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Oscillations and chaos in catalytic reactions on the nm scale
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We present Monte Carlo kinetics of thé2 B,— 2AB reaction occurring on a 20—30-nm-sized crystallite
in the case when reactant adsorption on one of its facets results in surface restructuring. The latter is described
on the basis of the well-defined lattice-gas model predicting phase separation in the overlayer. Oscillatory and
chaotic kinetic regimes are found in the simulations. The mechanism of kinetic chaos on the nm scale is shown
to be unique compared to that proposed for reactions on single-crystal surfaces.

PACS numbes): 82.65.Jv, 05.45-a, 68.35.Rh

Simulations of surface reactions are usually performed assee the seminal paper by Ziét al. [12] and the reviews
suming the adsorbed overlayer to be infirjité Meanwhile, [13]). We analyze one of the most interesting situatitfos
practically important catalytic reactions often ocd@] on justification, see Ref5]) when the LH step is fast compared
very small (~10 nm supported crystalline metal particles to A and B, adsorption,B particles are immobile, ané
(for a review of modern nanofabrication technologies, sedliffusion is rapid compared to the LH step.

Ref.[3]). The understanding of the reaction kinetics on such The catalyst particle shape is assumed to be a truncated
catalysts is far from complete despite long standing interespyramid, with top and botton{100) faces and(111) side

To clarify some basic principles in this field, we have re-faces, with the largedtl00) facet attached to the substrate.
cently treated the effect on the nm-scale reaction kinetics oThe reaction is considered to be accompanied by restructur-
such factor as reactant supply via the supp#ltinterplay of  ing of the (001) facet in analogy with CO oxidation on the
reaction kinetics on different facetss], and adsorbate- single-crystal RL00) surface[8]. In the latter case, the (1
induced reshaping of catalyst particlgs. In all cases, we X 1) arrangement of metal atoms on the clean surface is
found unique features of the nm-scale kinetics, deviatingnetastable compared to a close packed quasihexagonal
from those on extended surfaces. Simulations relating thé‘hex” ) arrangement. CO adsorption may, however, stabi-
selectivity of catalytic reactions to the geometry of supportedize the (1X 1) phase. The latter provides a feedback neces-
catalyst particles have been published by McLeod and Gladsary for oscillations, because the rate of oxygen adsorption
den[7]. on the (21X 1) patches is much higher than on the “hex”

In this Rapid Communication, we explore a more intrigu- patches. The MF and MC simulations of such oscillations
ing phenomenon, namely, oscillatory and chaotic kinetics refon the infinite surfaceare numerougsee the review$8]
sulting from adsorbate-induced surface restructu(higR) and recent MC simulationg4]). The models proposed can,
of one of the facets of a nm particle. The fact that AISR mayhowever, hardly be used for describing spatiotemporal pat-
cause kinetic oscillations is well known from the single- terns on the nm scale. The reason is that the MF treatments
crystal studie§8]. Experimental or theoretical data clarify- do not describe explicitly the reactant distribution. In MC
ing the details of oscillatory and chaotic kinetics on nm par-simulation, there is no problem to calculate the distribution,
ticles are, however, lacking. Among a few relevant studiesbut in the available MC models, the purely mathematical
we may mention observatiori9] of kinetic oscillations in  rules employed to realize the steps related to AISR are far
the H,-O, and CO-Q reactions occurring on a Pt tip of a from those prescribed by statistical mechanics. For example,
field ion microscope. These reports indicate that the oscillasurface diffusion of CO molecules is neglected or considered
tions are accompanied by phase separation on the nm scate, be independent of the state of metal atoms. With such
which is presumably connected with AISR. In addition, thereprescriptions, well-developed surface phases with atomically
are simulations of thermal coupling of local oscillators sharp phase boundaries are lacking. In contrast, the experi-
[10,11. The mechanisnithermal effect§10] and oxide for- ment indicateg15] that the CO-induced (X 1) islands are
mation[11]) and details of the mean-fie[IF) treatments of  easily formed on F100) even at very low coverages.01—
oscillations on catalyst particles are in the latter simulation®.05 ML). Atomically sharp phase boundaries have also been
completely similar to those on the infinite surfa@e., the  observed in the field-ion-microscope measuremgdtsTo
specifics of oscillations on the nm scale is in fact not anaovercome the limitations of earlier simulations, we treat
lyzed. AISR in terms of the theory of first-order phase transitions

