordingly, R d , D, and p, 
denote the probabilities/time of single CO molecules to de
sorb, diffuse to an nn site, and react with a neighboring 0 
atom, respectively. (In the new model discussed in Sec. III 
below local interactions do change these probabilities.) Dur-

ing each cycle of simulation, i.e., after each adsorption trial, 
the number of desorbing CO molecules is determined as a 
random variable ndes from a binomial distribution with the 
expectation value NeoRd.: 

ndes - Bin (NeaRd) , (3) 

where N eo is the total instantaneous number of adsorbed 
CO molecules. The desorbing particles are then removed 
randomly from the surface. 

The number of "candidates" for diffusion is obtained 
similarly as 

ndiff -Bin(NeaD) . (4) 

The diffusion part of the algorithm consists of the following 
steps: (i) choose a CO molecule at random, (ii) if there exist 
empty nn sites, pick one randomly and move the molecule, 
(iii) go to (i). The same molecule may thus move more than 
one step. Note that even in the extended model no tempera
ture enters explicitly, only via its effect on the parameters 
R d , D, andp,. 

When desorption and diffusion are both completed for 
the cycle the surface is checked for the existence of CO-O 
pairs which were removed with a probability p,"; 1. The sim
ulations were done on a 200 X 200 lattice with periodic 
boundary conditions. Typical simulation lengths were 
t = 200-1000 cycles, where one cycle consists of one trial! 
site on the average (i.e., 40 000 trials and subsequent desorp
tion, diffusion, and reaction steps) . We did some extended 
runs up to 10 000 cycles to ensure the stability of the system. 
Each parameter R d , D and p, was systematically varied 
while keeping the other two constant (typically zero), thus 
examining the effect of each physical process independently. 
Some examples of their combined effect were also studied. 

Figure 1 shows the steady-state coverage () eo, () 0 and 
the production rate P as a function of the fraction Peo of 
carbon monoxide in the gas phase for three different values 
of Rd' For comparison, also the case Rd = 0 is shown. The 
characteristic first-order behavior near the transition at 
Pea = P2 without desorption (Rd = 0) is gradually re
moved by the introduction of a nonzero probability of de
sorption. The carbon monoxide coverage also naturally de
pends on the desorption probability. At the extreme limit, 
Peo = 1.0, the maximum obtainable CO coverage scales as 

() _ 1 
eO,max - 1 + NRd (5) 

The smoothing of the transition around P2 can be readily 
understood by considering the changes in the adatom cluster 
structure and local adsorption. 

When Rd =0, the average CO cluster size is an increas
ing function of Peo. Reaction can take place only at the 
borders of clusters, whereas sites in the cluster interiors are 
stable. As the lattice starts to fill up adsorption of O2 is great
ly reduced due to the requirement of two adjacent free ad
sorption sites. Thus, when the CO cluster size reaches a criti
cal value the lattice is rapidly poisoned by CO: there is an 
analogy with percolation problems.7 

When Rd > 0, desorption slows down the growth of CO 
clusters and the effective oxygen sticking coefficient is not as 
greatly reduced. This leads to a spreading of the transition 
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J 0.6 
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0L-_...ll..._~L-_-'-_---I 
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FIG. 1. Surface coverages ()co,£Ja and the production rate Pas a function of 

Peo for four different values of the desorption probability Rd' (e)Rd = 0, 
(O)Rd = 1.3 X 10-6

, (\l)Rd = 2.8 X 10-6
, and (D)Rd = 8.3 X 10-6

• 

The lattice size N = 200 X 200. 

regime. With greater Rd values CO2 production reaches its 
maximum rate when the coverages of 0 and CO are equal, 
i.e., are in stoichiometric proportion on the surface. This 
implies a practically random distribution of adsorbed mole
cules, which leads to the mean-field approximation (MFA) 
expression for the total rate as r-kOeoOo , which is maxi
mized, when Oeo = °0 , In general, the MFA rate expression 
is not valid and the reaction rate depends on the cluster 
structure of the adsorbed molecules, which has been shown 
to be the case also for other related kinetic models. The snap
shot pictures of Figs. 2(a)-2(c) show the surface in three 
different cases with the same total CO coverage ° co z 0.40. 
Figure 2(a) shows the distribution of CO on the surface 
when the NO co sites (N = 100 X 100) are chosen at random. 
Figure 2(b) is obtained after 2500 simulation cycles when 
Rd = 3.32X 10-5 corresponding to Peo = 0.65 (see the 
squares in Fig. 1). The distribution of CO remains practical
ly uniform. Figure 2 (c) shows the surface when 
Rd = D = 0, and Peo = 0.535 > P2 and ° co has just 
reached the value 0.40. The surface would clearly become 
poisoned by CO (cf. Fig. 1) if the simulation were contin
ued. The comparison of these snapshots supports the conclu
sion that desorption tends to "randomize" the CO distribu
tion, which leads with increasing desorption to a mean-field 
reaction rate. To reach optimum steady-state production 
rates one should try to maximize the coverages of both reac
tants on the surface. In cases where one coverage is much 
greater than the other the rate is almost completely deter
mined by the smaller coverage. In most cases ° co is the 
critical parameter due to poisoning at P2' which effectively 

