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Hysteresis phenomena in CO catalytic oxidation system in the presence of inhomogeneities
of the catalyst surface
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~Received 12 November 2001; revised manuscript received 26 September 2002; published 4 December 2002!

The hysteresis phenomena in the CO catalytic oxidation system are studied by Monte Carlo simulation in the
presence of the inhomogeneities of the catalyst surface. We show that the O-passivated state is destroyed due
to the inhomogeneities of the surface, in contrast to the classical Ziff-Gulari-Barshad model. The defects on the
surface have a significant effect on the hysteresis transition points. Most importantly, the supercritical nucle-
ation and growth of the O adatom island during the transition from a low reactivity to a high reactivity states
are closely related to the inhomogeneities of the catalyst surface. It is shown that the width of the hysteresis
loop shrinks as the scan ratebCO of yCO ~the fraction of CO in gas phase! decreases, but there exists a finite
width of the hysteresis loop even ifbCO becomes infinitely small. On the other hand, the width of the hysteresis
loop decreases with decreasing the diffusion rate, and even the hysteresis loop may disappear for a slow
diffusion. These simulation results are in good consistency with the previous relevant experimental results.

DOI: 10.1103/PhysRevE.66.066103 PACS number~s!: 82.40.Ck
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I. INTRODUCTION

The study of the dynamical behavior of open nonequil
rium systems has attracted a great deal of interest over
last several decades and has grown to a productive rese
area, since they possess an important theoretical value
wide-ranging applications in many branches of physi
chemistry, biology, and even sociology@1,2#. In these sys-
tems, the dynamical behavior has shown a real wealth
complexity about kinetic oscillation, chaos, spatiotempo
pattern formation, or hysteresis phenomenon@3,4#. Com-
pared to the complicated three-dimensional chemical re
tion systems such as the Belousov-Zhabotinskii reaction
Bray-Liebhafsky reaction@3,5#, much attention has been pa
in recent years to some heterogeneous catalytic reaction
tems such as the CO and NO catalytic oxidation systems
various metal surfaces@6#. Many research results about th
complicated dynamical behavior, such as the complica
temporal and spatiotemporal oscillation, in the CO cataly
oxidation system on platinum surface were reported@6–12#.

Some experimental works have pointed out that there
hysteresis phenomena in CO catalytic oxidation on platin
surface@10–14#. On the macroscopic scale, the catalytic
action system exhibits two stable steady states, i.e., one
low reactive rate state, where CO molecules are predo
nated on the catalyst surface, and another steady state is
reactive state, where the catalyst surface is covered by lo
oxygen adatoms. A transition between these two steady s
becomes possible if the external control parameter, suc
the CO partial pressure, is varied back and forth as o
external parameters are kept unchanged. A hysteresis
may appear as a result of the transition between the
stable steady states.

Many theoretical models on hysteresis phenomena
based on the nonlinear partial differential equation or or
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nary differential equation following the Langmuir
Hinshelwood ~LH! mechanism@11–13,15,16#. The main
problem of these models is to discuss whether a region
bistability between the two stable steady states exists. Ba
on the ordinary differential equation following the LH rea
tion steps, one can easily get a simple S-shaped curve w
includes three steady states. One of the steady states i
stable and just mathematically relevant, while the two sta
steady states represent the high reactive state and low
tive state, corresponding to the O-covered state and C
covered state, respectively. If the diffusion of adsorbed CO
taken into account, a diffusion term should be added to
ordinary differential equation of the homogeneous mo
with the LH mechanism. Berdau and coauthors@13# have
pointed out that such a deterministic mesoscopic mode
unable to explain the nucleation of a new state.

On the other hand, some lattice-gas models were p
posed to investigate many details of the catalytic oxidat
system, such as the diffusion, desorption, and the interac
of the adsorbed species@17–22#. Evans and coauthors@23#
provided a lattice-gas model to discuss the effect of inte
cial CO diffusion between the different nanoscale Pt fac
on the dynamical behavior of the reaction system.

