
Catalysis Today 53 (1999) 273–288

Simulations of the kinetics of rapid reactions on supported
catalyst particles

H. Perssona,∗, P. Thormählena, V.P. Zhdanova,b, B. Kasemoa
a Competence Centre for Catalysis and Department of Applied Physics, Chalmers University of Technology, SE-412 96, Göteborg, Sweden

b Boreskov Institute of Catalysis, Russian Academy of Sciences, Novosibirsk 630090, Russia

Abstract

Recent simulations of the kinetics of heterogeneous reactions occurring on supported catalyst particles are briefly reviewed.
The attention is focused on such effects inherent for nanometer chemistry as reactant supply via the support, interplay of the
reaction kinetics on different facets, and adsorbate-induced reshaping of catalyst particles. In addition, original Monte-Carlo
simulations are presented illustrating the contribution of the facet edges to the reaction rate. ©1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Supported catalysts consist of small, typically
1–100 nm, particles of the active catalytic material,
dispersed on and supported by a less active or totally
inactive support [1]. The latter has a high porosity
and thereby a large surface area (1–100 m2/g or even
larger). A typical example is the noble metal (Pt, Rh,
and Pd) catalyst particles supported on alumina in
three way catalytic converters of car exhaust gas [2].
A primary reason for this design of the catalyst is to
achieve a high utilization of the catalytic material,
through a high fraction of surface atoms. There are,
however, other more subtle reasons, such as depen-
dence of activity and selectivity, and maybe resistance
to poisoning, on particle size.
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A practical working catalyst commonly has a distri-
bution of particle sizes and shapes, with domination of
the (111) and (100) facets. From basic research on sin-
gle crystals of catalytic materials, it is today well es-
tablished that the rate of a catalytic reaction may vary
considerably from one crystal face to another [3] and
that defect sites such as steps, kinks, surface vacan-
cies, adatoms etc., may have different catalytic activi-
ties than the perfect terrace sites [4]. In addition, there
are (for supported catalysts) additional types of sites at
the particle-support boundary. It is therefore not sur-
prising that a wide variety of behaviour of catalytic
activity versus particle size has been observed [5],
sometimes differing considerably from single crystals.
The collective set of such differences and the chal-
lenge to understand and explain them is referred to as
the ‘structure gap’ in catalysis (sometimes also called
the ‘materials gap’). Another way of expressing the
structure gap is: to what extent are the single crys-
tal data for catalytic kinetics representative of the cat-
alytic kinetics measured for supported catalysts. (An
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Fig. 1. Electronic and kinetic effects as an ingredient of the
structure gap in heterogeneous catalysis.

additional complicating factor, not addressed here, is
the so called ‘pressure gap’, expressing that practical
conditions involve pressures of 1 atm or higher, while
many of the most detailed studies have been performed
at vacuum conditions, typically at 10−9–10−4 Torr).

The question we are addressing in this paper is the
structure gap (Fig. 1) or, more correctly, one particular
aspect of the structure gap, since the latter has several
components of quite different origins. At the smallest
length scales of the order of 1 nm, metal particles have
2D or 3D sizes comparable to the electronic screen-
ing length in metals, and the electron structure is then
significantly different from that of bulk metals. Conse-
quently their catalytic activities are also different. At
somewhat larger sizes, 3–4 nm, the electronic proper-
ties of the particles are already very close to that of
the bulk metal, except at the atoms contacting or very
near the support where so called (strong) metal sup-
port interaction (SMSI) [6] may modify the catalytic

properties. The latter may be significantly perturbed,
electronically, and thereby also have different catalytic
activities. Since the particles are small, these sites may
be important or even dominant for the overall catalytic
kinetics. At even larger sizes, above about 10 nm, the
particles are electronically essentially identical to bulk
metals but may still exhibit remarkably different ki-
netics, compared to single crystals as shown below.

