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Effect of inert species in gas phase on oscillatory dynamics of oxidation system of CO on(P®0)
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We present a Monte Carlo simulation for the global oscillation of the CO catalytic oxidation system in the
presence of inert species in gas phase, which can adsorb and desorb on the catalytic surface but cannot react
with other species. It is found that the impurity has a dramatic effect on the oscillatory dynamics, although it
does not involve in the reaction of CO oxidation. The simulation results show that with an increase in the
fraction of impurity in gas phase, the periodic oscillation may change into an irregular oscillation and even can
be inhibited completely. However, as the desorption rate of the impurity is increased, the regular oscillation
will be recovered again.
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The study of chemical oscillations in many heterogeneous The atoms on a single-crystal(P®0 surface may be in a
catalytic reaction systems has developed into a very activetable hexagongheX phase or a metastable XI1) phase.
field of research in recent years. In particular, the catalyticThe clean RtL00) surface is in the hex phase because of a
oxidation of carbon monoxide on platinum has attracted partower surface energy. However, the relative stability of the
ticular attention1-19]. These reaction systems are far from two surface phases may switch and a reconstruction occurs if
thermodynamic equilibrium and can exhibit complicated ratean adsorbate of CO is more strongly bound on th& {1
oscillations, spatiotemporal patterns, and chaos as a result phase and a gain in adsorption energy overcompensates the
the interplay between the reaction steps and the surface résss in reconstruction energy. We employ a lattice-gas model
constructiond 3,20,21. A comprehensive overview is given to describe this adsorbate-induced surface restructuring. For
in the review paper by Imbihl and Etl]. simplicity, we consider the interaction between the nearest-

However, the previous works have mainly focused on osneighbor (NN) substrate atoms and the interaction of
cillatory phenomena in the reaction systems composed daidsorbate-substrate, but neglect the adsorbate-adsorbate in-
pure reactants. Actually, the gas phase will inevitably be conteraction. The main ingredients of the model are described as
taminated by some impurities. Although these impurities ddollows.
not involve chemical reaction steps, they will always affect The Pt atoms in the surface bear two kinds of energies:
the adsorption of the reactants and diffusion of adsorbates bself-energy and interactive energy. Self-energy of Pt atoms is
occupying the surface sites and, therefore, cause a significadtie to the relative stability of the hex phase to the<()
effect on the dynamic or static behaviors of the reaction sysphase. For simplicity, the self-energy of Pt atoms ink(11)
tems[22]. On the other hand, some authors have paid atterphase is taken to bAE and the energy of Pt atoms in the
tion to the effect of the inert species in gas phase, and showex phase is assumed to be zero, i.e., the energy difference
that the oscillations can be induced through site blocking obetween the (X 1) and the clean hex surface states is fixed
adsorbed inert speci¢23—25. to beAE. The interactive energy between Pt atoms is chosen

In this paper, we study the effect of inert species in gaso favor the congregation of Pt atoms, which are in the same
phase on oscillatory dynamics of oxidation system of CO orphase, that is, the twdN) Pt atoms in the same phase have
Pt(100. We find that the impurity has a dramatic effect on a negative interactive energye and two(NN) Pt atoms
the oscillatory dynamics and may be an important factor thain different phases have a positive interactive energy; .
causes the irregularity of the oscillations in the CO catalyticinteractions between next-nearest-neighboring Pt atoms are
oxidation system although it does not involve in the chemicaneglected. Here, we only emphasize the physical differences
reaction steps. This may explain some irregular oscillation®f the surface phases while disregarding their geometrical
observed experimentally, while only regular oscillationsdifferences. In fact, it seems remotely possible to give a full-
were reported in many previous theoretical modéaf,13.  scale simulation of the surface at present.

Furthermore, our simulation results show that the oscillation We assume that the adsorbed particles occupy hollow
may be inhibited by the impurity as its fraction becomes highsites. The interactions between an adsorbed CO particle and
enough, therefore, it is always difficult to observe the oscil-the two structures of surface metals are different, but the
latory behavior in the presence of inert impurities. However,nteractions between adsorbed O particles and the two struc-

the regular oscillation will be recovered again as the desorptures are almost the same. Therefore, for the sake of simplic-
tion rate of the impurity is increased. ity, only the interactions of adsorbed CO and substrate metal
are considered, and we define the energy difference of inter-
actions from the adsorbed CO and two surface states as

