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Model of the catalytic A+B—0 reaction with surface reconstruction
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The A+ B—0 reaction model with a surface reconstruction is analyzed. It is compared with another similar
model for theA+ 1/2B,— 0 reaction V. N. Kuzovkovet al, J. Chem. Physl08 5571(1998], which mimics
the CO oxidation reaction on the Pt surfaces. The effect of mond@redsorption instead of dimes, is
examined. It is shown that qualitative system features such as reactant concentration oscillations are indepen-
dent of this substitution.
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[. INTRODUCTION disadvantage: complicated models require a vast number of
parameters, which limit their application exclusively to sta-
Detailed interpretation of catalytic surface processes igionary processes.
challenging for both practical applications and fundamental The B-poisoning problem in the ZGB model becomes ob-
science. In particular, the heterogeneous catalytic surface rsolete when one considers tbscillatory reactiongriven by
actions show a rich variety of behavior. For example, oxidathe surface reconstructidd,5,8,9. The point is that in the
tion of CO or reduction of NO belong to a class of dissipa-oscillatory regime, an oxygefreactantB), as follows from
tive systems, which under certain conditions demonstrate simulations, never forms a dense layer. Therefore, models
qualitatively new behavior on macroscopic length scaledased on the ZGB scheme in this case are justified while
known asspatiotemporal structuregsee, e.g., review paper sublattice models are not effective due to their extreme com-
[1]). It was shown there that it is surface reconstructionplexity. More so, it has been detected that reaction details
which plays an important role in the formation of such spa-weakly affect the kinetics. For example, the coordination
tiotemporal structures. number of a lattice changes in the course of reconstruction.
One of the basic methods exploited to model the catalytiHowever, it is almost impossible to simulate such topological
reaction systems is Monte CanlMC) computer simulations effects [9]. It was suggested10] that the reconstruction
[2,3]. From the theoretical point of view, an application of mechanism is independent of the coordination number. Then,
the MC method to physical problems and to the heterogethe kinetics of the oscillatory process@sg., CO+ NO reac-
neous catalytic reactions, in particular, is bounded only bytion [5]) depends on the coordination number at high cover-
the advances of computers. However, in reality the greatestge of adsorbed particles when adsorption of dimers is hin-
large scale computer simulations of systems with fast diffu-dered.
sion [4,5] have considered linear sizes and diffusion, which  Before formulating the main goal of this paper, we would
are many orders of magnitude less than typical experimentdike to stress two important facts. First, as noted aboveBthe
ones. Due to this reason, the underlying theoretical modelpoisoning disappears in the oscillatory regime. Second, many
are as simple as possible and additional assumptions, such fase lattice sites are produced due to a fast diffusion of reac-
neglect of some elementary stefaffusion, desorption, or tantsA (CO) and following annihilation reaction with reac-
reconstructiojy are quite common. tantsB (1/20;). These two facts lead to the assumption that
In this manner, a CO oxidation was modeled in the pio-the natural condition for the £dimer adsorptiorithe two
neering paper by Ziff, Gulari, and Barsh&édGB) [6] as a empty nearest neighbdNN) sites are requirgdis not so
monomer-dimer reactiod+1/2B,— 0, where several real strict. Therefore, we can formulate the following hypothesis,
processes were neglectedg., diffusion and reconstructibon  which is proved in the present pap&he geometrical aspect
We use here the traditional notations whére CO andB,  of a dimer adsorption into two lattice sites is not crucial for
=0,, and the symbol 0 means that the product of reactiorthe observation of oscillating reactions with the surface re-
AB (CO,) desorbs from the surface immediately after theconstruction stepln other words, a qualitatively similar ki-
reaction, leaving vacant sites. It is known that the ZGBnetics should be achieved also for the monomer-monomer
model gives the second-order phase transit®mpg¢isoning,  reaction,A+B—0. (The symbol O stays here as before for
which contradicts the experimental results. This stems fronthe product of reactio®B which desorbs from the surface
the assumption that a metal surface is assumed as a singlemediately after reactionWe would like to stress that the
square lattice where monomers and dimers are absorbed ént-B— 0 reaction has a wide area of applications beside the
the same lattice sites. A more refined model has to considatescription of surface processes. In particular, for the Frenkel
sublattices that correspond to the top, bottom, and bridgdefects in the bulf{11-13 this reaction describes defect
positions, thus describing the specific adsorption places foannihilation which restores the ideal crystalline structdire.
each type of atom. Such complicated models, e.g., CQhis case a symbol O literally stays for the absence of de-
+ NO reaction7], are very didactic but the realistscenario  fects)
of adsorption and reaction with a wide reactive window can At a first glance such a substitution is impossible since the
be found only using MC. The realistic simulations have onequalitative behavior of the ZGB and\+B—0 models
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strongly differs. To demonstrate this, let us denote the adbeen distributed randomly in the system by Frachenbourg
sorption rates of reactangsandB with ¢ and 1— ¢, respec- et al.[21]. It is shown that the disorder leads to the reactive
tively. There is a reactive window in the original ZGB model state. In a similar way two distinct types of sites for each
when adsorption rates lie in the relatively wide regionadsorbant with different adsorption coefficients are used to
0.395< {<0.525[6]. On the other hand the nontrivial result analyze an optimal structure of a bimetallic catalf/g],
is only possible in theA+B—0 reaction without desorption Where, contrary to the previous paper, both types of sites
when both adsorption rates coincide, i.e., at the pdint form a periodic structure.
=0.5. For{<0.5 andZ>0.5 values, the model give® and To prove the idea given above, we extend the two-
A poisoning, respectively. The considered differences are ledimensionalA+B—0 model to the case of surface recon-
gitimate without surface reconstruction. However, when onétruction: two surface states with different adsorption rates
takes into account that each type of atom and molecule ador each reactant are introduced. Contrary to the static distri-
sorbs differently on reconstructed and nonreconstructed sulution of various adsorption sitg¢21,22, the type of sites
faces (due to different sticking coefficientsand that the can change in time as a surface reconstruction step
two-phase Systems are dynamicaL then our previous StatEA-,S,lO,ZS. The limit of a fast reactant diffusion is consid-
ment makes sense. Nevertheless, it has to be proved by mered.
simulations. The paper is organized in the following way. The gener-
The mentioned substitution of reactions was also used iglizedA+B—0 model is introduced in Sec. Il. Sections Il
the past. So, Hildebranet al. [14] have considered the so- and IV present results of MC computer simulations and their
called hypothetical model system where diffusion, adsorpanalysis, respectively. General conclusions are given in
tion, and desorption characteristics of the reactangmdB  Sec. V.
correspond to CO and O in a CO oxidation reaction, respec-
tively, but the annihilation reaction K+ B—0. In this case Il. MATHEMATICAL MODEL