The topic of this article is to demonstrate these
differences by simulations of the catalytic kinetics
on particles large enough to have attained bulk elec-
tronic properties and ignoring SMSI effects. The
basic underlying mechanisms for the phenomena –
we describe and which do not occur on single crys-
tals – are: (i) the different catalytic activities on
different facets of a small supported crystalline parti-
cle become coupled in a strongly non-linear fashion
due to diffusion occurring over facet boundaries, (ii)
equilibrium-shape changes of small particles, caused
by adsorbates, induce changes in catalytic behaviour,
(iii) different kinetic rate constants at the facet bound-
aries of a supported particle compared to those for
the perfect facets give rise to new kinetics, and (iv)
spillover by diffusion of reactants, between the par-
ticle and its support, also create new kinetics. The
subjects (i), (ii) and (iv), treated in our recent publi-
cations [7–10], are briefly discussed in Section 2 (a
comprehensive review is submitted elsewhere [11]).
Section 3 contains original results illustrating the ef-
fect of edges on the reaction kinetics on nm particles.
As a generic example, we analyze in both sections a
rapid bistable reaction with participation of simple
molecules. (Simulations of catalytic reactions in-
volving more complex molecules (long hydrocarbon
chains) have recently been executed by McLeod and
Gladden [12,13]. The latter works were focused on
relating the reaction selectivity to the geometry of
supported catalyst particles.)

The practical implications of the obtained results
and the experimental possibilities to study the pre-
dicted effects are addressed in Section 4. It should
be noted already here, however, that there has re-
cently been a rapid development of techniques aimed
at preparation of well controlled arrays of supported
particles on planar surfaces, that mimic supported
catalysts. For very small particles, these methods are,
e.g., carefully controlled evaporation and annealing
of condensed particles, or deposition of clusters by
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cluster beams. The deposits are characterized by scan-
ning probe techniques or electron microscopy. Such
model systems were recently reviewed comprehen-
sively by Henry [14]. For somewhat larger particles,
electron beam lithography can be employed (so far
for particles≥10 nm) [6,15], to make nearly perfect
arrays of supported particles. These experimental
preparation techniques have demonstrated that it is
possible to prepare particle arrays of fairly uniform
size and shape distributions, which can be varied sys-
tematically. This motivates parallel simulations of the
kinetics of such particles. We expect that the inter-
play between catalytic measurements on such particle
arrays and corresponding simulations will rapidly im-
prove our understanding of the catalytic kinetics on
supported particles, and ultimately help to improve the
design and function of practical supported catalysts.

2. Overview of earlier simulations

2.1. Model reaction

As an example, we treated in our studies [7–10] one
of the generic catalytic reactions,

2A + B2 → 2AB, (1)

occurring via the Langmuir–Hinshelwood (LH) mech-
anism,

Agas
 Aads, (2)

(B2)gas→ 2Bads, (3)

Aads+ Bads→ (AB)gas. (4)

This reaction mimics, e.g., CO or hydrogen oxida-
tion on noble metals (A stands for CO or hydrogen,
andB2 for O2). During the past decade, its kinetics
for the infinite surface have been studied in detail in
the framework of the mean-field (MF) approximation
(where surface diffusion of both reactants is implicitly
assumed to be rapid compared to the LH step) and also
by using Monte-Carlo (MC) simulations in the case
of limited mobility of the reactants (see the reviews
[16,17]). In our studies, we have used the MF kinetic
equations (see e.g. Section 2.2) were appropriate, but
the bulk of our results where obtained by employing

the MC technique (this technique is necessary for a
detailed analysis of rapid reactions at the nm scale).

MC simulations are far from straightforward if one
wants to understand situations corresponding to real
reactions, because in this case the ratio of the rate
constants of different steps varies over many orders of
magnitude. We paid special attention to this aspect of
the reaction kinetics. In particular, we have focused on
one of the most interesting situations (for justification,
see [7]) namely when the LH step is fast compared
to A and B2 adsorption,B particles are (relatively)
immobile, andA diffusion is rapid compared to the
LH step. Although our main interest and dominating
focus in this article are effects resulting from reactant
diffusion between different facets of a single catalyst
particle, we begin with the case of spillover between
the support and a particle on the support.

2.2. Reactant supply via the support

A factor of both fundamental and practical impor-
tance in catalysis, which might change the reaction
kinetics on supported systems, is the possibility of ad-
sorption of reactants on the support followed by dif-
fusion to the catalyst particle and vice versa. In the
case of CO oxidation, there are experimental reports
that the CO supply via the support is important for
model nanometer catalysts obtained by evaporating Pd
onto mica [18], Al2O3 [19], SiO2 [20] and MgO(100)
[21] (see also the reviews [14,22] and recent simu-
lations [13]). In our study [7], this effect was ana-
lyzed by treating self-consistentlyA (CO) adsorption
and diffusion on the support and the reaction steps on
the catalyst particles. The model used includes cata-
lyst particles regularly distributed on the support. The
shape of each identical catalyst particle is of minor
importance if we are interested in exploring the role of
the support-mediated reactant supply. For this reason,
the catalyst particle shape was for simplicity taken to
be circular (Fig. 2(a)). The reaction kinetics were in
this case calculated by employing the MF approxima-
tion (MC simulations of the reaction with reactant dif-
fusion on the support are in principle possible but not
necessary).