* Author to whom correspondence should be addressed. Electronfam(€am= el D —ehtxX, where the subscripA refers to
address: mygiang@nju.edu.cn CO). Furthermore, we simply takeﬂ?\j‘ as zero, and then
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aAM:sgl,\jl). In the following, we will see that these sim- -desorption trial is realized, using the rule described above. If
plifications will not affect the simulation results at all. the site is vacant, a new random numpeiis generated, and

Therefore, our model includes the adsorption-reactiora CO-adsorption, @adsorption, oX-adsorption trial is car-
process following the Langmuir-Hinshelwood mechanism ried out, depending on which of the three intervidsy,],
the desorption and diffusion of an adsorbed CO molecule,y,,ya+Yyx], and[ya+Yyx,1]p, belongs to. For the adsorp-
the adsorption and desorption of an inert impuityand the  tion of O,, another adsorption site is randomly chosen from
surface reconstructions. the four NN adsorption sites of the first chosen site. If the

Adsorption of a CO particle occurs on vacant adsorptionpair adsorption sites are vacant and the six nearest-neighbor
sites and an @adsorbs on two NN vacant sites and dissoci-metal atoms of the pair adsorption sites are in thellstate,
ates to form two adatoms only if all the nearest Pt atoms 0o, adsorbs on the two vacant adsorption sites and dissoci-
the two NN vacant adsorption sites are in thex(l) state. ates. After each successful adsorption trial of CO ¢r &

The nearest CO molecule and oxygen atom react to form eeaction trial follows immediately. To do this, all the four NN
CO, particle, which desorbs and leaves two vacant sites imadsorption sites of the present site are scanned, and the reac-
mediately. Adsorbed CO particles are allowed to jump totion occurs and two vacant sites are generated provided that
nearest vacant sites. The probability for CO-diffusion fol-any pair of these sites is occupied by a different kind of
lows the MetropoliSMP) rule, that is, the difference of the reactants.

adsorption energy £ before and after the diffusion is calcu-  (b) The surface restructuring is realized according to
lated, and the accepted rate for the diffusion attekvii; Glauber dynamics, that is, one tries to “flip” the state of a Pt
=1 if Aé<0 andWy;;s=exp(—A&/kgT) if AE>0. The ad- atom by the MP rule.

sorbed CO particles are also allowed to desorb. The metal (c) For CO diffusion, an adsorption site is chosen at ran-
surface will certainly have some effects on the desorption oflom. The trial continues only when the site is occupied by a
CO particles. However, since almost all the CO moleculesCO molecule. In this case, the CO particle located in this site
are on (1x 1) phases as a result of rapid diffusions, we justtries to diffuse. Then, an adjacent site is randomly selected,
consider the desorption of CO in a constant probabkity and if the latter site is vacant, the CO particle jumps to it
for the sake of simplicity. with the probability prescribed by the MP rule. If the diffu-

As for impurity X, it adsorbs on a vacant site and its sion succeeds, a reaction trial will also follow it in the same
interaction with the surface atoms is neglected. The probabiway as stated in iten(g).
ity for desorption ofX is ky . We consider that initially {=0) the surface is clean and

The metal surface can be restructured during theill the Pt atoms are in the hex state. The simulations are
adsorption-reaction processes. The probability of surface resarried out for { X L) Pt lattices withL =128 under periodic
structuring also obeys MP rule. boundary conditions.

From the above description we can see that the probabili- When impurities are not present, the coverage of CO will
ties of all these processes are either constants or are detelevelop into regular, periodic oscillations, as shown in Fig.
mined by the MP rule, in which the probability is only de- 1. We can describe the oscillatory process as follows. For the
pendent on the difference of energy due to the changes aifitial clean surface, the stick coefficient fop @ taken to be
states. zero and the only possible process is CO adsorption. The

We will fix parametersAE/T=2, ey /T=0.5, eoq/T  increase in the CO coverage on the surface drives Pt atoms to
=2, andk,=0.01 during simulating the reaction process. Inchange into the (X1) phase. With the continuing of this
addition, we need to introduce several other parameters iprocess, most of the metal surface begins to be covered by
simulation[18]: YA, Yx, Prea, andp;es (Preat Pres<1).ya  CO patches, and, correspondingly, most of the Pt atoms are
refers to the fraction of CO in the gas phase gpdefers to  in the (1X1) phase, where the stick coefficient fop @d-
the fraction ofX in the gas phaséorrespondingly, the frac- sorption becomes high. However, Gannot still be adsorbed
tion of O, is 1—ya—VYx). Pres andp,c, are used to charac- because the vacant sites required bya@sorption are lack-
terize the relative rates of surface restructuring andng on the (1X1) phase. Now, desorption of CO plays a
adsorption-reaction steps, respectively, and the diffusion ratmain role; it provides neighboring vacant sites for &lsorp-
of CO particles will be pea— Pres- tion. When Q molecules are adsorbed on these sites, they