In this paper, we propose a lattice-gas model to study
effect of the inhomogeneities of the catalytic surface on
hysteresis behaviors by considering the different adsorp
of oxygen and desorption of CO. A hysteresis loop is exh
ited in our model and some details in the experimental p
cesses are reproduced in our simulation. We find that
inhomogeneities will have an important effect on the form
tion of a new phase at the transition between states of h
reactivity and low reactivity. The present paper is organiz
as follows: Section II is devoted to the model and simulat
algorithm in detail. In Sec. III, the simulation results fo
elucidating the influences of the external control parame
on the hysteresis phenomena are obtained and discusse
Sec. IV, we give some discussions about the mechanism
the hysteresis phenomena. Finally, a main conclusion
given in Sec. V.
©2002 The American Physical Society03-1
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II. MODEL AND SIMULATION

In principle, the defects or inhomogeneities could affe
the reaction on the surface in various subtle ways@13,24–
27#. The inhomogeneities of the catalyst surface may
shown from two different aspects, i.e., the desorption of
sorbed CO or the adsorption of the oxygen molecule on
surface are not homogeneous. Therefore, we assume
types of defects due to the different dynamical behaviors
the two species. On the type-1 defect, the desorption of
sorbed CO can be easily realized because the binding en
of adsorbed CO on this type of defect is lower than that
the other unperturbed sites. On the type-2 defect, the ads
tion of the oxygen molecule is inhibited, and at the sa
time, the desorption of adsorbed CO becomes more diffi
than that on the surrounding unperturbed lattice sites. On
other hand, the adsorbed CO can diffuse rapidly on the c
lyst surface and has a significant effect on the dynam
behavior@6,28#, which is therefore included in our mode
Furthermore, the catalytic chemical reaction cycle includ
the CO and O2 adsorption, the CO desorption, and LH rea
tion steps, leading to the formation of CO2.

To simulate the above steps, we define some dimens
less parameters for the different dynamical processes as
lows: The diffusion of adsorbed CO occurs with the pro
ability 12pchem, wherepchem is the relative probability of
chemical processes, including the CO desorption
adsorption-reaction steps of the two species with respec
the diffusion of adsorbed CO. Since the diffusion is fas
than the chemical processes,pchem!1. The relative rate of
the adsorption-reaction steps to the desorption of adso
CO is pad . Furthermore, the desorption probabilitypdes1 on
the type-1 defect is much more larger than the desorp
probability pdes on the unperturbed lattice sites. Howeve
the desorption probabilitypdes2 on the type-2 defect is lowe
than pdes. In addition, the sticking coefficients for oxyge
and carbon monoxide on lattice sites are assumed to bpa
andpb , respectively.

The Monte Carlo~MC! algorithm for simulating the reac
tion kinetics on the catalytic lattice is as follows.

~1! A random numberr (r <1) is generated. Ifr
.pchem, a diffusion trial of adsorbed CO is executed@item
~2!#, otherwise if r<pchem, a desorption or adsorption
reaction trial is realized@items ~3! and ~4!#.

~2! For the diffusion of adsorbed CO, a site is chos
randomly. If the site is vacant or occupied by O atom,
trial ends. Otherwise, a CO molecule located in this site t
to diffuse, and then an adjacent site is randomly selecte
the adjacent site is vacant, the CO molecule exchanges
it, and reacts with one nearest-neighbor O atom random
the adjacent site is an O atom.

~3! The chemical process occurring on the surface
cludes the desorption of adsorbed CO and the adsorp
reaction of two species. A random numberr1 (r1 <1) is
generated. Ifr1.pad , a CO desorption is performed and th
desorption probability for CO on different lattice sites is d
ferent due to the inhomogeneities of the lattice surface. A
is then selected randomly. If the site is vacant or occupied
an O atom, the trial ends. Otherwise, a CO molecule loca
06610
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in this site may desorb. A random numberr2 (r2<1) is
generated. Ifr2 is less thanpdes when the lattice site is an
unperturbed one~when the type-1 or type-2 defect is s
lected, the desorption probabilitypdes will be replaced by
pdes1 or pdes2, respectively!, the CO molecule desorbs.

~4! If r1<pad , an adsorption-reaction attempt is pe
formed. An adsorption-reaction attempt contains seve
steps.

~i! A random numberr3 (r3<1) is generated. Ifr3
<yco ~the fraction of CO in gas phase!, a CO molecule is
chosen to try to adsorb on the lattice surface, otherwise
oxygen molecule is chosen.