Typical results obtained in the limit when theA
diffusion zones around different catalytic particles are
not overlapping (i.e. the particles are sufficiently far
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Fig. 2. (a) Reaction rate and (b) reactant coverages for the rapid
2A+B2 → 2AB reaction under steady-state conditions. The solid
and dashed lines show respectively the kinetics with and without
A supply via the support. The results have been obtained for
PA + PB2 = 0.01 bar andT = 450 K with the kinetics parameters
typical for CO oxidation on Pt or Rh (for the details of calculations,
see [7]). The insert on panel (a) exhibits the model used in
calculations.

apart) are shown in Fig. 2 together with the results
corresponding to the case when there is noA supply
via the support. Specifically, Fig. 2 exhibits the reac-
tion rate and adsorbate coverages as a function of the
reactant pressure ratio,PA/(PA + PB2). Due to theA
supply from the support, the position of the maximum
reaction rate is found to be shifted to a lower value
of the reactant pressure ratio. In addition, the depen-
dence of the reaction rate on the reactant pressure (for
the regime wherePA is small and the surface is pre-
dominantly covered byB) is changed considerably (it

becomes almost linear) compared to the case with-
out A diffusion from the support. AsPA/(PA + PB2)

increases from 0 to 1, the system exhibits a transi-
tion from a regime where the reaction rate is almost
completely controlled byA supply from the support
to a regime where diffusion from the support is neg-
ligible. Note also that with the action of the support
to trap reactant particles, a much higher (in our case
by a factor of two) maximum rate becomes possible,
compared to the case with an inert support. In addi-
tion, the poisoned, low reactive state can be moved to
new gas mixing regimes. Experimentally, this type of
behaviour can easily be tested by measuring the re-
action rate versus gas mixture composition, since the
maximum should move in characteristic manner with
varying temperature, due to theT -dependence of the
effective spillover radius.

2.3. Interplay of kinetics on different facets

During catalytic reactions on nm crystallites, adja-
cent crystal facets can communicate with each other
by reactant diffusion. This effect was simulated [8,9]
by assuming that the catalyst particle is shaped into a
truncated pyramid (see the inset in Fig. 5), with top
and bottom (100) faces and (111) side faces and with
the largest (100) facet attached to the substrate.
Adsorption ofA molecules (step (2)) was considered
to occur irreversibly (no desorption) with unit sticking
coefficient on all the facets. TheB2 sticking coeffi-
cients for the (100) and (111) facets were assumed to
be 1 and 0.1, respectively. Diffusion ofA molecules
on and between facets was considered to be rapid.
The reaction kinetics were classified by using the
governing parameter,p, defined as the ratio of theA
impingement rate to the total impingement rate, i.e.
p = FA/(FA + FB2).

With increasingp, the model predicts continuous
and first-order kinetic phase transitions. The zero-rate
regimes atp < p1 and p > p2 (p1 and p2 are the
critical points) correspond to the surface completely
covered byB andA, respectively (complete poisoning
is connected with irreversible reactant adsorption and
(atp1) with immobility of B particles). The position of
the reaction window where the rate is nonzero depends
on the ratio of theA and B2 sticking coefficients.
For the infinite (111) and (100) surfaces, the reaction
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Fig. 3. Reaction rate (A molec. per adsorption attempt) andB
coverage for the rapid 2A+B2 → 2AB reaction with irreversible
A and B2 adsorption, rapidly-diffusingA particles and immobile
B particles. The catalyst surface is infinite. (a) Results for the case
when theA andB2 sticking coefficients are equal,sA = sB2 = 1.
(b) As (a) but forsA = 1 andsB2 = 0.1. (From [8].)

windows are located (Fig. 3) at relatively low and high
values ofp, respectively (actually, the kinetics shown
in Fig. 3(b) can be converted to that exhibited in Fig.
3(a) by usingFA/(FA +sB2FB2) instead ofFA/(FA +
FB2) and properly renormalizing the reaction rate).

