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Effect of the subsurface oxygen diffusion on the Ziff-Gulari-Barshad catalytic reaction model

B. C. S. Grandi and W. Figueiredo*
Departamento de Fı´sica, Universidade Federal de Santa Catarina, 88040-900 Floriano´polis, Santa Catarina, Brazil

~Received 1 October 2001; revised manuscript received 20 November 2001; published 5 March 2002!

We study a version of the Ziff-Gulari-Barshad model where we include the diffusion of oxygen atoms
between the uppermost layer and the subsurface. When a CO molecule impinges the surface, it occupies a
single site, while the O2 molecule needs two neighboring sites to be adsorbed. The oxidation of the CO
molecule occurs only at the top layer, and this happens whenever a CO molecule is nearest neighbor of an O
atom. Through the pair mean-field approximation we determine the phase diagram of the model for different
values of the diffusion rate of oxygen atoms between the subsurface and the top layer. The diagram exhibits a
continuous line that separates regions displaying O-poisoned and non-O-poisoned states. We show that above
a critical value of the diffusion rate of oxygen atoms from the subsurface to the top layer, there is no more
oxygen poisoning for any nonzero value of the diffusion rate from the top layer to the subsurface. This
behavior is also verified in Monte Carlo simulations.

DOI: 10.1103/PhysRevE.65.036135 PACS number~s!: 05.70.2a, 82.65.1r
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I. INTRODUCTION

The well-known model introduced by Ziff-Gulari-Barsha
~ZGB model! @1# to explain the catalytic oxidation of CO
shows some features that are not in agreement with the
periments. One such case is related to the appearance
continuous phase transition between an active and
O-poisoned states. Experiments indicate that a reactive
appears as soon as CO molecules start to impinge the
lytic surface@2#. Some attempts were made with the aim
clarify this point @2–9#. For instance, Khanet al. @7# pro-
posed a model where the oxygen atoms may be also
sorbed into the subsurface. In their model, besides the u
mechanism of Langmuir-Hinshelwood applied to the surfa
they included three new steps involving the oxygen atom

~a! An oxygen molecule can be adsorbed with one at
sitting on the top layer and the other one in the layer imm
diately under the top layer.

~b! A CO molecule adsorbed in the top layer can a
react with an oxygen atom of the subsurface.

~c! Oxygen atoms can diffuse between the topmost la
and the subsurface.

In their model the continuous transition between the
tive and O-poisoned states disappears in two possible s
tions: ~i! if we do not consider the diffusion mechanism, t
CO oxidation necessarily involves an oxygen atom of
subsurface and the O2 molecules are adsorbed occupyin
sites on the top layer and at the subsurface;~ii ! if the diffu-
sion mechanism is considered, for suitable values of di
sion rates. As pointed out by these authors, although
disappearance of the continuous transition is closer to
experimental findings, the production of CO2 involving a
subsurface oxygen atom has not been reported experim
tally. Recently, D’Ajelloet al. @10# studied the transient oxi
dation of CO over a catalyst in the presence of subsurf
oxygen atoms: in this case the subsurface was modeled b
monolayers and the oxidation of CO occurs only with ox
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gen atoms at the topmost layer.
In this paper we consider a variation of the ZGB model

introducing the diffusion of oxygen atoms between the t
layer and the subsurface. The deposition of the CO and2
molecules proceeds in the same way as seen in the Z
model: both molecules are adsorbed only at the upperm
layer and the oxidation of CO occurs involving only oxyge
atoms at the top layer. We believe our model is more reali
than then one proposed by Khanet al. @7# because we do no
need to include the oxygen atoms of the subsurface to
plain the formation of CO2. The model is studied within site
and pair mean-field approximations, and we determine
coverages of the species at the surface and subsurface
function of the deposition rate of CO molecules and of t
diffusion rates of O between the layers. We show that, in
pair mean-field approximation, the continuous phase tra
tion into the absorbing state disappears for suitable value
the diffusion rates. We also observed that the first-order tr
sition into CO-poisoned state is insensitive to the diffusi
rates between the layers. In the following section, we pres
the model, the reaction and diffusion steps, and the equat
of motion in the pair mean-field approximation. In Sec.
we present the results obtained for the coverages and
phase diagram within the pair approximation calculatio
along with some Monte Carlo simulations. Our conclusio
are presented in Sec. IV.