As an example, we consider the generic catalptie B, by employing a well-defined lattice-gas modé&b], which
reaction occurring via the Langmuir-HinshelwoddlH)  was recently usefil7] to analyze kinetic oscillations in the
mechanism: Agas=Aadss  (B2)gas2Badss  Aadst Bags  NO-H,, CO+O,, and CO-NO reactions on @00). For our
—(AB)gas- This reaction mimics the essential behavior of, present goals, the main ingredients of the model are formu-
e.g., CO or hydrogen oxidation on noble metasstands for  lated as follows:

CO or hydrogen, an8, for O,). During the past decade, its (i) The pyramidal crystallite is replaced by a 20101
kinetics for the infinite surface have been studied in detaibquare lattice of metdM) atoms, where the central 351
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array of sites mimics the tof001) facet, and the periphery In our model, the catalytic cycle includés and B, ad-
represents the sidd 11) facets.[In reality, the surface den- sorption,A desorption, and the LH step resultingAB for-
sities and symmetry of arrangements Mf atoms on the mation. To simulate these steps, we introduce the dimension-
(111 facets and in two phases on tfi0) facet are differ- less parametens, and P, for A andB, adsorption angbyes

ent, but this effect is of minor importance in the presentfor A desorption. The rates of these processes are assumed to
context] be proportional tqpa, Ps,, andpges, respectively. The re-

(i) On the central facet, everyl ?tom may be“m the  action rate between nA andB particles is considered to be
stable or metastable sta(Ehe_ terms “stable” and “meta- proportional to T pyes. For CO oxidation on Pt and in
stable” refer to the states which are stable and metastable any other reactions, the LH step is much faster than the
the clean Surfa()e The energy difference of these states iSother Steps(exceptA diffusion), i.e., we should haVQ)A
AE. The nearest-n_eighbo@nn) M-M in_teraction is attractive, + Pe,t Paes<l. In our work, we employp,+ P8, = Pdes
—éum (ewm>0), if the atoms are in the same states, and_ o5
repulsive,eyy , if the states are differertteally, the total nn The MC algorithm for simulating the reaction kinetics on
M-M interactions are of course attractive; the interactions the central facet is as follows:

—é€wm and +eyy introduced describe the deviation from (1) A random numberp (p<1) is generated. Ifp
the average valyeThe next-nearest-neighb@mnn) interac-  <p,.,, an adsorption-reaction trial is realizgtem (2)]. For
tions are ignored. With this choice of thé-M interactions, p,.,<p<preat Pres, an attempt of surface restructuring is
the model describes the tendency of substrate atoms to lexecuteditem (3)]. If p>p,eat Pres, anA-diffusion trial is
either all in the stable or all in the metastable state. performed[item (4)].

(iii) Adsorbed particles are assumed to occupy hollow (2) An adsorption-reaction attempt contains several steps.
sites forming a 108100 lattice(this assumption is not es- (i) An adsorption site is chosen at randofin) A new ran-
sential, because in the case of adsorption on top sites tif#om numberp’ is generatediii) If the site selected is va-
model will in fact be the sameOn sites belonging to the cant,A or B, adsorption acts are realized provided tpat
central facet(these sites form a 5050 lattice, the adsorp- <Pa andpa<p’<pa+pg,, respectively. FoB, adsorption,
tion energy of a given particle increases linearly with theone of the nnn sites is chosen at random, and the trial is
number of nn substrate atoms in the metastable fflaiteis  accepted provided that these sites have no nn sites occupied
a driving force for the phase separatioin particular, the by B particles and at least one of the nn M atoms is in the
increase of the adsorption energy of Aror B particle after metastable state. The latter means tBatdissociation on
the transition of one nn substrate atom from the stable to thperfect stable patches is ignorgdecause the Qsticking
metastable state isyy or egy (eam>0 andegy,>0), re-  coefficient on the “hex” Pt surface is several orders of mag-
spectively. nitude lower compared to that on theX1) surface. (iv) If

