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Results from simulations of the adsorption of gases on transition metal surfaces are presented.
Attention is devoted mainly to the adsorption of hydrogen on the 共110兲 surfaces of W
and Mo, the structures and adsorption kinetics of oxygen and CO on the Pt共111兲 surface, and the
catalytic reaction of CO oxidation. The choice of these systems is motivated not only by
their practical importance and fundamental interest but also by the fact that substantial progress
has been made toward understanding the processes of adsorption and the formation of
film structures for them with the use of the Monte Carlo method. One of the main requisites for
simulation of the adsorbed film structures is to adequately incorporate the lateral interaction
between adsorbed molecules, which includes both a direct interaction 共electrostatic and exchange兲
and indirect 共via electrons of the substrate兲. The correct description of the lateral interaction
in the simulation has permitted explanation of the mechanisms of formation of the structures of CO
films on platinum. At the same time, the complexity of the interaction between adsorbed
atoms has at yet precluded the development of a consistent model for the formation of the structure
of adsorbed oxygen on the platinum surface. It can be hoped that this problem will soon be
solved, making it possible to refine the model of the catalytic reaction of CO oxidation. © 2005
American Institute of Physics. 关DOI: 10.1063/1.1884424兴

1. INTRODUCTION

The basic principles of the modern concepts of the physics of adsorption were set forth back in the early twentieth
century by Irving Langmuir. Despite the enormous progress
in our understanding of the process of gas adsorption on
various surfaces, many of its important details and interrelationships require clarification. Interest in the adsorption of
gases on transition metals stems not only from the possible
importance of such research 共it suffices to mention the necessity of achieving further progress on the problems of heterogeneous catalysis, for example, the problem of removing
pollutants from the exhaust gases of automobiles and the
comprehensive decontamination of the atmosphere兲, but also
from the possibility of carrying out multifaceted research on
such adsorption systems for the purpose of obtaining new
information about the properties of surfaces. For example,
low-energy electron diffraction 共LEED兲 and scanning tunneling microscopy 共STM兲 are used to study the structure of the
surface and of the adsorbed film, and photo- and x-rayelectron spectroscopy are used to study the electronic structure. Infrared spectroscopy yields information about the
types of adsorption sites and bonds and their symmetry, and
experiments on diffusion, temperature programmed desorption, particle scattering, and adsorption kinetics can determine the adsorption energy and binding force of the molecules and atoms with the surface.
Progress in research on the adsorption of gases on transition metals demands the use of novel comprehensive techniques in addition to conventional methods. For example, for
studying molecular adsorption of hydrogen by the molecular
beam method 共for purposes of studying the adsorption kinetics and to obtain information about the interaction potential
between the incoming particle and the solid surface兲 the sub-

strate must be cooled to liquid helium temperature. Obviously, purposeful investigation of the properties of adsorption systems also requires theoretical studies. Unfortunately,
the possibilities for rigorous theoretical calculations of the
interaction parameters of particles with metal surfaces are
extremely limited because of the necessity of taking into
account a large number of different factors, such as the presence of precursor states, accommodation, the character of the
adsorption bond 共ionic, covalent兲, the types of lateral interaction, and the rate of surface diffusion. Since many experiments on gas adsorption are done under equilibrium 共or
quasi-equilibrium兲 conditions, one can in principle employ
thermodynamic methods to estimate the kinetic characteristics, but the accuracy of such estimates is insufficient for
direct comparison with experimental data.
Using modern methods of calculation 共in the framework
of electron density functional theory兲 one can quite reliably
estimate the binding energy of an atom or molecule with the
surface, determine the most favorable adsorption centers, and
estimate the interaction energy between adsorbed particles
共the lateral interaction兲. However, significant difficulties
arise when one attempts to compare the results of such
model calculations with experimental data on adsorption.
This to a large degree is due to the fact that experiments
usually measure the integrated characteristics 共sticking coefficient and diffusion coefficient, the heat of adsorption, etc.兲,
whereas calculations give numerical values of the interaction
parameters between particles and the surface and therefore
cannot always be used directly for interpretation of the results of studies of the adsorption kinetics.
The complexity of calculations of the interaction with
the surface for incoming gas molecules can be illustrated by
the example of the so-called ‘‘six-dimensional potential
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FIG. 1. Potential energy surfaces for hydrogen molecules on W共100兲 from Ref. 8: for molecules above an on-top center the axis of the molecule is parallel
to the direction between two bridge positions on the substrate—barrierless desorption 共a兲; for a molecule above a bridge adsorption center with the axis of the
molecule parallel to the direction between two positions of threefold symmetry—barrierless desorption 共b兲; for a molecule above a bridge position with the
axis of the molecule parallel to the direction on the surface between two on-top positions 共c兲. The barrier for desorption is 0.3 eV.

model.’’ The molecular dynamics method is used to calculate
the experimental data and, in a number of cases, to predict
the forces of interaction with the surface for different orienthe behavior of systems under some particular conditions or
tations 共and sometimes velocities兲 of the molecules, and poother.
tential energy surfaces 共PESs兲 are constructed.1–7 As an exIn this review we discuss the possibilities of the Monte
ample, Fig. 1 shows the PES calculated in Ref. 8 for
Carlo method and the prospects for its use in modeling the
hydrogen on W共100兲. In this model the growth of the initial
adsorption of gases on transition metals. We present and anasticking coefficient with decreasing energy of the incident
lyze the results of simulations of the low-temperature adhydrogen molecule is explained by a decrease in the speed of
sorption of hydrogen 共with precursor states and the phenomrotation owing to an orientation 共or steering兲 of the incoming
enon of enhanced accommodation taken into account兲,
molecule. As a result of steering the molecule is oriented
adsorption, the formation of structures of adsorbed films of
with respect to the surface in such a way that the probability
oxygen and CO on platinum, and the catalytic reaction of CO
of breaking the molecular bond becomes maximum. Thus, if
oxidation.
a molecule oriented along the surface approaches an on-top
or bridge position on the surface there is no potential barrier
2. ROLE OF PRECURSOR STATES IN LOW-TEMPERATURE
for chemisorption. However, if the axis of the molecule is
ADSORPTION OF HYDROGEN ON TRANSITION
perpendicular to the surface, the molecule cannot be chemiMETALS
sorbed in an on-top site 共the potential barrier in this case is
2.1. Accommodation of molecules and the initial sticking
practically infinite兲, while the barrier for chemisorption in
coefficient
the bridge position is 0.3 eV. For dissociative chemisorption
The probability of adsorption of a molecule on a surface
of a molecule in a position of threefold symmetry a potential
共the initial sticking coefficient兲 depends on the energy of the
barrier exists for any orientation of the incoming molecule.
particle, the direction of incidence, and the temperature of
For describing probabilistic processes in systems with a
the substrate. At a low substrate temperature the probability
large number of particles it is resonable to make use of staof physisorption is determined mainly by the efficiency of
tistical simulation 共the Monte Carlo method兲. The Monte
transfer of the kinetic energy of the molecules to atoms of
Carlo method is widely used for studying the interaction of
the surface in collision 共accommodation of the molecule兲,
particles with a solid surface, crystal growth, adsorption, difafter which the molecule is trapped by the surface, where its
fusion, and ordering of adsorbed atoms and molecules, and
energy is close to the value of the minimum of the van der
also chemical reactions on a surface. With this method one
Waals potential 共see Fig. 2兲. Accommodation of the molecule
can do a computer experiment 共simulation兲 based on physiis explained by the loss of energy to excitation of one or
cal concepts obtained as a result of experimental and theoseveral phonons in the substrate and, in some cases, the forretical studies of a given adsorption system. This not only
mation of electron–hole pairs also.9 For particles with low
allows one to check the correctness of existing ideas about
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
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sticking coefficient to the accuracy necessary for comparison
with experiment.