If the total reaction rate for a finite catalyst par-
ticle were given simply by a superposition of the
rates corresponding to two infinite faces, we obtain

Fig. 4. Rate of the reaction occurring on the nm pyramidal particle
with the base size is about 20 nm. The results are obtained by
using superposition of the reaction rates shown in Fig. 3(a,b).
(From [8].)

the kinetics shown in Fig. 4. However, if there is
diffusion-mediated coupling of the reactions on the
different facets, we find (Fig. 5) distinctly new ki-
netics, compared to those for the infinite surfaces,
and completely different compared to that predicted
by employing the conventional superposition pre-
scription. Specifically, a single new reaction window
appears, very different from those on either facet.
This can be understood as follows. Compared to the
isolated central and peripheral facets, the communi-
cating facets provide new source/drain channels for

Fig. 5. Reaction rate (A molec. per adsorption attempt) andB
coverages for the reaction occurring on the nm pyramidal particle
(as shown in the insert) with the basis size of about 20 nm. The
thick solid line (on panel (b)) shows the average coverage, the
thin solid line corresponds to the coverage of the central facet of
the nanoparticle, and the dashed line exhibits the coverage of sites
on the peripheral facets. (From [8].)
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A particles. The central facet, which in isolation can
resist the self-poisoning byA particles up to a high
value ofp, will in the communicating system receive
an additional supply ofA particles from the adjacent
peripheral area, which is less resistant toA poison-
ing since theB2 sticking coefficient is much smaller
there. This latter net flow ofA particles from the
peripheral to the central area facilitatesA poisoning
of the central facet at high values ofp and simulta-
neously preventsA poisoning from occurring on the
peripheral area at relatively low values ofp.

The results shown in Figs. 3–5 were obtained [8] in
the limit whenA diffusion is much faster compared
to the LH step. In a later extension of this work [9],
the rate ofA diffusion was varied systematically from
low to high values.

2.4. Adsorbate-induced reshaping of crystallites

Crystallite shape transformations, due to adsorbed
reactants, may affect the steady-state kinetics of cat-
alytic reactions. In particular, adsorbates can change
the surface energy situation of a crystallite participat-
ing in a catalytic reaction, so that it transforms into a
new shape with new kinetic conditions. To study such
transformations, we combined MC simulations of the
A+B2 reaction kinetics with the use of the Wulff rule
to find the optimum crystallite shape [10]. In the ab-
sence of adsorbates, the equilibrium particle shape was
assumed to be a truncated pyramid with the (111) and
(100) facets. During reaction, the particle shape and
reaction kinetics were calculated self-consistently by
assuming a linear dependence of the surface tension of
the (100) facet onB coverage (shape transformations
were considered to occur instantaneously when they
were energetically favourable). If this dependence is
sufficiently strong, the pyramid-shaped catalyst parti-
cles become unstable with respect to reconfiguration
to the parallelepiped shape with (100) facets. Such re-
configuration results in shifting the reaction window
to higher values ofp (Fig. 6).

The effect described is of generic nature. At present,
there is no guarantee that it really takes place in CO
oxidation on Pt, Rh, or Pd crystallites (although the
experiment [23] indicates that oxygen adsorption on
Pd crystallites does stabilize the (100) facets). It might
however occur in other reactions. For example, the

Fig. 6. Reaction rate (A molec. per adsorption attempt) of the
A + B2 reaction on a supported catalyst as a function of the ratio
of the A impingement rate to the total impingement rate. The
B2 sticking coefficients for adsorption on the (111) and (001)
facets are 0.1 and 1, respectively. TheA sticking coefficient is
equal to unity for both facets. Panel (a) shows superposition of
the reaction rates on independent facets. Panel (b) demonstrates
the reaction kinetics for the crystallite with communicating facets
and fixed particle shape and facet areas (the relative surface areas
correspond to the clean pyramid crystallite). Panel (c) exhibits
the corresponding kinetics when a change in particle shape from
truncated pyramid to parallelepiped is allowed. Along the lineαβ,
the catalyst is shaped as a parallelepiped. The pointβ corresponds
to reconfigurating the catalyst shape from a parallelepiped to a
pyramid. (From [10].)

TEM study [24] shows that heating of the model sup-
ported Pt catalyst at 500◦C in a mixture of hydrogen
sulphide and hydrogen results in reshaping of the Pt
particles from rounded to approximately cubic shapes,
indicative of (100) faceting.

If the adsorbate-induced transition from one
shape to another is energetically impossible, the
adsorbate-induced changes in the relative areas of
different facet may still take place and influence the
reaction kinetics. An interesting example illustrating
this case has recently been given by Ovesen et al.
[25]. They have analyzed the kinetics of methanol
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Fig. 7. A andB coverages, fraction of surface sites in the restructured state,κ, and reaction rate (AB molec. site−1 MCS−1) as a function
of time for theA + B2 reaction on the separate central facet. (From [11].)

synthesis on nm Cu particles supported by ZnO. The
generalized surface tension for the substrate-particle
interface was assumed to be dependent on the reduc-
tion potential of the gas phase. The latter resulted in
the dependence of the areas of the (111), (100) and
(110) facets on the gas-phase concentrations (such
changes were observed by using EXAFS). The total
reaction rate, represented as a sum of the reaction
rates on different facets, was found to be strongly
affected by the changes in particle morphology.

