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Hysteresis phenomena in CO catalytic oxidation system in the presence of inhomogeneities
of the catalyst surface
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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 rafg of yco (the fraction of CO in gas phasdecreases, but there exists a finite
width of the hysteresis loop evengf.o 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.
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[. INTRODUCTION nary differential equation following the Langmuir-
Hinshelwood (LH) mechanism[11-13,15,1§ The main
The study of the dynamical behavior of open nonequilib-problem of these models is to discuss whether a region of
rium systems has attracted a great deal of interest over tHaistability between the two stable steady states exists. Based
last several decades and has grown to a productive resear@f the ordinary differential equation following the LH reac-
area, since they possess an important theoretical value afi@n steps, one can easily get a simple S-shaped curve which
wide-ranging applications in many branches of physicsymcludes three steady states. One of the st_eady states is un-
chemistry, biology, and even sociologg,2]. In these sys- stable and just mathematlcally relevanp while the two stable
tems, the dynamical behavior has shown a real wealth Ozfteady states represent the high reactive state and low reac-
complexity about kinetic oscillation, chaos, spatiotemporallV€ State, corresponding to the O-covered state and CO-
patem fornaton, or yseress phenomerso, Com: _S0/05¢ 3, pectuey, e Atuscn f a0somed C0 ¢
pared to the complicated three-dimensional chemical reac- ; ! ;
tion systems such as the Belousov-Zhabotinskii reaction an r_dlnary differential equation of the homogeneous model
ith the LH mechanism. Berdau and coauthft§] have

Bray-Uebhafsky reactiof,5], much attention hqs been.pa|d ointed out that such a deterministic mesoscopic model is
in recent years to some heterogeneous catalytic reaction Sﬁihable to explain the nucleation of a new state
tems such as the CO and NO catalytic oxidation systems on 5, the other hand. some lattice-gas models were pro-

various metal surfacef$]. Many research results about the 4564 to investigate many details of the catalytic oxidation
complicated dynamical behavior, such as the complicatedystem, such as the diffusion, desorption, and the interaction
temporal and spatiotemporal oscillation, in the CO catalyticof the adsorbed speci¢d7—24. Evans and coauthof@3]
oxidation system on platinum surface were repof@d12.  provided a lattice-gas model to discuss the effect of interfa-

Some experimental works have pointed out that there argial CO diffusion between the different nanoscale Pt facets
hysteresis phenomena in CO catalytic oxidation on platinunbn the dynamical behavior of the reaction system.
surface[10—14. On the macroscopic scale, the catalytic re- In this paper, we propose a lattice-gas model to study the
action system exhibits two stable steady states, i.e., one iseffect of the inhomogeneities of the catalytic surface on the
low reactive rate state, where CO molecules are predomirysteresis behaviors by considering the different adsorption
nated on the catalyst surface, and another steady state is highoxygen and desorption of CO. A hysteresis loop is exhib-
reactive state, where the catalyst surface is covered by lots d@ted in our model and some details in the experimental pro-
oxygen adatoms. A transition between these two steady statessses are reproduced in our simulation. We find that the
becomes possible if the external control parameter, such ashomogeneities will have an important effect on the forma-
the CO partial pressure, is varied back and forth as otheion of a new phase at the transition between states of high
external parameters are kept unchanged. A hysteresis logpactivity and low reactivity. The present paper is organized
may appear as a result of the transition between the twas follows: Section Il is devoted to the model and simulation
stable steady states. algorithm in detail. In Sec. lll, the simulation results for

Many theoretical models on hysteresis phenomena arelucidating the influences of the external control parameters
based on the nonlinear partial differential equation or ordi-on the hysteresis phenomena are obtained and discussed. In

Sec. IV, we give some discussions about the mechanism of
the hysteresis phenomena. Finally, a main conclusion is
* Author to whom correspondence should be addressed. given in Sec. V.
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Il. MODEL AND SIMULATION in this site may desorb. A random numbges (p,<1) is
tgenerated. Ifo, is less thampgyes When the lattice site is an

unperturbed ondwhen the type-1 or type-2 defect is se-

the reactlt_)n on the su_rface in various subtle wgys,24 lected, the desorption probabilify,.s will be replaced by
27]. The inhomogeneities of the catalyst surface may b$ o< OF Pges, respectively, the CO molecule desorbs.

