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Oscillations and chaos in catalytic reactions on the nm scale
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We present Monte Carlo kinetics of the 2A1B2→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 number~s!: 82.65.Jv, 05.45.2a, 68.35.Rh
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Simulations of surface reactions are usually performed
suming the adsorbed overlayer to be infinite@1#. Meanwhile,
practically important catalytic reactions often occur@2# on
very small (;10 nm! supported crystalline metal particle
~for a review of modern nanofabrication technologies, s
Ref. @3#!. The understanding of the reaction kinetics on su
catalysts is far from complete despite long standing inter
To clarify some basic principles in this field, we have r
cently treated the effect on the nm-scale reaction kinetic
such factor as reactant supply via the support@4#, interplay of
reaction kinetics on different facets@5#, and adsorbate
induced reshaping of catalyst particles@6#. In all cases, we
found unique features of the nm-scale kinetics, deviat
from those on extended surfaces. Simulations relating
selectivity of catalytic reactions to the geometry of suppor
catalyst particles have been published by McLeod and G
den @7#.

In this Rapid Communication, we explore a more intrig
ing phenomenon, namely, oscillatory and chaotic kinetics
sulting from adsorbate-induced surface restructuring~AISR!
of one of the facets of a nm particle. The fact that AISR m
cause kinetic oscillations is well known from the singl
crystal studies@8#. Experimental or theoretical data clarify
ing the details of oscillatory and chaotic kinetics on nm p
ticles are, however, lacking. Among a few relevant stud
we may mention observations@9# of kinetic oscillations in
the H2-O2 and CO-O2 reactions occurring on a Pt tip of
field ion microscope. These reports indicate that the osc
tions are accompanied by phase separation on the nm s
which is presumably connected with AISR. In addition, the
are simulations of thermal coupling of local oscillato
@10,11#. The mechanism~thermal effects@10# and oxide for-
mation@11#! and details of the mean-field~MF! treatments of
oscillations on catalyst particles are in the latter simulatio
completely similar to those on the infinite surface~i.e., the
specifics of oscillations on the nm scale is in fact not a
lyzed!.

As an example, we consider the generic catalyticA1B2
reaction occurring via the Langmuir-Hinshelwood~LH!
mechanism: Agas
Aads, (B2)gas→2Bads, Aads1Bads
→(AB)gas. This reaction mimics the essential behavior
e.g., CO or hydrogen oxidation on noble metals (A stands for
CO or hydrogen, andB2 for O2). During the past decade, it
kinetics for the infinite surface have been studied in de
PRE 611063-651X/2000/61~3!/2184~4!/$15.00
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~see the seminal paper by Ziffet al. @12# and the reviews
@13#!. We analyze one of the most interesting situations~for
justification, see Ref.@5#! when the LH step is fast compare
to A and B2 adsorption,B particles are immobile, andA
diffusion is rapid compared to the LH step.

The catalyst particle shape is assumed to be a trunc
pyramid, with top and bottom~100! faces and~111! side
faces, with the largest~100! facet attached to the substrat
The reaction is considered to be accompanied by restruc
ing of the ~001! facet in analogy with CO oxidation on th
single-crystal Pt~100! surface@8#. In the latter case, the (1
31) arrangement of metal atoms on the clean surface
metastable compared to a close packed quasihexag
~‘‘hex’’ ! arrangement. CO adsorption may, however, sta
lize the (131) phase. The latter provides a feedback nec
sary for oscillations, because the rate of oxygen adsorp
on the (131) patches is much higher than on the ‘‘hex
patches. The MF and MC simulations of such oscillatio
~on the infinite surface! are numerous~see the reviews@8#
and recent MC simulations@14#!. The models proposed can
however, hardly be used for describing spatiotemporal p
terns on the nm scale. The reason is that the MF treatm
do not describe explicitly the reactant distribution. In M
simulation, there is no problem to calculate the distributio
but in the available MC models, the purely mathemati
rules employed to realize the steps related to AISR are
from those prescribed by statistical mechanics. For exam
surface diffusion of CO molecules is neglected or conside
to be independent of the state of metal atoms. With s
prescriptions, well-developed surface phases with atomic
sharp phase boundaries are lacking. In contrast, the ex
ment indicates@15# that the CO-induced (131) islands are
easily formed on Pt~100! even at very low coverages~0.01–
0.05 ML!. Atomically sharp phase boundaries have also b
observed in the field-ion-microscope measurements@9#. To
overcome the limitations of earlier simulations, we tre
AISR in terms of the theory of first-order phase transitio
by employing a well-defined lattice-gas model@16#, which
was recently used@17# to analyze kinetic oscillations in the
NO-H2, CO1O2, and CO-NO reactions on Pt~100!. For our
present goals, the main ingredients of the model are form
lated as follows:

~i! The pyramidal crystallite is replaced by a 1013101
square lattice of metal~M! atoms, where the central 51351
R2184 ©2000 The American Physical Society
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array of sites mimics the top~001! facet, and the periphery
represents the side~111! facets.@In reality, the surface den
sities and symmetry of arrangements ofM atoms on the
~111! facets and in two phases on the~100! facet are differ-
ent, but this effect is of minor importance in the prese
context.#

~ii ! On the central facet, everyM atom may be in the
stable or metastable state~the terms ‘‘stable’’ and ‘‘meta-
stable’’ refer to the states which are stable and metastabl
the clean surface!. The energy difference of these states
DE. The nearest-neighbor~nn! M-M interaction is attractive,
2eMM (eMM.0), if the atoms are in the same states, a
repulsive,eMM , if the states are different~really, the total nn
M-M interactions are of course attractive; the interactio
2eMM and 1eMM introduced describe the deviation fro
the average value!. The next-nearest-neighbor~nnn! interac-
tions are ignored. With this choice of theM-M interactions,
the model describes the tendency of substrate atoms t
either all in the stable or all in the metastable state.

~iii ! Adsorbed particles are assumed to occupy holl
sites forming a 1003100 lattice~this assumption is not es
sential, because in the case of adsorption on top sites
model will in fact be the same!. On sites belonging to the
central facet~these sites form a 50350 lattice!, the adsorp-
tion energy of a given particle increases linearly with t
number of nn substrate atoms in the metastable state~this is
a driving force for the phase separation!. In particular, the
increase of the adsorption energy of anA or B particle after
the transition of one nn substrate atom from the stable to
metastable state iseAM or eBM (eAM.0 andeBM.0), re-
spectively.

~iii ! The direct nnA-A and A-B lateral interactions,eAA
and eBB , are for simplicity neglected. The nnB-B interac-
tion, eBB>0, is considered to be repulsive and strong so t
there are no nnB-B pairs. The latter is often the case fo
oxygen adsorption on close-packed faces of Pt at UHV c
ditions.

~iv! The energy ofA particles on the peripheral facets
for simplicity set to zero~as in the case of the unrestructur
central facet!. The relative energy ofB particles on the pe-
ripheral facets is irrelevant for the analysis, becauseB diffu-
sion is neglected.

To simulate the reaction kinetics, we use the following
of parameters~with kB51): DE/T52, eMM /T50.5, and
eAM /T5eBM /T52 ~such values are typical for surface r
structuring!. In addition, we introduce the dimensionless p
rameters,pres and prea (pres1prea<1), characterizing the
relative rates of surface restructuring, adsorption-reac
steps, and diffusion ofA particles. The rates of these pro
cesses are considered to be proportional topres , prea , and
12pres2prea , respectively. In real systems, surface restr
turing is usually slow compared to the adsorption-react
steps~i.e., pres!prea), which are in turn slow compared toA
diffusion ~i.e., pres1prea!1). In our simulations, we em
ploy pres /(pres1prea)50.1 ~this means that the reaction
about ten times faster compared to restructuring!. In addi-
tion, we use the numberNdi f[(12pres2prea)/(pres
1prea) characterizing the ratio of the rates ofA diffusion
and the other processes. The results are presented forNdi f
510.
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In our model, the catalytic cycle includesA and B2 ad-
sorption,A desorption, and the LH step resulting inAB for-
mation. To simulate these steps, we introduce the dimens
less parameterspA andpB2

for A andB2 adsorption andpdes

for A desorption. The rates of these processes are assum
be proportional topA , pB2

