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Abstract—A modified lattice gas model for heterogeneous CO oxidation is proposed that takes into account
microscopic nonuniformities of the catalyst surface. It is shown that, in contrast to the conventional model that
assumes that the surface is uniform, according to the modified model the surface is not poisoned with the O,
phase when the concentration of nonuniformities is high. The mechanism considered in this paper may partly
explain the behavior of the reaction system in the region of low CO concentrations.

INTRODUCTION

CO oxidation on platinum group meta surfaces is
an important commercial process and a classical model
for studying catalytic reactions in the adsorbed layer.
The kinetics of this processis determined by the Lang-
muir—Hinshelwood mechanism:

Co(g) + (*) - CO(ads)? (I)
Oyg) + 2(*) —> 204y, 1)
CO(adS) + O(ads) — COz(g) + 2(*), (III)

where (*) is afree site on a surface, and subscripts (g)
and (ads) refer to the gaseous and adsorbed states
respectively.

The numeric description of such reactions has been
proposed by Ziff, Gulari, and Barshad [1] (the so-called
ZGB model). On an infinite two-dimensional lattice in
the time regime t — oo, the behavior of the reaction
system is only determined by aratio of the partia pres-
sures of reactants in the gas phase (Yo,co =
POZ! CcO /( Poz + Pco)). Becau% the equa“ty Y02 + YCO =
1 isfulfilled, the model contains only one independent
parameter, which is the molar concentration of CO
(Yco) in the gas phase. Depending on the value of this
parameter, the model predicts the existence of three
steady statesin the reaction, which are shown in Fig. 1:
the inactive state of the surface poisoned with oxygen
a Yoo < Y, the inactive state of the surface poisoned
with carbon dioxide at Y > Y,, and the steady state of
the reaction a Y, < Yo < Y,. A change in the state of
the system when one passes from one steady-state
region to another corresponds to the first-order () or
second-order (Y;) phase transition. The range of con-
centrationsY; < Yoo < Y, Wherethe steady statereaction
may occur is referred to as the reactivity zone. The
phase transition associated with catalyst poisoning with

CO at Yo = Y, has been confirmed in experiments,
whereas there is no evidence of the catalyst poisoning
by oxygen [2]. Modifications of the ZGB model has
been proposed to bring it to conformity with experi-
ment.

The extended versions of the model reviewed in [3]
take into account the role of spontaneous CO desorp-
tion and diffusion along the surface, lateral interactions,
the possibility of the Eley—Rideal mechanism, and the
maodified mechanisms of adsorption. Recently, consid-
erable attention has been given to the properties of a
surface: the effect of a subsurface layer [4], the fracta
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Fig. 1. Dependence of thereaction rate R on the catalyst sur-
face coverage with the phases of CO and O (8- and 6,
respectively) on the molar fraction of CO in the gas phase
Yco in the conventional ZGB model [1]. Y; and Y, are the
critical points in the reaction system corresponding to the
second- and first-order phase transitions, respectively.
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nature of the surface [3, 5], surface reconstruction [6],
surface sites with various coordination [7] and energet-
ics[8]. It was shown that, in the generalized models, the
position of critical points Y, and Y, changes. Some of
the mechanisms considered in the literature affect the
second-order transition at Y,. We propose anew version
of the model that assumes microscopic nonuniformities
of a surface (which can be due to impurities, disloca-
tions, and other factors).

MODEL

In this work we consider a modified ZGB mode,
which differs from the initial version [1] in the rules of
adsorption and reactant interaction. Asin theinitial vari-
ant, we used the Monte Carlo method for modeling. The
metal surfacewasmodeled by aregular 128 x 128 square
(with coordination number Z = 4) or triangular (Z = 6) lat-
tice with periodic boundary conditions. We introduced
“broken” site-site bondsto model the presence of micro-
scopic nonuniformities. Broken bonds are distributed
over the lattice at random: without correlations in the
case of dislocations and with correlations in the case of
contaminants or missing surface atoms. The number of
broken bonds was a variable parameter.

Lattice sites were the adsorption sites for the sur-
face. A CO molecule requires one site, and an O, mol-
ecule requires two sites with a nonbroken bond
between them. The molecule for adsorption (CO or O,)
israndomly chosen at each step with a probability pro-
portional to the molar fraction of the molecule in the
gas phase. Oxygen adsorption is accompanied by its
immediate dissociation (Il). If CO and O are at the
neighboring sites, they enter reaction (I11) and the
respective sites are freed. The model assumes that all
sitesare equal in their reactivities.

We consider two variants of the model. According to
thefirst variant (model 1), broken bonds prevent both O,
adsorption and CO + O reaction. The other model
(model 1) assumes that broken bonds prevent O,
adsorption, but allow CO + O reaction. The reaction rate
isdefined asthe average number of reacted pairs per iter-
ation (adsorption attempt). Iterations are repeated many
times until equilibrium is reached when the fraction of
sitesoccupied by CO and O phases and the average num-
ber of reacted pairs stop changing from one iteration to
another (at this state there is no dependence on time).