the surface reconstruction step was ignored but the reactive L
window was achieved by introducing two different sets of 1€ application of the MC method assumes use of a math-
adsorbing sites foA and B, and desorption of one type of ematical model which contains the definitions of reactants

reactant. The reaction was treated using so-called mathemafBtoms, molecules, ejcand basic reactions between these

cal modeling, i.e., the mean-field approximation, which had€actantsiadsorption, desorption, reaction, gtcthe corre-

no large precision in describing reactive systdid1,12. sp_ondlngtransmon ratesused in MC simulations are ob-
One of the simplest bimolecular reactiodst B—0, has  t@ined by means of the master equatjad].

attracted attention already for a long tifeee review papers '€ standard rules for the simplest monomer-monomer

[11-13,15). In the pioneering analytical paper by Ovchinni- 2nnihilation reactionA+B—0, are as follows.

kov and Zeldovich[16] for the first time it was suggested () Adsorption of reactants (B) from a gas phase onto

that the kinetic law of mass action is violated. As a conse €MPY SitesO with independent ratep, and pg, respec-

quence, the standard chemical kinetics was shown to be iflvely. For simplicity, we assume that time is measured in

correct at asymptotically long time. For example, for the ~Units of 1p, wherep=p,+pg. Thus in the new unit sys-

+B—0 reaction with equal concentrations of both reactants!€™. adsorption rates of reactastsaindB are normalized to

Ca=Cg=C, the standard kinetics predicts that the concenUNity: Eas.(1) and(2), respectively,

tration decayCx=t ™!, ast—o. However, it was showfill—

¢
13,15,16 that this prediction corresponds to the mean-field A(gas +O—A(ads, (1)
approximation and it is true only for high-dimensional sys-
tems, D=Dy=4. In the low-dimensional systen®<D, B(ga5)+01;§B(ad9 @)

with diffusion controlled processes, the nonstandard kinetics

occurs, Gt~ P4 Several years later this was proved by Rag

Toussaint and Wilczekl 7] using the MC simulations. Thus, A(ads +B(adg — O+O0. (3)

the role of computer modeling was demonstrated as a tool

for evaluating new ideas on which the microscopical models (ii) Annihilation reaction, Eq.3), between reactanta

were based. andB takes place with the rate,g only for a pair of NNsA
The vast amount of literature @+ B— 0 reaction can be andB.