, andpdes, respectively. The re-
action rate between nnA andB particles is considered to b
proportional to 12pdes. For CO oxidation on Pt and in
many other reactions, the LH step is much faster than
other steps~except A diffusion!, i.e., we should havepA
1pB2

1pdes!1. In our work, we employpA1pB2
5pdes

50.05.
The MC algorithm for simulating the reaction kinetics o

the central facet is as follows:
~1! A random numberr (r<1) is generated. Ifr

,prea , an adsorption-reaction trial is realized@item ~2!#. For
prea,r,prea1pres , an attempt of surface restructuring
executed@item ~3!#. If r.prea1pres , anA-diffusion trial is
performed@item ~4!#.

~2! An adsorption-reaction attempt contains several ste
~i! An adsorption site is chosen at random.~ii ! A new ran-
dom numberr8 is generated.~iii ! If the site selected is va
cant, A or B2 adsorption acts are realized provided thatr8
,pA andpA,r8,pA1pB2

, respectively. ForB2 adsorption,
one of the nnn sites is chosen at random, and the tria
accepted provided that these sites have no nn sites occu
by B particles and at least one of the nn M atoms is in
metastable state. The latter means thatB2 dissociation on
perfect stable patches is ignored@because the O2 sticking
coefficient on the ‘‘hex’’ Pt surface is several orders of ma
nitude lower compared to that on the (131) surface#. ~iv! If
the site selected is occupied byA, A desorption or reaction
act is realized forr8,pdes andr8.pdes, respectively. For
A desorption, a new random numberr9 is generated and the
attempt is accepted ifr9,Wdes, where Wdes5exp
(2eAM(ini

M/T)<1 is the normalized desorption probabilit
(( i means summation over nn pairs andni

M51 or 0 corre-
sponds to the metastable and stable states of nnM atoms,
respectively!. For A reaction, one of the nn sites is chosen
random, and the trial is fulfilled if the latter site is occupie
by B.

~3! For surface restructuring, aM atom chosen at random
tries to change its state according to the standard Metrop
~MP! rule @W51 for DE<0, andW5exp(2DE/T) for DE
>0, whereDE is the energy difference of the final and initia
states#.

~4! For A diffusion, an adsorption site is chosen at ra
dom. If the site is vacant or occupied byB, the trial ends.
Otherwise, anA particle located in this site tries to diffuse. I
particular, an adjacent site is randomly selected, and if
latter site is vacant, theA particle jumps to it with the prob-
ability also prescribed by the MP rule.

The MP dynamics is chosen for steps~3! and~4! because
this is the simplest dynamics compatible with the detai
balance principle. If necessary, one can easily implem
other dynamics for these steps. At present however there
no strong arguments in favor of other rules.

After the specification above, we have only one govern
parameter,pA , by which the relative impingement rate
~gas-phase mixture! can be varied. For the separate cent
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50350 facet, the well-developed oscillatory kinetics we
found at 0.01<pA<0.014~Figs. 1 and 2!. The amplitude of
oscillations is large~e.g., .0.3 ML for A coverage!. The
large-scale changes in adsorbate coverages are accomp
by small-scale fluctuations with the amplitude compara
with that predicted by the Poissonian distribution~according
to this distribution, the amplitude of fluctuations ofA cover-
age is, e.g., expected to be about 0.01 ML!. The fluctuations
in the reaction rate are larger~because the rate depends
the distribution of both reactants!. @With increasing the face
size~e.g., up to 500!, the oscillations become more regular
expected for a single-crystal surface. With decreasing
facet size~e.g., down to 20!, the oscillations become mor
chaotic.#

