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Abstract—A statistical lattice model has been constructed for the surface of a body-centered cubic (bcc) crys-
tal whose morphology varies under the action of external factors (temperature and adsorbate coverage). Mono-
molecular and dissociative bimolecular adsorption on the bcc crystal surface has been investigated. In this
model, adsorption smoothens the originally rough surface owing to adsorbate molecules stabilizing their flat
adsorption areas, as distinct from adsorption on the primitive cubic lattice. Our model differs from the models
with invariable surface morphology in that the number of its accessible adsorption sites is variable and depends
on external conditions. The kinetics of a catalytic reaction proceeding by the Langmuir-Hinshelwood mecha-
nism have been studied for the (100) face of a bcc crystal whose morphology varies under the action of the reac-

tion medium.
DOI: 10.1134/S002315840604001X

The hypothesis that an adsorbed layer is ideal is the
simplest assumption made in the description of adsorp-
tion and reactions on the solid surface, although it has
long been known that this hypothesis is not true even
for metal single crystals. Obviously, physically sub-
stantiated mathematical models of processes on cata-
lytic surfaces [1, 2] are required for correct interpreta-
tion of experimental data. Such models must somehow
take into account the nonideality of the adsorbed layer.
This problem is solved in part by using analytical mod-
els constructed in the framework of Roginskii’s classi-
fication of nonidealities (inherent and induced inhomo-
geneities of the adsorbed layer), e.g., Temkin’s loga-
rithmic isotherm for the uniformly inhomogeneous
surface. However, in these models, it is difficult to take
into account the simultaneous effect of factors associ-
ated with inherent and induced inhomogeneities on the
kinetics of reactions occurring on real catalytic sur-
faces. Moreover, within a deterministic (analytical)
model, it is very difficult to take into account the
dynamic morphological changes (roughening) of the
surface during the reaction, which take place in real
systems owing to the thermal diffusion of surface metal
atoms or to the phase transitions accompanying the
adsorption-induced reconstruction of the surface. It was
demonstrated experimentally that the surface structure

is not invariable and can undergo substantial morpho-
logical changes in the course of a heterogeneous cata-
lytic reaction. Moreover, these changes can determine
the dynamics of the process as a whole [3-7]. This
adjustment of the surface to the reaction confirms
Boreskov’s statement that the environment influences
the catalyst. As follows from experimental data, various
reaction- and/or heat-induced surface defects (terraces,
steps, kinks, adatoms, and vacancies) exert marked
effects on catalytic reactions.

Therefore, it is important to construct theoretical
models allowing for reaction-induced dynamical mor-
phological changes of the surface. The most efficient
approach to the simulation of the spatiotemporal
dynamics of adsorbed substances on real catalytic sur-
faces, whose structure and properties may vary under
the action of the reaction, is the construction of Monte
Carlo stochastic models [8]. In the Monte Carlo
method, the dynamics of processes on the catalytic sur-
face is treated as a Markovian chain of elementary
events (adsorption, reaction, diffusion, local surface
reconstruction, etc.) occurring at the active sites of the
catalyst. The aforementioned sites are imitated by the
cells of a lattice with a preset rigid or a dynamically
changing (flexible) structure. An obvious drawback of
stochastic models is that they require large amounts of
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calculation. The main advantages of these models that
are most significant for solving the above problem are
as follows: (1) it is possible to independently consider
the local environment of each adsorbed molecule or
each active or inactive site on the surface; (2) any idea
of the surface process allows rather easy algorithmic
realization in terms of the generalized model of lattice
gas; (3) various physicochemical processes with the
rate coefficients determined either experimentally or by
molecular dynamics methods (including processes that
cannot be described using analytical models), can be
included in the model; (4) the surface being modeled
can be immediately visualized. Taking into account the
spatiotemporal changes of the surface on the atomic—
molecular level provides a deeper insight into the
mechanisms of heterogeneous catalytic reactions and
markedly facilitates the interpretation of physicochem-
ical data.

Imitation (or stochastic) simulation based on the
Monte Carlo method is an efficient and general-purpose
way of describing the dynamic spatiotemporal behavior
of adsorbates on a real catalytic surface whose structure
varies under the action of external factors. At present,
imitative simulation is widely used in theoretical stud-
ies of various processes on solid surfaces. Solid-state
physicists extensively investigate models that take into
account the dynamic behavior of the metal surface
exposed to external factors, such as temperature (models
of crystal growth, surface reconstruction, etc.) [9, 10]. In
recent years, stochastic models have been suggested for
adsorption and reactions on surfaces with a dynami-
cally changing morphology. Most of these models can
be divided into two groups according to the method of
construction and underlying physical principles.