divided into two groups. First, it is relaxation kinetics with- ~ The complementary rules are adapted from the ZGB

out the reactant sourcg]1,12,153. Second, the kinetics of model with the surface reconstructi¢4,5,8,10,23 Thus,

reactant accumulation and corresponding concentration satthe A+B—0 model is used as a simplified description of the

ration (if it exists) with a permanent particle source CO catalytic oxidation on Pt surfaces, where reactargtay

[11,12,15,18,1P The latter is naturally related to the topic for CO molecules an@ for O atoms.

discussed here. It is detected experimentally that the following processes
Several modifications of th&+B—0 model with a par- are significant for the CO catalytic oxidation reaction. First,

ticle source have been studied. Desorption of one type dtfhe diffusion of CO molecules is known to be a fast and

reactant[20] eliminates the poisoned state for differelt  important process, which can lead to the formation of spa-

and B-adsorption rates. To model the surface disorder, twdiotemporal structure§l]. Second, it is the surface recon-

types of surface sites with different adsorption rates havetruction which is a driving force of oscillatory behavior. It is
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shown that in the absence of adsorbates rdwnstructed [1]. Therefore, the following reconstruction model was pro-
surfaces of R100) and P(110) are stabld1]. On such re- posed[23]: Let us assume the phase boundary, i.e., two NN
constructed surfaces, adsorption of oxygen is hindered. Adsites which are in a stateg. If reactantA (CO) is present on
sorbed CO molecules are known to change the surface ene of these sites, it induces thephase growth with the rate
ergy, which results in surface backward reconstructiorV. The eventual surface state then readsras When there
(nonreconstructed statevhich takes place above some criti- are no reactants on the phase boundary, tiiephase grows
cal CO adsorbate concentration. It is known thata@sorp-  with the rateV. In this case the eventual stateds.

tion on nonreconstructed surfaces is effective. In this regime

the CO oxidation takes place. When the amount of CO drops C. Nucleation

below critical, the surface reconstruction takes place and ad-

sorption of Q becomes hindered. Let us generalize the stan- The model also aII_ows extension for the case of sponta-
dard model to include these effects. neous phase nucleation. It is assumed that a single-surface

site, which is initially in a phase or 8, can change its phase
spontaneously t@ or « [10], respectively. This process is
independent of the phase of the neighboring sites and type of
Two different surfacegphasel denoted hereafter as reactant adsorbed on the site. The process is modeled as a
and B, are introduced. ¢ is the reconstructed anfl is the  weak noise, which produces phase defects. Its yaie by
nonreconstructed phagdhis allows both(i) processeésuch  several orders of magnitude less than rates of other pro-
as adsorption, diffusiorto proceed differently in each phase, cesses.
and(ii) to implement the surface reconstruction mechanism,
which transforms one phase into another. D. Diffusion on a single phase
Keeping in mind the experimentally detected differences
between CO and ©Qadsorption, it is assumed that adsorption
of reactantsA andB proceeds differently in each phase. Ad-

A. Reconstructed and nonreconstructed phases

Diffusion of both reactanté& andB is assumed as jumps
to the NN empty sites with the jump ratg andvg, respec-

sorption of reactants (CO) is allowed in all empty lattice tively,
sites irrespective of the phase, Bd), which is valid for A
both @« and 8 phases, A(adg+0O— O+A(ads, W)
4 VB
A(gas +0OX—AX(ad9, where x=a,B. (4) B(adg+0O— O+B(ads. (8

In contrast, the adsorption of reactaBt¢O,) with the prob-  Hereafter we distinguish theymmetricdiffusion case when
ability 1—-¢, Eq. (2), is allowed only in theg phase, both rates in Eqs(7) and (8) coincide (vy= vg), andasym-
- metric diffusion when these rates are differemiy¢ vg).
B B
B(gag +0O"— BY(ads. © E. Diffusion over a phase boundary
Adsorption ofB in the « phase is determined by the reaction  Besides the reactant adsorption, the reactant diffusion de-
10 pends on the phase properties as yvell. .Exp.erimentally de-
B(gag+0% — B%(ad9 6) tected different reactant concentrations in different phases
' [1,25-28 can be explained by the membrane effdd,29:
where the sticking coefficierttis chosen in the interval be- R€actant jumps fron to 8 phase are promoted, while the
tween 0 and 1. The limiting case &=0 corresponds to T€Verse jumps are suppressed. _Thls results in reactant accu-
reactantB adsorption exclusively in thg phase. In its turn, Mulation in theg phase. To describe the membrane effect, let
the opposite limits=1 leads to uniform reactar® adsorp-  US define théoundary jump ratec as follows:
tion on the lattice, irrespective of phase.

