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Perturbation of period-2 oscillations in catalytic reactions accompanied by surface restructuring
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We present Monte Carlo simulations illustrating the effect of periodic forcing on period-2 oscillations related
to the interplay of catalytic reaction and surface restructuring. The oscillations are found to be fairly stable if
the external frequency equals the main internal frequency. In contrast, perturbations with other frequencies may
easily change the type of oscillation. In particular, perturbations with double frequency convert period-2
oscillations into period-1 oscillations with the imposed frequency.
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. INTRODUCTION reversible dissociative adsorption of, H(iii) nitrogen de-
o ) ) o o sorption, and(iv) reactions between adsorbed H, O, N, and
Periodic forcing of reaction kinetics via, e.g., variation of NO resulting in the formation and desorption of® NH,

reactant pressuf® or temperature is one of the useful tools and NO. At the most interesting temperaturébove 430
employed in basic and applied studies in chemistry in genk)7 steps(ii)—(iv) are rapid and the surface coverage by H,

eral and in heterogeneous catalysis in particliidr In ex- O, and N is low. This makes it possible to use a reduced

periments focused on the complex behavior of catalytic re _ . . o .
actions, this strategy is widely used to stabilize period-lreaCt'On scheme, involving explicitly only reversible NO ad-

oscillations(this is easily possible if the external and internal SOrption and decomposition. The other reaction steps are
frequencies are equadr to generate quasiperiodic or irregu- taken into account implicity by removing the NO-
lar oscillations. In applied catalysis, periodic forcing pro- decomposition product®N and O from the surface imme-
vides additional opportunities for optimization of the reactordiately after decomposition events. Thus, we have only one
performancg?2]. In a more general context, periodic pertur- adsorbed species, NO, which is able to induce changes in the
bations can be used to control cha8%and induce complex surface structure.

spatiotemporal behaviof4]. Despite all these advances  To mimic the NO-induced restructuring of the(Ea0)

and/or applications, many interesting aspects of .peri.Odi%urface[specificalIy, the transition from the quasihexagonal
forcing of chemical reactions are still open for mvestlgatlon.(“hex,, ) arrangement of Pt atoms, which is stable before NO

In particular, it is not clear how periodic perturbations may .
influence period-2 oscillations. Our Monte Ca(MC) simu- adsorption, to the (¥ 1) arrangement stable after NO ad-

lations of catalytic oscillations clarify this point. sorption, we use the lattice-gas model. _
Oscillations in heterogeneous catalytic reactions often re- (1) Metal atomsM (M=Pt) form a square lattice. Every
sult from the interplay of rapid reaction steps and a relativelyM atom may be in a stable or metastable state terms
slow “side” process, such, as e.g., adsorbate-induced surfacstable” and “metastable” refer to states that are stable and
restructuring, oxide formation, or carbon depositisee the metastable on thelean surface, and accordingly the corre-
recent review$5,6]). Physically, this means that oscillations sponding phases mimic the “hex” and K1) phases, re-
are frequently accompanied by phase separation on the megpectively. The energy difference of these stated . The
soscopic scale. Under such circumstances, simple mean-fielbarest-neighbaiNN) lateralM-M interaction is considered
(MF) models based on the conventional mass-action law argy pe attractive,— e,y (eyy>0), if the atoms are in the

strictly speaking not applicable. One should rather use sosgme states, and repulsiva,y, , if the states are different.
phisticated MF kinetic equations or the MC technique. In ouryp,4 next-nearest-neighbéNNN) interactions are ignored.

MC simulations, we employ a generic mo_del which was Pro-(Note that thev-M interactions introduced actually describe
posed[7] to describe surface-restructuring-related oscnla—the deviation from the average value. For this reason, the
tions, period doubling, and irregularities in the kinetics of

X X sign of theM-M interactions may be either positive or nega-
NO reduction by H on P(100 (for a review of the corre- tive depending on the arrangement of metal atpms.
sponding experimental and theoretical studies, see Sec. 6 In (2) Adsorbed particlesA (A=NO) occupy hollow sites
Ref. [,6])' The .ke.y factors Iqug behind osglllat|ons n th,'s, (this assumption is not essential, because for adsorption on
reaction are similar to those in other reactions with part|C|-t0p sites the structure of the formal equations is the 3ame
pation of NO on R@00. Thus, the domain of applicability the a3sorption energy of a given particle is considered to

of our main conclusions is expected to be broad. To exten crease linearly with the number of NN substrate atoms in

th.e under;tanding of the problem under .consideratipn,.w%e metastable statéhis is a driving force for the phase

will also brlefly_ commgnt on more 'convent|onal MF kinetic transition. In particular, the increase of the adsorption en-

models predicting period-2 oscillations. ergy of anA particle after the transition of one NN substrate

atom from the stable to the metastable stateg (eam

>0). The adsorbate-adsorbate lateral interactions are ig-
The mechanism of the NO-fHreaction on RtL0O in- nored for simplicity.