2.2. Precursor states and steering

Hydrogen can be adsorbed on transition metals in a process involving dissociation of the molecules and subsequent
chemisorption of the individual atoms or at low temperatures
in a weakly bound physisorbed molecular state.18 –28 The activation energy for dissociative chemisorption of hydrogen
on W共110兲 and Mo共110兲, as follows from the growth of the
sticking coefficient with decreasing energy of the incident
molecules, is extremely insignificant, so that one can observe
atomic chemisorption even at a temperature of 5 K. After an
atomic layer is filled the further adsorption of hydrogen takes
place in molecular form. The highest degree of coverage 
by hydrogen at T⫽5 K in dynamic equilibrium with the incident hydrogen beam is  ⫽1.5, which corresponds to the
formation of a complete molecular monolayer 共ML兲 of hydrogen on top of the atomic monolayer 共the degree of coverage is defined as the number of hydrogen molecules per
adsorption site on the W共110兲 or Mo共110兲 surface, so that
 ⫽0.5 corresponds to a filled atomic monolayer兲.
FIG. 2. One-dimensional interaction potential of a hydrogen molecule with
the Mo共110兲 surface, calculated in the classical approximation.47
The chemisorption barrier for hydrogen adsorption on
noble metals 共Au, Cu兲 and transition metals 共Pd, Rh, Pt, W,
Mo兲 are substantially different. For noble metals typically
there is a high activation barrier for dissociation. In contrast,
for hydrogen adsorption on Ni共111兲 and Pt共111兲 the activaally neglected. Taking a classical approach, one can estimate
tion barrier is 50–100 meV, and for hydrogen adsorption on
the scattering probability in the case of one- and two-phonon
Rh共111兲 activationless chemisorption of hydrogen is obprocesses.9–13 However, for typical energies of the hydrogen
served. The value of the barrier for dissociation of hydrogen
molecules in a molecular beam 共25 meV兲 the scattering
is determined by the crossing of the repulsive part of the
length has a value of the order of the lattice period on the
physisorption potential and the attractive region of the
surface of a transition metal, and that leads to significant
chemisorption potential for atomic hydrogen 共see Fig. 2兲.
diffraction effects.9 Thus for a realistic description of the
The difference between the surface potentials of transition
scattering of hydrogen molecules one must use a quantumand noble metals is apparently due to their different elecmechanical approach, which is practical only for a onetronic structure 共especially the difference between the surphonon process.9,13,14 In Ref. 9 an analysis of the dependence
face states兲.20,29–31
of the sticking coefficient on the energy of the incident parApparently the mechanism of dissociative chemisorption
ticle, S(E), was done both from a classical standpoint and
consists in the following. Electrons of the substrate escaping
with quantum effects taken into account. It was shown that at
to vacuum can occupy antibonding states of the molecule
low energies of the incident particles (E→0) in the classical
and cause its dissociation32,33 and the subsequent chemisorpdescription S(E)→1, while in the case when quantum
tion of the individual atoms. Obviously an important role in
effects—in particular, quantum reflection—are included, the
this is played by the intrinsic and extrinsic precursor
dependence has the form S(E)⬃E 1/2 for neutral atoms.
states.10,22–25,34 –37 A molecule trapped in a precursor state
Clearly the adsorption of hydrogen on a metal surface
can move along the surface and come upon a favorable adcan substantially alter the surface contribution to the phonon
sorption site, and this leads to its dissociation and the chemispectrum of the system, and therefore the estimates made are
sorption of the atoms at two adjacent adsorption centers. At
only of a qualitative character. For example, in the adsorpthe same time, a molecule trapped in a precursor state can
tion of a monolayer of hydrogen on the W共110兲 and Mo共110兲
also desorb, in contradistinction to the model of direct dissosurfaces one observes anomalies in the scattering spectrum
ciative chemisorption.8,38 – 42
of He atoms in comparison with scattering on the clean
15
The existence of intrinsic precursor states is still in dissurface. Softening of a phonon mode is due to electron–
pute. For highly activational chemisorption, as is characterphonon coupling, which is enhanced on account of
istic of the adsorption of hydrogen on simple and noble
adsorption-induced surface states. This explanation is conmetals,11,12,42,43 the existence of extrinsic precursor states is
firmed by calculations of the atomic and electronic structure,
confirmed by the presence of both atomic and molecular hythe vibrational spectra, and the spectra of excitation of
drogen on the surface even at very low coverages. In this
electron–hole pairs in these systems in the framework of
situation the molecular physisorbed state can serve as a predensity functional theory.16,17 Unfortunately, the necessity of
cursor state for the subsequent dissociative chemisorption.
taking into account a large number of factors influencing the
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
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low energies of the incident molecules, the presence of intrinsic precursor states can be confirmed only
indirectly.19–21,23,26 –28,34 –37,43
At the same time, the steering effect can account for
some experimental data on the sticking coefficient of hydrogen without any need for invoking the concept of precursor
states, and for that reason the existence of intrinsic precursor
states has been called into question.44 However, it follows
from the calculations of Refs. 8 and 38 – 41 that the hydrogen
molecules have a high mobility along the surface and thus
spend a significant time near the surface before reflecting or
dissociating.8,39– 41 Furthermore, the barrierless 共direct兲
chemisorption of hydrogen on the W共100兲 surface, as follows from the calculations of Ref. 8, is observed only for
certain orientations of the molecules with respect to the surface, and for other orientations this barrier is quite significant
共see Fig. 1兲. Such a state in a two-dimensional model of the
surface potential can be considered to be an intrinsic precursor state.18,29,45,46 Thus the concept of precursor states as a
temporary molecular state prior to chemisorption does not
really contradict the steering-effect model, since in both
models it is assumed that the molecule spends a significant
time near the surface prior to its dissociation or return to the
gas phase.
2.3. Effective two-dimensional potential

227

2.4. Monte Carlo simulation of adsorption kinetics
of hydrogen

In both physical and chemical adsorption the atoms and
molecules generally occupy certain sites or adsorption centers. This position is determined by the interaction potential
of the particle with the surface, and it is therefore logical to
assume that the geometry of the arrangement of adsorption
centers is determined by the potential relief of the surface.
Indeed, in an atomic adsorbed layer the limiting concentration of hydrogen atoms is equal to the surface concentration
of atoms of the substrate, which can present as a lattice of
adsorption centers, each of which can be occupied by one
atom. Clearly the presence of an atomic layer on a surface
can influence the binding of the molecules of the second
layer with the surface. Nevertheless, the molecular adsorption of hydrogen can also be described by a lattice-gas
model, inasmuch as it has been observed in experiment that
the second 共molecular兲 layer is saturated at the same concentration of hydrogen molecules as the surface concentration of
substrate atoms. This feature allows one to describe the molecular and dissociative adsorption of hydrogen by the Monte
Carlo method, which gives a transparent description of the
process and enables one to elucidate the role of the various
factors influencing the effective sticking coefficient.
It has been observed in molecular beam experiments at
low temperatures 共5 K兲 that the adsorption kinetics of hydrogen demonstrates a strong dependence of the sticking coefficient S and of the limiting dynamic-equilibrium coverage
on the molecular flux.28 For example, at high fluxes a significant maximum of S is observed at coverages in the region
corresponding to molecularly adsorbed hydrogen, while at
low fluxes this maximum is very slight or absent altogether.
Furthermore, the limiting equilibrium coverage at high fluxes
equals 1, while at low fluxes it is 0.2.
The dependence of the sticking coefficient on the degree
of coverage is given by the relation

For qualitative description of the motion of a molecule it
is advisable to use a one-dimensional potential model averaged over the surface. Two approaches are usually taken in
the commonly used software packages based on methods of
quantum chemistry: 1兲 classical Newtonian mechanics; 2兲
semiempirical potentials using universal parameters for the
overlap integrals; 3兲 ab initio calculations 共by the Hartree–
Fock method, with the configuration interaction also taken
into account if necessary兲, and 4兲 calculations using density
functional theory. The interaction with the model surface can
be described in terms of classical molecular mechanics or
S 共  兲 ⫽1⫺k 共  兲 ⫺  n 0 W 共  兲 /F,
共1兲
quantum mechanics. Quantum-mechanical calculations using
where  is the degree of coverage, defined as  ⫽n/n 0 关 n 0 is
the semiempirical approximation yield rather reliable estithe density of adsorption sites, 1.4⫻1015 cm⫺2 in the case of
mates for the interaction parameters. In Newtonian mechanthe W共110兲 or Mo共110兲 surface兴, k(  ) is the coefficient of
ics the hydrogen molecule is treated as a classical particle in
reflection of a molecule from the surface, W(  )
the fields of a van der Waals potential near the surface, while
⫽  exp(⫺Eeff /kbT) is the desorption probability, E eff⫽Ed
the semiempirical potential, which takes the electronic struc⫹U (E d is the activation energy for desorption, U is the
ture of the molecule into account, also permits modeling of
energy of the lateral interaction of neighboring atoms兲,  is
its dissociation.
the frequency factor, and F is the particle flux. The influence
The interaction potential of the hydrogen molecule with
of the flux on S(  ) is explained by enhancement of the acthe Mo共110兲 surface, calculated in the classical approximacommodation for particles that in the process of their adsorption, is shown in Fig. 2.47 A particle approaching the surface
tion collide with previously adsorbed molecules.48 –51 Indeed,
is attracted by the van der Waals forces to a distance at which
in the collision of a molecule with a heavy substrate atom,
it begins to feel the ‘‘tail’’ of metal electrons escaping to
because of the mass mismatch of the colliding particles, it is
vacuum. The interaction with these electrons leads to the
harder for a molecule to lose sufficient energy to become
formation of a repulsive potential and can lead to reflection
trapped in the physisorption well, and upon collision with an
of the particle. However, the molecule may lose kinetic enalready adsorbed molecule, owing to the equality of the
ergy 共e.g., owing to excitation of phonons in the
masses, the exchange of energy will be much more efficient,
substrate兲9–13 and, as a result, be trapped in a potential near
and therefore the probability of adsorption will be higher.
the surface, corresponding to a state of physical adsorption.
The situation can be modeled as follows. If a molecule colThe depth of the physisorption well for hydrogen on
lides with a substrate atom, then the probability of adsorption
Mo共110兲 is only around 15 meV,47,20 and therefore a stable
is determined by the initial sticking coefficient S 0 共the simumolecular layer of physisorbed hydrogen can be obtained
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions.
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FIG. 3. Scheme of the simulation of adsorption of hydrogen on a transition
metal.