. o =p(1l+
The different values of parametemimic different crys- Vap=V(1Fx), ©
tallographic orientations of a crystal. To this end, let us con- -1 10
sider the Q adsorption on the Pt surface as an example. On Vga= V(1= k), (10

the Pt{100 surface the ratio of @adsorption on nonrecon- ) ,
structed 3 phasé vs reconstructed phases (phasg is ~ WNerévag and vg, are jump rates fromx to 5 and vice
~1073, while on P{110) this ratio is=1 [1]. It means that Versa, respectively. Asymmetry in the jump rates, H§S.
there is practically no ©(B) adsorption on the Pt00) re- and (10), is directly connected with the membrane effect.

constructed surfaces&0), while on the Rt110 surfaceO, Mathematic_ally the parametek vari_es in the interval
can be adsorbed on the reconstructed surfaced)). [—1.1], while the physically interesting case [i,1]. The
physical basis for asymmetric diffusion is a higher CO ad-

sorption energy on thg phas€[25,26, which leads to pro-
moted CO diffusion from ther to 8 phase.

It is known that the surface reconstruction mechanism on One can express the boundary jump rate from Egps.
Pt monocrystals is associated with adsorbed CO moleculeend(10) as a dimensionless parameter,

B. Surface reconstruction
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Vap— Vpa 1.0
= Vet Vpe” 11 08| a)
0.6}
Hereafter, we call the case>0 membrane diffusian 0.4} /1 A
PVAANASA—AN AN VW v v/
0.2 v
lll. MONTE CARLO RESULTS FOR THE GENERALIZED 0.030L 38
A+B—0 MODEL 0.015[ Y
The MC computer simulations are based on the algorithm 0 e
that was explained in details {i24]. Results of simulations = o8} b)
are analyzed with thpower spectral densitfPSD method, ®  osf 3
[24] which gives us the amplitude and frequency of oscilla- & 0.4
tions. The time unit is proportional to one Monte Carlo step,  ¢5* 0.0 W
i.e., when each lattice site is considered on average at least < Tk N
one time. The proportionality coefficient depends on the ~= 0.030f 2
rates of elementary processg®f]. Time units are omitted O o015 J\MM/\AN\MNWAMMMNMMNMWMMMMMM
when describing rates and simulation time, since their prod- 0 : : : : : : :
uct is dimensionless and we consider the theoretical model. 0.8 MVVMVMAAAAAAAAAAAAAANNAA A~ AAN
For example, when inverse rates are measured in seconds, 06l N3 c)
the time unit is also a second. o4l ya
Any reactant desorption is neglected. It was shd®h  AAMAAAAAAAAAAAAANNAN A S AAANM
that the oscillation mechanism on(Pt0) is governed by 0'2,;
both factors: strong Qadsorption on the reconstructed phase 0.030 /2

(large s values and reactanA desorption which eliminates 0.015 AW AAAAAMMAANMAN A

the A-poisoning effect. However, in the case of 10 the 0 . . . L .
oscillation mechanism is different and the neglect of reactant 1500 1650 1800 1950 2100 2250
A desorption has no decisive role. By this reason, our neglect t
of desorption means that the obtained results can be com-
pared only with result$8] discussing local oscillations ob-
served on RLO0) surfaces.