cludes(i) NO adsorption, desorption, and decompositi@n, The adsorbate-substrate Hamiltonian corresponding to the

Il. MODEL
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FIG. 1. (&) NO decomposition ratéper site per MCH NO
coverage (MIl=monolayer), and fraction of Pt atoms in the state
representing the (X 1) phasgthick and thin lines, respectivelyn
the case of unperturbed period-2 oscillations witfp,=0.3. (b)
Harmonics with the main and double frequendiegper and lower
panel$ used for perturbation.

assumptions above contains thieM andA-M interactions

H=Hg+H,s,

He=AEY n'—deyy> (n)'—1/2)(n}"-1/2),
i ]

_ AM
Has——E Eamni Ny,
0y

wherenM is the variable characterizing the state of atom
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FIG. 2. Typical snapshots of a (¥%0) fragment of the (200
X 200) lattice for the MC run, shown in Fig(d), at the moments
when the fraction of Pt atoms in the state representing thel()1
phase is(a) maximum and(b) minimum. Filled circles and plus
signs exhibit, respectively, adsorbed particles and substrate atoms
forming the (1xX 1) phase. Metal atoms on the areas mimicking the
“hex” phase are not shown.

recall only that the decomposition &f (i.e., of NO) is con-
sidered to occur provided thdt) at least one NN site is
vacant andii) all the M atoms adjacent té and to a vacant
site are in the metastable state. The latter condition takes into
account that NO decomposition occurs primarily on the (1
X 1) phase. To simulate the reaction kinetics, we use the set
of parameters [7] AE/kgT=2, eyu/ksgT=0.5, and
eam/kgT=2, corresponding to fixed temperaturd

(ni“":l or 0 is assigned to the metastable and stable states;0.40T (T, is the critical temperatuje These parameter
respectively, niA is the occupation number of the adsorption values were chosen on the basis of available experimental

sites, andX;; means summation over nn pairs. Mathemati-

data(see the discussion in Ref#§,7]).

cally, the lattice-gas model defined by these equations is Surface restructuring, adsorption-reaction steps, and dif-
equivalent to a model consisting of two subsystems of Isindusion of A particles are simulated with probabilitigs,s,
spins. It predicts an adsorbate-induced first-order phase trapea (Prest Prea<1), and 1 p,es— Prea: respectively. In real-
sition provided that the adsorbate-substrate interaction is sufty, surface restructuring is slower than the adsorption-

ficiently strong.

reaction steps(i.e., pPres<Presd, Which are in turn much

The procedure for introducing the rate constants for allslower compared t@ diffusion (i.e., Prest Pres<1). In our
the relevant elementary rate processes in accordance with tisemulations, we emplop,es/ (Prest Pred =0.3. In the frame-

model outlined was described in detail earli@f. Here, we

work of this scheme, the ratio of the ratesfftliffusion and
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FIG. 3. Forced oscillations foy=0.1 (a), 0.3(b), and 0.5(c) in
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interactiond 7]; the parametepyes corresponds to the maxi-
mum desorption rate. The simulations are executedfgs
=0.2 (note that this value is somewhat lower than that used
in Ref. [7]).

Perturbation of the reaction kinetics is assumed to occur
via periodic modulation of the NO pressure. This means that
the parametepyo depends on time as

Pno= plo\lo[1+X Cog wedt) ],

wherepﬂ,o is the average valug, the modulation amplitude,
and we, the external frequency.

Initially (att=0), the surface was considered to be clean
and all theM atoms to be in the stable state. The results were
obtained for anl( XL) M lattice with L=200 and periodic
boundary conditions. To measure time, we employ the so-
called MC step(MCS) defined as I( XL) attempts of the
adsorption-reaction-surface-restructuring events. The algo-
rithm of our present simulations is identical to that employed
earlier[7].

Ill. RESULTS OF SIMULATIONS

With the specifications above, the model predicts well-
developed period-2 oscillations fogy=0 at pyo=0.3
[Fig. 1(a@)]. The oscillations are established just after the be-
ginning of MC runs(in fact the transient period is absgnt
During oscillations, the islands representing the “hex” phase
grow and shrinkFig. 2). The island size is relatively small,
because the adsorbed overlayer is close to saturation.
(For period-1 oscillations, the island size is larjé}.)

To force the oscillatory kinetics shown in Fig(al, we
used perturbations with various frequencies. The most inter-
esting results were obtained for the frequenaygy
=0.0454 MCS'?, equal to the main internal frequency, and
also for the double frequencywe=0.0908 MCS?
[Fig. 1b)].