periment兲, while if it collides with an adsorbed molecule
when an unoccupied adsorption site is among the nearest
neighbors, then the adsorption probability is taken equal to
unity.
The scheme of the Monte Carlo simulation of hydrogen
adsorption in Ref. 47 was as follows 共Fig. 3兲:
1. An adsorption center is selected at random. If the center is unoccupied or occupied by a chemisorbed atom, then
the molecule with a certain probability W A 共determined by
the initial sticking coefficient S 0 ) is trapped in an intrinsic or
extrinsic precursor state, respectively.
2. A molecule trapped into this precursor state can either
dissociate 共with a probability W diss) with the instantaneous
chemisorption of the hydrogen atoms 共in the presence of an
unoccupied adsorption center兲 or can make several diffusion
hops or be desorbed. At low coverages and low temperatures
desorption of a molecule is considerably less probable than
diffusion, and the desorption of atoms from a chemisorbed
state is practically impossible at low temperatures.
3. If the chosen center is occupied by a molecule, than it
is assumed that the accommodation of molecules in this case
is significantly enhanced on account of the equality of the
particle masses. This circumstance is taken into account with
the aid of a modeling of the possibility for such a molecule
to occupy the nearest center not occupied by another molecule, and in that case the desorption probability is equal
to 1.
The result of the Monte Carlo simulation of hydrogen
adsorption on W共110兲 and Mo共110兲 with diffusion and the
lateral interaction between molecules and also the enhanced

Petrova et al.

accommodation45 taken into account is in good agreement
with the experimental S(  ) curves in the entire range of
coverages studied and at all values of the flux of hydrogen
molecules 共Fig. 4a兲. The calculated S(  ) curve reproduces
well such experimentally observed features as enhancement
of sticking and growth of the limiting dynamic-equilibrium
coverage with increasing flux of hydrogen molecules onto
the surface. The growth of the sticking coefficient with increasing flux here is due to the enhanced accommodation for
the hydrogen molecules at high fluxes, and the increase in
the limiting coverage is due to a change in the ratio of the
desorption flux to the incident flux 关see Eq. 共1兲兴. It should be
noted that in using this model it is unnecessary to include
other parameters in order to get the growth of the sticking
coefficient at high coverages and fluxes. Such agreement
with the experimental data can be obtained only if the role of
the intrinsic and extrinsic precursor states is adequately taken
into account. For example, control calculations of the functions S(  ) without the precursor states have revealed the
absence of experimentally observable dependence of the
sticking coefficient on the flux at coverages of around 0.5
共Fig. 4b兲.
For hydrogen adsorption on Mo共110兲 the dependence of
the sticking coefficient on the degree of coverage is qualitatively different from the case of H2 adsorption on W共110兲
and of deuterium adsorption on Mo共110兲. Only for the system H/Mo共110兲 is a sharp decrease of the sticking coefficient
observed at coverage  ⫽0.5 共Fig. 5兲. In Refs. 27 and 52 this
difference in the behavior of S(  ) was explained by the
anomalously high mobility of hydrogen on Mo共110兲. On the
basis of the results of a simulation47 an alternative explanation was proposed for the different behavior of S(  ) in the
cases of hydrogen and deuterium adsorption on Mo共110兲. For
example, when only the difference of the activation energies
for desorption of hydrogen and deuterium on Mo共110兲 is
taken into account, one observes a tendency to form a minimum 共Fig. 5兲.

FIG. 4. Dependence of the sticking coefficient of hydrogen on W共110兲 on the degree of coverage for different values of the incident particle flux 共the dashed
47
curves
the experimental
results,
and article.
the symbols
theofresult
a simulation
including
precursor
共a兲; the results of a simulation for different
fluxes to IP:
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copyrighted
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Reuse
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in the case of direct chemisorption 共b兲.
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FIG. 5. Dependence of the sticking coefficient on the degree of coverage for
hydrogen and deuterium on Mo共110兲 共the dashed curve is experimental, the
symbols the results of a simulation47兲.

2.5. Simulation of hydrogen desorption

An effective method for investigating the interaction of
an adsorbate with a surface is temperature programmed desorption 共TPD兲. For interpretation of the TPD spectra one
usually uses the Polanyi–Wigner equation for the rate of
desorption:
R des⫽  n  exp共 ⫺E eff /k B T 兲 ,
where R des is the rate of desorption,  is a pre-exponential

Petrova et al.

229

factor, E eff⫽Edes⫹E lat is the effective activation energy for
desorption with the lateral interaction taken into account, and
n is the order of desorption.53,54
The presence of the lateral interaction between adsorbed
particles has a sensitive influence on the position of the
peaks in the TPD spectrum. A Monte Carlo simulation of the
desorption process in real time permits one to determine the
influence of the lateral interaction on the position and shape
of the TPD peaks and also to estimate the value of this interaction. In Ref. 55 an algorithm was proposed for Monte
Carlo simulation of the TPD spectra in real time and to analyze the influence on the TPD spectra of the substrate geometry and the lateral interaction between particles. It was
shown that the presence of a repulsive interaction leads to the
appearance of two peaks in the TPD spectra, corresponding
to desorption from different ordered phases on the surface,
the larger splitting of the peaks corresponding to the stronger
lateral repulsion. For a weak repulsion one observes some
broadening of the desorption peak. The presence of an attractive interaction for the next-nearest neighbors when the nearest neighbors have a repulsive interaction leads to sharpening
of the TPD peak. In Ref. 45 a simulation of the TPD and
isothermal desorption spectra of the system H2 /W(110) was
done for the cases of different initial degrees of coverage
共see Fig. 6兲. The values obtained for the activation energy of
desorption and the lateral interaction from the results of a
simulation45 for the systems H2 /W(110), H2 /Mo(110), and
D2 /W(110) are in good agreement with experiment, and so
the algorithm developed can be used for simulation of the
adsorption and desorption processes for the different systems
and can also be used to explain the coverage dependence of
the sticking coefficient of CO and oxygen on Pt共111兲, the

FIG. 6. Temperature programmed desorption 共TPD兲 spectrum for the system H2 -W(110), obtained as a result of the simulation for different fluxes 共the inset
shows the TPD spectrum obtained in an experiment26 at a molecular flux F⫽0.9⫻1013 cm⫺2 s⫺1 ) 共a兲; the distribution of the hydrogen molecules at the
13
equilibrium
coverages
W共110兲, in
obtained
for F⫽0.9⫻10
4⫻1013
cm⫺2 s⫺1toand
spectra
of isothermal molecular desorption 共in relative
units兲, to IP:
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is copyrighted
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45
obtained as a result of a simulation for 5 K 共b兲.
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structural ordering of adsorbed CO molecules,56 and the
catalytic reaction of CO oxidation on the platinum surface.

Petrova et al.