Similarly, the role of the membrane effeck$0) in the

oscillatory reactions has to be considered from the point of .
view of physics on the same (B00), since the membrane The B phase allows to adsorb additionBl reactants. The

effect is important for this surfade.0,29. reaction betwee\ and B effectively decreases the amount
of Ain the considered region. The concentration®\@hdB
reach the minimum and maximum, respectively. Fhehase
becomes unstable withoét and its concentration reaches a
Let us consider the limiting case of asymmetric diffusion minimum. The amount of8 phase has been depleted in the
with mobile reactantsA and immobileB. We neglect the same area where it is in excess. In this region reactaare
membrane effect{=0), i.e., the diffusion oA over theaw8  adsorbed intensively, but n& One can think of these pro-
phase boundaries is symmetric, irrespective of the phase tymesses awaves of concentrations
from which the boundary is approached. The phase recon- Let us now analyze the system qualitatively. It is readily
struction is allowed. The following dimensionless parameterseen from Fig. 2 that the mean concentrations retwal
are chosenv,=100, R,g=100, andvV=1. As it was shown qualitatively different types of behavior depending on the
in the limit of constant reactam coveragd 23], the 8 phase reactantA-adsorption rate. To avoid the finite-lattice size
is stable and it has reached a saturation for these parameteedfects, a spontaneous phase nucleation is included whenever
The default lattice siz& is chosen to b& =256 lattice sites necessary in the model, see corresponding notes under fig-
if not explicitly stated differently. Figure 1 shows concentra- ures and explanations in the Appendix.
tion oscillations for three differenf values. Oscillatory be- (i) The first region is characterized by the nonz&B
havior, in general, is irregular and it proceeds as pulsegproduction R,g. Concentration oscillations are detected,
which are characterized by the change of oscillation ampliwhose amplitudes depend on both reactamteation rate/
tude in time. The oscillation amplitude and frequency depenand lattice sizd.. First, let us look at the case of oscillation
on the adsorption raté The pulse-type behavior detected in dependence od for the fixed lattice size=256. The MC
MC simulations is similar to the experimentally observedsimulations show that there exists a frequency maximum at
pattern of reactant concentration oscillations or{16) {=0.3 and an oscillation amplitude maximum &t 0.375,
[30,31]. see Fig. 8a). However, thesg values do not coincide.
The origin of oscillations has a simple explanation. Letus An inclusion of reactanB diffusion brings no qualita-
start at the instant wheA's concentration has a maximum. tively new effects to the oscillatory behavior as compared
At this stage reactant& ensure an increase of tigphase.  with immobile B. The frequency of oscillations increases but

FIG. 1. Temporal evolution of concentrations: reactan{4), B
(2), and B phase(3). Adsorption ratef is 0.15(a), 0.30 (b), and
0.45(c).

A. The standard model with surface reconstruction
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FIG. 2. Mean concentration of reactartg¢solid ling), reactants FIG. 4. The SNR dependence on the linear lattice size. The

B (long dashey] 8 phase(short dashed andAB productionRag  jump ratev, is 100 (squares 150 (down trianglel and 200(up
(mixed long and short dasheds the adsorption rate. The sponta- triangle. Parameterg=0.35, vg=0.
neous phase creatiop=10"*. Parameters used;, =100, vg=0,
andRxp=100. plitude of the background noise level in the vicinity of the
PSD peal{38]. The SNR has a maximum for certain lattice
only slightly, Fig. 3b). An increase of oscillation amplitude sizes, Fig. 4(note the logarithmic scaledepending on the
is better pronounced but shows qualitatively the same depeljump rate. It indicates that the nature of observed oscillations
dence or¢ as in the limit of immobileB, Fig. 3b). is the stochastic resonance. An amplitude of oscillations,
Second, the oscillation amplitude depends on the latticevhich is proportional to PSD, plays the role of a signal and
size. In order to show this dependence, the signal-to-noisdecreases with the lattice size. The noise level decreases with
ratio (SNR) [32—39 is exploited. SNR was used there for the size of the lattice as well. In its turn, the SNR, which is
detecting the stochastic resonance phenonjdff which the ratio of the above-mentioned values, increases for certain
was defined as an amplification of the output signal with amoise and signal combinations, which is characteristic for the
increase of the noise level. stochastic resonance. More so, it is detected that diffusion
Here we adapt the SNR definition as the ratio of the PS[plays the role of the synchronization mechanism of oscilla-
peak at the system’s oscillation frequency to the average antions in the stochastic resonance, see Fig. 4. Larger jump
rates result in both the SNR increase and synchronization of
oscillations for larger lattice sizes.