I:. ·!I •• !" ••••• ,., •• ,!.I ...... ! ... :. '.' , .. ·, .... :· ... !I· ,.,.,:,·.·!I •• ,., 

(a) 

(bl 

(el 

FIG. 2. Snapshot pictures of the surface in different cases with qco :;:::0.40. 
(a) A totally random distribution, (b) Rd = 3.3 X 10-5

, Pea = 0.65, 
t = 2500 time cycles, and (c) Rd = D = 0, Pea = 0.535> P2' (+ = 0 
atom, and. = CO molecule). 
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0.4 

a.. 0.2 

0.0 

0.2 0.4 

CO COVERAGE 

CO2 PRODUCTION 

0.6 

Pro 
0.8 1.0 

FIG. 3. Surface coverages BeD' Bo and the production rate Pas a function of 
Peo for four different values of the diffusion probability D. (e)D::; 0, 
(O)D = 10-5, (\7) D = 10-4, and (O)D = 10-3

• The lattice size 
N=200X200. 

prevents the formation oflarge CO coverages on the surface. 
Due to desorption it is possible to maintain a higher CO 
coverage on the surface before poisoning. Since the CO cov
erage is critical for the production rate at lower Peo values, 
this leads to an increase in the maximum available reaction 
rate. Also, the control of the system is easier because the 
system is not as critical with respect to poisoning. . 

Diffusion can occur only at the boundary sites of CO 
clusters. The movement of CO molecules increases reacti
vity and opposes again the growth of CO clusters. This 
causes a shift in P2 to higher values. The transition remains 
first order. As the lattice starts to fill the effective diffusion 
coefficient Deff -+0. Finally a critical cluster size is reached 
and poisoning into the CO phase occurs as in the case D = O. 
Figure 3 shows the results for three different values of D, as 
well as for the case D = O. The maximum production rate is 
achieved just at the transition since 0 co is the critical com
ponent on the surface. 

The combined effect of Rd and D was studied for typical 
values Rd = 8.3 X 10-6 and D = 10-4

• (N = 200 X 200). 
The results are shown in Fig. 4. It is clearly seen that desorp
tion is the dominant parameter, which determines the be
havior of the system at P2' Diffusion merely sharpens the 
transition by removing the small remaining oxygen coverage 
reactively. The maximum reaction rate when both diffusion 

I 

o 0.6 
~ 

0.2 

0.4 

a.. 0.2 

0 

0.2 0.4 0.6 0.8 1.0 

Pro 

FIG. 4. The combined effect of Rd and Don Bco and P. (e)Rd = D = 0, 
(O)Rd = 8.3 X 10-6 and D = 0. (\7)Rd = 8.3 X 10-6 and D = 10-4

• 

and desorption are present is again greater than in the case 
when both are absent due to an increase of the maximum 
steady CO coverage obtainable on the surface. 

A detailed study for the finite reaction probability was 
not performed. The results show, however, a distinct shift of 
P2 to the left when p, is reduced from unity, in agreement 
with Araya et al. 5 Thus the effect of p, < 1 seems to be similar 
to that of surface diffusion but to the opposite direction. 

III. INTERACTION MODEL 

At low temperatures or high coverages the interactions 
within the adlayer may become important with respect to the 
reaction rate since they determine the local structure of the 
surface and the phase diagram in the TO plane. We introduce 
a simple model, which takes into account nearest-neighbor 
adatom interactions on the surface. The.main difference to 
the extended ZGB model is that we take nn pairs as the basic 
building blocks of the model. One time cycle corresponds to 
determining the changes of all the 2N nn bonds on the sur
face in a random order. There are six types of molecule pairs 
with corresponding energies given below: 

bond energy 
(1) *-* o 
(2) CO-* o 
(3) 0-* o 
(4) CO-CO J 1 

(5) 0-0 J2 

(6) CO-O J3 

"*,, stands for an empty site. 