~ii ! If a CO molecule is chosen, a lattice site is selec
randomly. If the site is occupied, the trial ends. Otherwise
random numberr4 is generated. Ifr4<pb , the trial is ac-
cepted and CO is adsorbed, and if there are adsorbed ox
atoms on the four nearest-neighbor sites, CO reacts rando
with one of the oxygen atoms immediately and the form
CO2 desorbs at once and leaves two vacant sites.

~iii ! If an oxygen molecule is chosen, a pair of tw
nearest-neighbor~NN! sites is selected randomly on the la
tice surface. If one of the two sites is occupied or one site
the pair is a type-2 defect, the trial ends. Otherwise, a r
dom numberr5 is generated. Ifr5<pa , the trial is accepted
and the oxygen molecule dissociates and fills the two si
and if there are adsorbed CO molecules on the six NN si
the oxygen atom reacts randomly with one of CO molecu
on its NN sites at once and the produced CO2 desorbs and
leaves two vacant sites.

Our simulation is performed on a two-dimensional latti
with 1003100 sites under a periodic boundary conditio
The defects are randomly distributed on the lattice surf
with the fractionsp1 and p2 of the two types of defects
before the simulation begins. We will begin our simulatio
from an initial state where all sites are vacant, similar to w
one does in the experimental process asyCO is varied back
and forth.

On the other hand, in order to change the external con
parameteryCO back and forth in a steplike form, we perform
our simulation process by increasingDt Monte Carlo steps
~MCS! from t MCS and fixing the parameteryCO. The simu-
lation process will continue afterDy is added toyCO, and
until yCO approaches 1.0,Dy is then subtracted fromyCO
step by step, andyCO will decline back to the initial value. A
cycle simulation process is thus finished.

III. SIMULATION RESULTS

In our simulation, we exhibit a hysteresis loop and discu
the influences of the inhomogeneities of the surface and
ternal control parameters on the hysteresis phenomena.

Figure 1 shows the macroscopic behavior in the CO ca
lytic oxidation system whenyCO is varied back and forth~at
a constant scan ratebCO5dyCO/dt) and other parameter
are kept unchanged. We see from Fig. 1 that for a sm
fraction yCO, the system is in a state of high reactivity an
the O-passivated state is destroyed, in contrast to the cla
cal Ziff-Gulari-Barshad~ZGB! model @17#. As yCO reaches
t1, the system transits to a steady state of low reactivity a
3-2



th
r

ta

-
h
m

a
io

-
de-
da-
r O
i-

e of
e
nd
of

th of
e-1

ifi-
of

en

ts.
the
e-1
2
se in

HYSTERESIS PHENOMENA IN CO CATALYTIC . . . PHYSICAL REVIEW E 66, 066103 ~2002!
the surface is mainly covered by adsorbed CO. After
transition, the system remains in the steady state of low
activity asyCO increases continuously. Furthermore, asyCO
begins to reduce, the system continues to remain in the s
of the low reactive state even ifyCO is less thant1. If yCO is
lowered tot2 (t2,t1), the system will exhibit a steep tran
sition from the state of low reactivity to the state of hig
reactivity. Consequently, a clockwise hysteresis loop for
and the widthnt of the hysteresis loop is equal tot12t2.

A. The influence of the defects on the hysteresis behavior
and the nucleation and growth of both CO

and oxygen islands

The inhomogeneities of the catalyst surface can have
important effect on the dynamical behavior of the react

FIG. 1. The simulation results of the hysteresis phenom
about the reactant coverage@~a! and~b!# and production rate of CO2
~c!. The simulation parameters arepchem50.01, pad50.7, pdes

50.1, pdes150.8, pdse250.05, pa50.6, pb50.9, Dy50.002, Dt
510 MCS, p150.1, andp250.1.
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system. In Fig. 2~a!, it is shown that the width of the hyster
esis loop decreases obviously as the fraction of type-1
fects increases. As the surface is mainly covered by O a
toms, the adsorbed CO almost reacts with the neighbo
adatom and the desorption of CO will not affect the dynam
cal behavior of the reaction system. Therefore, the chang
the fraction of type-1 defects will have little influence on th
value oft1. However, as the surface is covered by CO a
the fraction of type-1 defects increases, the nucleation
adsorbed O atoms becomes easy, and thust2 increases ob-
viously. Most importantly, as shown in Fig. 2~b!, the hyster-
esis loop disappears because the O nucleation and grow
the O island become very easy when the fraction of typ
defect becomes very large.