0.004} - a)loa The dispersion of the results in Fig. 4 are due to a pulse-
type behavior of oscillations, see Fig. 1. For the same dataset
3 o003l the pulses can produce slightly different PSD values depend-
2 ing on the data interval which is used in the PSD calculations
= (e.g., a whole pulse is included or only its half
g 0.0021 (i) The second region can be classified as the reactant
A-poisonedB phase. It is observed for the adsorption rates
0.001 that £=0.5. The transition to the uniforn® phase occurs
gradually. First, adsorbed reactaktpromote the formation
0 of B phase, while thex phase is eliminated completely. The
0.004} nucleation plays almost no role, since it is too weak to make
the impact on a macroscopic behavior. It only smoothes tran-
o 0003} sition from region(i) to (ii) around the poinf=0.5, see Fig.
= 2. This situation corresponds to the adsorption of reactants
= and B uniformly on a whole lattice. Since th&-adsorption
g— 0.002¢ rate is greater than that d, it is only a question of time
< when the system arrives at tiiepoisoned state.
0.001}
B. Membrane effect

Let us assume now the asymmetric membrane diffusion
of reactantsA with immobile B. For example, fork>0,
jumps from thea to B phase are promoted while reverse

FIG. 3. Amplitude(squaresand frequencycircles dependence jumps are hindered. In other words, tBephase acts as an
on the creation raté of reactantsA. Parameters: asymmetric diffu- effective trap ofA reactants. Once reactamdsfind them-
sionv,=100, vg=0 (a) and symmetric diffusionw,= vg=100(b). selves in theB phase, they jump with the same rate as be-
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1.00
a)
0.75
1 3 *
0.50 \ 3
i L | 1 2
0.25 WWWWWWMnW” 3
2, <
0.00
= 0.75 3\ ‘ >
@ l
= K
~% 050
o FIG. 6. The relative amplitudesquaresand frequencycircles
= 025 M ' \ ““gem“ ' ‘ “' ' l “ “ \‘ b‘ . H‘ dependence on the membrane diffusion. Values are normalized to
O< the nonmembrane diffusion case=£0). The {=0.20 (half filled),
0.00 ‘ il £=0.35(filled), and {=0.45 (open symbols. Parametar,= 100.
0.75} 3/ c) lated during the maximum of thé phase, readily react with
1 adsorbingA. Thus, the concentration & decreases, but that
0.50f \ of Aincreases. Reactanfscreate new3 phases everywhere
except in those regions where it already was created.glhe
0.25} phase is created in local regions asynchronously, due to a
2 finite rate of reactané diffusion.
0.00 )\ AAAAAAMAAAA aon The trapping of reactants obviously makes thg phase
2500 3000 3500 4000 more stable and promotes the oscillatory behavior, see Fig. 6.
1 The dispersion of results comes from the pulse-type oscilla-

tions, see Fig. 5.

The membrane diffusion reveals three main results. First,
the strong oscillation amplitude increase is obserweith
respect to the nonmembrane diffusion case;0) for ¢
=0.20. Oscillations frequency remains constant in the inter-
) ) e ) val 0.1=«=<0.9, while for the limitingx values 0 and 1 the
fore. The only difference is that now diffusion is restricted o ,ency slightly decreases and increases, respectively. Sec-
by the size of thes phase and the height of the activation g - the “oscillation amplitude increases with the boundary
barrier, when reactanta try to leave theB phase. As an jump rate at=0.35. Its increase has a maximum for 1,
example, let us consider the limit of the strong membranq_e” reactants\ once trapped by th@ phase stay there for-
effect, k=0.9. It was showr}8,29] that the chosem value  gyer. Third, the oscillation amplitude remains constant for

approximately describes the properties of1P0) surfaces, ,—g 45 untilx<0.8. It means that the high concentration of

since it leads with a good precision to both critical values of oo tantsa and their trapping into th@ phase do not affect

A concentrations necessary to maintain homogeneous surfage, oscillatory behavior. In this regime an increase afp to

phzlases. | ilati litudes i it th unity leads to the stationary state, when hphase covers a
n general, oscillation amplitudes increase with the reacy, e |attice and thus there is no chance for thehase to

tant_A membrang d_n‘fusmn, se(.a.Flg.. 5. The qua&pgnodmdevelop. No oscillatory behavior is possible in this case. To
oscillatory behavior is also amplified, in comparison with theovercome the problem of thg poisoning, the point at

Phor;meml?r?ne dlfoSlondcase, IF'g' 1'.t:: |sde_]:/r|den'i IIT‘ 't:.'g' 5-0.45 andx=1 in Fig. 6 is calculated with spontaneous
at oscliiations proceed as pulses with a difierent firetime. phase creatiory=10""°. In this case a decrease of oscillation