We carry out our simulation on a square lattice L by  will react with neighboring CO and more vacant sites are
sequential trials of reactingadsorption and desorption pro- produced. This process is similar to an autocatalytic reaction
cesses are also includedurface restructuring, and CO dif- that prevents the balance between CO adsorption and desorp-
fusion according to their relative probabilities defined abovetion. Thus the CO coverage inside islands starts to decrease,
A random numbep,(0<p,<<1) is first generated. 1p,< which is accompanied by a decrease in the restructured
Prea, an adsorption-reaction trial is selected;pf.,<p;  patches. With the passage of time, the CO coverage becomes
<Prea™t Pres, an attempt of surface restructuring is selectedrather small, and then the CO adsorption becomes dominated
and else ifp1=pP,eat Pres. @ CO diffusion trial is selected. again and a new cycle begins.

The corresponding steps are carried out in stepgb), and As the impurity X is introduced into the reaction system,
(c) as follows. it does not change the reaction network of the system but

(a) When executing an adsorption-reaction trial, we firstmay block the adsorption of CO and, ®y occupying the
choose an adsorption site randomly. If the site is alreadyacant sites. Such an effect becomes stronger forwbich
occupied by a CO(or X) particle, then a CO(or X) needs twaneighboring sites for adsorption. However, for a
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10] fixed desorption probability of impurityky (here, ky
' =0.01), when the fraction of impurities in gas phage

o 0.8 (also representing the adsorption probabilityX9f is small,
O the effect of X will not be notable enough, and both the
5 06- o
coverage of CO and the coverage of vacancy still display
04- regular and periodic oscillatiofFig. 2(a)]. As the value of
yx is increased, the oscillatory behavior of the system will be
0.21 dramatically changed as is illustrated in FighR2 We can see
0.0 that irregular oscillation appears and the system jumps be-

tween the states with high CO coverage and low CO cover-
t (10°MCS) As is well known, when the coverage of CO has been

very high on the surface, it will need the adsorption gft®

form a reaction front, then the reaction front propagates over

Coverage o

1.0 b the whole surface by an autocatalytic reaction. The adsorp-
) tion of X will effectively affect the propagation of the reac-
§‘ 0.8- tion front by occupying the vacant sites. As the CO coverage
3 is high, most of the Pt atoms at the subsurface are in the
> 06- (1X1) phase and the stick coefficient for, @ high. As a
E result, Q can easily adsorb on the surface and form a reac-
2 0.4 tion front. However, @ adsorption needs two neighboring
§ 0.2 vacant sites, but at the early stage of the formation of the
3 reaction front, the blank region is still very small and just the
. . . . . adsorption of a fewX particles may block the adsorption of
0 100 200 300 400 500 O, and suppress the further propagation of the reaction front.
t (103MCS) If the reaction front is not blocked by th¢ adsorbate at the

beginning of its formation, the propagation of the reaction
FIG. 1. The regular global oscillation of CO coverage on thefront is a rapid process compared with teadsorption and
surface undely,=0.20 when no impurityX is present yx=0). the blank areas become too large to be blocked byXhe
Prea=0.0007,p, = 0.0003. adsorbate, therefore, the propagation of the reaction front
continues and the CO coverage decreases to nearly zero.
We believe that the occurrence of irregular oscillatory be-
havior is due to the introduction of impurity. If the relative
amount of Q with respect to CO remains the same as that in
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FIG. 3. The oscillation behavior undggr=0.20,yx=0.04, and
kyx=0.04. (a) The evolution of CO coverage, arid) the evolution

of vacancy fraction on the surface. Other parameters are the same 88own that the irregular oscillation behavior remains un-
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Fig. 1 and the fractiolyy of the impurity X is the same as in
Fig. 2(b), we find from Fig. Zc) that the temporal series is in
analogy with the simulation result in Fig(l. This means
that the change of oscillation in Fig(l2 is mainly from the
effect of impurity X.