II. MODEL AND PAIR APPROXIMATION

In the ZGB surface reaction model, molecules of CO a
O2 are adsorbed on a catalyst, represented by a square la
according to their partial pressures in the gaseous phase
whole process follows the Langmuir-Hinshelwood mech
nism and the following three steps must be considered:

~1! CO~g!1V→CO~a!,

~2! O2~g!12V→2O~a!,

~3! CO~a!1O~a!→CO2~g!12V,
©2002 The American Physical Society35-1
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TABLE I. All the possible transitions among pairs of species~O, CO, andV!.

From: VV VC VO VOS VVS CC CVS OO OOS OVS VSOS VSVS OSC OSOS

To: VV R1 R2 R3

VC R4 R5

VO R6 R7

VOS R8 R9 R10

VVS R11 R12

CC R13

CVS R14

OO R15 R16

OOS R17

OVS R18 R19

VSOS R20 R21

VSVS R22

OSC R23

OSOS R24
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where the labelsa and g denote adsorbed and gaseous p
ticles, respectively, andV is a vacant site. The steps~1! and
~2! describe the adsorption of the molecules CO and2,
respectively, and the third step represents the proper rea
between the adsorbed species to form the CO2 molecule.
When the O2 molecule arrives at the surface, it dissocia
completely. The formation of CO2 molecule occurs only if
CO and O are nearest neighbors on the lattice. CO2 mol-
ecules are assumed to leave the lattice immediately, so
the production of CO2 leaves two new empty sites for po
sible new adsorption. When we take into account the di
sion of oxygen atoms between the surface and the sub
face, we include one more step:

~4! O~a!1VS
OS1V,

where OS and VS mean an oxygen and a vacant site in t
subsurface, respectively.

To describe the whole process we need to consider
relative adsorption rate of CO molecules, denoted byyCO,
and the diffusion rates of oxygen:d1 is the diffusion rate
from the top layer to subsurface, andd2 is the diffusion rate
from the subsurface to the surface.

Let us now turn to describe the equations of motion in
pair mean-field approximation. In this work we do not sho
the results based on the site approximation because the
not introduce any novelty. For instance, as it is well kno
@11#, the site approximation applied to the ZGB model giv
non-O-poisoned states for any value ofyCO, contrary to the
results of the Monte Carlo simulations and the pair appro
mation. The inclusion of the diffusion of O between the la
ers does not change this picture. On the other hand, we
show that the inclusion of the diffusion ratesd1 and d2, in
the pair approximation, changes the critical point of the tr
sition between the active and the O-poisoned state. In
approximation we introduce the correlation between t
nearest neighbor sites of the lattice. This correlation is
fined by the conditional probabilityP( i u j ), which is the
probability that a given site to be of typei, given that one of
03613
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its nearest neighbors is of typej. In this way, the probability
of a given pairpi j is given bypi j 5pj P( i u j ), wherepj is the
density of sites occupied by a speciesj ( j means an oxygen
a CO molecule or a vacant site!.

The equations of motion are obtained by writing the ga
loss rate equations for the pair probabilities, which are eva
ated by counting the changes in the number of nearest ne
bor pairs in a neighborhood of sites centered on, a
including, the center pairi j . For this model that includes th
subsurface, we need to consider 14 independent pair p
abilities: pVV , pVC , pVO, pCC , pOO, pVOS

, pVVS
, pOSC ,

pCVS
, pOOS

, pOVS
, pVSOS

, pVSVS
, pOSOS

. The labelS indicates
a site in the subsurface, and C means a CO molecule.
pairs (i j ) and (j i ), although physically distinct, contribut
with the same weight to the equations of motion. All the
pair probabilities are related to the density of the specie
and CO and to the density of vacant sites by equations of
type pj5( i pi j . Table I shows all the possible transition
among the pairs. For instance,R1 is the transition rate for the
central pairVC to change to a new configurationVV. This
process can occur by two independent paths:~a! the O2 mol-
ecule is adsorbed on the top layer, and one of its oxy
atoms occupies a vacant site, which is nearest neighbo
the CO molecule of the central pair;~b! an oxygen atom at
the subsurface migrates to a nearest neighbor vacant si
the CO molecule at the top layer. In the Appendix we pres
the explicit expressions for the transition rates.