DISCUSSION

Our main observations are as follows. As the num-
ber of broken bonds is increased, the critical point Y,
monotonically shifts toward lower CO concentrations.
When the fraction of broken bonds is rather high
(~25%), the transition associated with catalyst surface
poisoning by O, disappears and the zone of a steady-
state reaction begins from any low value of Y.
Numeric data are shown in Figs. 2—4. Figure 2 shows a
change in the surface coverage with CO and O phases
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Fig. 2. Dependences of the catalyst surface coverage with
CO and O onthe CO molar fraction in modified model 11 for
the number of broken bonds equal to ~25%. Square lattice:
(1) O, (2) CO; triangular lattice: (3) O, (4) CO.

on square and triangular lattices depending on Yo In
either case, the catalyst surface is not poisoned by O,
because of the presence of broken bonds, which accord-
ing to the model assumption prevent dimer adsorption
and do not affect CO adsorption. The effect of broken
bonds on O, adsorption is seen in the case of the square
lattice better than in the case of the triangular lattice
because when thefraction of broken bondsisthe samefor
both lattices the overall number of nonbroken bondsis
higher in the case of a triangular lattice (Figs. 2, 3,
curves 1, 3). Thetriangular lattice has more sitesfor O,
adsorption than the sguare lattice, and the surface cov-
erage with O, is higher at all values of Y.

Hindered O, adsorption in the region of low Yo val-
ues creates favorable conditions for the adsorption of
deficient CO monomers and for the occurrence of the
surface reaction. For the reasons explained above, in
the region of low Yo concentrations, the rate of reac-
tion on the square lattice is higher than on the triangul ar
lattice (Fig. 3, curves 2, 3). At higher values of Y,
when none of the phases is deficient, the triangular lat-
tice shows a higher rate because its coordination num-
ber is higher and because there are more options for
pairwise interactions. The much lower reactivity of the
system in model | reflects the additional constraint on
the interaction viaabroken bond (Fig. 3, curve ). Note
that the mechanism considered above can only partly
explain the reaction behavior at low CO concentrations
because the dependence of the reaction rate on Y in
both models is nonlinear, unlike in the experiment [2].

Finally, in the region of high Y.o concentrations,
where the O, phase is deficient, the constraint on O,
adsorption on broken bonds favors surface poisoning
with the CO phase. As a consequence, the reactivity
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Fig. 3. Dependence of the reaction rate on the molar fraction
of COinmodel | (curve 1) and Il (curve 2) on the square | at-
ticeand in modd 11 onthetriangular lattice (curve 3). Results

for model | are magnified 15 times and only the initial por-
tion of the curveis presented.

zone shiftstoward lower Yo values compared with the
conventional ZGB model (Fig. 4).

On the triangular lattice, the reaction occurs at a
higher rate and in a broader range of concentrations
than on the square lattice. This fact agrees with the
results of modeling reported in[9]. Thisisprobably due
to the higher coordination number of the triangular lat-
tice. Experimental measurements also show that the
reaction is structure sensitive [2], however, the role of
the surfaceisnot limited to the dependence on the coor-
dination number, because the probability of oxygen
adsorption is sensitive to other factors as well.

In conclusion, we would like to note that the mecha
nism proposed here for the effect of microscopic nonuni-
formities of the surface is smilar to that reported in [5]
where the catalytically active surface consisted of an infi-
nitly great number of fractd clusters. In both cases
(because of the deterioration of adsorption sites in our
model and because of the existence of clusterswith an odd
number of sites in the mode proposed in [5]), complete
coverage of the surface with dimer molecules is impossi-
ble. Free dites play the role of adsorption sites for mono-
meric molecules and work as reaction Sites.

The effect of surface nonuniformities has also been
studied by Cortes and Valencia[10], but their descrip-
tion was different. Nonuniformities had the form of
strips or terraces, which were infinite in one dimension
and bounded in other directions. Despite the difference
between the model proposed in [10] and our model,
conclusions are qualitatively similar: surface poisoning
by oxygen becomes impossible only if the concentra-
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Fig. 4. Thereactivity zonein model 11 on thetriangular and
sgquare lattices and in the conventional ZGB model. The
boundaries of segments correspond to the maximal rate
achieved in the reaction.

tion of nonuniformities is sufficiently high (~25%
according to [10] as well), and the dependence of the
reaction rate on the molar fraction of CO in the region
of low Yo values remains nonlinear.

CONCLUSIONS

As the fraction of broken bonds increases, the
boundaries of the reactivity zone monotonically shift
toward lower CO concentrations. When the fraction of
broken bonds is ~25%, the phase transition associated
with the poisoning by oxygen disappears and the reac-
tion begins at Y. This effect is more pronounced and
the reaction rate is higher in the case of model 11 when
broken bonds prevent O, adsorption but alow the reac-
tion. The mechanism considered here can explain in
part the behavior of the reaction system in the range of
low CO concentrations.
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