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Considering the influence of the surface defects formed in the surface restructuring phase transition in the
CO+NO/Pts100d reaction system, we propose a lattice gas model to investigate the damped oscillation in the
high-temperature oscillatory regime by means of a Monte Carlo simulation. The simulation results show that
the persistent oscillation can change into a damped one when the fraction of the defects increases. The
production rate of CO2 is near to the maximum value when the oscillation is damped to the end. Furthermore,
it is found, in the early stage of the oscillation, that the NO decomposition mainly occurs in the 131 phase and
the hex phase is inactive for the reaction. However, as the reaction proceeds, defects are gradually formed in
the 131
 hex phase transition, the hex phase becomes active and dominative for the NO decomposition, and
then the oscillation becomes damping. The simulation results give an explanation for some previous experi-
mental phenomena.
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I. INTRODUCTION

Kinetic oscillations in the NO+CO/Pts100d reaction sys-
tem were reported by Singh-Boparai and King in single crys-
tal studiesf1g. Later on, many interesting dynamical behav-
iors, such as rate oscillations, spatiotemporal patterns, and
chaos, were discoveredf2–11g. Moreover, several theoretic
models, which are based on mean-fieldsMFd nonlinear dif-
ferential equations, have been established to describe the
complicated dynamical behaviors in the systemsf5,10,12g.

Recently, the Monte Carlo method was employed to ex-
plore the detailed mechanism of the kinetic oscillation in the
catalytic reaction system and many interesting results were
obtainedf13g. The understanding of the oscillation mecha-
nism of the reaction system is of interest due to the nontrivial
interplay of the chemistry reaction and the adsorbate-induced
surface restructuring process. It has been observed that the
rate oscillation is related to the 131
 “hexagonal” shexd
surface phase transitionf14,15g and that adsorbed CO, NO,
and O species can stabilize the 131 phase of Pt atoms,
which is in a metastable state on a clean surface compared to
the hex phase. Kortlukeet al. introduced a so-called local
definition of the surface restructuring processf16g. On the
other hand, Zhdanov proposed a model that treats the surface
restructuring locally but introduces a quantitative Hamil-
tonian to describe the surface restructuring in terms of a first-
order phase transitionf17,18g.

The previous simulation studies have focused on a defect-
free substrate and have reproduced the sustained oscillation
in the NO+CO/Pts100d reaction systemf16–18g. Actually,
the defects or inhomogeneities in the catalytic surface could
have an important influence on the dynamical behavior in
various subtle waysf18–26g. On the other hand, it was found
that the NO+CO/Pts100d reaction system usually exhibits a
damped oscillation behavior in two temperature regimes
f5,12,27g and the production rate of CO2 is increased to the

maximum as the oscillation is damped to the end in the high-
temperature regime. In Ref.f5g, the damped oscillation is
ascribed to the absence of an efficient synchronization be-
tween the local oscillators. For this explanation, there needs
to be more information about the detailed surface processes.
Zhdanov has also aimed to reproduce the damped oscillation
by assuming that the NO decomposition can occur only on
the interface between the hex phase and the 131 patch
formed due to the adsorbate-induced surface restructuring
f28g, but the experimental results show that the reaction can
proceed when the surface remains in the 131 phasef5g.

In this paper, we propose a model by introducing a kind of
structural defect to understand the damped oscillation, incor-
porating the treatment of the adsorbate-induced surface re-
structuring in terms of the first-order phase transition theory
f17,18g. According to some experimental phenomena, we as-
sume that the defects are induced from the surface restruc-
turing and can accelerate the decomposition of the adsorbed
NO molecule. It is found that the damped oscillation in the
NO+CO/Pts100d reaction system in the high temperature
oscillatory regime can be explained from the effect of the
defects.

The paper is organized as follows: Sec. II is devoted to
the description of the model and the simulation algorithm. In
Sec. III, we discuss the simulation results. Finally, a brief
summary is given in Sec. IV.

II. MODEL AND SIMULATION ALGORITHM

Many experimental phenomena indicate that the catalytic
reaction of the CO+NO/Pts100d system includes the follow-
ing stepsf5g: COgas+ p
COads, NOgas+ p
NOads, NOads
+ p →Nads+Oads, COads+Oads→ sCO2dgas+2p, Nads+Nads

→ sN2dgas+2p, wherep means an empty lattice site, and the
subscriptsgas and ads denote the species in the gas phase
and adsorbate on the surface, respectively.