, . . d

shown from two different gspects, i.e., the desorption of ad- (4) If p;=p.q, an adsorption-reaction attempt is per-
sorbed CO or the adsorption of the oxygen molecule on thé,rmeq. An adsorption-reaction attempt contains several
surface are not homogeneous. Therefore, we assume tWogpg

types of defects due to the different dynamical behaviors of (i) A random numberp; (ps<1) is generated. Ifps

the two species. On the type-1 defect, the desorption of adgyco (the fraction of CO in gas phasea CO molecule is
sorbed CO can be easily realized because the binding energyiosen to try to adsorb on the lattice surface, otherwise an
of adsorbed CO on this type of defect is lower than that oroxygen molecule is chosen.
the other unperturbed sites. On the type-2 defect, the adsorp- (i) If a CO molecule is chosen, a lattice site is selected
tion of the oxygen molecule is inhibited, and at the samerandomly. If the site is occupied, the trial ends. Otherwise, a
time, the desorption of adsorbed CO becomes more difficultandom numbep, is generated. Ifp,<p,, the trial is ac-
than that on the surrounding unperturbed lattice sites. On theepted and CO is adsorbed, and if there are adsorbed oxygen
other hand, the adsorbed CO can diffuse rapidly on the catatoms on the four nearest-neighbor sites, CO reacts randomly
lyst surface and has a significant effect on the dynamicalith one of the oxygen atoms immediately and the formed
behavior[6,28], which is therefore included in our model. CO, desorbs at once and leaves two vacant sites.
Furthermore, the catalytic chemical reaction cycle includes (iii) If an oxygen molecule is chosen, a pair of two
the CO and @ adsorption, the CO desorption, and LH reac-nearest-neighbaiNN) sites is selected randomly on the lat-
tion steps, leading to the formation of GO tice surface. If one of the two sites is occupied or one site of
To simulate the above steps, we define some dimensiorihe pair is a type-2 defect, the trial ends. Otherwise, a ran-
less parameters for the different dynamical processes as falom numbelps is generated. Ips<p,, the trial is accepted
lows: The diffusion of adsorbed CO occurs with the prob-and the oxygen molecule dissociates and fills the two sites,
ability 1—pchem: Wherepehemis the relative probability of and if there are adsorbed CO molecules on the six NN sites,
chemical processes, including the CO desorption andhe oxygen atom reacts randomly with one of CO molecules
adsorption-reaction steps of the two species with respect ton its NN sites at once and the produced Gfesorbs and
the diffusion of adsorbed CO. Since the diffusion is fasterleaves two vacant sites.
than the chemical processgge.<1. The relative rate of Our simulation is performed on a two-dimensional lattice
the adsorption-reaction steps to the desorption of adsorbeslith 100X 100 sites under a periodic boundary condition.
CO isp,q. Furthermore, the desorption probability.q on  The defects are randomly distributed on the lattice surface
the type-1 defect is much more larger than the desorptiowith the fractionsp; and p, of the two types of defects
probability p4es On the unperturbed lattice sites. However, before the simulation begins. We will begin our simulation
the desorption probabilitp4.o 0N the type-2 defect is lower from an initial state where all sites are vacant, similar to what
than pges. In addition, the sticking coefficients for oxygen one does in the experimental processyas is varied back
and carbon monoxide on lattice sites are assumed tp,be and forth.

In principle, the defects or inhomogeneities could affec

andpy, respectively. On the other hand, in order to change the external control
The Monte CarldMC) algorithm for simulating the reac- parametel o back and forth in a steplike form, we perform
tion kinetics on the catalytic lattice is as follows. our simulation process by increasidg Monte Carlo steps

(1) A random numberp (p <1) is generated. Ifp  (MCS) fromt MCS and fixing the parametggo. The simu-
>pehem: @ diffusion trial of adsorbed CO is executgttm  lation process will continue afteky is added toyco, and
(2)], otherwise if p<pchem» @ desorption or adsorption- until yco approaches 1.0Ay is then subtracted fromyco
reaction trial is realizedlitems (3) and (4)]. step by step, anydco will decline back to the initial value. A

(2) For the diffusion of adsorbed CO, a site is chosencycle simulation process is thus finished.
randomly. If the site is vacant or occupied by O atom, the
trial _ends. Otherwise, a CQ molecgle_located in this site tries IIl. SIMULATION RESULTS
to diffuse, and then an adjacent site is randomly selected. If
the adjacent site is vacant, the CO molecule exchanges with In our simulation, we exhibit a hysteresis loop and discuss
it, and reacts with one nearest-neighbor O atom randomly ithe influences of the inhomogeneities of the surface and ex-
the adjacent site is an O atom. ternal control parameters on the hysteresis phenomena.