The equation of motion for thepVC pair density is

dpVC

dt
5R41R52~R11R13!, ~1!

which can be read from row 2 and column 2 of Table
Similar expressions can be written for the other 13 pair d
sities. The set of 14 equations for the pair probabilities c
not be solved analytically. We integrate this system of eq
tions by the fourth-order Runge-Kutta method, with t
5-2
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FIG. 1. Coverages at the surface and subsurface as a function ofyCO. Square~CO!, circle (V at surface!, triangle~O at surface!, diamond
~O at subsurface!, and star (V at subsurface!. The downward diffusion coefficent isd150.1 and the upward diffusion coefficient isd2

50.01. ~a! Pair approximation;~b! Monte Carlo simulations~the curves serve as guides to the eye!.
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initial condition of an empty lattice. In our calculations, w
takepV,1026 as being a nonactive state.

III. COVERAGES AND PHASE DIAGRAM

Figure 1~a! exhibits the pair approximation coverages
the surface and subsurface as a function ofyCO for d150.1
~downward diffusion of the oxygen atoms! and d250.01
~upward diffusion of the oxygen atoms!. For these values o
the diffusion parameters, the continuous phase transition
tween the active and the O-poisoned state occurs at the v
y150.245. This value is almost the same obtained in
absence of diffusion by Dickman@11# in the pair approxima-
tion, y150.2497. Although the pair approximation give
only mean-field-like critical properties, it is a good formul
tion to obtain a qualitative picture of the phase transitions
successful application of the pair approximation can also
seen in the work of Zhonghuaiet al. @12# where a dimer-
dimer surface reaction model was studied. The simulati
performed by Ziff, Gulari, and Barshad gave the valuey1
50.389. On the other hand, concerning the first-order tr
sition, we also observe that the transition pointy2 is insen-
sitive to the diffusion parameters: in the absence of the
fusion, simulations givey250.525 and pair approximation
y250.561; for the diffusion parameters of Fig. 1~a! we found
y250.555. As expected, the coverage of O at the subsur
exhibits the same behavior as the coverage of this speci
the surface. That is, a continuous transition is observed a
same pointy150.245. However, after we cross the transiti
point y1, the content of oxygen atoms at the subsurface
creases continuously, even when we cross the first-o
transition pointy2. For values ofyCO larger thany2, while
the surface is poisoned by CO, the subsurface still pres
some sites occupied by oxygen atoms. This result is du
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the fact that we have integrated our equations with the ini
condition of an empty lattice.

We have also performed Monte Carlo simulations for t
model. We used two layers of square lattices with linear
mensionL540 in each layer. We started all simulations wi
both layers empty and used periodic boundary conditio
For each value of the deposition rateyCO of the CO mol-
ecules, we generate a random number to know what m
ecule will be deposited in the next step. If we choose CO
site at the top layer is chosen at random for deposition;
is empty the deposition occurs, otherwise not. For the de
sition of O2, also at the top layer, we need to choose
random a pair of nearest neighbors; deposition occurs on
this pair is found, and after deposition the O2 molecules dis-
sociate so that the two O atoms are free to react indep
dently. In both situations, after any event of deposition,
need to search for nearest neighbor pairs of CO and O.
pair similar to this is found, they react forming a CO2 mol-
ecule that leaves the surface, freeing two new sites at the
layer. The diffusive movement of oxygen atoms between
layers is also considered. The diffusion is only permitt
between pairs of sites that are nearest neighbors in both
ers. For a diffusion of an O atom to the subsurface, with
diffusion rated1, a random O is chosen at the top layer, a
the diffusion is successful only if there is an empty site ju
below the O atom. For an upward diffusion of O, with
diffusion rated2, we first select at random an O atom in th
subsurface. If the site on the top layer just over this O at
is occupied, the diffusion is not permitted. On the other ha
if the site is vacant, the diffusion occurs and we immediat
search for its CO nearest neighbors to react.

As usual in Monte Carlo simulations, the time is me
sured in appropriate MCu~Monte Carlo units!. For a given
experiment, we defined the Monte Carlo unit by the sum
5-3
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FIG. 2. The same legend as in Fig. 1.~a! Pair approximation withd150.1 andd250.3, and~b! Monte Carlo simulations withd1

50.1 andd250.5 ~the curves serve as guides to the eye!.
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the number of trials of deposition of CO and O2 molecules
over the top layer (L2 trials! plus d1L2 trials of diffusion of
O from the top layer to the subsurface plusd2L2 trials of
diffusion of O from the subsurface to the uppermost lay
For each sample, after the system reaches the statio
states, 104 MCu were used to evaluate the coverages of
terest.