A full-scale simulation for the surface restructuring pro-
cess is very difficult at presentf17g. For simplicity, the den-
sity difference of the two phases is neglected, therefore, we*Author to whom correspondence should be addressed.
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can employ aL3L square lattice to model the catalytic sur-
facef16–18g. In the lattice surface, every site corresponds to
a Pt atom. We assume that the reaction adsorbate particles
can be adsorbed in the center hollow site around four lattice
sites, which is called an adsorbate site. The regular Pt atoms
in the surface bear two kinds of energies: self-energy and
interactive energy. The relative stability of the hex phase to
the 131 phase is due to the self-energy of Pt atoms. The
self-energy of the atom in the stability of the hex phase is
assumed to be zero. Therefore, the self-energy of the Pt atom
in the 131 phase is taken to bedE, i.e., the energy differ-
ence between the different surface states is fixed to bedE.

The interaction between the nearest-neighborsNNd sub-
strate atoms and the interaction of adsorbate substrate are
included, but the adsorbate-adsorbate interaction is ne-
glected. For the interactive energy between Pt atoms, the two
NN Pt atoms in the same phase have a negative interactive
energy −«MM s«MM .0d and two NN Pt atoms in the differ-
ent phases have a positive interactive energy«MM.

The interactions between an adsorbed particle and the
different structures of surface metals are different. We take
that «AM, «BM, «CM, and 2«AM, 2«BM, 2«CM sA=CO, B
=NO, C=Od are the adsorption energies between adsorbed
particles and Pt atoms in the hex phase and the 131 phase,
respectively.

On the other hand, the model includes the desorption and
diffusion of adsorbed particles, the NO decomposition, the
adsorption-reaction process following the Langmuir-
HinshelwoodsLHd mechanism, and the surface restructuring
f17g. They are described as follows.

The adsorbed CO or NO particles are allowed to desorb.
The metal surface will certainly have some effects on the
desorption of the adsorbate particles. The probability of de-
sorption of a given particle is determined followingWdes
=exps−S jeAMnj

M /kBTd.
The adsorbed CO and NO particles are allowed to jump to

the NN vacant adsorption sites. According to the local ap-
proximation, the probability of diffusion can employ the Me-

tropolis sMPd rule f29g: W=minhexps−DE/kBTd ,1j where
DE is the energy difference between the new and old posi-
tions,kB is the Boltzmann constant, andT is the temperature.
That is, the difference of the adsorption energyDE before
and after the diffusion is calculated, and the accepted rate for
the diffusion attemptWdif =1 if DE,0 and Wdif =exp
s−DE/kBTd if DE.0. Oxygen atom diffusion is ignored be-
cause this process is very slowf17g.

The NO decomposition is very complicated and takes an
important role in the reaction system. In previous works
f5,16–18g, it is considered that the NO decomposition can
occur only on the 131 phase and the hex surface is inactive.
Most recently, Miners and Gardner have shown that the high-
reaction-rate branch of the oscillatory cycle coincides with
the maximum area of the surface in the hex phasef27g.
Therefore, we assume that, in both the 131 and hex phase,
the NO molecule can decompose. For the 131 surface, the
NO decomposition needs another NN vacant adsorption site
and this occurs only when all the nearest Pt atoms of the two
NN vacant adsorption sites are in the 131 state. For the hex
surface, the NO decomposition is ascribed to a kind of struc-
tural defect formed in the 131
 hex phase transition. Since
there is a slight difference between the surface densities of Pt
atoms in the hex and the 131 phases, the surface phase

FIG. 1. Regular oscillation of CO, NO, O, and Pt atoms in the
131 phase coverage in surface when no defect is present. The
simulation parameters arePCO=PNO=0.005, dE/T=2, eMM /T
=0.5, eAM /T=eBM /T=eCM /T=0.5, PCO

des=PNO
des=0.05, Pdec+PNO

des

=0.2, Pres/ sPrea+Presd=0.1, andNdif =100. The unit of production
rate is CO2 molecule per site per Monte Carlo stepssMCSd. One
MCS is defined as a Monte Carlo attempt of the adsorption-
reaction-surface restructuring events per site.

FIG. 2. Regular oscillation of CO, NO, O, and Pt atoms in the
131 phase coverage in surface forp=0.0001. The unit of produc-
tion rate is CO2 molecule per site per MCS.

FIG. 3. Regular oscillation of CO, NO, O, and Pt atoms in the
131 phase coverage in surface forp=0.0005. The unit of produc-
tion rate is CO2 molecule per site per MCS.
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transition may cause structural imperfections, such as a sur-
face vacancy. For simplicity, we consider the structural de-
fect as a regular Pt atom in the hex state combining with an
additional NN vacancy; therefore, the influence of the struc-
tural imperfections can be shifted to the effect of the Pt atom
in the defect state. The effect of the defect is assumed to be
that the adsorbed NO molecule can decompose very rapidly
if one of its NN Pt atoms is in the defect state. Because the
reaction rate to produce N2 is very rapid, we assume that the
O atom released from the NO decomposition occupies the
previous vacant site and the N atom is removed from the
surface.