2.5. Oscillations and chaos

Kinetic oscillations in reactions on single-crystal
surfaces are often connected with adsorbate-induced

surface restructuring [3,26]. We have recently demon-
strated [11] that on the mesoscopic scale such oscil-
lations may exhibit unique features due to diffusion
communication between facets. The model employed
was similar to that described in Section 2.3. The new
key factor was that the central (100) facet was allowed
to reconstruct duringA adsorption, as in the case of
CO adsorption on the Pt(100) single-crystal surface.
This phenomenon was treated as a first-order phase
transition by using a well-defined lattice-gas model
[27].

First, we calculated (Figs. 7 and 8) the reaction
kinetics for the separate central 50× 50 facet. In
this case, the amplitude of oscillations is high. The
large-scale changes in adsorbate coverages are accom-
panied by small-scale fluctuations with the amplitude
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Fig. 8. Typical snapshot of the central facet during the MC run shown in Fig. 7. Pluses correspond to surface sites in the restructured state
(the unrestructured sites are not shown). Filled and open circles exhibitA andB particles. (From [11].)

comparable with that predicted by the Poisson distri-
bution. The fluctuations in the reaction rate are larger,
because the rate depends on the distribution of both
reactants.

In the case of communicating facets, the main role
of the peripheral facets is to provide additional supply
of A particles to the central facet via adsorption and
surface diffusion. This supply results (Figs. 9 and 10)
in a strongly nonuniform phase distribution on the
central facet (the facet is restructured primarily near
the boundaries). As a consequence, the conditions for
oscillations on different regions of the central facet are
quite different. In other words, the system possesses
a wide distribution of oscillation frequencies (in ad-

dition the kinetics become very sensitive with respect
to small fluctuations in adsorbate coverages). The
important point is that different regions are strongly
interconnected via adsorbate diffusion. These special
features taken as a whole result in chaotic oscillations
(Fig. 9). Such chaos, connected with the interplay
of the reaction kinetics on adjacent (100) and (111)
facets, seems to be inherent for reactions on nm par-
ticles or on a tip of a field ion microscope [28] and
can hardly be observed in reactions on single-crystal
surfaces. An interesting question not addressed here
is when such oscillations and chaos are phase-coupled
or totally uncoupled, respectively, for particle
arrays.
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3. Role of edges

Our recent results reviewed above were obtained as-
suming that the reaction occurs primarily on the facets
of a catalyst particles. The properties of edge and facet
sites were considered to be similar. In reality, the edge
sites might be catalytically more (or less) active com-
pared to the facet sites. The difference between these
sites is expected to be qualitatively similar to the differ-
ence between the facet and step sites on single-crystal
surfaces. Bearing in mind this analogy, it is appropri-
ate to recall some key experimental findings [4] con-
cerning the role of steps in CO oxidation on Pt. First,
it is worth to note that oxygen and CO prefer to ad-
sorb on steps. The binding energy on steps is slightly
higher than on terraces both for oxygen and CO. The
O2 sticking coefficient is often reported to be higher
on steps than on terraces. In addition, oxygen on step
sites can be more reactive than on the terrace sites. On
the Pt(335) surface (this surface contains narrow (111)
terraces), for example, the CO2 TPR peaks have been
found [4] to occur atT ≈ 250 K. At similar condi-
tions on the Pt(111) face, CO2 is formed atT ≈ 325 K
[29]. Using the standard Redhead equations with the
‘normal’ pre-exponential factor (νLH ' 1012–1013 s−1

[30]), one can easily estimate from these data that the
activation energy for the LH step is, respectively, 16
and 21 kcal/mol in these cases. This means, e.g., that
atT = 400 K the reaction on step sites might be about
500 times faster than on terrace sites.

In this section, we present MC simulations illustrat-
ing the effect of edges on the kinetics of theA + B2
reaction (steps (2)–(4)) occurring on a nm catalyst par-
ticle. The results presented are new. For this reason,
we describe the model, algorithm of simulations and
obtained results in more detail than in Section 2.