mechanisms that empty the adsorption sites for subsequent
adsorption of reactants, and the increase of the CO desorption probability leads to narrowing of the hysteresis loop.
It should be noted that the factors listed still do not avoid
3. SIMULATION OF THE CO OXIDATION REACTION ON
the oxygen poisoning of the surface that is obtained in the
Pt„111…
ZGB model. For this reason the algorithm used to describe
A huge number of studies devoted to the adsorption of
the adsorption kinetics was substantially modified in Ref. 67.
CO on platinum is due not only to the importance of the
As a result, the dependence of the CO oxidation reaction rate
development of fundamental concepts but also to the search
on Pt共111兲 on the relative pressure of CO was found to be in
for possible ways of perfecting platinum catalysts for removgood agreement with experiment for the entire range of relaing pollutants from the exhaust gases of automobiles. The
tive pressures of the reactants. The influence of lithium adcatalytic reaction of CO oxidation takes place by the
sorption on the course of the CO oxidation reaction on the
Langmuir–Hinshelwood mechanism 共a bibliography may be
Pt共111兲 surface was investigated in that paper. It was shown
57
found in Imbihl’s excellent review of oscillatory reactions
that because of their small size, Li adatoms occupy the active
on the surfaces of single crystals兲. Clearly the electronic and
centers on the surface, leading to an effective decrease of its
catalytic properties depend substantially on the structure of
area. At the same time, the possible enhancement of oxygen
the substrate surface and of the adsorbed layer. From a pracadsorption at low Li coverages is small because of the small
tical standpoint the surface of greatest interest is that of polyvalue of the dipole moment of the adatoms. At close to
crystalline Pt, which on annealing acquires a 共111兲 texture.
monolayer coverages, when the mutual depolarization of the
This fact accounts for the significant interest in studying the
dipoles causes metallization of the adsorbed Li layer, the rate
adsorption of CO and the joint adsorption of CO and oxygen
of oxygen adsorption decreases rapidly, as a result of which
on specifically the Pt共111兲 surface.58 – 67
the oxidation reaction is suppressed. The validity of this
For simulation of the catalytic reaction of CO oxidation
qualitative explanation of the role of Li in the reaction has
on the platinum surface the Monte Carlo method with the
been confirmed by Monte Carlo simulation of the reaction
ZGB algorithm, proposed by Ziff, Gulary, and Barshad,68 is
with the use of the ZGB model. Besides desorption and difwidely used. This mechanism consists in the following: 1兲 in
fusion of the CO molecules, the probability of oxygen adaccordance with the relative concentration of the gas in the
sorption was also taken into account in the model, by the
mixture the choice of a candidate for adsorption—CO or
introduction of an initial sticking coefficient taken from exO2 —is made; 2兲 an unoccupied adsorption center is selected
periment. In contrast to the usual way of modeling the deat random and is filled in the case of CO adsorption or is
sorption probability,68,72,73 in this model an attempt at defilled together with an adjacent unoccupied adsorption center
sorption was made whenever there was no attempt at
in the case of oxygen adsorption; 3兲 in the case when the CO
adsorption because the site was occupied. Thus an implicit
molecule and an O atom occur in adjacent adsorption centers
description of the growth of desorption with increasing deon the surface, a reaction takes place between them 共with the
gree of coverage is achieved. Incorporation of a sticking coinstantaneous evaporation of CO2 ), and both adsorption cenefficient as well as desorption and diffusion made it possible
ters become unoccupied. The results of a calculation in this
to obtain good agreement between the calculated and experimodel give a strictly bounded region of relative pressures of
mental dependence of the reaction rate on the relative presCO in which a reaction is possible: P CO / P O2 ⫽0.39– 0.53.
sure of CO 共Fig. 7兲. Here it should be noted that the calcuTo the left of this region the model predicts poisoning of the
lated position of the maximum rate agrees with the
surface by oxygen, and to the right, by CO. Experimentally,
experimentally observed rate at T⫽480 K, a feat that had
however, poisoning of the platinum surface by oxygen is not
not been achieved previously in a simulation of the reaction
observed, and the degree of suppression of the reaction beon the Pt共111兲 surface.72
cause of CO adsorption is strongly temperature dependent.
The adsorption of alkali metals was incorporated in the
Thus the given algorithm has a number of important
simulation
with the assumption that they occupy the same
shortcomings, and for that reason several refined versions
adsorption
sites as CO and O. The influence of an alkali
have been proposed to take into account the parameters of
metal
on
the
adsorption of oxygen is described by a correthe diffusion, desorption of CO, and lateral interactions in
69–72
sponding
change
of the initial sticking coefficient. The rethe system.
sults
of
the
simulation
for different Li coverages are preIn Refs. 70 and 72 the Monte Carlo method was used to
sented
in
Fig.
7.
Despite
the increase of the initial sticking
investigate the influence of desorption and diffusion of CO
coefficient
for
oxygen
in
the
presence of Li, which leads to a
molecules on the characteristics of the hysteresis in the CO
shift
of
the
reaction
rate
maximum
to higher CO relative
oxidation reaction. In particular, it was shown that the diffupressures,
the
reaction
rate
falls
off
rapidly
with increasing
sion of CO leads, on the one hand, to separation of the un67
Li
coverage.
Thus
it
was
shown
that
the
influence
of Li on
occupied pairs of adsorption sites needed for adsorption of
CO
oxidation
on
the
Pt共111兲
surface
presupposes
the
exisoxygen, and thereby decreases its adsorption probability. On
tence
of
two
competing
effects:
the
increase
of
the
sticking
the other hand, diffusion increases the probability of the CO2
coefficient for oxygen 共aiding the reaction兲 and, on the other
formation reaction, which leads to a decrease of the amount
hand, a decrease of the number of adsorption centers, which
of oxygen on the surface. In addition, the presence of diffuleads to a decrease of the CO and oxygen adsorption probsion leads to significant broadening of the hysteresis loop in
abilities.
the dependence of the reaction rate on the CO partial presThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
Nevertheless, in all the studies mentioned on the subject
sure. The presence of CO desorption is also one of the
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FIG. 8. Diagrams of the arrangement of reflections on the diffraction patterns for CO on Pt共111兲 at  ⫽0.5 共a兲 and 0.6 共b兲.58,59 The different diameters
of the circles correspond to different intensity of the reflections.

stoichiometric concentration  ⫽0.44. On the Ni共111兲
surface75– 81 at coverage  ⫽1/3 the ()⫻))R30° structure
forms, as on Pt共111兲, and for  ⫽0.5 the c(4⫻2) structure,
but upon further increase in coverage the CO film takes on
the structure ( 冑7/2⫻ 冑7/2)R19.1°, which differs from the
structure observed on Pt共111兲 共see Fig. 8兲. The ()
⫻))R30° structure is also observed in the adsorption of
FIG. 7. Results of a simulation67 of the CO oxidation reaction on the Pt
CO on the hexagonal faces Rh共111兲 共Refs. 29, 82, and 83兲
surface in the presence of Li at a temperature of 480 K. P CO2 , P O2 , and P CO
and Ru共0001兲 共Refs. 84 and 85兲.
are the partial pressures of the components in the gas phase,  Li is the degree
Since the Pt共111兲 surface has a hexagonal structure, the
of coverage by Li on Pt共111兲.
structure of the adsorbed films is usually also designated in
terms of the size and orientation of the experimental lattice
with respect to the substrate.58,82 In a number of cases, howof simulation of the CO oxidation reaction on the platinum
ever, a rectangular cell can be chosen in the adsorbed layer,
surface it was impossible to obtain the correct values of the
and then it is more convenient to use a notation in which the
maximum coverages in the limiting cases of separate adsorpsize of the unit cell and the number of particles in it are
tion of oxygen or CO. Consequently, the algorithm used in
indicated explicitly.78 Thus another notation for the structure
simulation of the reaction is in need of further refinement,
c(4⫻2), which contains two CO molecules in the unit cell
which can be achieved with a more realistic description of
(  ⫽0.5), is c(2⫻))rect 关under the condition that the CO
both the lattice of adsorption centers on the surface and the
molecules at the center of the rectangular unit cells of size
lateral interaction between molecules.
2a⫻)a] or (2⫻))rect-2CO. In these systems of notation the structure of a CO film on Pt共111兲 at  ⫽0.6 共the
4. STRUCTURE FORMATION AND ADSORPTION KINETICS
maximum stable coverage for this system at a temperature of
OF CO ON Pt„111…
160 K兲59 is characterized as c(5⫻))rect-3CO.
There is also disagreement48,59,74 – 80 as to the type of
The CO film structures formed at different coverages on
adsorption centers occupied by CO molecules at different
Pt共111兲 have been investigated in a number of studies and, it
coverages on Pt共111兲 and Ni共111兲. For example, in some
would seem, the basic rules governing adsorption and the
papers it is stated that the CO molecules on Ni共111兲 occupy
sequence of structures formed with increasing coverage
positions at the centers of triangles formed by surface
should be well established. For example, it was found by Ertl
atoms,77 while in other papers78 it is emphatically argued that
et al.58 that at coverage  ⫽1/3 a ()⫻))R30° structure is
the CO molecules lie above substrate atoms and in bridge
formed. This structure is observed only at reduced temperapositions between two surface atoms. The situation with the
tures 共170 K兲59 and is practically absent at room
adsorption of CO on Pt共111兲 is somewhat more definite in
temperature.58,59 However, it is stated in Ref. 60 that the
this regard. For Pt共111兲 the most reliably justified model is
diffuse reflections of the ()⫻))R30° structure, which is
apparently one in which the filling of centers with increasing
observed at 100 K even at considerably lower coverages, are
CO coverage occurs in the following order. Below a coversplit and actually correspond to a more complex film strucage  ⫽0.33 adsorption centers corresponding to the on-top
ture.
position are filled.59,61– 66 With increasing coverage the
At  ⫽0.5 a diffraction pattern 共Fig. 8兲 corresponding to
bridge centers are also filled, and a redistribution of mola well-ordered structure of the CO film on Pt共111兲 is obecules occurs such that at  ⫽0.5 the number of occupied
served even at room temperature. The observed diffraction
on-top centers is equal to the number of occupied bridge
pattern is usually interpreted,59– 65 following Ref. 58, as the
centers.59,61,85– 87 Such a sequence of filling of adsorption
formation of c(4⫻2) structure of the adsorbed film. It
centers follows both from theoretical estimates62– 66 and from
should be noted that similar diffraction patterns for CO on
the data of a vibrational spectroscopy study61 of CO on
the similar surface Cu共111兲 were interpreted in Ref. 74 as the
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
Pt共111兲.
formation of the (1.5⫻1.5)R18°, which corresponds to the
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It is reliably established 共see, e.g., the review57 and references cited therein兲 that on the Pt共111兲 surface the CO
molecules stand vertically, with the oxygen atom upward,
and thus their dipole moments are oriented parallel to each
other. The adsorption of CO on Pt共111兲 causes an initial decrease of the work function,58,60 i.e., CO acts as an electropositive adsorbate. An estimate by the Helmholtz formula
gives a dipole moment  ⬇0.2 D 关the intrinsic dipole moment of the bond in the CO molecule is 0.74 D for a single
bond (C– O) and 2.3 D for a double bond (C⫽O)]. Hence it
follows that the lateral interaction between CO molecules
will have the character of dipole–dipole repulsion. The presence of repulsion between adsorbed CO molecules is also
attested to by the decrease of the heat of adsorption with
increasing coverage58 and also by the a number of theoretical
estimates.62– 66,85– 87 At the same time, the formation of complex structures in the films and also an analysis88 of the
phase diagrams of the oxidation reaction of CO on Pt共111兲
indicates the presence of attraction between the adsorbed CO
molecules at certain distances between them.84 – 87 This longrange attraction is apparently due to the so-called indirect
interaction,89–91 i.e., the interaction of CO molecules via
electrons of the substrate. The mutual depolarization of
neighboring dipoles with increasing concentration on the surface also leads to a change of the value and character of the
interaction, and at small distances between adsorbed molecules the direct exchange interaction between them also becomes important.63,89–91
Thus the interaction between adsorbed CO molecules on
Pt共111兲 has a complex, nonmonotonic character and depends
substantially on the coverage. In this situation the reliability
of the interpretation of experimental data can be improved
significantly
by
the
use
of
mathematical
simulations.48,55,92–97 After a particular character of the lateral interaction is conjectured on the basis of an analysis of
the sequence of structures observed in the adsorbed films, the
reproduction of these structures in the mathematical simulation can be achieved. For this one should obviously choose
the appropriate interaction parameters, which are determined
on the basis of the requirement that the properties obtained
match those observed in experiment.