The nearest CO molecule and O atom react to form a
CO2 particle, which desorbs and leaves two sites vacant
immediately.

The metal surface can be restructured by changing the
state of Pt atom. According to the local approximation, the
probability of surface restructuring can be determined ac-
cording to the MP rule. The Pt atom in the hex phase that has
performed a turnover of the surface restructuring may be in
the defect state with a probabilityp.

In addition, we have to introduce several parameters for
the model described above. For simplicity, we usekB=1. Pres
andPrea are used to characterize the relative rates of surface
restructuring and adsorption-reaction steps, respectively, and
then the diffusion rate of particles will be 1−Prea−Pres. PCO
andPNO refer to the fraction of CO and NO in the gas phase.
The CO and NO desorption operations are proportional to
PCO

des and PNO
des, respectively. The NO decomposition in the

131 phase and the LH reaction between CO and O are
proportional toPdec and 1−PCO

des. For the surface diffusion, a
parameterNdif is introduced to denote the relative ratio of the
diffusion to other processes.Ndif is defined as Ndif
=s1−Prea−Presd / sPrea+Presd.

We carry out our simulation by sequential trials of react-
ing sadsorption and desorption processes are also includedd,
surface restructuring, and diffusion according to their relative
probabilities.

A random numberr1 s0,r1,1d is first generated. Ifr1

, Prea, an adsorption-reaction trial is selected; ifPrea,r1
, Prea+Pres, an attempt of surface restructuring is selected,
and if r1. Prea+Pres, a diffusion trial is selected. The corre-
sponding steps are carried out by the following itemssad, sbd,
and scd, respectively.

sad When executing an adsorption-reaction trial, an ad-
sorption site is chosen randomly. If the site is already occu-
pied by a COsNOd particle, a new random numberr2 is
generated, the COsNOd desorption process is performed for
r2, PCO

des sr2, PNO
desd or CO surface reactionsNO decompo-

sitiond is executed forr2. PCO
des sor PNO

des,r2, PNO
des+Pdecd,

respectively.
For CO sor NOd desorption, a new random numberr3 is

generated and the trial is executed ifr3,Wdes. For the CO
reaction, one of the NN sites is selected randomly; if the
latter site is occupied by O, the trial is executed. When an
adsorbed NO molecule decomposes on the 131 phase, one
of the NN adsorption sites is selected randomly, and the trial
is executed if the latter site is vacant and the six NN metal
atoms of two adsorption sites are in the 131 state.

FIG. 4. Snapshots of 50350 at t=2000 MCS. The gray area is
the hex phase, the 131 phase is in the light areas, and the black
particles are NO.sad p=0.0001 andsbd p=0.0005.

FIG. 5. Snapshots of 50350 at t=2000 MCS. The gray area is
the hex phase, the 131 phase is in the light areas, and the black
particles are CO.sad p=0.0001 andsbd p=0.0005.
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If the site is vacant, a CO-adsorption or NO-adsorption
trial is carried out, provided thatr2, PCO and PCO,r2
, PCO+PNO, respectively. Moreover, when a NO molecule is
adsorbed successfully and if one of the NN Pt atoms is in the
defect state, the NO molecule decomposes at once.

sbd For the surface restructuring trial, a Pt atom is selected
randomly and its state is changed following the probability
given by the MP rule. If a restructuring attempt to the hex
state is accepted, the Pt atom is in the regular hex state with
a probability 1−p or the defect state with a probabilityp.

If the restructuring trial to the 131 state is not accepted,
the selected Pt atom can change into the defect state with a
probability p when its NN Pt atoms are in the hex state and
it has executed a turnover of the restructuring phase transi-
tion. On the other hand, the selected Pt atom recovers into
the regular hex state with a probability 1−p when it is in the
defect state. After a Pt atom transforms into the defect state
successfully, the NO molecules located in its NN adsorption
sites decompose at once.

scd To stimulate the CO or NO diffusion, an adsorption
site is selected randomly. When the site is occupied by a CO
or NO molecule, an adjacent site is selected randomly, and if
the latter site is vacant, the CO or NO particle jumps to it
according to the MP rule; otherwise the trial ends. When a
NO molecule diffuses successfully and if one of the four NN
Pt atoms is in the defect state, the adsorbed NO molecule
decomposes at once.

In the beginning of the simulation, all of the Pt atoms are
in the hex state and the simulations are carried out on the
2003200 lattice with periodic boundary conditions.