(3) The chemical process occurring on the surface in- Figure 1 shows the macroscopic behavior in the CO cata-
cludes the desorption of adsorbed CO and the adsorptiolytic oxidation system wheg¢ is varied back and fortkat
reaction of two species. A random number (p; <1) is  a constant scan rat8co=dyco/dt) and other parameters
generated. Ip;>p,q, a CO desorption is performed and the are kept unchanged. We see from Fig. 1 that for a small
desorption probability for CO on different lattice sites is dif- fraction yco, the system is in a state of high reactivity and
ferent due to the inhomogeneities of the lattice surface. A sitéhe O-passivated state is destroyed, in contrast to the classi-
is then selected randomly. If the site is vacant or occupied bgal Ziff-Gulari-Barshad(ZGB) model[17]. As yco reaches
an O atom, the trial ends. Otherwise, a CO molecule located;, the system transits to a steady state of low reactivity and
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T T In (@) and (b), the width of the hysteresis loop decreases and the
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Y., loop tends to disappear with the increasing fraction of the type-1

FIG. 1. The simulation results of the hysteresis phenomengefea' In(c), bothr, and, are affected significantly by the type-2

about the reactant coverafie) and(b)] and production rate of CO ggfect.At= 100 MCS and other parameters are the same as those in
. . ig. 1.

(c). The simulation parameters am®.en=0.01, Pog=0.7, Pyes

=0.1, Pgeg=0.8, Pgse=0.05, p,=0.6, p,=0.9, Ay=0.002, At

=10 MCS, p;=0.1, andp,=0.1. system. In Fig. £a), it is shown that the width of the hyster-

esis loop decreases obviously as the fraction of type-1 de-

the s_qrface is mainly cove.red.by adsorbed CO. After th ects increases. As the surface is mainly covered by O ada-
transition, the system remains in the steady state of low rms. the adsorbed CO almost reacts with the neighbor O
activity asycg increases continuously. Furthermore,yas, !

X : o adatom and the desorption of CO will not affect the dynami-
begins to reducg, the system 90“'””95 to remain in the Sta&| behavior of the reaction system. Therefore, the change of
of the low reactive state evenyko is less thanr. If yeoiS e fraction of type-1 defects will have little influence on the
lowered tor, (m,<7,), the system will exhibit a steep tran- ;6 of -, However, as the surface is covered by CO and
sition from the state of low reactivity to the state of high ]

- . ; the fraction of type-1 defects increases, the nucleation of
reactivity. Consequently, a clockwise hysteresis loop form%dsorbed O atoms becomes easy, and thusicreases ob-
and the widthA 7 of the hysteresis loop is equal tq— 7. ’

viously. Most importantly, as shown in Fig(l8, the hyster-
esis loop disappears because the O nucleation and growth of
the O island become very easy when the fraction of type-1
defect becomes very large.
Furthermore, the fraction of type-2 defects has a signifi-
The inhomogeneities of the catalyst surface can have agant influence on the dynamical behavior. As the fraction of
important effect on the dynamical behavior of the reactiontype-2 defects decreases, the values,adind 7, increase but

A. The influence of the defects on the hysteresis behavior
and the nucleation and growth of both CO
and oxygen islands
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the width of the hysteresis loop decreases. When the fractio a b
of type-2 defects becomes small, the sites that cannot b
occupied by O atoms become small and the nucleation o
adsorbed CO becomes difficult, and thus the transition to the
steady state of low reactivity will occur at high valuesygt,
[see Fig. Zc)]. Meanwhile, because the desorption of ad-
sorbed CO on the type-2 defects is less than that on unpe|
turbed sites;r, also increases as the fraction of type-2 de-
fects becomes small.

Now we turn to consider the influences of the two types
of defects on the formation of a new state. It has been showi
in the previous experimental work by Berdatial. [13] that
the “active” inhomogeneities play an important role on cre-
ating a new state. Before starting our simulation, we distrib-
ute the type-1 and type-2 defects on the surface regularly
i.e., the type-1 defects are distributed on the lattice gites
=50 and the type-2 defects are distributed on the lattice site
i=10, 20,...,100, j#50, wherei andj are the positions
on the lattice surface. The simulation results are shown ir|
Fig. 3. We see from Fig.(8) that there is no apparent effect
of the defects on the formation of the CO phase. Actually,
from the above simulation result§ig. 1), the coverage of
adsorbed oxygen on the surface is not high before the tran
sition to a state of low reactivity, and thus there are many
vacant sites for CO adsorption. Furthermore, the adsorbe
CO molecules will diffuse rapidly, leading to a spontaneous
nucleation of CO during the transition from the state of high
reactivity to the state of low reactivity. Therefore, the type-1
and type-2 defects have little influence on the formation of
the CO phase.