The first group is made up of models describing
structural phase transitions (SPTs) of metal surfaces
reconstructed so that the surface atomic layer differs in
symmetry from the face bulk. The surface layer of
{100} and {110} single crystals of transition metals
(e.g., Pt, Ir, Cu, W, Au, and Ag) undergoes an SPT (sur-
face reconstruction) under the action of adsorbed sub-
stances such as CO, NO, H,, and C,H,. Adsorption
causes a local decrease in the free energy of the surface,
resulting in the restoration of the bulk atomic periodic-
ity in the surface atomic layer (lifting of reconstruc-
tion). This is usually accompanied by dramatic changes
in the adsorption properties of the metal. For example,
the sticking coefficient of oxygen on the Pt(100)-(1 x 1)
surface, which results from CO adsorption, is approxi-
mately two orders of magnitude larger than the same
coefficient for the bare initial Pt(100)-hex surface. The
adsorption of NO, H,, and CO molecules on the
Pt(110) also lifts the surface reconstruction, leading to
a (1 x1) — (1 x 2) transition and to a 2- to 3-fold
increase in the O, sticking coefficient. Furthermore, if
the adsorbate—substrate (metal) binding energy is com-
parable to or exceeds the interatomic bond energy in the
metal, there can be changes in the metal surface mor-
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phology. Among the earlier theoretical studies of the
dynamic behavior of simple molecules on reconstruc-
tive surfaces, note the studies dealing with the systems
H/W(001) [11], CO/Pt(110) [12], H/Cu(110) [13], and
O/Ag(110) [13].

Apparently, the first successful attempt to simulate
the surface SPT (1 X 1) == (1 X 2) on the Pt(110) face
involved in CO oxidation by the Langmuir—Hinshel-
wood (LH) mechanism was made by Imbihl et al. [14].
The driving force of this transition is the CO adsorp-
tion—induced transfer of part of the surface platinum
atoms, which causes the formation or disappearance of
the (1 x 2) added/missing row structure. The SPT sim-
ulation algorithm consisted of two repeating steps,
namely, the calculation of reaction kinetics (CO
adsorption and desorption, O, adsorption, and CO, for-
mation) and surface reconstruction according to the
local CO,, distribution. The second step leads to sur-
face roughening. A long-term numerical experiment
shows the formation of a sawtooth faceted surface
structure. It was also demonstrated [14] that the deep
(1 x 2) added/missing row structure appears in the
model only if the surface steps and terraces differ rather
widely in terms of the oxygen sticking coefficient for
active sites. This model is consistent with a wide variety
of experimental data, including those for surface
smoothening (the reverse transition (1 X 2) — (1 x 1))
after the termination of the reaction (removal of the gas
phase).

The surface transition (hex) = (1 X 1) on the
Pt(100) face proceeds in another way. The thermody-
namically stable (clean) Pt(100) surface has an hcp
structure, in distinction to the square symmetry of the
face bulk. The adsorption of CO or NO leads to the lift-
ing of reconstruction yielding the Pt(100)-(1 x 1)
surface, whose atomic density is ~20% lower than
the atomic density of the reconstructed surface
Pt(100)-(hex). The excess Pt atoms resulting from this
SPT are “squeezed” onto the Pt(100)-(1 x 1) surface,
forming, through migration, Pt(100) islands with the
same (1 X 1) structure. This process was simulated by
Reynolds et al. [15], who studied the mean size of
Pt(100) islands “squeezed” onto the surface layer as a
function of the temperature and energy parameters of
the surface, specifically, the metal-metal atomic attrac-
tion energy V. Adsorption and surface reaction were
taken into account indirectly. It was assumed that CO
adsorption induces a phase transition and, as time
passes, new platinum atoms (up to 20% of the full sur-
face coverage) are forced onto the surface. It was found
that qualitative agreement between the calculated and
experimental data is achieved at intermediate, not high
or low, V values of ~20 kJ/mol, which coincides with
the value measured by means of field ion microscopy
(15-25 kJ/mol) [15]. At low V values, no large islands
form because of thermodynamic limitations: low
metal-metal bond energies are insufficient to prevent
such islands from disintegration. At high V values, the
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rapidly forming small two-dimensional islands are
“excessively” stable and do not grow because of kinetic
limitations.

Monine and Pismen [16-18] suggested an original
stochastic model for SPT associated with the oscilla-
tory dynamic of CO oxidation on the Pt(110) surface.
The oscillatory variation of the CO coverage of the sur-
face was simulated using the Ginzburg-Landau phe-
nomenological equation. The Pt(110) surface was
viewed as a face-centered cubic lattice with lateral
interactions between nearest-neighbor sites, which
were assumed to be capable of migrating on the sur-
face, obeying specified rules. In particular, it was
assumed that only atoms whose nearest neighbors are
not atoms from an upper layer can move. The Metrop-
olis algorithm (see below) was used to deduce the equi-
librium surface morphology under given conditions.
Numerical experiments have demonstrated that a vari-
ety of scenarios are possible for the morphological
changes of the surface induced by repeating (1 X 1) =
(1 X 2) reconstruction cycles accompanying the kinetic
self-oscillations. In turn, the steadily growing surface
roughness alters the kinetic parameters of the reaction
so as to lengthen the mean oscillation period.