III. RESULTS OF SIMULATIONS

According to our algorithm described above, the reaction
system can evolve into different dynamical stationary states
under different extensive conditions. When defects are not
present, the coverage of CO, NO, O, and Pt atoms in the
131 phase will develop into regular oscillations shown in
Fig. 1. The simulation results are consistent with many pre-
vious worksf5,9,17g. We can describe the oscillatory process
as follows: for the initial clean surface, the only possible
process is adsorption of CO and NO. The increase of the CO
and NO coverage on the surface drives Pt atoms to change
into the 131 phase. However, the 131 phase surface is
occupied by the CO and NO molecular-lacking O atoms that
are needed to form CO2. The desorption of CO leaves some
vacant sites in the 131 phase. Then the NO molecules de-
compose to give O atoms. The O atom reacts with CO and
leaves more vacant sites. The process is similar to an auto-
catalytic reaction. Thus the coverage of adsorbate particles
starts to decrease, which is accompanied by a decrease of the
restructured 131 phase. Therefore, the adsorption becomes
dominative again and a new cycle begins.

As defects are formed in the surface, the NO decomposi-
tion can occur in the hex phase. Whenp=0.0001, the system
still exhibits a persistent oscillation as shown in Fig. 2; this
means that the defects have little influence on the dynamical
behavior when its fraction is small. However, as shown in
Fig. 3, with p increasing to 0.0005, the persistent oscillation
changes into a damped one. When the oscillation is damped
to the end, the production rate of CO2 is very rapid and near
to the maximum rate. However, a fraction of the 131 phase
is damped to the minimum value. The simulated oscillation
of the CO2 production rate in Fig. 3 reproduces the damped
behavior in the CO+NO/Pts100d reaction system in the high
temperature oscillation rangef5,27g.

From the simulation results in Figs. 1 and 3, it is obvious
that, with the increase of defects in the surface, the NO
decomposition is accelerated to release more O atoms
to react with the adsorbed CO. As a result, the production
rate of CO2 increases, but the accumulation of NO and CO
becomes more difficult and leads to the damping of the
131 phase. Thus, it is shown that the formation of the de-
fects in the phase transition can result in the damped oscil-
lation behavior.

FIG. 6. Snapshots for 2003200 att=2000 MCS. The gray area
is the hex phase, the 131 phase is in the light areas, and the black
particles are O atoms.sad p=0.0001 andsbd p=0.0005.

FIG. 7. Snapshots for 2003200 at t=400 MCS when p
=0.0005. The gray area is the hex phase, the 131 phase is in the
light areas, and the black particles are O atoms.
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When p=0.0001 and 0.0005, both the NO and CO mol-
ecules almost locate in the
131 phase as shown in the snapshots of Figs. 4 and 5.
Moreover, when the system exhibits a persistent oscillation
for p=0.0001, the oxygen atoms that result from the NO
decomposition mainly locate in the 131 phase as shown in
Fig. 6sad; it is obvious that the reaction mainly occurs in the
131 phase. However, when the system exhibits a damped
oscillation forp=0.0005, it is found that, from the snapshot
in the end of the oscillation as shown in Fig. 6sbd, many of
the oxygen atoms locate in the hex phase; it is obvious that
the hex phase becomes active for the reaction due to the
defects. On the other hand, from the snapshot in Fig. 7, we
find that, in the early stage of the oscillation forp=0.0005,
the oxygen atoms mainly locate in the 131 phase. It means
that the reaction mainly occurs in the 131 phase in the early
stage of the damped oscillation. But with the reaction pro-
ceeding, the defects increase gradually in the hex surface due
to the surface restructuring phase transition. The NO decom-
position in the hex phase becomes rapid and dominative, and
the adsorbed CO can react with the oxygen atom quickly in
the hex phase; as a result, the surface reconstruction to the
131 phase is inhibited gradually and the hex phase becomes
active also.

IV. CONCLUSION

We present a lattice gas model including the influence of
the surface defects formed in the surface restructuring phase
transition for the CO+NO/Pts100d reaction system. The
simulation results reproduce the damped oscillation in the
system when the fraction of surface defects increases. The
production rate of CO2 is near to the maximum value when
the oscillation is damped to the end; these simulation results
are very consistent with the time series of rate oscillation in
an UHV experimentf5,27g. Moreover, the simulation results
show that, in the early stage of the oscillation, the NO de-
composition mainly occurs in the 131 phase and the hex
phase is inactive for the reaction. When the reaction pro-
ceeds, the surface defects are gradually formed in the
131
 hex phase transition and the hex phase also becomes
active and dominative for the NO decomposition and then
the oscillation becomes a damped behavior.
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