If the fraction of impurities is further increased, the ad-
sorption probability of impurityX increases and its effect
becomes more serious. As is high enough, the reaction
front will inevitably be blocked at the beginning of its for-
mation. Therefore, the autocatalytic reaction cannot occur at
all. According to the simulation results, whgg is increased
to 0.05, the oscillatory behavior can be inhibited completely
by the impurity and the system is trapped in a high CO
coverage state as is shown in FigdR The present result
clearly indicates that as impuritf is introduced, the oscil-
latory behavior may be suppressed.

Furthermore, the desorption probability Xfplays an im-
portant role on the oscillatory dynamics of the system. In
Fig. 3, we show the temporal evolution of CO coverage and
vacancy fraction on the surface by increaskygto 0.04 for
a fixed valueyyx=0.04. Compared with Fig.(B), we can
clearly see that aky is increased to 0.04, the effect of
particles on the surface may be weakened and the oscillation
turns back to a period 1.

According to the investigation of some authd26,27),
the size effect of the lattices may play an important role on
the oscillation behavior of the system. In Fig. 4, we present
the simulation results as the size of lattice is changed. It is

in Fig. 1. changed although the quantitative behavior exhibits some
small differences as the lattice size is increased.
Actually, the surface diffusion process of adsorbed CO
directly affects the propagation of reaction front. In our
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simulation, we decreagg.,, then the diffusion of adsorbed the effect of impurityX on the oscillation behavior is in
CO increases. In Fig. 5, we give the simulation results agnalogy with that in Fig. 2. But with the increasing of the
Prea iS changed from 0.0007 to 0.0005. The reaction systendliffusion of adsorbed CO, the propagation of reaction front
exhibits an oscillation before the impurity is introduced andbecomes more rapid. Therefore, compared to Fid), 2he
oscillation behavior cannot be inhibited completely, but ex-
hibits an irregular oscillation even when=0.05. In this
case, we find that untify=0.10, oscillation can be inhibited

0.7

0.6
completely. The result shows that with the decreasing of
- 0.54 Prea, the diffusion of adsorbed CO and propagation of reac-
s tion front increases, therefore, more inert species are needed

0.41 to annihilate the oscillation completely.

Finally, in order to explore the feature of the irregular
oscillations above, we discuss respectively, the time correla-
tions of the series minimum valué$,(n=1,2,...) of CO
coverage and the series time intervig)(n=1,2,...) be-
tween two near minimum values of CO coverage, in which
the first valueM, (or T,) of the object series is regarded as

0.31

0.2

250 x and the second valug, (or T,) is regards ay and then
° b the second valu®l, (or T,) is input asx and the third value
200+ oo M3 (or T3) is regarded ag and so on. In Fig. 6, we show the
° ° one dimensionallD) map of serie¢M, andT,, according to
T 1501 the simulation results in Fig.(d). We find that the points in
= 100- Figs. 8a) and &b) are randomly distributed. This means that
° the minimum value seriell , and time interval serie§,, are
50 o° random, indicating that the irregular oscillation in Figcyis
°©° not a chaotic oscillation but a random behavior.
01 In summary, we have conducted a Monte Carlo simulation
0 50 100 150 200 250 for_ the os_cillat_ory o>_<id§ition of CO on HIO_O) when ther_e
exists an inert impurity in the gas phase. It is found that ithas
T, a dramatic effect on the oscillatory dynamics by blocking the

FIG. 6. The 1D map of the series minimum valuds of CO  adsorption sites for the reactants. Its effects on the adsorption
coveragda) and the series time interva, between two near mini- of CO and Q are asymmetric, since the adsorption of O
mum of CO coveragéb) from the simulation result in Fig.(d). needs two neighboring sites. When the fraction of impurity is
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high but its desorption rate remains low, the system exhibitsve believe that further experimental investigation will be
an irregular oscillatory dynamics instead of periodic oscilla-highly desirable.

tion. Further increase in the impurity fraction may com- This work was supported by China’s Outstanding Young
pletely suppress the oscillation phenomena. Moreover, the,,,qation under Grant No. 19925415, the National Natural
simulation results show that the effect of the inert impurity gjence Foundation of China under Grants No. 90103035
bears an analogy with the increasing of the size of lattice angdnq No. 10021001, and the Trans-Century Training Program
diffusion of adsorbed CO. During many experimental pro-Foundation for the Talents by the State Education Commis-
cesses, it is very difficult to avoid impurity completely, and sjon.
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