The second group of models includes stochastic
models for physicochemical processes on the surface of
an infinite Kossel crystal. The Kossel crystal model,
which is well known in solid-state physics, is a very
convenient object for investigating the thermal rough-
ening of the surface of some metals: at low tempera-
tures, the metal surface remains smooth and has a neg-
ligible number of point defects; at high temperatures
below the melting point, thermal excitation can bring
about persistent surface defects of various kinds (rough
surface) [19-23]. This surface roughening is interesting
both from the standpoint of the fundamental theory of
surface phase transitions and from the practical stand-
point, since many heterogeneous catalytic reactions
proceed more rapidly on rough surfaces and on well-
faceted, supported nanoparticles. The Kossel crystal
[24] is a two-dimensional set of columns, whose upper
elements (atoms) can move (diffuse) to the vertices of
neighboring columns, obeying the rules defined prima-
rily by the lattice symmetry (see below). The modified
Kossel crystal in which the overhang of atoms and
vacancy formation in the bulk are forbidden is called
the solid-on-solid (SOS) model. This model gave birth
to the so-called terrace—step—kink (TSK) model of the
solid surface.

Based on these concepts, we suggested a model for
adsorption and reaction on a rough and flexible surface
whose morphology depends on temperature and on the
composition of the adsorbed layer [25-27]. It was dem-
onstrated that, if the adsorbate interacts energetically
with substrate atoms, adsorption isotherms for surfaces
with dynamically changing morphology will have
peculiarities differentiating then from adsorption iso-
therms for a rigid surface. In turn, surface morphology
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is markedly affected by the adsorbed layer. We consid-
ered the catalytically active metal surface as a Kossel
crystal or, more precisely, as an SOS model for a crystal
with a primitive cubic structure [20].

Using the restricted solid-on-solid (RSOS) model, a
modification of the SOS model in which the difference
between the heights of nearest-neighbor columns can-
not exceed unity, Zhdanov and Kasemo [28, 29] dem-
onstrated that adsorption and reaction in an adsorbed
layer admitting adsorbate—metal surface interaction can
markedly reduce the surface roughening temperature
Tk . This effect is due to the additive influence of three
types of lateral interactions: (1) nearest-neighbor (nn)
adsorbate—substrate attraction, (2) next-nearest-neigh-
bor (nnn) adsorbate—substrate repulsion, and (3) near-
est-neighbor (nn) adsorbate—adsorbate repulsion. The
energies of these interactions are of the same order of
magnitude as the substrate—substrate interaction energy
and fall in the range from 4 to 10 kJ/mol. Furthermore,
we found [25-27] that the surface roughness, which can
be defined as the mean difference between column
heights in the SOS model, will greatly increase if the
interaction between neighboring metal and adsorbate
atoms is taken into account. However, we did not per-
form any detailed study of the effect of the lateral inter-
actions on the surface roughening temperature. The
adsorbate-induced roughening of the surface can exert
a very strong effect on the catalytic reaction even at a
low roughness [29]. If this is the case, the reaction
kinetics can change both quantitatively and qualita-
tively. It was also demonstrated that the roughening
dynamics of an initially smooth surface (at 7> Ty) and
the dynamics of the reverse relaxation of the prelimi-
narily roughened surface (at T < Ty) are logarithmic
functions of time ¢ [28, 29]. In particular, the mean-
square difference between column heights at 7> Ty in
the RSOS model grows with time as Inz. Another
roughening mechanism was suggested in a later publi-
cation [30]. That mechanism can take place during an
exothermic reaction on a metal or oxide catalyst when
the energy released in adsorption or reaction events is
transferred to the surface atoms of the catalyst. Two
fundamentally different regimes can be distinguished
here: (1) T> Ty, when the thermodynamically possible
phase transition is suppressed by kinetic limitations,
but the energy resulting from the exothermic reaction
nevertheless favors surface roughening; (2) T < Ty,
when the thermal smoothening of the surface takes
place, but this process competes with surface roughen-
ing due to exothermic adsorption events and to the
interaction between adsorbates yielding reaction prod-
ucts. It is also possible that both mechanisms act simul-
taneously to increase surface roughness. This is partic-
ularly likely when the catalytic reaction proceeds at a
high specific rate.

One of the few studies devoted to the stochastic sim-
ulation of the above phenomena in particular systems is
a study by Aldao et al. [31], who attempted to construct
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Fig. 1. Hard-sphere representation of the BCSOS model.
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Fig. 2. Unit cell of the bece lattice. (/—3) The numbers of lay-
ers shown in Fig. 1.

Fig. 3. Forbidden states in the BCSOS model.

a Monte Carlo model (based on the concept of a cubic
Kossel crystal) for the experimentally observed phe-
nomenon of the roughening of the Si(100) surface upon
low-temperature chlorine adsorption. In this model, it is
assumed that the driving force of surface roughening is
the lateral repulsion between adsorbates, which weak-
ens the substrate—substrate bonding. It was demon-
strated that this model accounts satisfactorily for the
STM mean sizes of the valleys and islands resulting
from chlorine adsorption on Si(100) only at medium Cl
coverages [31]. The authors of this model believe that a
better fit to experimental data can be achieved by taking
into account the effects arising from the anisotropy of
the Si(100) surface and other adsorbate—substrate lat-
eral interactions [28, 29] causing surface roughening.

Finally, note studies by Vakarin et al. [32, 33], who
considered the effect of the adsorbed layer on the sub-
strate in the case of interfacial liquid—solid interaction.
Using generalized lattice gas theory and numerical sim-
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ulation by Brownian dynamics methods, it was demon-
strated that competing displacing interactions in the
adsorbed layer can cause distortions in the underlying
substrate.