Figure 1~b! exhibits the results of the simulations for th
coverages, using the same values ofd1 andd2 as in Fig. 1~a!.
The same features observed in the pair approximation ca
lation of Fig. 1~a! are found here. The critical value for th
continuous transition between the reactive state and
O-poisoned state isy150.37, which is very near to the on
found by Ziff, Gulari, and Barshad in the absence of diff
sion. This happens because in Fig. 1~b! the diffusion param-
eters are very small. On the other hand, when the upw
diffusion coefficientd2 increases, the continuous transitio
disappears above a given critical value. For instance,
2~a! shows the pair approximation coverages for a value
d2 above its critical value: for any finite value ofyCO, the
surface always contains a nonzero fraction of vacant s
The continuous transition observed in Fig. 1~a! is no longer
present for these values of the diffusion coefficients. As
upward diffusion coefficientd2 is large, the coverage of oxy
gen atoms at the subsurface decreases faster than that o
the surface. Despite the large value ofd2, the first-order tran-
sition point does not change. The same behavior is a
found within Monte Carlo simulations, as we can see in F
2~b!, although the diffusion parameters are different fro
those of Fig. 2~a!.

In Figs. 3~a! and 3~b!, we display the phase diagram in th
plane d1 versus d2, where the continuous transition lin
separates regions with O-poisoned from non-O-poiso
states. In the pair approximation, Fig. 3~a!, for values ofd2
larger thand2c50.23, it is not possible to find the surfac
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poisoned by oxygen, whatever the value ofd1Þ0. In the Fig.
3~b!, we also plot the results obtained from Monte Ca
simulations. The behavior is the same observed in the
approximation calculations, although the value we found
d2c is somewhat different. We have found that ford2.1.9,
the surface cannot be poisoned by oxygen atoms for
value ofd1.0.

Finally, Figs. 4~a! and 4~b! show the window width as we
change the diffusion ratesd1 andd2. In Fig. 4~a!, we take a
fixed value ford1 and we change the upward diffusion ra
d2. Both, pair approximation calculations and Monte Ca
simulations, show an opening of the window width as w
increase the value ofd2. The maximum window width is
reached for the value ofd2c as determined in Fig. 3. The
value ofy2 is insensitive to the values of the diffusion rat
in both calculations, although the Monte Carlo results pred
a lower value than the one found within the pair approxim
tion. In Fig. 4~b!, we exhibit the plots of the window width
obtained in both calculations for a fixed value ofd2, as a
function of the downward diffusion rated1. As we can see,
the widths decrease from a maximum value, which cor
sponds to the region where the surface is not poisoned b
@see Figs. 3~a! and 3~b! for the critical values#, to a fixed
value that no more depends upond1.

IV. CONCLUSIONS

In summary, we have shown that with a slight modific
tion of the ZGB model, which includes subsurface diffusi
of oxygen atoms, it is possible to account for the experim
tal result concerning the absence of O-poisoned states in
oxidation of CO. These results were obtained by using
pair mean-field approximation and Monte Carlo simulatio
In our approach we did not need to consider reaction st
involving the oxygen atom in the subsurface, which appe
5-4
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FIG. 3. Phase diagram in the planed1 ~downward diffusion coefficient! versusd2 ~upward diffusion coefficient!. ~a! Pair approximation
and ~b! Monte Carlo simulations~the curve serves as a guide to the eye!.
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to be nonphysical. We have obtained a transition line t
separates regions exhibiting O-poisoned states from non
poisoned states. Besides, we have seen that above a c
value of the upward diffusion coefficient, whose value d
pends on the approach we use, the surface cannot be fou
an O-poisoned state.
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APPENDIX: TRANSITION RATES IN THE PAIR
APPROXIMATION

Here we present the transition rates, derived in the p
approximation, amongst the possible pairs of nearest ne
bors in the lattice, as indicated in Table I. For details of t
procedure employed, see the appendixes of Dickmanet al.
@13#. In the following expressions, a site that is not occup
by a given elemente is represented bye” . For instance, we
write pC” V to indicate a pair probability where one site
vacant~V! and the other cannot be occupied by CO. In th
FIG. 4. ~a! Transition points,y1 ~continuous! andy2 ~first order!, as a function ofd2 for the fixed value ofd150.01.~b! Transition points,
y1 ~continuous! andy2 ~first order!, as a function ofd1 for the fixed value ofd250.1. y1, dotted line~pair approximation! and circles~Monte
Carlo simulations!; y2, dashed-dotted line~pair approximation! and squares~Monte Carlo simulations!.
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way, we have

pØV5pV2pVO,

pC” V5pV2pVC ,

pC” C5pC2pCC ,

pØO5pO2pOO.
03613
If we also define

a5 1
4 pVO

3 1pØVpVO
2 1 3

2 pØV
2 pVO1pØV

3 ,

we can write the following expressions for the transiti
rates:
R15~3pVC /pC11!/pV
33~12yCO!pVCpVV~ 1

