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INTRODUCTION

Over the last few years, many processes on transi-
tion metal surfaces have been successfully modeled
using the unity bond index–quadratic exponential
potential (UBI–QEP) method [1–3]. This method has
been applied to calculations of various heterogeneous
catalytic reactions: methanol synthesis [4–6], carbon
dioxide reforming of methane [7], ethane hydrogenoly-
sis [8, 9], acetylene hydrogenation [10], methanol oxi-
dation to formaldehyde [11], CO hydrogenation [12],
Fischer–Tropsch synthesis [13, 14], decomposition of
NO and its reduction [15], ammonia synthesis [16],

 

N

 

2

 

O

 

 decomposition [17], and many other processes.
The UBI–QEP makes use of the atomic binding ener-
gies of adsorbates on metal surfaces as input. These
energies are obtained in the experiment or by reliable
theoretical methods and often refer to different surface
coverages, so in order to use them one has to know the
dependence of the binding energy on the coverages.
Several publications have been devoted to this problem
[2, 3, 18, 19], since the coverage dependence of the
binding energy is one of the key questions in the theory
of adsorption and kinetic modeling of catalytic reac-
tions.

The UBI–QEP method makes it possible to calcu-
late the binding energy of an atomic adsorbate depend-
ing on its local environment with lateral adsorbate–
adsorbate interactions. However, based on the local
effects of lateral interactions, it has only been possible
to predict the global behavior of the system for specific
cases when adsorbates form regular overlayer struc-
tures on metal surfaces. In these cases, if interpreted
correctly, local adsorption patterns model the global
pattern. To obtain a theoretical function that describes
the coverage dependence of the binding energy, we

used the Monte Carlo method. This method has been
applied earlier together with UBI–QEP and DFT to
describe pairwise lateral interactions in the O/Rh(100)
system [20], to model the temperature-programmed
desorption of oxygen from the Rh(100) surface [21],
and to model a number of heterogeneous catalytic pro-
cesses [22]. In this work, we consider the simplest mod-
els of coverage dependence of adsorption energies;
trace the effects associated with the surface structure,
site preference, and adsorbate mobility; and explore
various assumption related to the adsorption behavior.

FORMALISM OF THE UBI–QEP METHOD

It is known that the adsorbate binding energies
depend on the surface coverage due to the lateral inter-
actions between adsorbates. These may be direct and
indirect (mediated by the metal). Although the UBI–
QEP method provides a quantitative description of
both, we will consider only indirect interactions, which
lead to a decrease in the adsorbate binding energy. This
decrease in the binding energy is due to the fact that
metal atoms bind more than one adsorbate. According
to the principle of bond index conservation, which
underlies the UBI–QEP method, a metal atom cannot
interact with each of the coadsorbed species as strongly
as it would in the absence of other coadsorbates. At low
and moderate coverages, atomic adsorbates usually
prefer sites with the highest coordination (hollow sites):

 

n

 

 = 3 for the (111) surface and 

 

n

 

 = 4 for the (100), and
we will proceed from this assumption. Note, however,
that at a certain critical coverage 

 

θ

 

crit

 

 adsorption on
bridging sites becomes preferable. Thus, it has been
proposed that at 

 

θ

 

crit

 

 = 1/2 atomic adsorption on the
bridging sites of the (111) surface becomes preferable
[19–21, 23]. This factor, which substantially affects the
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behavior of the coverage-dependent function 

 

Q

 

(

 

θ

 

)

 

 (see
below), will be considered in more detail in our future
papers.

In the framework of the UBI–QEP method, the fol-
lowing formula has been obtained [2, 19] for the ratio
between the binding energy in the case of neighboring
atomic coadsorbates 

 

Q

 

(

 

θ

 

) 

 

and the binding energy in the
zero-coverage limit 

 

Q

 

0

 

:

 

(1)

 

where 

 

k

 

i

 

 is the number of metal atoms in the unit mesh
bound to the same number of adsorbates, the subscript

 

i

 

 refers to the 

 

i

 

th equivalence class, 

 

m

 

i

 

 is the number of
bonds formed by any metal atom from the 

 

i

 

th equiva-
lence class with the adsorbates.