FIG. 9. Position of the atoms in a two-dimensional lattice with component
c(4⫻2) (  ⫽0.25) and the calculated diffraction pattern for the three
equivalent orientations of such a lattice 共a兲. The structure proposed for explaining the diffraction pattern observed58 in CO films on Pt共111兲 共b兲. The
structure of CO on Ni共111兲 proposed in Ref. 77 for  ⫽0.5 共c兲. The large,
light circles represent atoms of the metal, and the small, dark circles represent CO molecules.
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and obtain the simulated diffraction pattern 共Fig. 9a兲. The
summation in this formula is over discrete coordinates of the
molecules, expressed in fractions of the size of the simulated
part of the surface, and h and k denote the coordinates in a
two-dimensional reciprocal space. For a hexagonal lattice the
strong reflections of electrons is obtained only when the sum
4.1. Interpretation of the diffraction patterns for CO on
of h and k is equal to an even number. By choosing arbitrary
Pt„111…
values of h and k one can model the intensity distribution on
Whereas the diffraction pattern at a CO coverage 
the screen of the LEED display.93,98,99 Here one can trace the
⫽0.33 on Pt共111兲 or Ni共111兲 clearly corresponds to the ()
transformations of the patterns during the ordering of the
⫻))R30° structure with the CO molecules at equivalent
structures and, if the step is chosen small enough, the variaadsorption centers, the interpretation of the patterns for 
tion of the width of the reflection upon variation of the size
⫽0.5 and 0.6 共see Fig. 8兲 is ambiguous and remains in
of the islands or the size of the simulated part of the surface
dispute.58 – 65 The point of contention is that the position of
共in Ref. 56 a part of the Pt共111兲 surface containing 36⫻30
the reflections is determined by the symmetry of the twoatoms and approximately 100⫻100 Å in size99 was chosen,
dimensional lattice of the structure, while the distribution of
corresponding to the coherence length for the standard
the intensity of the reflections is determined by the position
LEED device兲.
of the molecules in the unit cell. The lattice corresponding to
An imitation of the LEED patterns was done by the folthe LEED pattern for T⫽0.5 can be designated as c(4⫻2)
lowing method. To indicate the brightness the reflections are
or ( 冑e⫻2)rect, but in that case for one atom in the unit cell
represented by circles of radius proportional to the relative
a coverage  ⫽0.25 is obtained. To see that such a structure
intensities of the electron reflection estimated by formula 共2兲.
gives the correct distribution of reflections in the diffraction
For clarity the reflections coinciding with reflections from
pattern, one can estimate the relative influence of the lowthe substrate are represented by circles of slightly larger diThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
energy electron reflection:
ameter.
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An important feature of the LEED pattern calculated for
the three equivalent orientations of the c(4⫻2), or (2
⫻))rect, structure (  ⫽0.25) 共Fig. 9a兲, is the equality of
the intensities of all 6 additional reflections forming the characteristic triangles. It is expected that the addition of molecules to the unit cell might lead to a decrease of the relative
intensity of certain reflections owing to the effect of the
structure factor. In particular, the reflection 共1/2,0兲 on the
experimental patterns for  ⫽0.5 is considerably weaker than
the other reflections 共see Fig. 8兲, and this property can serve
as an indicator of the correctness of the choice of unit cell.
Figure 9b,c shows the structures proposed in Refs. 58,
76, and 77 for explanation of the diffraction patterns observed in CO films on Pt共111兲 and Ni共111兲 at  ⫽0.5 共a diagram of the disposition of the reflections for this pattern is
shown in Fig. 8兲. As is seen in the figure, the diffraction
patterns calculated for all three orientations of the lattices are
substantially different from those observed in experiment.
FIG. 10. The (2⫻))rect-2CO structure of a CO film on Pt共111兲 for 
Because of the location of the CO molecules at the center of
58
⫽0.5. 56 The molecules at the corners of the rectangular unit cell are located
the rectangular unit cell, some of the experimentally obat on-top centers, while those inside the rectangle are located at bridge
served reflections are suppressed by the structure factor and
positions. There are 6 equivalent domains of this structure which contribute
vanish from the pattern. We note that an analogous
to the diffraction pattern 共right-hand panel兲 共a兲. The c(5⫻))rect-3CO
film of CO on Pt共111兲 for  ⫽0.6 共b兲.
calculation77 for this structure for CO and Ni共111兲 gave exactly the same results, since the diffraction pattern is obviously not affected by a displacement of the adsorbed layer
equivalent domains 共and not 3, as in the case of a centered
such that the molecules occupy the positions characteristic
cell兲 contribute to the diffraction pattern. For this reason the
for Ni共111兲, at centers with threefold symmetry. Nor is the
calculated diffraction pattern 共Fig. 10a兲 is in excellent agreesituation rescued by displacement of the molecules along a
ment
with the experimentally observed pattern not only in
symmetry axis of the rectangle—certain reflections vanish,
respect to the distribution of superstructural reflections but
as before. In Ref. 77 these missing reflections were artifialso their relative intensities. In particular, reflections of the
cially drawn in as if they were reflections appearing as a
type 共1/2, 0兲 in the bases of the characteristic triangles turn
result of multiple reflection, which cannot be taken into acout to be noticeably weaker than the rest, as is well seen on
count in the kinematic approximation. However, in the exthe experimental patterns for CO on Pt共111兲 at  ⫽0.5. 58 – 60
periments of Refs. 58 – 60 these reflections were only slightly
Thus the proposed model of the structure of a CO film
weaker than the others and can scarcely be due to multiple
on Pt共111兲 at  ⫽0.5 can explain the observed diffraction
reflection. In order to obtain a diffraction pattern correspondpatterns without the need for invoking addition assumptions
ing to the experimental one at  ⫽0.5 it is necessary to disinvolving multiple reflection. The correctness of the choice
place the CO molecules from the symmetric position. To
of asymmetric unit cell is also indicated by recent STM obpreserve equality of the number of molecules in the two
servations for the similar system CO on Ni共111兲 at  ⫽0.5.
types of adsorption centers, on-top and bridge, it is advisable
The STM patterns presented in Ref. 78 clearly reveal the
to consider the movement of molecules from the bridge poasymmetry of the unit cell, although the authors interpret it
sitions at the center of the cells to the neighboring bridge
as the symmetric cell structure c(4⫻2), explaining the
centers 共Fig. 10a兲. The choice of such centers is dictated by
asymmetry as instrumental distortions.
the following considerations. First, symmetry of the unit cell
At a degree of coverage  ⫽0.6 the diffraction pattern
in even one direction inevitably leads to suppression of the
observed in experiment is obtained by adding the contribucorresponding reflection, and therefore the cell should be
tions from the six domains of the c( 冑5⫻))rect-3CO
completely asymmetric. Second, the disposition of two molstructure, illustrated in Fig. 10b. The CO molecules at the
ecules in the on-top position and the bridge center nearest to
center and corners of the rectangular unit cell are located in
it is improbable because the minimum distance observed for
on-top adsorption centers, while the rest are in bridge posi58,59
adsorbed CO molecules 共3.2–3.4 Å兲
is considerably
tions. Interestingly, this structure of the CO film on Pt共111兲 at
greater than the distance between such centers 共1.38 Å兲. Sat ⫽0.6 is observed by the addition of a third molecule to the
isfaction of these requirements leads to the situation that
characteristic pair of molecules at a distance a)/2.
when the corner molecules are placed in a rectangular unit
cell at on-top centers, the proposed structure of the CO film
4.2. Monte Carlo simulation of the ordering of a structure
on Pt共111兲 for  ⫽0.5 共Fig. 10a兲 is actually the only one
possible 共the disposition of molecules at the other three
At first glance it seems that the dipole–dipole interaction
analogous centers, which corresponds to reflections in the
between adsorbed molecules is in itself sufficient to bring
symmetry planes of the rectangle, leads to equivalent unit
about the formation of the ()⫻))R30° structure, since
cells兲. Each of the three possible orientations of the lattice
this structure is most rarefied at  ⫽0.33. However, the small
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
corresponds to 2 pairwise symmetric unit cells, so that 6
value 共0.2 D兲 of the dipole moment  estimated from the
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FIG. 11. Dependence of the model lateral
interaction potential on the distance between
CO molecules on the Pt共111兲 surface. The
effective potential is constructed by adding
together the dipole–dipole and an oscillatory
indirect interaction. The symbols show the
values of the interaction parameters obtained
in the simulation 共a兲. The temperature dependence of the intensity of a diffraction
peak for the ()⫻))R30° structure56 共b兲.
The energies of the lateral interaction for CO
on Pt共111兲, calculated in Ref. 63 共c兲.