3 pVC
2 1pC” VpVC1pC” V

2 !1~3pVC /pC11!/pV
4

3d2pVCpVOS
~ 1

4 pVC
3 1pC” VpVC

2 1 3
2 pC” V

2 pVC1pC” V
3 !,

R25yCOpVOa~3pVO/pO11!/pV
31d1pVOpOVS

/pO,

R352~12yCO!pCCpVC
2 ~ 1

3 pVC
2 1pC” VpVC1pC” V

2 !2/~pV
4pC

2 !,

R45yCOpVVpØV
3 /pV

3 ,

R55~12yCO!pCCpVC~ 1
3 pVC

2 1pC” VpVC1pC” V
2 !@2~ 2

3 pVC
2 1pC” VpVC!pVC /~pVpC!13pVV#/~pV

3pC!1@ 1
3 pVCpCC1 1

2 ~pC” VpCC

1pVCpC” C!1pC” VpC” C#4~12yCO!pCCpVCpVV /~pV
2pC

2 !1@ 1
4 pVC

2 pCC1 1
3 ~2pVCpC” VpCC1pC” CpVC

2 !#

32d2pCCpVCpVOS
/~pV

3pC
2 !1@ 1

2 ~2pC” VpC” CpVC1pC” V
2 pCC!1pC” V

2 pC” C#2d2pCCpVCpVOS
/~pV

3pC
2 !1d2pCCpVCpVOS

~ 1
4 pVC

3

1pC” VpVC
2 1 3

2 pC” V
2 pVC1pC” V

3 !/~pV
4pC!,

R65~12yCO!pVVpC” V
2 @pC” V~12pC” V

3 /pV
3 !13pVV#/pV

31d2pVVpVOS
pC” V

3 /pV
4 ,

R75@ 1
4 pVO

2 pOO1 1
3 ~2pVOpØVpOO1pVO

2 pØO!#2yCOpOOpVO/~pV
2pO

2 !1@ 1
2 ~2pVOpØVpØO1pØV

2 pOO!

1pØV
2 pØO#2yCOpOOpVO/~pV

2pO
2 !1yCOpOOpVO~ 1

4 pVO
3 1pVO

2 pØV1 3
2 pVOpØV

2 1pØV
3 !/~pV

3pO!1d1pOOpOVS
/pO,

R854yCOpOOS
pVOa/~pV

3pO!,

R95d1pOVS
,

R1059~12yCO!pOSCpVCpVV~ 1
3 pVC

2 1pVCpC” V1pC” V
2 !/~pV

3pC!,

R11512~12yCO!pCVS
pVCpVV~ 1

3 pVC
2 1pVCpC” V1pC” V

2 !/~pV
3pC!14d2pCVS

pVCpVOS
~ 1

4 pVC
3 1pVC

2 pC” V

1 3
2 pVCpC” V

2 1pC” V
3 !/~pV

4pC!,
R1254yCOpOVS
pVOa/~pV

3pO!,

R135yCOpVCpØV
3 /pV

3 ,

R145yCOpVVS
pØV

4 /pV
4 ,

R155~12yCO!pVVpC” V
6 /pV

6 ,
R1653~12yCO!pVOpVVpC” V
2 /pV

31d2pVOpVOS
pC” V

3 /pV
4 ,

R1754~12yCO!pVOS
pVVpC” V

3 /pV
4 ,

R185d2pVOS
,

R1954~12yCO!pVVS
pVVpC” V

3 /pV
4 ,
5-6



EFFECT OF THE SUBSURFACE OXYGEN DIFFUSION . . . PHYSICAL REVIEW E65 036135
R205d1pVSVS
pOVS

/pVS
,

R215d2pOSOS
pVOS

/pOS
,

R225d2pOSVS
pVOS

/pOS
,

m

.

03613
R235yCOpVOS
pØV

4 /pV
4 ,

R245d1pOSVS
pOVS

/pVS
.
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