Furthermore, the fraction of type-2 defects has a sign
cant influence on the dynamical behavior. As the fraction
type-2 defects decreases, the values oft1 andt2 increase but

a

FIG. 2. The influence of the number of the two kinds of defec
In ~a! and ~b!, the width of the hysteresis loop decreases and
loop tends to disappear with the increasing fraction of the typ
defect. In~c!, botht1 andt2 are affected significantly by the type-
defect.Dt5100 MCS and other parameters are the same as tho
Fig. 1.
3-3
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the width of the hysteresis loop decreases. When the frac
of type-2 defects becomes small, the sites that canno
occupied by O atoms become small and the nucleation
adsorbed CO becomes difficult, and thus the transition to
steady state of low reactivity will occur at high values ofyCO

@see Fig. 2~c!#. Meanwhile, because the desorption of a
sorbed CO on the type-2 defects is less than that on un
turbed sites,t2 also increases as the fraction of type-2 d
fects becomes small.

Now we turn to consider the influences of the two typ
of defects on the formation of a new state. It has been sh
in the previous experimental work by Berdauet al. @13# that
the ‘‘active’’ inhomogeneities play an important role on cr
ating a new state. Before starting our simulation, we dist
ute the type-1 and type-2 defects on the surface regul
i.e., the type-1 defects are distributed on the lattice sitej
550 and the type-2 defects are distributed on the lattice s
i 510, 20, . . .,100, j Þ50, wherei and j are the positions
on the lattice surface. The simulation results are shown
Fig. 3. We see from Fig. 3~a! that there is no apparent effe
of the defects on the formation of the CO phase. Actua
from the above simulation results~Fig. 1!, the coverage of
adsorbed oxygen on the surface is not high before the t
sition to a state of low reactivity, and thus there are ma
vacant sites for CO adsorption. Furthermore, the adsor
CO molecules will diffuse rapidly, leading to a spontaneo
nucleation of CO during the transition from the state of hi
reactivity to the state of low reactivity. Therefore, the type
and type-2 defects have little influence on the formation
the CO phase.

However, from Fig. 3~b!, we can find that the formation
of the O phase on the CO-covered surface is largely affe
by the type-1 defects. Before the transition to the state
high reactivity, the surface is almost covered by adsor
CO, and thus the vacant sites for O adsorption are poor,
the high desorption probability of CO on the type-1 defe
will increase the probability of oxygen adsorption. Cons
quently, the type-1 defects become the centers of O nu
ation during the formation of the oxygen phase. This sim
lation result is in good consistency with the experimen
observation@13#.

B. The dependence of hysteresis behavior
on the scan ratebCO

According to the experimental results@13#, Dt depends
on the scan ratebCO in a way thatDt decreases with the
decrease ofbCO. Therefore, one may suspect whether t
width Dt approaches zero as the scan rate becomes infin
low. In the present paper, we can discuss the influences o
scan ratebCO on the width of the hysteresis loop. During th
simulation process, we use two ways to change the scan
First, we change the simulation timeDt for a fixedDy (Dy
is very small!. The second way is to change theDy for a
given Dt. There is no obvious difference for the simulatio
results under the two different methods.

The simulation results are shown in Fig. 4 for differe
values of the scan ratebCO. From three examples in Figs
4~a!–4~c!, it is exhibited that the widthDt shrinks as the
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scan rate becomes small. AsbCO becomes small, the stee
change at the transition point from low reactivity to hig
reactivity states will disappear@Figs. 4~b! and 4~c!#. These
results are in good consistency with the experimental p
nomena@13#. The simulation results for the values oft1 and
t2 are summarized in Fig. 4~d!, which clearly exhibits the
effect of the scan rate on the width of the hysteresis lo
Figure 4~d! also shows that the width of the hysteresis lo
remains a finite constant even ifbCO becomes enough smal

FIG. 3. The formation of a new state.~a! The formation of the
CO phase during the transition to a state of low reactivity atyCO