riod of the oscillations being determined by the Fermi wave
initial decrease of the work function58 turns out to be insufvector k F :
ficient to account for the stability of the structure at 160 K,
which is clearly seen in experiment. The disordering of the
共3兲
V⫽Cr ⫺n cos共 2k F r⫹ ␦ 兲 .
structure occurs at a temperature at which the energy kT of
the fluctuations is of the order of the energy of the lateral
The asymptotics of the interaction is determined by the
interaction per particle. According to the results of the simuparameter n, which depends on the shape of the Fermi surlation, to obtain an order–disorder phase transition in the
face and the presence of bands of surface states crossing E F .
()⫻))R30° structure at a temperature of 170 K it is necIn the latter case n⫽2 and the indirect interaction is quite
essary to postulate the presence of a dipole moment of
efficient.91,100 Starting from the value of the modulus of the
around 2 D, which is much greater than the experimental
Fermi wave vector averaged over directions, k F ⬇1 Å ⫺1 ,
value. This means that even at low coverages the interaction
one can estimate the period of the Friedel oscillations as T
between adsorbed molecules has a more complex character.
⫽  /k F ⬇3.1 Å. We assume further that the attraction beSince the ()⫻))R30° structure in CO films on Pt共111兲 is
tween CO molecules at a distance of a) is due to the minialso observed59 at  ⫽0.27, this is indicative of island growth
mum of the indirect interaction potential. This determines the
of the structure, apparently due to the attraction between CO
choice of the initial phase, and for ␦ ⫽⫺0.1 the second
molecules at distances c⫽a). It is important to note that
minimum of the potential will be at a distance of a) from a
the distance c⫽a), corresponding to the lattice constants
molecule located at the coordinate origin 共Fig. 11兲. It should
for the ()⫻))R30° structure, is preserved at the transition
be emphasized that here the first minimum lies at a distance
from one structure to another. Indeed, this same value is
close to a)/2, which agrees with the distance between
shared by the height of the triangle formed by molecules at
nearest-neighbor molecules in the structures (2
the on-top centers in the (2⫻))rect-2CO and c(5
⫻))rect-2CO and c(5⫻)3)rect-3CO proposed for ex⫻))rect-3CO structures, which correspond to coverages
plaining the diffraction pattern at  ⫽0.5 and  ⫽0.6, respec ⫽0.5 and  ⫽0.6. The presence of a quantity (c⫽a))
tively 共see Fig. 10兲. We also note that the distance to the
conserved in the structural transformations indicates that it is
center of the rectangular cell, 3.66 Å, corresponds to a maxifavorable for the molecules to lie at such a separation, i.e., it
mum of the indirect interaction potential, that can explain
implies the existence of a local minimum of the lateral interwhy the structure with the centered unit cell is energetically
action potential.
unfavorable and, consequently, does not form. Assuming that
The denser structures (2⫻))rect-2CO and c(5
the lateral interaction between adsorbed CO molecules can
⫻))rect-3CO, which have lower symmetry than the surbe divided conventionally into a dipole–dipole 共direct兲 and
face, also inevitably presuppose the presence of a complex
an indirect part, one can represent the result of their addition
interaction that depends nonmonotonically on the distance
graphically as in Fig. 11a. The dipole–dipole repulsion bebetween molecules.62– 64,85– 87 At larger distances between
tween molecules smoothes out the first minimum of the pomolecules the effective attraction can come about only
tential somewhat at a distance a)/2. This is apparently dethrough indirect interaction.89–91 The indirect interaction potermined, in turn, by the absence of structures denser than
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
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⫽0.33 in the model adopted here is described by dipole–
dipole repulsion with energy 2  /r 3 共Ref. 90兲 and by the
indirect interaction of the potential 共3兲. For estimating the
absolute values of the parameters of these interactions with
the aid of a Monte Carlo simulation, one can use the data on
the disordering of the ()⫻))R30° structure with increasing temperature. For example, at T⫽160 K this structure is
distinct and apparently well ordered,59 while for T⫽170 K
the brightness of the reflections is somewhat lower,58 indicating a partial disordering, and at T⫽300 K this structure is
essentially no longer visible for CO on Pt共111兲.58 The values
FIG. 12. Typical equilibrium distribution of particles on the model surface
of the interaction parameters chosen for the simulations of
共a ‘‘snapshot’’兲 obtained at  ⫽0.33 at a temperature below the disordering
temperature56 共a兲. The diffraction pattern calculated in the kinematic apthe structure formation are shown by the symbols in Fig. 11a,
proximation agrees with the experimentally observed LEED pattern58 at a
and the calculated temperature dependence of the intensity of
temperature of 170 K 共b兲.
the diffraction peak for the ()⫻))R30° structure for those
values is shown in Fig. 11b. As is seen in the figure, the
values of the interaction parameters for different distances
is moved to a neighboring adsorption center. The energy difbetween CO molecules on Pt共111兲 are well described by the
ference is calculated with allowance for the lateral interacsum of the dipole–dipole and indirect interactions for 
tion and the difference of the adsorption energies at the two
⫽0.7 D and C⫽0.3 eV•Å 2 .
types of centers. If the move is energetically favorable (⌬E
As we have said, the sequence of filling of the adsorp⬍0) or is the probability exp(⫺⌬E/kBT) is greater than a
tion centers with increasing CO coverage on Pt共111兲 attest to
random number from the range 共0–1兲, then the move is
the advantage of the on-top centers. It is natural to assume
made. Otherwise the particle remains at the initial center.
that these centers are energetically more favorable than the
The number of moves made on average per particle is tallied.
bridge centers, because of the different energy of the adsorpAfter 15–20 such moves, thermodynamic equilibrium is estion bond for the CO molecules in these two types of centers.
tablished in the system 共corresponding to a minimum of the
According to estimates made in Ref. 86 on the basis of
free energy; the total energy fluctuates about a minimum
quantum-mechanical calculations by the electron density
value that depends on temperature兲. If the temperature is
functional method for different configurations of the clusters,
below the temperature of the order–disorder transition, then
the binding energy of a CO molecule with the Pt共111兲 surdomain structures corresponding to the chosen concentration
face in the on-top position is 1.64 eV, which is close to the
are formed in the film, while at higher temperatures the film
experimental value 1.5 eV.60 In the bridge position the bindis disordered. Since the probability of a particle displacement
ing energy is somewhat smaller, as is obvious from the fact
is determined by the ratio ⌬E/k B T, the values of the interthat at low coverages the molecules occupy only on-top cenaction parameters can be chosen so as to make the transition
ters, and the difference in energy can be estimate only
temperature match that observed in experiment 共by the
crudely as some hundredths of an electron-volt.58,63 The
LEED method兲. Thus one can determine the numerical valpresence of two types of adsorption centers on the surface
ues of the parameters used in the simulation.
permits one to use a modified lattice gas model in which the
Figure 12 shows a typical equilibrium distribution of the
difference of the energies of the particles in sites of different
particles over the model surface 共a snapshot兲 at a coverage
types is taken into account 共the energy benefit obtained when
 ⫽0.33 and temperature 160 K, i.e., below the ordering tema CO molecule moves from a bridge to an on-top position
perature. The formation of a ()⫻))R30° domains strucwas taken equal to 0.01 eV56兲.
ture with characteristic point defects 共due to fluctuations兲 is
Starting from the arguments adduced above, we chose
clearly seen. The overwhelming majority of the particles ocfor the simulation of the ordering of the adsorbed layer a
cupy on-top adsorption centers, in agreement with the exmatrix contains 72 rows and 120 columns for description of
perimental data for CO on Pt共111兲. The diffraction pattern
the two types of adsorption centers, which corresponds to a