. T.lhe tlnt;rpretanonkcifoth_(la_horlg|n .Of e osc;llaftlons IS amplitude is observed. The oscillation frequency decreases
simiiar to the case ok=0. 1he maximum amount of reac- linearly with «, but with different slopes for the last two

tathA prorrr]lote_f the growth .?f thﬁltpl_ﬂaie. Wf?ent thlgg ¢ .gases. The larger thg is, the steeper is the slope. The de-
F asi realjctr:as s mSX'm(Lj“E’ It resa S |nswo edec S: tlrst, 'trease of frequency indicates that the period between two
rapsA and they are bound by the phase. Second, reactants successive maximums of concentration increases due to the

B are intensively adsprbed on tif phase. A reaction pe- time needed for promoted lattice reconstruction.
tweenA andB results in a decrease #fconcentration while

B reactants are continuously adsorbed. It leads to an excess
of B’s, which have ndA partners for the reaction.

The minimum ofA concentration leads to the collapse of  As the next limiting case, let us consider the adsorption of
the B phase. At this stage reactamisare adsorbed buB  reactantd on thea phase, i.e., the nonzeswalues. In the
adsorption is minimal. The reactarBs which were accumu- limiting case ofs=1 the reconstruction has no effect and the

FIG. 5. Temporal evolution of concentrations in the reactant
membrane diffusion case: reactarg1), B (2), and 8 phase(3).
The {=0.20(a), {=0.35(b), and=0.45(c) figures. Parameters:
va=100 and«=0.9.

C. ReactantB adsorption on e« phase
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FIG. 7. The relative amplitudesquaresand frequencycircles
dependence oB-adsorption rate on the phases. Values are nor- 0.004} b) | 0.4
malized to thes=0 case. Parameters=0.35,v,=100,V=1, and
R=100.
o 0-003f
E
model coincides with the standafdt B— 0 annihilation re- %_ 0.002}
action. It is known that the latter reveals tBeand A poison- =
ing for {<0.5 and{>0.5, respectively. Only at the poigt < 0.001}
=0.5, when both types of reactants are created with abso-
lutely equal probability, the system shows the reaction re- 0 . , ,
gime. MC simulations show that poisoning states are reached 02 0.3 0.4
already fors<<1. First, an increase afslightly increases the ¢
oscillation amplitude, see Fig. 7. However, then the ampli- . .
tude decreases Wh||e ﬂ‘& p0|son|ng |s reached, eg, fgr FIG. 8. The amplltudésquare}sand frequenC)(Clrcles) depen-

dence on the adsorption rate Parametersv,=100, V=1, and
R=100. Membrane diffusionc=0.95 (a). B-adsorption parameter
s=0.1(b).

=0.35, the poisoning starts at>0.4. The frequency only
decreases asincreases.

D. Examples of membrane diffusion andB adsorption
IV. CONCLUSIONS

Let us fix the boundary jump rate at=0.95 and vary the , )
adsorption rate, see Fig. &). The 8 phase serves now as a . 1€ ZGB model of theA+1/2B,—0 reaction with sur-

trap of A reactants. The oscillatory behavior is pronounced afa(_:e reconstructi(_)n is known to describe adequately the cata-
{=0.35, which is similar to the nonmembrane diffusion ytic CO, formation on the R110 and P00 surfaces

case, Fig. &). The difference lies in the amplitude of oscil- [4.8,10,23. In the present paper the ZGB model was reduced

lations, which increases almost by an order of magnitude ito theA+B—~0 model with surface reconstruction. The MC
' y g omputer simulations show #&cal oscillatory behavior,

the membrgne diffusion case. The membrane gffgct Stap'l'z‘?ﬁhich is not synchronized over the whole lattice. The oscil-
the oscillations for smalf values, e.g., the_ oscillations with lation amplitude and frequency depend on the reactant ad-
x=0.95 are observed fo£=0.04, while in the nonmem- sorption rate.
brane case the poisoning occurred'&t0.05. The oscillation Several physically interesting limiting cases were studied.
frequency depends also gnUnlike the nonmembrane case, First, the reactant membrane diffusion over a phase boundary
the frequency maximum is shifted to the lower valués, is considered. The amplitude of oscillations increases, if the
=0.20, instead of =0.30. Comparing the values of frequen- diffusion of A’'s over a phase boundary is promoted towards
cies in Figs. 8a) and &a), one can see that membrane diffu- the 8 phase. In this case th@phase serves, in fact, as a trap
sion has almost no effect on the oscillation frequency at for reactantsA.
~0.20. It is the marginal state which divides the two regions: Second, in analogy with the R0 surface, wherd3 ad-
(a) frequency increases for smallér see, e.g.{=0.15 case sorption takes place on the phase, we considered the hy-
in Fig. 6, and(b) frequency linearly decreases for the largerpothetical case when reactars are adsorbed on the
¢ values. phase. For smalB-adsorption rate values on the surface