In most of the above-mentioned works, the structure
of the catalyst (metal) was viewed, for the sake of sim-
plicity, as a primitive cubic lattice. However, only a few
metals have a primitive cubic structure (e.g., K and Na).
Most metals employed in catalysis have a bcc, fcc, or
hcp structure. This study is devoted to the stochastic
simulation of adsorption and reaction on the rough sur-
face of an infinite bcc crystal whose morphology varies
under the action of external factors (temperature and
adsorbate coverage). The purpose of this study is to
gain insight into the reciprocal effects of the reaction
kinetics and equilibrium surface morphology at varying
system parameters (temperature, the partial pressures
of the reactants, lateral interactions between adsorbed
atoms and metal atoms, etc.) and into the effect of the
crystal structure on the reaction kinetics (primitive
cubic and bcc lattices will be compared). Simulation
will be carried out for a reaction that proceeds by a stan-
dard LH mechanism and qualitatively reflects many
specific features of the oxidation of simple molecules
on platinum-group metals.

MODELS AND ALGORITHMS
Model of the Crystal Surface

The dynamically changing catalyst surface was
described in terms of the Kossel crystal model, whose
particular case is the SOS model. This model is well
known in solid-state physics and is capable of pre-
dicting a roughening transition for some metals. Ear-
lier [25-27], the simulation of dynamically changing
surface morphology was carried out for a crystal with a
primitive cubic lattice. Here, we consider a bcc lattice
[20-22] based on a square two-dimensional lattice of
dimensions N X N subject to periodical boundary con-
ditions. This model, called the body-centered-solid-on-
solid (BCSOS) model, was suggested by van Beijeren
[19]. It can be represented as a set of solid spheres
(Fig. 1). In each layer of the crystal, the centers of the
spheres are at square lattice sites (Fig. 2), each sphere
being in contact with four other spheres located in the
underlying layer—the contact condition. A layer can be
incomplete, but this condition must always be met.
Thus, this model forbids overhanging atoms and vacan-
cies in the substrate bulk (Fig. 3). These conditions
limit the applicability of the model to a temperature
range that is not close to the melting point of the crystal.
The columns of the spheres are divided into two sub-
sets. Under the assumption that the distance between
two nearest-neighbor spheres in one column is equal to
unity, two nearest-neighbor columns belonging to dif-
ferent subsets differ in height by either +1/2 or —1/2 and
two nearest-neighbor columns belonging to the same
subset differ in height by +1, 0, or —1.
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The surface morphology changes owing to the ther-
mal diffusion of surface metal atoms. Metal atoms in
the crystal lattice attract one another. The simplest vari-
ants of their interaction are displayed in Figs. 1 and 2,
where J,,,,;, is the energy of interaction between nearest-
neighbor atoms in one layer and J,,,,, is the energy of
interaction between an atom in a given layer with atoms
of the underlying layer under the above contact condi-
tion. The diagonal interactions between atoms on one
level and the interactions with farther atoms are
neglected for the sake of simplicity and clarity. In the
calculation of the probability of a surface atom passing
from one place to another as a result of diffusion, the
interaction characterized by the energies J,,,,,, can also
be neglected: in the case of an infinite crystal (periodic
boundary conditions) obeying the contact condition,
the contribution from these interactions to the total
crystal energy is invariable. The ground state of the sys-
tem at low temperatures is the state in which each metal
atom has the largest number of lateral neighbors. In this
case, the surface has the smallest number of defects and
has a bce(100) structure. As the temperature is raised,
the surface morphology begins to change. This phe-
nomenon was simulated using the Metropolis algo-
rithm [34] realized as follows:

(1) Randomly choose a surface atom and a surface
site possible for its new location. The new location of
the atom may be separated by any distance from the ini-
tial location (this is so-called mathematical diffusion, in
which any transfer is instantaneous and, irrespective of
the distance).

(2) Verify that the atom can occupy the new site (the
contact condition is satisfied). If the transfer is allow-
able, then it is characterized by some probability, which
is estimated as follows. If the energy of the system is
decreased as a result of this transfer (that is, the number
of nearest neighbors is increased) or is not changed,
than this event takes place with a probability equal to
unity. If the energy of the system decreases, then the
probability of transfer is

W = exp(#)< I,

where AE is the difference between the final and initial
energies of the system, 7 is the temperature, and k is the
Boltzmann constant. The energies of the initial and
final (possible) states are calculated as E; = XJ,,,,, (addi-
tive interactions).

This algorithm ensures that the Boltzmann distribu-
tion is fulfilled for the probabilities of possible system
configurations and that the thermodynamic equilibrium
is reached in an infinite number of Monte Carlo steps
(in our case, one Monte Carlo step consists of N? trials
of diffusion transfer of surface atoms of the crystal). In
real calculations, a rather large, but not infinite, number
of steps are made, after which the configuration of the
system can be considered to be equilibrated (within the
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range of statistical fluctuations). Usually, we made
~50000 Monte Carlo steps, since further increasing
their number did not cause any visible changes in the
surface morphology.