calculated in the kinematic approximation 共according to forsimulated piece of the Pt共111兲 surface approximately 100
mula 共22兲兲 is also in good agreement with the observed
⫻100 Å in size. This size of the simulated region approxiLEED pattern for this CO coverage at a temperature of 170
mates the coherence length of electrons for the standard
K.58
LEED device and is therefore convenient for comparison of
It is important to emphasize that the simulation of the
the simulated LEED patterns with the experimental ones, and
()⫻)) structure formation was done with the parameter
it gives satisfactory statistics upon averaging over the parvalues obtained from summing the dipole–dipole and inditicle distributions obtained after thermodynamic equilibrium
rect interaction potentials 共see Fig. 11a兲. The parameter valis reached. It is assumed that the chosen part of the surface
ues shown by the symbols were also used in a simulation of
simulates an infinite Pt共111兲 surface, and so periodic boundthe disordering of this structure 共Fig. 11b兲 followed by the
ary conditions were imposed.
formation of denser structures at coverages of 0.5 and 0.6.
The ordering procedure56,68 –70,93,94 is carried out as folThe energies of the lateral interaction found in this way are
lows. First the particles were distributed randomly over adin excellent agreement with the data of quantum-chemistry
sorption centers, creating a specified coverage, and then,
calculations from first principles63 for the interaction enerThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
gies between CO molecules at definite adsorption centers for
with a probability exp(⫺⌬E/kBT), a randomly chosen particle
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different distances between them 共Fig. 11c兲. Here it should
be noted that to explain the nonmonotonic62 lateral interaction and the attraction between molecules at characteristic
distances of 5– 6 Å it is not necessary to invoke ternary
interactions, as had previously been considered
unavoidable.63
Apparently the ternary interactions become important in
the formation of the (2⫻))rect-2CO structure. As is seen
in Fig. 11a, the first 共local兲 minimum of the pair interaction
potential can lead to the formation of the characteristic pairs
FIG. 13. Results of a simulation of the formation of the (2
of molecules for this structure, which lie at different adsorp⫻))rect-2CO structure: the equilibrium distribution of particles at a temtion centers a distance a)/2 apart. Clearly this position of
perature of 300 K 共a兲 and the diffraction pattern corresponding to it56 共b兲.
the molecules, which probably coincides with the smallest
possible distance between them, should lead to a redistribution of the electron density in the system. This may involve
domains of the (2⫻))rect-2CO structure move about
the partial depolarization of the dipoles and the correspondfreely. Domains of this size are entirely sufficient to form a
ing changes in the parameters for the screening by substrate
rather sharp diffraction pattern, which is obtained as a result
electrons. In this situation one would hardly expect that the
of summing the contributions from structures with different
indirect interaction potential created by a given pair on the
orientations with respect to the three equivalent directions on
surface would correspond to the sum of potentials formed by
the Pt共111兲 surface 共Fig. 13兲.
individual molecules.
In our study the ternary interaction was taken into ac4.3. Kinetics of CO adsorption on Pt„111…
count in the following way. In the direction along the pair of
molecules the potential is assumed to be weakened 共this was
The most important disagreement between the results of
simulated by turning on an attraction due to the indirect pair
the simulation of the CO oxidation reaction on the platinum
interaction potential at a distance of a), and thus the intersurface with experiment remains the value of the limiting
action anisotropy arising in the formation of the (2
coverage (  ⫽1) obtained with the use of the ZGB
⫻))rect-2CO structure can be described in a natural way.
algorithm68 –72 for CO adsorption in the absence of oxygen.
As a result of the ordering of the film after approximately 30
Apparently the reason for this may be inadequate account of
displacements per particle, domains of this structure form,
the lateral interaction between CO molecules and also the
with a definite orientation of the lattice with respect to the
extremely simplified description of the surface as a lattice of
Pt共111兲 surface 共a small part of the simulated surface is
adsorption centers of one type. Both of these shortcoming
shown in Fig. 13兲. It is probably the ternary interaction that
have been eliminated in a model proposed in Ref. 56, which
leads to the formation of the domains of the (2
holds forth the hope of a more correct description of the
⫻))rect-2CO structure with the same definite arrangekinetics of CO adsorption on Pt共111兲.
ment of the molecules in the rectangular unit cells as is seen
A method of simulating the adsorption of gases in real
in the STM images78 for such a structure of CO on Ni共111兲.
time is described in detail in Ref. 45 and discussed above,
Indeed, in considering an individual unit cell it seems
and we shall therefore discuss only the details which are
obvious that four similar structures with the same energy
important for the kinetics of CO adsorption on Pt共111兲. At a
共and, hence, the same probability of formation兲 can be
fixed CO pressure the flux of particles to the surface is estiformed, namely, the given structure and the three structures
mated by the Hertz–Knudsen formula and is expressed in
obtained by reflection in the planes passing through the cenfractions of a monolayer 共i.e., the degree of coverage under
ters of the sides of the rectangular unit cell. The structures
the condition that the sticking coefficient S is equal to 1兲 per
obtained by successive reflection in both planes 共or by a
second. This allows one to express the exposure used in the
180° rotation about the center of the cell兲 are pairwise
simulation in langmuirs and to compare directly the adsorpequivalent in the sense that they produce the same diffraction
tion isobars obtained with those observed in experiment.
pattern 共see Fig. 13兲, but the presence of other symmetric
The initial sticking coefficient of CO on Pt共111兲 was
pairs of structures leads to a decrease of the intensity of
taken equal to 0.9 in accordance with experiment.101,102 This
certain reflections.
is described in the simulation by an adsorption probability of
Thus the formation of domains of one orientation of the
0.9 at a randomly chosen center on the clean surface 共when
structure (2⫻))rect-2CO requires the formation of initial
the lateral interaction has not yet appeared, and all the cennuclei of that orientation, ‘‘turning on’’ the ternary interacters are unoccupied兲. The role of extrinsic precursor states is
tions. In the simulation such nuclei can be formed in a ranalso taken into account: a molecule striking the surface at an
dom manner 共as was done in the case of the formation of the
occupied center can be adsorbed at an unoccupied neighbordomains of the (2⫻))rect-2CO structure兲, shown in Fig.
ing center.
13兲 or can be specially introduced, imitating defects of a real
After the adsorption has gone on for a certain time an
surface. The diffraction pattern contains averaged informaordering of the film occurs in the manner described in the
tion about a rather large part of the surface, with a size of the
previous Section, and then the desorption of molecules is
order of the electron beam diameter, within which several
simulated. Here it is assumed that the probability of desorpThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
parts of area 100⫻100 Å with different orientations of the
tion is determined by the Polanyi–Wigner equation with an
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on the TPD spectrum occurs at T⫽480 K. At larger coverages the lateral interaction, which is on average repulsive,
becomes substantial and leads to a shift of the start of desorption to lower temperatures 共Fig. 14兲, in good agreement
with experiment.60
The temperature dependence of the limiting coverage
obtained in the simulation is in good agreement with that
observed experimentally for CO on Pt共111兲.58 – 60,101,102 The
kinetic parameters used in the simulation 共desorption activation energy E d ⫽1.2 eV at a frequency factor  ⫽1013 s⫺1 )
also agree with those estimated in Refs. 58, 60– 65, and 102.