As an example the limiting case wii+0.1 is studied for (s<0.1) the oscillatory behavior is promoted, while larger
various{ in Fig. 8(b). The amplitude is slightly increased in B-adsorption rate values$t0.1) suppress oscillations. Os-
the region of the maximum{(varies in the interval 0.350 cillatory behavior in general is unstable. It manifests itself as
—0.425), while the frequency is slightly decreased, in aquasiperiodic pulses of different lengths when the oscillation
comparison with ndB adsorption on thex phase, see Fig. amplitude is determined by the size of lattice, i.e., we ob-
3(a). The B poisoning occurs at the adsorption rates{of serve local oscillations.
<0.15. It was shown[8] that the strong oscillatory behavior
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arises as the consequence of both finite values of parasetefactors, e.g., the adsorption rate, asymmetric diffusion, and
and desorption of reactangs (the condition for oscillations different adsorption probabilities on both reconstructed and
on P{110 [8] is s=0.5, k,~0.1, desorption oA). We con-  nonreconstructed phases.

sidered noA desorption in the present paper, therefore in a

comparison witH8], we model a different oscillatory mecha- ACKNOWLEDGMENTS
nism which is characteristic for the (00 surfaces. _ .
In conclusion, the genera"zdﬁ-{- B— 0 model with sur- The authors are thankful to E. A. Kotomin for fruitful

face reconstruction predicts an increase of oscillatory behawiscussions. Financial support from the European Center of
ior in the limit of reactant membrane diffusion aBatreation ~ Excellence in Advanced Materials Research and Technology
on the @ phase(e.g.,s=0.1). Oscillatory behavior is pulse (Contract No. ICA-1-CT-2000-7007s appreciated.

type, which is in agreement with experimental studies of CO

catalysis on RiL00) surfaceq30,31. These facts lead us to APPENDIX: SURFACE POISONING

the conclusion that th&+B—0 model with surface recon-
struction has qualitatively the same properties as the ZG
model with surface reconstructio®,5,8,10,23 Thus we
have proven the hypothesis developed in Introduction.

g Letus analyze the reasons of surface poisoning. The main
problem lies in the fact that once one of the existing phases
a or B is eliminated completely, it cannot be created again.
Development of any phase needs its seed, but it can happen
that such a seed is no longer present in the lattice. This is a
finite-lattice size effect since for infinite lattices such a seed

The real catalytic surface reactions usually reveal a verghould exist. For instance, for the adsorption te0.05 the
complex behavior which is characterized by a formation ofe phase poisoning, which occurs for lattices of size
the spatiotemporal structures. The theoretical description of 256, changes for a reactive regime when both phases co-
reactions involves a number of elementary reaction step®xist asL =1024. Similarly, for{=0.482 theB phase poi-
The simultaneous analysis of all reaction steps is as muckoning occurs for the lattices of site= 256, but an increase
complicated as the interpretation of experiment. Thereforegf the size up td. =4048 brings the system into the reactive
of our particular interest are simplified reaction schemes, foregime. In other words, an increase of lattice size extends the
cused on a study of the origin of spatiotemporal structures.borders of the reactive region. However, it greatly increases

In the present paper th&+B—0 model was shown to the computational time as well. An effective way to over-
have qualitatively the same behavior as the 1/2B,—0  come this finite-lattice size effect is to introduce a spontane-
model. The conclusion was drawn that the dimep)@d-  ous transition reaction from one phase to another with a very
sorption in the ZGB model is important for physical inter- small rate, sayy=10"°. This reaction was included in our
pretation, but it gives no significant contribution to the un-model in the reactive region, in order to determine its impact
derstanding of the origin of oscillatory behavior. The on the system’s behavior, but no substantial changes were
peculiarities of the oscillatory behavior are caused by othefound.

V. GENERAL CONCLUSIONS
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