The evolution ofthe surface in simulation time is deter
mined by the following set of local rules: 

(1) 
initial state 
*-* 

final state 
CO-* 
*-CO 
0-0 

transition probability 

Pll = Pads,eo 

PI2 = Pads.eo 

PI3 = Pads,02 

*-* PI4 = 1 - Pll - PI2 - Pl3 

J. Chern. Phys., Vol. 91, No.7, 1 October 1989 
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(2) CO-* ... CO-CO P21 = Pads.eO 
*-* P22 = Pdiff 
*-* P23 = Pdes 
CO-* P24 = 1 - P21 - P22 - P23 

(3) 0-* O-CO P31 = Pads, CO 
0-* P32 = 1 -P31 

(4) CO-CO CO-* P41 = Pdiff 
CO-* P42 = Pdes 
*-CO P43 = Pdiff 
*-CO P44 = Pdes 
CO-CO P45 = 1 - P41 - P42 - P43 - P44 

(5) 0-0 ... 0-0 P5 = 1.0 

(6) CO-O ... *-* P61 = Preaction 
*-0 P62 = Pdiff 
*-0 P63 = Pdes 
CO-O PM = 1 - P61 - P62 - P63 

The probabilities Pij for the various channels are de
fined: 

Pads,eO = !Peo min{l,e- aE,I1}, 

Pads,~, = (1- Pco )min{l,e- ~E,I1), 
Pdes =! Rde-aE,IT, 

1 D -~EdiffIT Pdiff =:2 e , 
. {I - ~E,Ir, Preaction = p, mln,e J, 

where 

(6a) 

(6b) 

(6c) 

(6d) 

(6e) 

tiEl = EI(XI'YI) - Eo, (7a) 

tiE2 = E 2(x I,YI) + E 2(X2'Y2) + J2 - Eo, (7b) 

tiEdiff = E t(X2'Y2) -EI(xt,Yt) -JI, (7c) 

tiE, = EI (XI>YI) :+- E 2(X2'Y2) - J3 . (7d) 

E t,2 (Xi'Yi) is the local interaction energy for a molecule 
(1 = CO, 2 = 0) if placed in the site (Xi,Yi)' and is simply 
the sum of all bond energies Ji between the site (XOYi) and 
its nearest neighbors. Eo is the reference energy of an empty 
surface and can be set equal to zero. For example, Pads,eO 
consists of three factors. Peo is the probability of choosing a 
CO molecule. The factor 1/2 simply accounts for the sym
metry of a pair of empty sites. The last factor describes the 
sticking probability, which is assumed to be 1 for a clean 
surface. Repulsive nn interactions decrease this probability 
via a Boltzmann factor dependent on an activation energy. 
The other terms in Eqs. (6) are obtained in a similar fashion. 

The desorption and diffusion coefficients also scale ex
ponentially with temperature: 

D=D{;/T, (8a) 

Rd = R I:tT. (8b) 

To is a reference temperature which can be chosen arbitrarily 
to fix the energy scale. 

If the sum of probabilities of a particular transition ( 1 )
(6) exceeds one, all probabilities are scaled by a normalizing 

factor in order to preserve the branching ratios of different 
processes. 

There is a correspondence between the interaction mod
el and the extended ZGB model by defining (unknown) ef
fective parameters Rd,eff' Deff , andp"eff' Figure 5 shows the 
results when Rd = D = Ji = 0 and p, = 1.0. In this limitthe 
model behaves similarly to the original ZGB model except 
that the equilibrium window is shifted to lower values. This 
can be understood by the existence of nonreacting CO-O 
pairs on the surface, which corresponds to an effective low
ering ofthe reaction probability, and the relative weakening 
of O2 adsorption. The main features of the model are pre
served. 

The maximum coverage at Peo = 1.0 follows a similar 
relation to Eq. (5), 

1.0 

0.8 

0.6 

0.4 

0.2 

o 

Oeo,max = 1; Rd (9) 