5. STRUCTURE FORMATION AND ADSORPTION KINETICS
OF OXYGEN ON Pt„111…

In the temperature range 25–150 K oxygen is adsorbed
on the Pt共111兲 surface in molecular form, occupying adsorption sites with bridge type symmetry. The desorption peak of
molecular oxygen is observed at 140–150 K, in agreement
with the desorption activation energy ⬃0.36– 0.38 eV. 104
Desorption of oxygen occurs from this molecular precursor
state at a temperature above 150 K. First-principles calculations of the desorption energy with the use of the VASP code
give a value of the barrier in the range 0.3 eV,105 0.38 eV,106
FIG. 14. Calculated dependence of the sticking coefficient S and degree of
0.43 eV,107 and, for different configurations of the position of
coverage  on the exposure 共a,b兲, and the TPD spectra56 for CO on Pt共111兲
the oxygen molecule relative to the Pt共111兲 surface, 0.3–1.5
obtained for different initial degrees of CO coverage 共c,d,e兲.
eV.108 Here atomic oxygen is adsorbed at adsorption sites
with threefold symmetry and binds strongly with the surface.
The TPD spectrum for oxygen displays two peaks: one corresponding to desorption from the molecule phase at a temactivation energy that depends on the lateral interaction of
perature of 140–150 K, and the other corresponding to disthe molecules.45,102 In the description45 of the kinetics of
sociative desorption from the atomic state in the temperature
adsorption of molecular hydrogen on W共110兲 this algorithm
region 600–1000 K.60,104,109 Apparently the dissociation of
demonstrated its ability to reproduce correctly both the dethe oxygen molecule near the metal surface is ultimately due
pendence of the sticking coefficient on the coverage and the
to the occupation of the antibonding 2  * orbital.110,111 On
limiting coverages at different temperatures. The resulting
the hexagonal face of Pt共111兲 there are two types of adsorpdependence of the sticking coefficient S and coverage  on
tion centers of threefold symmetry, fcc and hcp, and the
the exposure for CO on Pt共111兲 is shown in Fig. 14. As in
binding energy of atomic oxygen with the substrate is subexperiment,58,60,101,102 at low coverages the sticking coeffistantially different for the two types of sites. It is shown in
cient is practically constant, attesting to the important role of
Ref. 112 that the fcc centers are the stabler for the adsorption
extrinsic precursor states and the correctness of their descripof oxygen, and the calculated activation energies of diffusion
tion in the model used. As the coverage grows, S rapidly
fcc←hcp and fcc→hcp are 0.13 and 0.58 eV, respectively.
decreases, primarily because of the lateral interaction beThe initial sticking coefficient for oxygen on Pt共111兲 is
tween adsorbed CO molecules and also the decrease of the
only 0.06.113–115 One can alter the sticking coefficient subnumber of unoccupied centers. As a result of the establishstantially by the adsorption of active atoms and molecules
ment of dynamic equilibrium, the CO coverage equals apthat strongly affect the electron density distribution on the
proximately 0.5, and for T⫽300 K it remains practically unsubstrate surface. In the adsorption of alkali metals on
changed with time, while in the case of adsorption on a
Pt共111兲 their partial ionization leads to a redistribution of the
cooled surface (T⫽100 K) it continues to increase slowly,
electron density and creates local electric fields.111,116,117 This
tending toward a value of around 0.6.
results in a significant lowering of the potential barrier for
Using the standard Monte Carlo technique for simulating
chemisorption 共the activation energy兲 and, in a number of
the temperature dependence of the desorption rate,45,55,96 for
cases, the probability of dissociative adsorption of oxygen
the same kinetic parameters and interaction energies one can
can reach unity.118
to good accuracy reproduce the spectrum observed60 by temIt was shown in Refs. 119–124 that the presence of an
perature programmed desorption for CO on Pt共111兲 共Fig. 14兲.
electronegative adsorbate on the surface leads to a strong
To facilitate comparison with experiment60 the adsorption
decrease in the rate of dissociative adsorption and in the
was simulated at T⫽100 K and was stopped after a a specilimiting coverage and also to a significant change in the defied coverage 共0.17, 0.33, and 0.5兲 was reached, whereupon
sorption parameters. The linear decrease of the initial stickthe substrate temperature was increased linearly at a rate of
ing coefficient with increasing degree of coverage by an
15 K/s. At  ⫽0.17, when the lateral interaction as yet has
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
electronegative adsorbate attests to blocking of the mobile
practically no effect on the heat of adsorption, the maximum
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third- or fourth-nearest adsorption centers. Interestingly, the
precursor states for dissociative adsorption on the adsorbateself-poisoning of the Pt共111兲 surface by oxygen does not
modified surface.113
prevent the adsorption of carbon monoxide, forming a c(2
Atomic oxygen on Pt共111兲 at temperatures in the range
⫻2) structure with the CO molecules located at the on-top
200 K⬍T⬍350 K forms the ordered structure p(2⫻2), corcenter in the middle of the cell formed by oxygen adatoms.
responding to a coverage of 0.25.59 The limiting coverage
The complexity of the interaction between adsorbed
achieved under different conditions of oxygen adsorption
oxygen atoms on Pt共111兲 apparently is the reason why there
ranges from 0.22 to 0.28 ML.59,125
are still no consistent and physically justified models for the
In order to obtain the correct value of the limiting covformation of the observed structures. One expects that the
erage for system in a simulation one usually introduces pasolution of this pressing problem will open up new possibilirameters describing the desorption probability,69,72 which
ties not only for deepening our understanding of the dissomakes it possible to avoid the complete poisoning of the
ciative adsorption process for oxygen on a transition metal
model surface. It should be noted, however, that the oxygen
but will also broaden substantially the existing ideas as to the
desorption rate from the platinum surface at a temperature of
role of different factors in the kinetics of the catalytic reacthe order of 400 K is negligible, and therefore the introduction of CO oxidation.
tion of a desorption parameter can scarcely be justified
physically; for this reason Sander and Ghaisas71 have pro6. CONCLUSION
posed 共somewhat artificially兲 that oxygen requires three unoccupied neighboring sites for dissociative adsorption.
The criteria of applicability and efficiency of a mathThe results of a dynamic Monte Carlo simulation of the
ematical model include its ability to reproduce the main
adsorption of molecular and atomic oxygen in the temperacharacteristics of the observed effects and also the degree to
ture range 100–200 K with dissociation, diffusion, and dewhich it approximates the conditions of an experiment and
sorption taken into account are reported in Ref. 126. Also
the transparency of the results obtained. In this regard the
taken into account were the presence of a repulsive interacMonte Carlo method of mathematical attempts is particularly
tion up to third-nearest neighbors and the preference for adwell favored, since in many cases it not only makes it possorption of an oxygen atom at adsorption centers of fcc symsible to explain many of the relationships observed in experimetry. A necessary condition for a molecular-oxygen
ments but also to predict the behavior of the system under
desorption event is the presence of two unoccupied nearest
new conditions not yet investigated. It should be stressed that
adsorption centers of threefold symmetry. These conditions
the simulation must always be based on firmly established
lead to a limitation of the possibility of adsorption at large
facts, and its results must admit comparison with the data of
coverages, and the limiting coverage obtained in such a
real 共or future兲 experiments—otherwise the simulation is of
model is 0.26, in good agreement with experiment. However,
little value, since there are no other criteria for assessing the
the experimentally observed p(2⫻2) structure could not be
reliability of the results obtained and the conclusions drawn
obtained in the simulation, probably because of inadequate
from them.
account of the lateral interaction in the model used.
Examples of the efficient use of the Monte Carlo method
It should be noted that the observed p(2⫻2) structure is
for elucidating the properties of adsorption systems include
extremely rarefied, and for it to form at 300 K it is necessary
the papers discussed in this review on the simulation of the
to have a substantial interaction between adsorbed atoms.
low-temperature adsorption of hydrogen on W共110兲 and
What sort of interaction can give rise to the formation of
Mo共110兲, the adsorption and structure formation of CO films,
such structures? This lateral interaction might be dipole–
and the catalytic reaction of CO oxidation on the platinum
dipole repulsion, although simple estimates show that if the
surface. For example, the model of molecular adsorption information of the p(2⫻2) structure at room temperature were
volving extrinsic precursor states has been validated and redue solely to the dipole–dipole interaction, it would require a
fined by simulations, and the activation energy for desorption
dipole moment of the oxygen adatom of 5 D, which is conof hydrogen molecules on the tungsten surface has been desidrably larger than the value of the dipole moment of an
termined; this is important for the development of the theory
oxygen atom on platinum estimated from the change of the
of gas adsorption.
work function.115
An important feature of the simulation methods deThe indirect interaction between adatoms obviously
scribed is the trend toward a detailed 共to the degree possible兲
plays an important role in the formation of oxygen structures
reproduction of the real conditions of an experiment and the
on Pt共111兲. In the simulation, however, significant difficulties
incorporation of the most important factors governing the
arise in the choice of initial parameters of the indirect interbehavior of the system. This has made it possible to estimate
action owing to the substantial variation of the electronic
the value and to elucidate the role of the lateral interaction in
structure of the substrate with increasing oxygen concentrathe establishment of thermodynamic equilibrium between the
tion on the surface. This effect is due to the significant elecincident and desorbing fluxes of hydrogen molecules and
tronegativity of oxygen. For example, by means of selfalso, with the aid of a real-time simulation algorithm develconsistent calculations of the electrostatic potential on the
oped, to propose an alternative explanation of the reason for
surface near an adsorbed electronegative atom in the jellium
the radical difference in the dynamics of oxygen adsorption
model, it was shown in Ref. 127 that the degree of poisoning
on W共110兲 and Mo共110兲.
of the surface increases with increasing electronegativity.
The use of a complex lattice of adsorption centers and
The region in which the electrostatic potential acts is of the
the incorporation of the lateral interaction in the simulation
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
order of 3– 4 Å, which corresponds to the distance to the
of the formation of CO films on Pt共111兲 have made it pos76.108.196.234 On: Tue, 29 Apr 2014 08:10:32

Petrova et al.

Low Temp. Phys. 31 (3–4), March–April 2005

sible not only to propose a novel 共correct, i.e., in agreement
with the experimentally observed sequence of diffraction
patterns兲 arrangement of the molecules in the unit cell of the
surface structures of CO on Pt共111兲, but also to obtain numerical values of the parameters of the indirect interaction
that leads to the formation of those structures. By using the
algorithm for the real-time simulation of the kinetic processes we have been able to obtain a correct value for the
limiting CO coverage on Pt共111兲 and to reproduce the exposure dependence of the sticking coefficient.
The information obtained with the aid of simulations as
to the structures of adsorbed CO films on Pt共111兲 and the
parameters of the lateral interaction will obviously be useful
for further studies of the catalytic reaction of CO oxidation
and will open up new possibilities for a more detailed and
realistic description of this reaction with the aid of refined
simulation algorithms.
Note added in proof: Monte Carlo simulations using an
advanced model for CO oxidation in Pt共111兲 have recently
been carried out by N. V. Petrova and I. N. Yakovkin, Surf.
Sci. 578, 162 共2005兲.
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