Obviously, the determining parameter in our model
is the metal-metal interaction energy J,,,,. Unfortu-
nately, there are no reliable experimental or theoretical
data for this parameter; for this reason, we will not deal
with particular supports, metals or adsorbates. A rough
estimate of this quantity is provided by the formation
energy of an adatom—vacancy pair on a smooth (100)
surface calculated in the framework of effective
medium theory (see [22] and references therein). This
energy is ~0.115 eV [22] or ~10 kJ/mol. Here, based on
data reported in [25-27], we set J,,, = —4 kJ/mol
(attraction). Varying this energy changes the roughness
transition temperature: the stronger the interatomic
interaction, the higher the calculated equilibrium tem-
perature for a given surface relief.

Reaction Model
and Kinetic Simulation Algorithm

Here, we model steady-state kinetic relationships
for a catalytic reaction whose detailed mechanism
includes the following elementary steps:

1.Z+A— AZ,

1" AZ —7Z+A,
2.272+B, — 2BZ,
3.AZ+BZ — 27 + AB,

where Z is an active site on the catalyst surface. This is
the LH mechanism, which is valid for many chemical
reactions, including CO oxidation on platinum metals
(A=COand B, =0,).

The reaction rate and intermediate-product cover-
age data calculated here as a function of gas pressure
will be compared with the same data presented in a
seminal publication by Ziff et al. [35]. That publication,
which has very frequently been quoted in the last
decade, presents one of the earliest attempts at the sta-
tistical lattice simulation of catalytic reactions. In that
work, the kinetics of a reaction consisting of elemen-
tary steps 1, 2, and 3 were investigated by the kinetic
Monte Carlo (kMC) method under the oversimplifying
assumptions that there is no desorption or surface diffu-
sion of adsorbates at an infinitely high reaction rate.
This stochastic model revealed a variety of interesting
facts, including the finiteness of the range in which the
reaction rate is nonzero, the occurrence of two kinetic
phase transitions (a first-order transition, in which sur-
face coverages change stepwise, and a second-order
transition, in which the surface coverages change con-
tinuously, but their derivatives show a discontinuity),
and adsorbate clustering. This model was given the
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name of Ziff—-Gulari-Barshad (ZGB) and triggered off
more than a hundred of publications (for a review, see
[36, 37]). In those publications, the model was compli-
cated and its dynamic behavior was studied in greater
detail (adsorbate diffusion and desorption, the finite-
ness of the reaction rate, lateral adsorbate—adsorbate
interactions, different lattice types, etc., were taken into
consideration). As far as we know, we are the first to
apply the ZGB model to a bece crystal.

Our reaction model takes into account the following
processes: the monomolecular adsorption of the sub-
stance A, the bimolecular dissociative adsorption of the
substance B,, the desorption of A, the reaction between
the adsorbed substances AZ and BZ, and the “mathe-
matical” diffusion of metal atoms and AZ. The diffu-
sion of BZ is neglected in the reaction model; however,
this process is taken into account in the simulation of
bimolecular adsorption isotherms (see below).

Let us discuss, in brief, the assumptions that we
make in the simulation of the effect of dynamically
inhomogeneous surface morphology on the kinetics of
the model reaction A + B, proceeding by the LH mech-
anism. We assume that adsorbed BZ species do not dif-
fuse and no desorption according to the equation
2BZ — B, + 27 takes place. Thermally induced mor-
phological changes of real metal surfaces usually set in
at temperatures of about 500 K. It is to these tempera-
tures that our study refers. However, the degree of
roughening of the crystal surface in our model depends
on two parameters, namely, temperature, and the
metal-metal-interaction energy J,,,, whose precise
value is unknown. These parameters are interrelated is
some sense: the stronger the attraction between nearest-
neighbor metal atoms, the higher the temperature at
which significant changes in surface morphology
occur. Furthermore, in the kMC simulation of some
reactions (e.g., CO oxidation on platinum-group met-
als), it is generally assumed that the dissociatively
adsorbed compound B, (oxygen) is not desorbed at the
reaction temperature (400-500 K) and the rate of BZ
(O,q,) diffusion on the surface at this temperature is
negligible as compared to the AZ (CO,,,) diffusion rate.
The first assumption is substantiated by the fact that the
heat of adsorption of oxygen on various faces of plati-
num-group metals is ~80 kJ/mol higher than the heat of
adsorption of CO [38]. The activation energies of diffu-
sion of oxygen and CO differ by a similar value of 40—
70 kJ/mol [39-42]. The activation energy of diffusion
itself depends on the face of the metal and on adsorbate
coverage; however, the general feature is that, at the
temperatures considered, the oxygen diffusion rate
coefficient is several orders of magnitude lower than the
CO diffusion rate coefficient, substantiating the second
assumption.

The chemical reaction is simulated using the follow-
ing algorithm:
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(1) Imitate the metal surface with an N X N square
lattice subject to periodic boundary conditions and ran-
domly choose a cell in this lattice.