(i) The direct nnA-A and A-B lateral interactionse,,  the site selected is occupied By A desorption or reaction
and egg, are for simplicity neglected. The nB-B interac-  act is realized fop’ <pyesandp’>pgyes, respectively. For
tion, egg=0, is considered to be repulsive and strong so tha#A desorption, a new random numhe&t is generated and the
there are no nrB-B pairs. The latter is often the case for attempt is accepted ifp"<Wyes, wWhere Wy.s—=exp
oxygen adsorption on close-packed faces of Pt at UHV conf—e,,=in/T)<1 is the normalized desorption probability
ditions. (X; means summation over nn pairs amd=1 or O corre-

(iv) The energy ofA particles on the peripheral facets is sponds to the metastable and stable states dfirstoms,
for simplicity set to zerdas in the case of the unrestructured respectively. For A reaction, one of the nn sites is chosen at
central facet The relative energy oB particles on the pe- random, and the trial is fulfilled if the latter site is occupied
ripheral facets is irrelevant for the analysis, becaBiskffu- by B.
sion is neglected. (3) For surface restructuring, M atom chosen at random

To simulate the reaction kinetics, we use the following setries to change its state according to the standard Metropolis
of parameterswith kg=1): AE/T=2, eyy/T=0.5, and  (MP) rule [W=1 for AE<0, andW=exp(~A&/T) for AE
eam/T=e€gy/T=2 (such values are typical for surface re- =0, whereA& is the energy difference of the final and initial
structuring. In addition, we introduce the dimensionless pa-states.
rameters,pres and Prea (Prest Prea<1), Characterizing the (4) For A diffusion, an adsorption site is chosen at ran-
relative rates of surface restructuring, adsorption-reactiogom. If the site is vacant or occupied B the trial ends.
steps, and diffusion oA particles. The rates of these pro- Otherwise, arA particle located in this site tries to diffuse. In
cesses are considered to be proportiongb{Q, prea, @nd  particular, an adjacent site is randomly selected, and if the
1—Ppres— Prea, respectively. In real systems, surface restruciatter site is vacant, tha particle jumps to it with the prob-
turing is usually slow compared to the adsorption-reactiorbility also prescribed by the MP rule.
steps(i.e., Pres<Prea), Which are in turn slow compared o The MP dynamics is chosen for ste(@ and(4) because
diffusion (i.e., prest Prea<<1). In our simulations, we em- this is the simplest dynamics compatible with the detailed
ploy pres/(Prest Prea) = 0.1 (this means that the reaction is balance principle. If necessary, one can easily implement
about ten times faster compared to restructyritg addi-  other dynamics for these steps. At present however there are
tion, we use the numbemgii=(1—Pres— Prea)/(Pres  NO strong arguments in favor of other rules.
+prea) Characterizing the ratio of the rates Afdiffusion After the specification above, we have only one governing
and the other processes. The results are presentelfpr parameter,p,, by which the relative impingement rates
=10. (gas-phase mixtujecan be varied. For the separate central
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FIG. 2. Typical snapshot of the central facet during the MC run
shown in Fig. 1. Pluses correspond Nbatoms in the metastable
0.00 L L L . states M atoms in the stable state are not showiilled and open
95000 96000 97000 98000 99000 100000 . . . .
TIME (MCS) : circles exhibitA andB particles adsorbed at hollow sites.