The perturbations with the main frequency are found to
result in kinetic irregularities but only in the beginning
(Fig. 3. The duration of the transient period slightly de-
creases with increasing modulation amplitude. For the runs
with xy=0.1, 0.3, and 0.5, for example, the duration of the
transient period is, respectively, about 500, 200, and 200
MCS. During this period, the internal dynamics and external
perturbation adjust to each other. With increasing time, the
system relaxes and exhibits well-developed period-2 oscilla-
tions. The shape of the established period-2 oscillations de-
pends on the modulation amplitude. It is of interest that such
oscillations are observed even for the perturbation with the

the case when the external and internal frequencies are equal. TReaximum amplitude, i.e., fox= 1.0 (not shown.
designations are as in Fig(a.

the other processes Myii=(1— Pres— Prea/ (Prest Pread - The

results are presented foly= 1000.
Inside the catalytic cycle adsorption on vacant sites is tions are easily converted into period-1 oscillations with the

performed with probabilitypno (Pno IS the governing pa-

In contrast, the perturbations with the double frequency
leave unchanged the type of oscillatigsg. 4(a)] only if
the modulation amplitude is smalémaller or about 0.05
With increasing modulation amplitude, the period-2 oscilla-

imposed frequenclFigs. 4b) and 4c)]. The transient period

rametey. A desorption and decomposition are simulated within these cases is typically shorter, or about 200 MCS.

probabilities pges and 1—pges, respectively. More specifi-
cally, the rate ofA desorption depends on theM lateral

Detailed qualitative explanation of period-2 oscillations is
usually far from straightforward. Nevertheless, careful in-
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FIG. 4. Forced oscillations in the case of perturbations with the & 080 ]
double frequency ang=0.05(a), 0.1 (b), and 0.3(c). The desig- %
nations are as in Fig.(4). § 0.60 I
. . . . . 0.40 T
spection of the results obtained makes it possible to rational- - - s -

. . . 0 200 400 600 800 1000
ize what we have here. In particular, the snapshots shown in TIME (MCS)

Fig. 2 indicate that at the moments when the adsorbate cov- r 5 perturbation harmoni@) and reaction kinetics fome,
erage is maximum the metal atoms are almost entirely in the 5 55 andy=0.05(b), 0.1(c), and 0.3(d). The designations are as
(1X1) state. With decreasing coverage, this phase shrinkg rig. 1(a).

and one can observe islands of the other ph&sg 2(b)].

The growth of these islands occurs even near the pointéadsorption, desorption, and decompositiamd the initial
where the adsorbate coverage reaches maxima located kstages of island growth. The perturbations with the main in-
tween the main maxima. Thus, basically, the period-2 oscilternal frequency increase coverage near the main maxima
lations appear due to the interplay of the conventional stepand decrease coverage near the intermediate maxima. Both
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remarkably stable with respect to the perturbations with the
these changes act in line with the factors resulting in themain internal frequency. In contrast, the perturbations with
period-2 oscillationgin particular, the decrease of coveragethe double frequency increase coverage near the main
near the intermediate maxima facilitates island growth amaxima and also near the intermediate maxima. The latter
these stagesFor this reason, the period-2 oscillations areslows down the island growth near the intermediate maxima
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and accordingly stimulates conversion of the period-2 oscilwith a frequency equal to the main internal frequency. Per-
lations into period-1 oscillations with the imposed frequency.turbations with other frequencies may easily change the type
The analysis of perturbations of period-2 oscillations atof oscillation. In particular, perturbations with double fre-
the main and double frequencies was the primary goal of ouguency convert period-2 oscillations to period-1 oscillations.
simulations. To extend the presentation, we have however Finally, it is appropriate to note that the period-1 and -2
also studied the model behavior at three other external freascillations predicted by our MC model are fairly robust in
guencieswe,=0.03, 0.07, and 0.11, which are lower than thethe sense that the corresponding areas of the governing pa-
main frequency, between the main frequency and the doubleamete(s) are relatively broad. More conventional MF mod-
frequency, and above the double frequency, respectively. els including only chemical step&@dsorption, desorption,
For w.,=0.03, the oscillations are first irreguld¥ig. 5(b) and elementary reactionsften predict much narrower oscil-
for y=0.05] and then converted to period-3 oscillations withlatory windows. In such cases, the periodic perturbations
the imposed frequencFigs. 5c) and 8d) for y=0.1 and may shift the system to areas that are far from the period-1
0.3]. and/or -2 domains even if the perturbation amplitude is rela-
For we,=0.07, the oscillations are first irreguld¥ig. 6(b)  tively small. Under such circumstances, the perturbations
for y=0.05] and then converted to period-2 oscillations withmay easily destroy period-2 oscillations even if the imposed
a frequency equal to one-half the forcing frequefféig. 6(c)  frequency equals the main internal frequen@ye have
for y=0.1] and eventually to period-1 oscillations with the proved this prediction by using a MF model propo$&pifor
forcing frequency{Fig. 6(d) for y=0.1 and 0.3 describing oscillations in FHoxidation on Px
For we,=0.11, the oscillations are easily converted to
period-2 oscillations with a frequency equal to one-half the

forcing frequency[Figs. 1b) and 7c) for x=0.05 and 0.1 ACKNOWLEDGMENTS
and then to period-1 oscillations with the forcing frequency . ) .
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