(2) Generate a random number x in the interval [0, 1]
and choose one of the elementary processes. Calculate
the probabilities of elementary processes, w;, using the
following formulas:

B Pa
Wads,A - pA + sz + kdes, AeXp(_Emin/kT)’
_ kdes, ACXp (_E/kT)
Wdes,A - pA + sz + kdes, AeXp(_Emin/kT)’
P,
Wads,Bz =

Pa + sz + kdes, Aexp(_Emin/kT)’

where p; is the partial pressure of the ith adsorbate in the
gas phase, k4 4 1S the desorption constant of AZ (if de-
sorption is taken into account, then kg o = 1; otherwise,
kges.a = 0), Epy, 18 the energy of the interaction between
an adsorbed molecule of the compound A and the envi-
ronment that minimizes this energy (for the attractive
and repulsive interactions between AZ and the nearest-
neighbor metal atoms, this environment should include
the maximum and the minimum possible number of
neighbors, respectively), and E is the energy of the
interaction between AZ and the given environment.
Note that the sum of the probabilities of all elementary
processes can be below unity (if AZ desorption is taken
into account). If this is the case, an empty process can
take place, after which pass to step 5.

(3) Check the possibility of the chosen process tak-
ing place (the formation of a near-surface adsorbate
layer is forbidden). If the chosen process is impossible
in the chosen cell, pass to step 5. Depending on the pro-
cess chosen, checking is carried out by one of the fol-
lowing procedures.

Adsorption of A. If the cell is occupied by adsor-
bate, then the adsorption event is ruled out. If the cell is
empty and meets the geometric constraints, then
adsorption takes place with a probability equal to 1. The
geometrical constraints are determined by the crystal
lattice type. In the case of the bcc lattice, as distinct
from the primitive cubic lattice, not only an empty cell
but also an even area is required for adsorbate accom-
modation (there must be precisely four atoms arranged
in a square below, making possible the adsorption of A
onto a four-coordinate site, in accordance with the con-
tact condition).

Desorption of A. If the cell is empty or is occupied
by adsorbed BZ, then the desorption event is ruled out.
If the cell is occupied by adsorbed AZ, then the proba-
bility of desorption is 1. Note that the dependence of the
AZ desorption probability on the metal environment of
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the AZ species are taken into account in step 2 (if the
adsorbate—metal interaction energy J,,, is specified).

Adsorption of B,. If the cell is occupied by adsor-
bate or does not meet the geometrical constraints, then
desorption is ruled out. Otherwise, the state of a ran-
domly chosen nearest-neighbor cell is examined. If this
cell is empty, meets the geometrical constraints, and
lies on the same level as the previous cell (that is, two
neighboring four-coordinate adsorption sites lying on
one level are required), then the probability of B,
adsorption is 1. Otherwise, adsorption is ruled out.

(4) Examine the environment of the adsorbed spe-
cies (it is assumed that the reaction AZ + BZ proceeds
at an infinite rate; that is, once adsorbed AZ and BZ
atoms appear in adjacent cells on one level as a result of
adsorption or diffusion trials, they are removed as a
reaction product). The reaction takes place as soon as it
can. The surroundings of the adsorbed species (AZ or
BZ) is searched for reaction partners in a random way
by examining all nearest-neighbor cells.

(5) Carry out M diffusion events involving metal and
AZ atoms on the catalyst surface, as is described above,
in order to arrive at an equilibrium configuration. In the
case of AZ diffusion, fulfill step 4 after each diffusion
event. After all of the M diffusion events are completed,
pass to step 1.

The time unit was a Monte Carlo step consisting of
N x N trials of choice and realization of basic elemen-
tary steps proceeding at a finite rate (steps 1, 1', and 2).
On the average, each lattice cell is examined once in
one step. The number of diffusion events (M) per pro-
cess choice trial was usually 10 to 30.

In each step, we calculate the reaction rate as the
number of AB pairs removed from the surface, as well
as the adsorbate coverage of the catalyst surface. The
adsorbate coverage was calculated as the ratio of the
number of cells occupied by adsorbate to the total num-
ber of cells on the surface. Unlike the primitive cubic
lattice, the bec lattice allows two ways of defining the
total number of cells. This number can be defined either
as the number of cells accessible to the adsorbate or as
the total number of cells, irrespective of their accessi-
bility. In the former case, the total number of cells is
variable and decreases with increasing roughness (this
is a fundamental distinction between the bcc and prim-
itive cubic lattices).

Adsorption Model

The above algorithm was used in the simulation of
the reaction consisting of steps 1, 1', 2, and 3. Similar
algorithms were employed in the simulation of iso-
therms of monomolecular and bimolecular dissociative
adsorption on a surface with a dynamically changing
morphology. In the case of monomolecular adsorption
the desorption of the adsorbed atom AZ was taken into
account, the adsorption of B, was ruled out, and step 4
of the algorithm was skipped. Likewise, in the case of
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Fig. 4. Fragment of the surface at (a) 300 and (b) 1300 K.

dissociative bimolecular adsorption, we took into
account the associative desorption of two BZ atoms.
For this process to occur, it is necessary that the nearest-
neighbor surface sites, randomly chosen on one level,
contain BZ atoms. The probability of desorption was
calculated using the formula

K ges, B,eXp(—E/ kT)
sz + kdes, B, exXp (_Emin/kT) ’

Wdes, B, =

After each adsorption or desorption trial, we carried out
an internal diffusion cycle involving AZ or BZ atoms
and surface atoms of the metal.