To illustrate the use of this formula, consider a frag-
ment of the (111) surface:

The central adsorbate (open circle) is surrounded by
three metal atoms (lattice nodes) and 

 

n

 

 = 3. The upper
and left metal atoms of the central triangular unit mesh
are bound to four adsorbates each; the right metal atom
is bound to five adsorbates. Therefore, according to for-
mula (1), we have

σ Q θ( )/Q0
1
n
---

ki

mi

----- 2 1
mi

-----– 
  ,

i

∑= =

 

The inconvenience of this formula is due to the fact
that the value 

 

Q

 

(

 

θ

 

)

 

 characterizes the local situation,
whereas kinetic and adsorption modeling requires
knowledge of the average value for the whole surface.
This problem can be solved if we apply the Monte
Carlo method: for each value of the surface coverage
the adsorption sites of the lattice are populated with
adsorbates according to the chosen model algorithm
and the binding energy is calculated for each adsorbate.
The arithmetic mean over all adsorbates is the target
value.

MONTE CARLO MODELING

The metal surface was modeled by a two-dimen-
sional regular lattice. The lattice size was chosen high
enough to make the results insensitive to statistical fluc-
tuations. The lattice size changed from one task to
another, but it was always at least 

 

100

 

 × 

 

100

 

. We used
periodical boundary conditions to avoid incorrect 

 

σ

 

 val-
ues at the lattice boundaries. The lattice geometry
reproduced the arrangement of metal atoms on the cor-
responding single crystalline planes: the (111) surface
was modeled by a triangulated lattice, and the
(100) surface was modeled by a square lattice. Accord-
ing to our initial assumption, the sites for population
were the centers of triangles and squares for the
(111) and (100) surfaces, respectively. The number of
sites was equal to the number of nodes in the case of the
(100) lattice and was double the number of nodes in the
case of the (111) lattice. At the initial moment, all
adsorption sites were considered vacant, and the
change in their state with time was determined accord-
ing to the models described below. Adsorbates popu-
lated the lattice one after another, and the values of 

 

σ

 

were recorded at 0.02-monolayer intervals.

In the most general case (when a model that takes
into account diffusion was applied), the following ele-
mentary events may occur on a randomly chosen site at
any given moment of time: the population of this site
with a new adsorbate, a hop of an adsorbate to a neigh-
boring hollow site through a bridge, and an empty event
in which case nothing happens. The model involves two
free parameters (expressed in units of reciprocal time):
the 

 

f

 

pop

 

 parameter is the frequency of collisions of
potential adsorbates with the surface and the 

 

f

 

diff

 

 param-
eter is the frequency of hops from the occupied to a free
neighboring hollow site. Changes in the state of the sys-
tem occur at random with the probabilities proportional
to the above parameters. In our simulations described
below we always set 

 

f

 

pop

 

 equal to unity to define the
scale of time and eliminate one of the free parameters.
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Fig. 1.

 

 Coverage dependence of 

 

σ

 

 for the (111) surface:
(

 

1

 

) random adsorption without constraints; (

 

2

 

) site-choice
model (see text); (

 

3

 

) fcc site preference model; (

 

4

 

) neigh-
bor-exclusion model. The lattice size is 

 

100

 

 × 

 

100

 

.
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Populating the occupied site was considered impos-
sible, and the respective event was treated as an empty
event. The diffusion of atoms along the surface was also
constrained. Thus, a hop to a site was considered
impossible if this site was occupied by another adsor-
bate or if this hop led to an increase in the total energy
of the system (taking into account changes in bond
energies of all neighboring adsorbate atoms). The cor-
responding hopping attempt was considered empty in
these cases.

Note that unlike dynamic Monte Carlo models
developed for the description of adsorption dynamics
and reaction kinetics (see, for instance, [24, 25] and lit-
erature cited therein), we explored equilibrium models.
These models consider the population of atomic adsor-
bates and their diffusion without taking into account the
real physics behind these processes. Of course, in most

cases real adsorption processes (unlike site population)
occur via more complex mechanisms, which may
involve (with various probabilities) the formation of
weakly adsorbed precursors of chemisorption, the dis-
sociation of molecular adsorbates, desorption, the
recombination of atomic adsorbates, adsorption-
assisted desorption, diffusion, and many other pro-
cesses. In our models diffusion is introduced to
approach the equilibrium dependence of the parameter

 

σ

 

 on 

 

θ

 

, and the population of adsorption sites is used to
obtain patterns at different surface coverages.

RESULTS AND DISCUSSION

When discussing the results, we will proceed from
simpler models to more complex ones to trace the
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Fig. 2.

 

 Coverage dependence of 

 

σ

 

 for the (100) surface:
(

 

1

 

) random adsorption without constraints; (

 

2

 

) neighbor-
exclusion model; (

 

3

 

) complex variant of neighbor-exclusion
model (see text). The lattice size is 

 

100 

 

×

 

 100

 

.