o 0.3 0.4 

'10 

• fleo 
o 80 

o P 

0.5 

FIG. 5. Surface coverages Beo,Bo and the production rate Pas a function of 
Peo for the interaction model, when Rd = D = J i = 0, p, = 1.0. 
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For the subsequent simulations the value of Rd = 0.1 was 
chosen for the desorption probability. This corresponds to 
Rd = 2.5 X 10-6 in the ZGB model (N = 200 X 200). For 
the diffusion coefficient a value of D = 0.1 was chosen arbi
trarily. The simulations were performed on a 100X 100 lat
tice with periodic boundary conditions. In all the simula
tions we set J I = J2 i=J3• Different behavior of the system 
was seen depending on the signs and magnitudes of the ada
tom-adatom interactions. The results are shown in Figs. 6 
and 7, which show the phase diagrams of the system in the 
Pco-T plane. The areas denoted by 0 correspond to an 0 
phase, i.e., a surface totally covered by oxygen. Similarly the 
phase called CO corresponds to poisoning by CO. In be
tween one finds, depending on the parameters Ji and 
(Pco,T), a mixed reactive CO + 0 phase, which is bounded 
by PI (T) and P2 ( T). The boundaries PI (T) and P2 (T) are 
lower and upper bounds, respectively, obtained from the 
simulations. A very detailed study of the transition points 
was not performed, as instead we concentrated on finding 
the approximate form of the phase diagrams. 

(a)Jj =J2 <0: This case is shown in Figs. 6(a) and6(b). 
The equilibrium window gets narrower as the temperature is 
lowered and at a critical temperature Tc it disappears com
pletely. The sign or relative magnitude of J3 only changes the 
value of Tc. At higher temperatures e - J, IT -+ 0 and desorp
tion dominates, which can be seen from the increase of P2' 
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FIG. 6. Phase diagram for the caseJ, = J2 <0. (a) corresponds to the case 
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ture Tc exists below which the mixed phase cannot be found. (0) = oxygen 
poisoned surface ( = 0 phase), (.) = CO phase, and (\l) corresponds to 
a mixed CO + 0 phase. 
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(b) J} = ~ > 0: The behavior of the system is analogous 
to a two-component equilibrium lattice gas with nn interac
tions, determined by the sign of J) - J3•

8 If J) - J3 < 0, there 
is again a critical temperature Tc below which the mixed 
CO-O phase does not exist. On the other hand, if J) - J3 > 0, 
a mixed phase can be found at all temperatures. The two 
cases are shown in Figs. 7(a) and 7(b). For a two-compo
nent (components A and B) lattice gas with interactions J) 
and J3 between like and unlike atoms, respectively, one ob
tains by minimizing the free energy F = U - TS of the sys
tem for the order parameter R = PA - PB [Pi = Nil N is the 
probability of finding an atom oftype i, (i = A,B) ], 

R = tanh ( - Vly€R) , (10) 

where y is the cordination number and € = J) - J3• If € < 0, 
one finds a critical temperature 

T = _.E.... 
c 2kb 

(11) 

below which a mixed phase cannot exist. On the other hand, 
if € > 0, mixing occurs at all temperatures. In our kinetic 
model mixing corresponds to the existence of the reactive 
CO + 0 phase, i.e., the existence of the equilibrium window, 
which clearly is absent below Tc ' if € = J) - J3 < O. 

IV. CONCLUSIONS 

We have studied the catalytic oxidation of carbon mon
oxide on a platinum surface using two models: (a) an ex-
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tended version of the ZGB model and (b) a model which 
takes into account nn interactions through Boltzmann 
terms. 

In the extended ZGB model we studied the effects of 
diffusion, desorption (and reaction probability) on the equi
librium window and total reaction rate. The effect of desorp
tion is to randomize the CO distribution on the surface, 
which leads to a smoothening of the transition atp2 and the 
possibility of maintaining a higher CO coverage on the sur
face. Higher reaction rates can thus be achieved. With in
creasing desorption the maximum rate is obtained when the 
coverages are equal, which indicates good agreement with 
Langmuir-Hinshelwood kinetics and supports the conclu
sion of a random molecule distribution. 

Diffusion causes a shift of P2 to higher values by decreas
ing the average CO cluster size. The nature of the transition 
does not change due to reduced effective diffusion probabili
ty with increasing total coverage. 

When both diffusion and desorption are present it is 
clearly seen that desorption is the dominant parameter. 

For the interaction model of Sec. III the phase diagrams 
in the Pco T plane were obtained. The behavior of the model 
could be divided into two classes according to whether 
J1 = J2 < 0 or J1 = J2 > O. In the former case, there always 
exists a critial temperature Tc , below which the equilibrium 
window does not exist. In the latter case, however, the sys-

tern behaves analogously to a two component lattice gas and 
mixing occurs at all temperatures only if J1 - J3 > O. If 
J1 - J3 < 0, there exists again a critical temperature Tc ' be
low which a reactive phase cannot exist. nn interactions are 
thus seen to play an active role in the reaction when tempera
ture is lowered. The change in the activation energies be
comes dominant at low temperatures and modifies the re
sults obtained with only "topological interactions" at 
elevated temperatures (the ZGB model). 
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