RESULTS AND DISCUSSION
Modeling of the Rough Surface

The first step in our simulation procedure is the
modeling of the equilibrium morphology of the crystal
surface varying because of the diffusion of metal atoms
in the absence of adsorbate. Some equilibrium surface
morphology is established at each temperature. At low
temperatures, the surface is almost smooth (Fig. 4a); as
the temperature is raised, thermal excitation makes the
surface rougher (Fig. 4b): the number of point defects
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increases, and collective defects appear, including steps
surrounding terraces (comparatively flat surface areas).
The roughness of the surface increases with increasing
temperature. Note that our model is limited to a temper-
ature range that is not close to the melting point, since
the BCSOS model does not allow for the formation of
vacancies in the bulk.

Simulation of Adsorption
and Desorption Processes

Figures 5 and 6 present monomolecular and bimo-
lecular dissociative adsorption isotherms calculated in
the framework of our model for different energies of

lateral adsorbate—metal interaction (J,,,) and tempera-
tures. We did not take into account the adsorbate—adsor-
bate interaction. The Langmuir isotherm, which is
shown as a thick line, was calculated using the formula
® =p/(1 + p) for monomolecular adsorption and the

Jp

(1+./p)
adsorption. In the calculation of these isotherms, pres-
sure was varied between 0.001 and 100 (in arbitrary
units). For better visualization of the initial portions of
the isotherms, pressure in Figs. 5 and 6 is plotted on the
logarithmic scale.

formula ® = for dissociative bimolecular
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(b)

Fig. 7. Fragment of the surface at 1300 K and a (a) low and (b) high adsorbate pressure. The white spheres are adsorbate atoms.

The isotherms were calculated for two different
adsorbate—metal interaction (attraction) energies: J,,, =
Jum and J, . = 0.5 J,,.. For illustration, we considered
the case of J,,, = -/, (repulsion). For each pressure
point, we made 200 adsorption Monte Carlo steps. One
hundred of them were made to bring the system to a
steady state (for the establishment of an equilibrium
surface morphology and equilibrium adsorbate cover-
age). The subsequent 100 steps were made to average
the resulting adsorbate coverage © (the different ways
of normalizing this quantity are described below) and,
accordingly, to reduce the stochastic effect of noise.

Both Fig. 5 and Fig. 6 plot © data normalized in two
different ways: curves (I) represent surface coverages
calculated as ® = M/L, and curves (II) represent the
same data calculated as ® = M/N X N, where M is the
number of adsorbed species (AZ or BZ), N is the lattice
size, and L is the current number of adsorption sites
accessible to adsorbates. It seems impossible to inter-
pret, in any meaningful way, the isotherms obtained
using conventional normalization to the total number of
adsorption sites possible on a smooth surface (Figs. 5,
6, curves II). Some portions of these isotherms lie
below the Langmuir isotherm (that is, the calculated
surface coverage is lower than is predicted by the Lang-
muir isotherm), particularly at high temperatures, and
some calculated isotherms (e.g., the high-temperature
monomolecular adsorption isotherm) have nonmono-
tonic portions, and so on. We made a special check to
see if the nonmonotonic run of the isotherms and the
other features described above are due to the very slow
equilibration in the lattice model. However, increasing
the number of Monte Carlo steps to 10000 (by two
orders of magnitude) for each pressure point did not
result in any appreciable change in the adsorbate cover-
age. The specific features of isotherms presented in the
right-hand parts of Figs. 5 and 6 are due to the fact that,
as the surface roughness increases, the number of unoc-
cupied sites on the surface decreases (by a factor of ~2
at high temperatures). This decrease in the number of
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sites accessible to adsorbates is responsible for the fact
that, if the surface coverage is normalized in a conven-
tional way to the number of cells in the lattice, the cal-
culated isotherms may be nonmonotonic. Therefore,
the conventional normalization is inapplicable in this
case and the surface coverage should be normalized to
the variable number of accessible adsorption sites.
Indeed, nonmonotonicity is not observed with this nor-
malization.

The isotherms presented in the left-hand parts of
Figs. 5 and 6 allow simple physical interpretation. At
low temperatures, the stronger the adsorbate—metal
attraction, the higher the position of the corresponding
isotherm relative to the Langmuir isotherm. This is
explained by the fact that the adsorbed species whose
nearest neighbors are metal atoms (this is possible
because the surface is rough owing to the thermal diffu-
sion of metal atoms) are desorbed with a lower proba-
bility. The adsorbate—surface binding energy for these
species is higher than the same energy in the case of a
smooth surface. At high temperatures, both the mono-
molecular and bimolecular adsorption isotherms are
close to the Langmuir isotherm, because the dimen-
sionless adsorbate—metal interaction energies are low
(here, the dimensionless energy is E/kT). Note that the
isotherms in the case of adsorbate—metal repulsion are
slightly below the Langmuir isotherm, since the proba-
bility of desorption in this case is higher and, further-
more, this interaction favors the smoothening of the
surface.