FIG. 1. A and B coverages, fraction oM atoms in the meta- as on the perfect central facet a(i B, adsorption on the
stable statex, and reaction ratén AB molec. Sitél MCSfl) as a periphera] facets is neg"gibl@ue to the low Sticking prob_
function of time for reaction on the separate central facet Wigh  apility). In this case, the main role of the peripheral facets is
=0.013. Time is measured in MC stefsne MCS is defined as {4 provide additional supply o4 particles to the central face
50x50 attempts of the adsorption-reaction-surface-restructuringjy adsorption and surface diffusion. This supply shifts the
events. oscillation window to lowerp, values(Figs. 3 and #and

50X 50 facet, the well-developed oscillatory kinetics WerereSUItS Ina strongly nonuniform phase distribution on the

found at 0.0 p,=<0.014(Figs. 1 and 2 The amplitude of
oscillations is largee.g., =0.3 ML for A coverageé The
large-scale changes in adsorbate coverages are accompani 06
by small-scale fluctuations with the amplitude comparable
with that predicted by the Poissonian distributi@ecording

to this distribution, the amplitude of fluctuations Afcover-
age is, e.g., expected to be about 0.01)MLhe fluctuations

in the reaction rate are largéibecause the rate depends on
the distribution of both reactant§With increasing the facet
size(e.g., up to 500 the oscillations become more regular as
expected for a single-crystal surface. With decreasing the o,
facet size(e.g., down to 2§ the oscillations become more
chaotic]

With the results(Figs. 1 and 2 for the isolated central 001 | 1
facet, it is now interesting to see how “communicatio(@y
diffusion of A) with the peripheral1121) facets will affect
the reaction kinetics. In our model, adsorbate-induced sur
face restructuring occurs only on the centte00) facet. The
peripheral(111) facets are stable. The reaction kinetics on
the latter facets is assumed to be conventidnal oscilla-
tions). Physically, it is clear that in this case the interplay of
the reaction kinetics on different facets may weaken or eve l
suppress oscillations on the central facet. Our simulations
show, however, that the amplitude of oscillations may stillbe . . . .
large and in addition may exhibit qualitatively new features. 95000 96000 e (Mggc)m 89000 100000

For example, let us consider one of the conceptually sim-
plest cases whefi) A adsorption, desorption, and diffusion  FIG. 3. Chaotic reaction kinetics for the nm particle with com-
are realized on the peripheral facets with the same MC rulesunicating facets ap,=0.005.
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FIG. 4. Typical snapshot of the central and peripheral facet§aiter conclusion. see RefL7(b)]
during the MC run shown in Fig. 3. The designations are as in ’

Fig. 2.
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sensitive with respect to small fluctuations in adsorbate cov-
erages The important point is that different regions are
strongly interconnected via adsorbate diffusion. These spe-
cial features taken as a whole result in chaos in oscillations
(Fig. 3. Such chaos, connected with the interplay of the
reaction kinetics on adjace(it00) and(111) facets, seems to
be inherent for reactions on nm particles and can hardly be
observed in reactions on single-crystal surfafiste that in
studies of CO oxidation on singly-crystal surfaces of Pt the
kinetic chaos was observg8] only on the(110 face. The
nm particles, however, usually do not cont&irl0) facets]
Finally, it is appropriate to note that in realifydiffusion
is much faster than in our simulations. Our results are nev-
ertheless relevant because in our caseAtl#ffusion length
during the characteristic time of oscillations is much larger
than the size of the patterns. This means that the observed
pattern formation is primarily connected with surface re-
structuring @ molecules are located mainly inside the meta-
stable patches due to the higher adsorption energy )there
Thus, further increase of th& diffusion rate is not expected
to change the resulf$or related simulations confirming the
In summary, we have presented MC simulations explicitly
illustrating that catalytic reactions occurring on a single nm
particle may exhibit oscillatory regimes. Oscillations may be

central facet(the facet is restructured primarily near the more or less regular or chaotic. On the macroscopic scale,
boundaries In this case, the conditions for oscillations on observation of such oscillations may be hampered if syn-
different regions of the central facet are quite different. Inchronization of oscillations on different particles is not effec-
other words, the system possesses a wide distribution of théve. All these findings extend the conceptual basis of hetero-
oscillation frequencie§n addition, the kinetics become very geneous catalysis.
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