 

0.5

0.250

0.6

0.7

0.8

0.9

1.0

0.50 0.75 1.00
0.4

 

2

1

 

σ

θ

 

Fig. 3.

 

 Coverage dependence of 

 

σ

 

 for the (100) surface:
(

 

1

 

) neighbor-exclusion model, the same as curve 

 

3

 

 in Fig. 2,
averaging over all adsorbates; (

 

2

 

) the same model but aver-
aging is over newly arrived adsorbates.
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 Coverage dependence of 

 

σ

 

 for the (111) surface at different values of 

 

f

 

diff

 

: (

 

1

 

) 1 and 0 (curves for these values coincide);
(

 

2

 

) 10, (

 

3

 

) 50, (

 

4

 

) 100, (

 

5

 

) 1000, and (

 

6

 

) 10000. The lattice size is 

 

200 

 

×

 

 200

 

.
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effects of various factors on the behavior of the scaling
parameter 

 

σ

 

.

Random adsorption. According to this model,
adsorption sites are populated in a random fashion and
adsorbates remain at their initial positions. No con-
strains are applied. This is the simplest model of immo-
bile adsorbates. The results of Monte Carlo simulations
for this model are shown in Fig. 1 (curve 1) for the
(111) surface and Fig. 2 (curve 1) for the (100) surface.

Site-preference model. For the fcc (111) surface,
the sites are not identical and differ in energies of
atomic adsorption. Quantum mechanical calculations
do not always provide unambiguous results, but most
researchers agree that fcc sites are preferable over hcp
sites. The models with site preference take this into
account. For instance, the model may imply that fcc
sites are randomly populated first and hcp population
begins (also at random) when all fcc sites are
exhausted. Figure 1 (curve 3) shows the results of
Monte Carlo simulations for this model.

Neighbor-exclusion model. Obviously, sites adja-
cent to the populated ones are less energetically favor-
able for adsorption than distant sites. This follows from
formula (1). Therefore, we can constrain the model as
follows. First, adsorbates populate the sites at random
so that all sites around the populated site are tempo-
rarily blocked. When all accessible sites are exhausted,
the population of sites with neighbors becomes
allowed. Figure 1 (curve 4) and Fig. 2 (curve 2) show
the results of Monte Carlo simulations for the (111) and
(100) surfaces respectively. A more complex variant of
this model is as follows. Sites without neighbors are
populated first. When they are exhausted, sites without
nearest neighbors (which share two metal atoms) are
populated. Then, the rest of the sites become accessible
for population (Fig. 2, curve 3). Models with the exclu-
sion of nearest neighbors are the closest to the models
that take into account surface diffusion (see below). An
obvious drawback of the neighbor-exclusion models is
the fact that the decision on the possibility of populat-
ing a site depends on the global rather than local situa-
tion.

An interesting picture is observed when one varies
the method of σ averaging. Two variants are possible:
(a) averaging over all adsorbed atoms on a lattice and
(b) averaging over a portion of newly arrived adsor-
bates for a certain interval of ∆θ (in our case, ∆θ =
0.02). Figure 3 illustrates the difference between the
two variants. As can be seen, the second method gives
a staircase-like curve and the transitions associated
with site exhaustion are seen more distinctly. Such a
shape of the curve is due to the stochastic character of
the process and the discreteness of an interval chosen
for averaging. Even when a lattice is large, the curve
does not become smooth. The physical meaning of the
σ parameter depends on the method of averaging.
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Fig. 5. Coverage dependence of σ for the (100) surface at different values of fdiff: (1) 0, (2) 10, (3) 100, (4) 1000, and (5) 10000.
The lattice size is 200 × 200.
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When the scaling factor is averaged over all nodes of
the lattice we obtain the value

where N is the number of nodes and Q0 is the binding
energy in the zero-coverage limit. This value of σ cor-
responds to the integral heat of adsorption obtained in
the microcalorimetric experiments: σ = qint/Q0. When
averaging is over newly arrived adsorbates, we obtain
the σ value, corresponding to the differential heat of
adsorption: σ = qdiff/Q0. The differential and integral
heats of adsorption are related by the formula

Model with a site choice. In this model, a site is
populated so that an adsorbate chooses between two

σ 1
NQ0
----------- Qi θ( )

i 1=

N

∑ ,=

qint
1
θ
--- qdiffdθ.