3.1. Model

Our model system is a supported particle (Fig.
11(a)) with two types of surface facets, (111) and
(001). The bottom facet is assumed to be attached
to the support. The active surface of the particle is
modeled (Fig. 11(b)) as a two-dimensional 100× 100
lattice, where the central 50× 50 part mimics the
top (001) facet, and the periphery represents the four
(111) side facets. For simplicity, the arrangement of

Fig. 9. Chaotic reaction kinetics for the nm particle with commu-
nicating facets. (From [11].)

adsorption sites on both parts of the lattice is consid-
ered to have square symmetry (on the (111) facets, the
adsorption sites are of course not four-coordinated,
but the latter is usually of minor importance com-
pared to the facet-related difference in the kinetic
parameters of elementary reaction steps). Adsorption
sites at edges, between the (111) and (001) facets, are
assumed to be located symmetrically on both sides of
the border between the facets (one site on each side
along the border). Thus, the edges are mimicked by
two rows of sites located on the boundaries between
the central and peripheral parts of the lattice. The
properties of these edge sites are assumed to be differ-
ent compared to those of the terrace sites. Specifically,
we treat below three cases when (i) theB2 adsorption
occurs on edge sites with a higher sticking probability
than on the facets, (ii) the reactivity on the edge sites
is higher than on the facets (i.e. the activation energy
is lower), and (iii) theA binding energy on the edge
sites is higher than on the facets.

In addition to the edge sites between the (111) and
(100) facets, the truncated pyramid (Fig. 11(a)) has
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edge sites between the (111) facets. The properties of
these sites might also be different compared to those
of the (111) and (100) facets. In the present analysis,
the latter is ignored for simplicity and transparency.

3.2. Algorithm of simulations

In many real systems (e.g. in CO oxidation on Pt
[7]), A diffusion is much faster compared to the LH
step, which in turn is faster than (or comparable with)
B diffusion. This situation can be described by using
a specially designed MC algorithm [8], which is ex-
plicitly based on the high difference in the rates of ad-
sorption, reaction and diffusion. In the present study,
we use a more general MC algorithm allowing us to
include finite and widely different rates of different
reaction steps. The algorithm is also suited for includ-
ing special features of, e.g., the edge sites, affecting
the reaction kinetics.

As in Section 2, the main governing parameter is the
ratio of theA impingement rate to the total impinge-
ment rate,p = FA/(FA + FB2). With this choice, it
is convenient to normalize the rates of all the steps
to the total impingement rate. In this case, theA and
B2 adsorption rates are simplyp and (1 − p) times
the corresponding sticking coefficient. To transform
the rate ofn different processes into probabilities,
we generate the probability limits,Pi , through the
ratios

Pi =
∑i

j ′=1kj ′
∑n

j=1kj

wherekj denotes the rate constant of processj . If the
rate constants for a given process (e.g. forB2 adsorp-
tion) are different on different parts of the lattice, we
choose the maximum rate constant. Thus, we generate
a normalized probability room between zero and one,
where the length of the probability interval is propor-
tional to the magnitude of the different rates. For in-
stance, the probability length for process 1 isP1, the
probability length for process 2 is(P2 − P1), etc. To
simulate the time evolution in the system, we select a
site at random. Then, a random number between zero
and one is chosen. If the number is between zero and
P1, process 1 is tried. If the number is betweenP1 and
P2, process 2 is tried, etc. However, if the event ac-
tually occurs or not depends on the nature of the pro-

cess (adsorption, diffusion, or reaction) as described
below.
1. Adsorption ofA occurs irreversibly if the chosen

site is vacant. The sticking coefficient forA
adsorption is assumed to be unity for all the
sites.

2. For dissociative adsorption ofB2, we choose two
nearest-neighbour sites at random, which have to
be vacant in order to result in a possible adsorption
event. If the latter is the case, the different sticking
coefficients on different parts of the lattice have to
be taken into account (practically, this means that
the adsorption probability is given by the ratio of
the sticking coefficient for a given pair of sites
and the maximumB2 sticking coefficient).

3. For A diffusion, we select at random a nearest-
neighbour site which has to be vacant in order
to obtain a successful diffusion event. Then, the
process is realized with the probability,kA

dif /kmax
dif ,

where kA
dif is the jump rate constant for anA

particle located in a given site, andkmax
dif is the

maximum jump rate constant.
4. B diffusion is treated in analogy withA diffusion.
5. For theA + B → AB step, followed byAB de-

sorption, the chosen site should be occupied by
A or B. If this is the case, we choose randomly a
nearest-neighbour site which also has to be occu-
pied by a particle of the opposite kind compared
to its neighbour. If this happens, the reaction oc-
curs, i.e., the selectedAB pair is removed from
the lattice with the probabilitykr/kmax

r , wherekr
is the reaction rate constant for this pair, andkmax

r
is the maximum reaction rate. The residence time
of AB particles on the surface is assumed to be
negligible.