An interesting effect is that a heavily distorted sur-
face is smoothened as the gas pressure is gradually
raised, that is, as the adsorbate coverage of the surface
increases (Fig. 7). This effect is not observed for the
primitive cubic lattice [25-27]. This is explained by the
fact that adsorption on the bcc crystal surface requires
an even area made up of four atoms for monomolecular
adsorption and of six atoms for bimolecular adsorption.
After adsorption, this area persists until the adsorbate
leaves the occupied adsorption site.
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Simulation of the Reaction

We carried out a series of numerical experiments in
the framework of the above model. In each experiment,
we gradually increased the mole fraction of substance
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Fig. 8. Adsorbate coverage as a function of Y, for the

smooth metal surface on which no diffusion of metal or AZ
atoms takes place: (/) AZ and (2) BZ.
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Fig. 9. Dependence of the adsorbate coverage on Y taking

into account the diffusion of metal and AZ atoms on the sur-
face: (/) AZ and (2) BZ.
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Fig. 10. Adsorbate coverage as a function of the mole frac-
tion of A in the gas phase for a preliminarily roughened sur-
face on which no diffusion of metal or AZ atoms takes
place: (/) AZ and (2) BZ.
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A in the gas phase (Y, = pa/(pa + pg,)). For each Y,

value, we performed 50000 adsorption Monte Carlo
steps (each step included N? adsorption—desorption tri-
als). When the diffusion of metal and AZ atoms on the
surface was taken into account, each adsorption trial
was followed by 20 metal atom and AZ diffusion events
for thermodynamic equilibration.

As for a smooth surface on which no diffusion takes
place and kg, o =0, the calculated data are in agreement
with the data following from the classical ZGB model
[35]. (This is indirect evidence that our model is valid.)
The dependence of the adsorbate coverage of the metal
surface on the mole fraction of A in the gas phase in this
case is plotted in Fig. 8. The adsorbate coverage was
calculated as the ratio of the number of adsorbate atoms
on the surface to the real number of adsorption sites.
For a smooth surface, the latter number is N X N; how-
ever, it can be reduced by the diffusion of metal atoms.

Let us discuss, in brief, the mechanism of the forma-
tion of a complete BZ coverage at small Y, values. In
the case of the random adsorption of diatomic mole-
cules onto a smooth surface, the BZ coverage does not
exceed ~0.91 (if no diffusion takes place). If AZ and BZ
react, then AZ atoms will be adsorbed on separate
empty sites, which are necessarily present in the BZ
adsorption layer. This will be followed by the formation
of a pair of empty sites through an instantaneous reac-
tion between AZ and the nearest-neighbor BZ atom.
The resulting pair of neighboring sites will be primarily

occupied by BZ atoms, because pg, > p,. Since this

process requires the presence of AZ atoms on the sur-
face, the complete BZ coverage is possible only at
Y, #0. For this reason, in the calculation of steady-
state coverages in the ZGB model, a sufficiently small,
but nonzero, Y, value (Y, = 0.01) is usually taken to be
the initial point.

Introducing the diffusion of surface metal atoms
into the model (taking into account the roughening of
the surface) shifts the points of first- and second-order
kinetic phase transitions to smaller Y, values (Fig. 9).
This is explained by the fact that the roughened surface
makes the adsorption of B, difficult (a flat site consist-
ing of six atoms is necessary for successful adsorption).

For a reaction carried out on a preliminarily rough-
ened surface on which no metal diffusion takes place,
there is no Y, range in which the surface is completely
covered with BZ (Fig. 10) and essentially different
kinetics are observed. The main factor in this case is the
steric hindrance preventing B, adsorption. The kinetic
phase transitions that occur on a smooth surface and on
arough surface with a variable morphology (Figs. 8, 9)
are not observed on a “frozen” rough surface.

If the reaction is carried out on a preliminarily
roughened surface and the subsequent morphological
changes are taken into account (Fig. 11), there is again
arange of small Y, values in which the surface is com-
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Fig. 11. Adsorbate coverage as a function of the mole frac-
tion of A in the gas phase for a preliminarily roughened sur-
face on which the diffusion of metal and AZ atoms is
allowed: (/) AZ and (2) BZ.

pletely covered with BZ, but the second-order kinetic
phase transition occurs at a smaller Y, value than the
same transition in the ZGB model (Fig. 8). This is
explained by the smoothening of the surface owing to
the adsorption of B, molecules, which dominate the gas
phase. The first-kind kinetic phase transition is also
shifted to smaller Y, values (as in the case depicted in
Fig. 9) because of the steric hindrance hampering B,
adsorption.

Thus, the most important results of this study are as
follows:

(1) An imitation model based on the Kossel crystal
model (which is well known in physics) is constructed
for adsorption and chemical reaction on the (100) face
of a bce crystal whose morphology varies under the
action of external factors (temperature and surface cov-
erage).

(2) In the model suggested here, adsorption smooth-
ens the originally rough surface owing to the stabiliza-
tion of flat areas by adsorbate molecules, as distinct
from adsorption in a similar model for the primitive
cubic lattice.

(3) In our model, as distinct from models with a
fixed surface morphology, the number of accessible
adsorption sites varies dependings on external condi-
tions.

(4) Taking into account the thermal mobility of cat-
alyst atoms in the simulation of reactions proceeding by
the adsorption mechanism shifts the point of the first-
order kinetic phase transition to lower monomolecular
component partial pressures relative to the same transi-
tion in the ZGB model. This is explained by the unfa-
vorable effect of the rough surface on bimolecular
adsorption.
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