However, from Fig. 8), we can find that the formation
of the O phase on the CO-covered surface is largely affecte
by the type-1 defects. Before the transition to the state o
high reactivity, the surface is almost covered by adsorbeq
CO, and thus the vacant sites for O adsorption are poor, bu
the high desorption probability of CO on the type-1 defects
will increase the probability of oxygen adsorption. Conse-
quently, the type-1 defects become the centers of O nucle
ation during the formation of the oxygen phase. This simu-
lation result is in good consistency with the experimental
observatior[13].

t=350 MCS t=222 MCS
B. The dependence of hysteresis behavior FIG. 3. The formation of a new statég) The formation of the
on the scan ratefco CO phase during the transition to a state of low reactivity &

According to the experimental result3], A+ depends =0.500. (b) The formatio_n_of the oxygen phase_ on the C_:Q-covered
on the scan rat@qo in a way thatA 7 decreases with the surface during the transition to the state of high reactivity &
decrease of3co. Therefore, one may suspect whether the ™ 2-340-P1=0.01,p,=0.09, At=500 MCS, and other parameters
width A r approaches zero as the scan rate becomes infinite@/re the same as those in Fig. 1.
low. In the present paper, we can discuss the influences of the
scan ratg8.p on the width of the hysteresis loop. During the scan rate becomes small. &5 becomes small, the steep
simulation process, we use two ways to change the scan ratehange at the transition point from low reactivity to high
First, we change the simulation tindg for a fixedAy (Ay reactivity states will disappedfFigs. 4b) and 4c)]. These
is very small. The second way is to change thg/ for a  results are in good consistency with the experimental phe-
given At. There is no obvious difference for the simulation nomeng13]. The simulation results for the values of and
results under the two different methods. 7, are summarized in Fig.(d), which clearly exhibits the

The simulation results are shown in Fig. 4 for different effect of the scan rate on the width of the hysteresis loop.
values of the scan rat8-o. From three examples in Figs. Figure 4d) also shows that the width of the hysteresis loop
4(a)—4(c), it is exhibited that the widthA = shrinks as the remains a finite constant evenfto becomes enough small.
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The adsorbed CO diffuses rapidly on the surface an%ween r, and 7, on the parametepepep, IS summarized in

plays a decisive influence on the dynamical behavior of th ig. 5(d), clearly displaying the effect of the diffusion rate. In
reaction systermi6,28]. We will change the value qf.pemto

he following section, we will give a further discussion.
discuss the influence of the diffusion. As illustrated in Fig. 5
through three examples correspondingpt@e,=0.01, 0.1, IV. DISCUSSION
and 0.5, we can clearly diagnose that the transition paints  The hysteresis behavior in the CO catalytic oxidation sys-
and 7, approach each other, and the hysteresis loop shrinkem is exhibited in some related theoretical models which are
as the diffusion rate decreases. When.,—=0.5, i.e., the based on different mechanisnj29,30. According to the
CO diffusion becomes very slow, it is found that the hyster-present simulation results, we think that all kinds of proper-
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ties in hysteresis phenomena are caused by the combinatigmnesence of the inhomogeneities of the catalyst surface. Phe-
of several factors which are due to the different kinetic be-nomenologically, in contrast to the classical ZGB model, the
havior of CO and @ on the catalytic surface. O-passivated state is destroyed in our model and a hysteresis
First, the adsorbed processes of CO anca@ obviously loop is exhibited as the external control parametgg is
different. The adsorption of Oneeds more sites on surface varied back and forth in a steplike form. Moreover, the simu-
than that of CO, and the sticking coefficient of CO is muchjation results show that the defects on the surface have a
higher than that of @ Therefore, if the number of vacant sjgnificant effect on the hysteresis transition points and the
sites on the surface is very small, the adsorption of oxygen igyymation of the O phase on the CO-covered surface at the
significantly affected. If the surface is mainly covered by i ansition points.
oxygen adatoms, CO can adsorb very well and the system g thermore, the present model enables us to study the

shows a steady state of high reactivity. On the contrary, thg,q ences of other parameters on the hysteresis phenomena.

a_ds_orptlon of @ on the CO-_cpvered surface will be very First, it is shown that the width of the hysteresis loop shrinks
difficult, and the system exhibits a steady state of low reac- . .
L . 4 as the scan ratgo decreases, and there exists a finite loop
tivity even if the external parameterco is the same as

before width of the macroscopic hysteresis evengigo becomes

Second, the binding energy of adsorbed CO is mudinfinitely small. Second, we examine the effects of the diffu-

lower than that of the oxygen adatom. Therefore, adsorbed©" of'ad.sorbed CO on 'the hysteresis phenomena, and
CO can diffuse rapidly on catalytic surface and desorb, buf'€arly indicate that the width of the hysteresis loop de-
the diffusion and desorption of adsorbed O atom are neC'€ases obviously with the decrease of the diffusion rate, and
glected. As a result, the rapid diffusion of CO makes it easyeven hysteresis can be ruled out as the diffusion of adsorbed
for adsorbed CO to react with the O adatom and suppressésO becomes very slow. These simulation results are well
the nucleation of CO and growth of the CO island on theconsistent with previous relevant experimental results.
O-covered surface, and it also suppresses the nucleation of

oxygen and growth of the O island on the CO-covered sur-

face. On the other hand, the rapid diffusion of CO on surface ACKNOWLEDGMENTS
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V. CONCLUSION
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