All the results presented below were obtained by
initially executing 100× L × L attempts ofB2 ad-
sorption (L = 100 is the lattice size), which gives aB
coverage of the lattice close to 0.91. The number of
MC steps used to get the steady-state kinetics was typ-
ically 106 (1 MC step corresponds toL × L attempts
to realize one of the processes). To determine whether
the steady-state was reached for a given gas-mixture
ratio, convergence criteria for the sum of the variations
in theA coverage,B coverage and reaction rate were
imposed. Simulation runs were terminated if the sum
of the mean-values of 105 MC steps had a variation
smaller than 10−3.
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Fig. 10. Typical snapshot of the central and peripheral facets during the MC run shown in Fig. 9. The designations are as in Fig. 8. (From
[11].)

3.3. Results of simulations

In our simulations,A (CO) diffusion is assumed
to be faster than the LH step, which in turn is faster
than B (O) diffusion. Elementary estimations show
that these conditions are realized if the former two
steps occur on the facets with the rate constantskA

dif =
10 000 andkr = 500 (one of course may use larger
values of these rate constants but practically it is not
necessary). TheB2 adsorption is assumed to occur
with different sticking probabilities on the central and
peripheral facets and also on the edges. For the facets,
the B2 sticking probabilities are chosen to besc

B2
=

0.1 and s
p
B2

= 0.05 (c=centre, p=peripheral). As

a reference case, we calculated the reaction kinetics
(Fig. 12) by considering that the kinetic properties
of the edge sites are the same as those of the cen-
tral facet. Then, the kinetic parameters characteriz-
ing the reaction steps on the edges were successively
varied.

The first of the latter examples is to allow theB2
sticking coefficient on the edges to be higher than
on the facets. Specifically, we usese

B2
= 1 (we call

this the ‘standard’ case in the later comparisons). The
increase ofse

B2
from 0.1 to 1 is found (Fig. 12) to

result in a large shift of the right end of the overall
reaction window (where theA poisoning occurs) to
a much higherp-value, while the reaction rate for
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Fig. 11. (a) Pyramidal supported metal particle and (b) its 2D
analogue (a 100× 100 lattice) used in simulations. The central
sites (panel (b)) are displayed with a light grey background while
the peripheral sites have a white background. The edge sites are
shown with a dark grey background.

lower p-values are unaffected. This widening of the
reaction window occurs because the higherB2 sticking
coefficient on the edges increases the supply ofB2
molecules and thus shifts theA poisoning transition
to higherp-values. At lowp-values, the reaction is
deficient in A and not affected by the increasedB
supply.

Typical snapshots of the lattice for the reference and
standard cases are shown in Figs. 13 and 14, respec-
tively. For p = 0.05, the distributions ofB particles
on the lattice are quite similar in the two cases (Fig.
13(a) and Fig. 14(a)). Atp = 0.10, theB coverage
on the central facet is higher than in the standard case
(Fig. 13(b) and Fig. 14(b)). Forp = 0.15, the lattice is
completely poisoned byA in the reference case, while
the standard case shows a highly reactive state (Figs.
13(c) and Fig. 14(c)). Thus, even though the number
of edge sites is limited (4% of the total number of
sites), they change the reaction kinetics dramatically,
solely through a higherB2 sticking coefficient.

The next case we consider is when thereactivity on
the edge sitesis higher than on the other parts of the
surface. Keeping the bulk of the parameters the same
as in the standard case, we have increased the reaction
rate constant for the edge sites from 500 up to 2500.
The effect of this change on the reaction rate is found
to be nearly negligible (Fig. 15). Actually, the changes
in the reaction rate are fairly minor even if we increase
the reaction rate over the whole lattice. The reason is
that the reaction is primarily controlled by adsorption.
To obtain noticeable changes in the reaction window
by varying the reaction rate constant on the edges,
the reaction rate constants on the edges and the rest
of the surface should be substantially different and in
addition one of them is required to be comparable in
magnitude to the adsorption rate constants.