0

θ

∫=

adjacent sites that have a common edge in the (111) lat-
tice. In this model adsorbates arrive at the edge and then
one of the following events happens: if an fcc site is
vacant, it is populated; if not, the adjacent hcp site is
populated; if both sites are occupied, then an empty
event takes place. This model implies the preference of
fcc sites, but this preference is artificial rather than
based on energetics. Monte Carlo simulations for this
model are illustrated by Fig. 1 (curve 2). The results
obtained for this model are very close to those obtained
for the unconstrained random adsorption. The concav-
ity of the curve is somewhat more pronounced.

Diffusion-assisted models. The inclusion of diffu-
sion in the model does not itself lead to any qualitative
change in the description of the coverage-dependent
binding energy if an additional constraint is not intro-
duced that local migration of adatoms along the surface
should not worsen the overall energy situation in the
system. In this case, if diffusion is efficient, it scatters
adatoms over the surface to minimize the number of
adatoms in the neighboring sites, maximize the average

(‡) (b) (c)

Fig. 7. Overlayer structures on the (111) surface at θ = 1/3 (a), 2/3 (b), and 1 (c).

(‡) (b) (c)

Fig. 8. Overlayer structures on the (100) surface at θ = 1/4 (a), 1/2 (b), and 3/4 (c).
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value of the binding energy, and minimize the total
energy of the system.

Figure 4 shows various dependences of σ on the glo-
bal values of θ at different values of fdiff for the
(111) surface. Figure 5 shows analogous dependences
for the (100) surface. These patterns qualitatively agree
with those obtained by analyzing possible local situa-
tions [19].

Figure 6 shows a curve for the models of site exclu-
sion (complex variant) and the diffusion-assisted model
with fdiff = 10000. As can be seen, the model of site
exclusion correctly describes the initial portion of the
curve where the energy does not change. However, this
portion ends at θ = 0.2 rather than at θ = 1/n = 0.25. The
second transition is observed at θ = 0.34, when the sites
without nearest neighbors are exhausted, which is ear-
lier than in the model with infinitely fast diffusion
(θ = 1/2). The reason for these differences is that the
former model implies nonoptimal site population due
to the randomness of population, whereas the latter
model corrects this nonoptimal population by the diffu-
sion process.

It is interesting to trace the structures formed at cov-
erages when the function of σ vs. θ changes its behavior
in the case of the model with fast diffusion (Figs. 7 and
8; points are the nodes of a lattice and solid circles are
adatoms). For the (111) surface, a decrease in σ begins
at θ = 1/3. At this moment (Fig. 7a), disordered struc-
tures are formed on the surface, which are characterized
by the absence of neighbors. Each metal atom (with the
exception of some local defects) coordinates only one
adsorbate. The next bend on the curve σ(θ) is observed
at θ = 1/3. At this point an adatom has either three
neighbors that have a common node in the crystal lat-
tice or two neighbors, one of which is on the opposite
site from the edge. Each metal atom coordinates two
adatoms. Finally, at θ = 1, each metal atom in the lattice
node coordinates three adsorbates, and each adsorbate
has four or five neighbors.

In the case of the (100) surface ordered overlayer
structures are formed at θ = 1/4, 1/2, and 3/4 in which
every metal atom coordinates one, two, or three adsor-
bates, respectively.

COMPARISON WITH EXPERIMENTAL DATA

As mentioned above, models discussed in this work
are not dynamic. They consider limiting cases of the
system in equilibria. In real situations, the dynamics
may impose its own constraints. Let us consider the
experimental dependence of σ on θ borrowed from the
literature [26]. Figure 9 shows experimental data calcu-
lated from the integral heat of oxygen adsorption on the
Ni(100) surface. It can be seen that at low coverages,
the experiment is described well by a model with fast
diffusion, whereas at θ > 0.2 the model with slow diffu-
sion provides a better description. Thus, for the correct
description of the experiment in this case, one has to
take into account the dynamics of diffusion decelera-
tion with an increase in the surface coverage. Moreover,
the experimental curve is affected by constraints asso-
ciated with the formation of atomic oxygen from O2
molecules, which adsorb and dissociate only if certain
clusters of vacant sites are available on the surface. All
these factors were taken into account in the dynamic
model proposed in [26]. To verify our data one has to
carry out an experiment in which atoms are directed to
the surface and stick with 100% probability if they hit
vacant sites or an experiment in which they are readily
formed on the surface by any other method.

CONCLUSION

Earlier, formulas describing the dependence of the
atomic binding energy on the local adsorption environ-
ment on the single-crystal metal surfaces were obtained
[19]. However, for the purpose of microkinetic model-
ing one has to know the continuous function describing
the coverage dependence of the binding energy that
averages all possible local situations on the surface. In
this work, we obtained such functions to describe equi-
librium coverage dependences using various approxi-
mations.
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