With the results~Figs. 1 and 2! for the isolated centra
facet, it is now interesting to see how ‘‘communication’’~by
diffusion of A) with the peripheral~111! facets will affect
the reaction kinetics. In our model, adsorbate-induced
face restructuring occurs only on the central~100! facet. The
peripheral~111! facets are stable. The reaction kinetics
the latter facets is assumed to be conventional~no oscilla-
tions!. Physically, it is clear that in this case the interplay
the reaction kinetics on different facets may weaken or e
suppress oscillations on the central facet. Our simulati
show, however, that the amplitude of oscillations may still
large and in addition may exhibit qualitatively new feature

For example, let us consider one of the conceptually s
plest cases when~i! A adsorption, desorption, and diffusio
are realized on the peripheral facets with the same MC r

FIG. 1. A and B coverages, fraction ofM atoms in the meta-
stable state,k, and reaction rate~in AB molec. site21 MCS21) as a
function of time for reaction on the separate central facet withpA

50.013. Time is measured in MC steps~one MCS is defined as
50350 attempts of the adsorption-reaction-surface-restructu
events!.
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as on the perfect central facet and~ii ! B2 adsorption on the
peripheral facets is negligible~due to the low sticking prob-
ability!. In this case, the main role of the peripheral facets
to provide additional supply ofA particles to the central face
via adsorption and surface diffusion. This supply shifts t
oscillation window to lowerpA values~Figs. 3 and 4! and
results in a strongly nonuniform phase distribution on t

g

FIG. 2. Typical snapshot of the central facet during the MC r
shown in Fig. 1. Pluses correspond toM atoms in the metastable
states (M atoms in the stable state are not shown!. Filled and open
circles exhibitA andB particles adsorbed at hollow sites.

FIG. 3. Chaotic reaction kinetics for the nm particle with com
municating facets atpA50.005.
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central facet~the facet is restructured primarily near th
boundaries!. In this case, the conditions for oscillations o
different regions of the central facet are quite different.
other words, the system possesses a wide distribution o
oscillation frequencies~in addition, the kinetics become ver

FIG. 4. Typical snapshot of the central and peripheral fac
during the MC run shown in Fig. 3. The designations are as
Fig. 2.
he

sensitive with respect to small fluctuations in adsorbate c
erages!. The important point is that different regions a
strongly interconnected via adsorbate diffusion. These s
cial features taken as a whole result in chaos in oscillati
~Fig. 3!. Such chaos, connected with the interplay of t
reaction kinetics on adjacent~100! and~111! facets, seems to
be inherent for reactions on nm particles and can hardly
observed in reactions on single-crystal surfaces.@Note that in
studies of CO oxidation on singly-crystal surfaces of Pt
kinetic chaos was observed@8# only on the~110! face. The
nm particles, however, usually do not contain~110! facets.#

Finally, it is appropriate to note that in realityA diffusion
is much faster than in our simulations. Our results are n
ertheless relevant because in our case theA diffusion length
during the characteristic time of oscillations is much larg
than the size of the patterns. This means that the obse
pattern formation is primarily connected with surface r
structuring (A molecules are located mainly inside the me
stable patches due to the higher adsorption energy the!.
Thus, further increase of theA diffusion rate is not expected
to change the results@for related simulations confirming th
latter conclusion, see Ref.@17~b!#.

In summary, we have presented MC simulations explic
illustrating that catalytic reactions occurring on a single n
particle may exhibit oscillatory regimes. Oscillations may
more or less regular or chaotic. On the macroscopic sc
observation of such oscillations may be hampered if s
chronization of oscillations on different particles is not effe
tive. All these findings extend the conceptual basis of hete
geneous catalysis.
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