The lattice snapshots corresponding to the case (Fig.
15) when the reactivity of the edge sites is higher
than on the facet sites are shown in Fig. 16 forp =
0.05, 0.10 and 0.15. Compared to the standard case,
a clear difference is seen forp = 0.15 (cf. Fig. 14(c)
and Fig. 16(c)). In particular, theA particles adsorb
primarily on the peripheral part of the lattice and then
diffuse to the central part in order to react withB

Fig. 12. Rate ofAB production (per one adsorption attempt) and
average reactant coverage forkr = 500, kA

dif = 10 000,kB
dif = 0,

s
p
B2

= 0.05, andsc
B2

= 0.1. The two sets of the data correspond
to se

B2
= 0.1 (the reference case) andse

B2
= 1 (the standard case),

respectively.
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Fig. 13. Snapshots of the lower left quadrant of the lattice at
steady state for the reference case (Fig. 12) atp = 0.05 (a), 0.10
(b) and 0.15 (c). Filled and open circles denoteA particles andB
particles, respectively. The size of the circles (small, medium or
large) indicate location of the particles on the lattice (the peripheral,
central or edge part).

Fig. 14. As in Fig. 13, but for the standard case.
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Fig. 15. Reaction rate and average reactant coverages as a function
of p for the standard case and for the case of high reactivity on
edge sites (ke

r = 2500).

particles. To reach the central part, they should pass the
edge sites. With increasing reactivity of the edge sites
(from 500 up to 2500), a larger number ofA particles
react on the edges and thus the higherB coverage is
maintained on the central part. These local variations
in the distribution ofB particles do not however affect
the integral reaction rate.

The third effect studied is related to theA binding
energy on the edge sites. IfA adsorption on these
sites is energetically favourable, the rate ofA jumps
from the edges to the facets will be lower compared
to that for jumps on the facets. In our simulations,
the rate constant for jumping out from edge sites to
either the central or peripheral parts of the lattice was
reduced from the standard valuekA

dif = 10 000 down
to 1000 (all the other parameters were kept as in the
standard case). The resulting changes in the reaction
kinetics are found (Fig. 17) to be minor, because theA

diffusion step is still much faster than the rate-limiting
adsorption steps. Typical snapshots of the lattice in
the case under consideration are shown in Fig. 18 for
p = 0.05, 0.10 and 0.15. Compared to the standard
case, a clear effect of the suppression ofA diffusion
from the edges is again seen atp = 0.15 (cf. Fig. 14(c)
and Fig. 18(c)). As in the case of the high reactivity
of edge sites (Fig. 16(c)), the coverage of the central

Fig. 16. Snapshots of the lower left quadrant of the lattice for the
case of high reactivity on edge sites (Fig. 15) atp = 0.05 (a),
0.10 (b) and 0.15 (c). The designations are as in Fig. 13.
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Fig. 17. Reaction rate and average reactant coverages as a function
of p for the standard case and for the case of a higher barrier for
diffusion from the edge sites to the facet sites (kA

dif = 1000).

facet byB particles becomes larger. Thus, there can
be local variations in the surface coverage due to an
extra high diffusion barrier on the edge sites, but the
overall reaction rate remains relatively unaffected by
such variations, for the studied parameter range.

In summary, we have shown that in the case of
rapid catalytic reactions the effect of the edge sites on
the reaction rate can be considerable if the sticking
coefficient for these sites is higher than for facets. With
regard to the diffusion and reaction steps, they have
to be slowed down towards that of the (rate-limiting)
adsorption step to cause significant effects in the global
kinetics.

4. Conclusion

The results presented above show explicitly that the
kinetics of catalytic reactions occurring on nm-sized
metal particles, exposing different crystalline facets,
can be dramatically different from the mere superpo-
sition of the kinetics of the individual facets. This has
been – qualitatively – realized for a long time and at-
tributed to a number of different effects. However, the
fact that purely kinetic factors such as inter-facet dif-
fusion create unique new kinetics has not been quan-

Fig. 18. Snapshots of the lower left quadrant of the lattice in the
case of a higher barrier for diffusion from the edge sites to the
facet sites (Fig. 17) atp = 0.05 (a), 0.10 (b) and 0.15 (c). The
designations are as in Fig. 13.
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tified. The conceptual base, provided by the present
simulations of catalytic kinetics on the nm scale, will
help designing and interpreting new experiments that
systematically address the so-called structure and pres-
sure gaps in catalysis. A prerequisite for such studies
is the combination of well defined and characterized
model systems of catalyst particle arrays [6,14,15] and
accompanied simulations. The most important kinetic
measurements will be the rate versus gas-composition
curves, at appropriate choices of absolute pressure and
temperature, for well studied model systems such as
CO+O2, CO+NO, H2+O2 on the noble metals.
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