50.500.~b! The formation of the oxygen phase on the CO-cove
surface during the transition to the state of high reactivity atyCO

50.340.p150.01, p250.09,Dt5500 MCS, and other parameter
are the same as those in Fig. 1.
3-4
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FIG. 4. The effect of the scan
rate bCO on the width of hyster-
esis loop.~a!, ~b!, and ~c! corre-
spond to Dt55, 200, and 500
MCS, respectively. Other param
eters are the same as those in F
1.
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C. The important role of the diffusion rate of adsorbed CO

The adsorbed CO diffuses rapidly on the surface a
plays a decisive influence on the dynamical behavior of
reaction system@6,28#. We will change the value ofpchem to
discuss the influence of the diffusion. As illustrated in Fig
through three examples corresponding topchem50.01, 0.1,
and 0.5, we can clearly diagnose that the transition pointt1
andt2 approach each other, and the hysteresis loop shr
as the diffusion rate decreases. Whenpchem50.5, i.e., the
CO diffusion becomes very slow, it is found that the hyst
06610
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esis loop disappears. The dependence of the difference
tweent1 and t2 on the parameterpchem is summarized in
Fig. 5~d!, clearly displaying the effect of the diffusion rate. I
the following section, we will give a further discussion.

IV. DISCUSSION

The hysteresis behavior in the CO catalytic oxidation s
tem is exhibited in some related theoretical models which
based on different mechanisms@29,30#. According to the
present simulation results, we think that all kinds of prop
as
FIG. 5. The influence of the
diffusion of adsorbed CO on the
hysteresis width. In~a!, ~b!, and
~c!, pchem50.01, 0.1, and 0.5, re-
spectively. Dt5200 MCS and
other parameters are the same
those in Fig. 1.
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ties in hysteresis phenomena are caused by the combin
of several factors which are due to the different kinetic b
havior of CO and O2 on the catalytic surface.

First, the adsorbed processes of CO and O2 are obviously
different. The adsorption of O2 needs more sites on surfac
than that of CO, and the sticking coefficient of CO is mu
higher than that of O2. Therefore, if the number of vacan
sites on the surface is very small, the adsorption of oxyge
significantly affected. If the surface is mainly covered
oxygen adatoms, CO can adsorb very well and the sys
shows a steady state of high reactivity. On the contrary,
adsorption of O2 on the CO-covered surface will be ver
difficult, and the system exhibits a steady state of low re
tivity even if the external parameteryCO is the same as
before.

Second, the binding energy of adsorbed CO is mu
lower than that of the oxygen adatom. Therefore, adsor
CO can diffuse rapidly on catalytic surface and desorb,
the diffusion and desorption of adsorbed O atom are
glected. As a result, the rapid diffusion of CO makes it ea
for adsorbed CO to react with the O adatom and suppre
the nucleation of CO and growth of the CO island on t
O-covered surface, and it also suppresses the nucleatio
oxygen and growth of the O island on the CO-covered s
face. On the other hand, the rapid diffusion of CO on surf
makes the distribution of the vacant sites more homo
neous, which makes the adsorption of oxygen more diffic

V. CONCLUSION

Using a MC simulation, we have discussed the hyster
behavior in the catalytic oxidation reaction system in t
n

re

em

n-
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presence of the inhomogeneities of the catalyst surface. P
nomenologically, in contrast to the classical ZGB model,
O-passivated state is destroyed in our model and a hyste
loop is exhibited as the external control parameteryCO is
varied back and forth in a steplike form. Moreover, the sim
lation results show that the defects on the surface hav
significant effect on the hysteresis transition points and
formation of the O phase on the CO-covered surface at
transition points.

Furthermore, the present model enables us to study
influences of other parameters on the hysteresis phenom
First, it is shown that the width of the hysteresis loop shrin
as the scan ratebCO decreases, and there exists a finite lo
width of the macroscopic hysteresis even ifbCO becomes
infinitely small. Second, we examine the effects of the dif
sion of adsorbed CO on the hysteresis phenomena,
clearly indicate that the width of the hysteresis loop d
creases obviously with the decrease of the diffusion rate,
even hysteresis can be ruled out as the diffusion of adso
CO becomes very slow. These simulation results are w
consistent with previous relevant experimental results.
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