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Simulation of the adsorption of simple gases on transition metals (Review)
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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(fli&) surfaces of W

and Mo, the structures and adsorption kinetics of oxygen and CO on ¢thElPs$urface, 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 interdeliectrostatic and exchange

and indirect(via electrons of the substratelhe 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 oxidatioR0@
American Institute of Physics[DOI: 10.1063/1.1884424

1. INTRODUCTION strate must be cooled to liquid helium temperature. Obvi-
The basic principles of the modern concepts of the physQUSIy’ purposeful mves_tlgatlon of _the prop_ertleS of adsorp-
. . . .~ tion systems also requires theoretical studies. Unfortunately,
ics of adsorption were set forth back in the early wentieth he possibilities for rigorous theoretical calculations of the
century by Irving Langmuir. Despite the enormous progres§ P 9

in our understanding of the process of gas adsorption 0H1teract|0n parameters of particles with metal surfaces are

various surfaces, many of its important details and interrela‘-axtremely limited because of the necessity of taking into

tionships require clarification. Interest in the adsorption ofaceount a large number of different faqtors, such as the pres-
gases on transition metals stems not only from the possibl@nce of precursor states, accommodation, the character of the

importance of such research suffices to mention the ne- adsorption bondionic, covalen}, the types of lateral inter-

cessity of achieving further progress on the problems of het2ction, and the rate of surface diffusion. Since many experi-
erogeneous catalysis, for example, the problem of removin§'€NtS on gas adsorption are done under equilibriom
pollutants from the exhaust gases of automobiles and thBU@si-equilibrium conditions, one can in principle employ
comprehensive decontamination of the atmosphéxe also t_hermodynamlc methods to estimate the k!ne_tlc ch_a_racterls-
from the possibility of carrying out multifaceted research onticS, but the accuracy of such estimates is insufficient for
such adsorption systems for the purpose of obtaining newiréct comparison with experimental data.
information about the properties of surfaces. For example, Using modern methods of calculatigin the framework
low-energy electron diffractiofLEED) and scanning tunnel- of electron density functional thegrpne can quite reliably
ing microscopy(STM) are used to study the structure of the estimate the binding energy of an atom or molecule with the
surface and of the adsorbed film, and photo- and x-raysurface, determine the most favorable adsorption centers, and
electron spectroscopy are used to study the electronic stru€stimate the interaction energy between adsorbed particles
ture. Infrared spectroscopy yields information about thelthe lateral interaction However, significant difficulties
types of adsorption sites and bonds and their symmetry, an@fise when one attempts to compare the results of such
experiments on diffusion, temperature programmed desorghodel calculations with experimental data on adsorption.
tion, particle scattering, and adsorption kinetics can deterThis to a large degree is due to the fact that experiments
mine the adsorption energy and binding force of the mol-usually measure the integrated characterigstisking coef-
ecules and atoms with the surface. ficient and diffusion coefficient, the heat of adsorption,)etc.
Progress in research on the adsorption of gases on tramhereas calculations give numerical values of the interaction
sition metals demands the use of novel comprehensive teclparameters between particles and the surface and therefore
niques in addition to conventional methods. For example, focannot always be used directly for interpretation of the re-
studying molecular adsorption of hydrogen by the moleculasults of studies of the adsorption kinetics.
beam methodfor purposes of studying the adsorption kinet- The complexity of calculations of the interaction with
ics and to obtain information about the interaction potentialthe surface for incoming gas molecules can be illustrated by
between the incoming particle and the solid surfahe sub- the example of the so-called “six-dimensional potential
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Low Temp. Phys. 31 (3—-4), March—April 2005 Petrova et al. 225

T T
081216202428 081216202428 081216202428
z,A z,A z, A

FIG. 1. Potential energy surfaces for hydrogen molecules ¢t0@ 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 des¢aptfona molecule above a bridge adsorption center with the axis of the
molecule parallel to the direction between two positions of threefold symmetry—barrierless desg@ptfon a molecule above a bridge position with the
axis of the molecule parallel to the direction on the surface between two on-top posiiofse barrier for desorption is 0.3 eV.

model.” The molecular dynamics method is used to calculatehe experimental data and, in a number of cases, to predict

the forces of interaction with the surface for different orien-the behavior of systems under some particular conditions or

tations(and sometimes velocitiesf the molecules, and po- other.

tential energy surface$®ES$ are constructedi.’ As an ex- In this review we discuss the possibilities of the Monte

ample, Fig. 1 shows the PES calculated in Ref. 8 forCarlo method and the prospects for its use in modeling the

hydrogen on W100). In this model the growth of the initial adsorption of gases on transition metals. We present and ana-

sticking coefficient with decreasing energy of the incidentlyze the results of simulations of the low-temperature ad-

hydrogen molecule is explained by a decrease in the speed sbrption of hydrogeriwith precursor states and the phenom-

rotation owing to an orientatiofor steering of the incoming enon of enhanced accommodation taken into acgpunt

molecule. As a result of steering the molecule is orientecadsorption, the formation of structures of adsorbed films of

with respect to the surface in such a way that the probabilityoxygen and CO on platinum, and the catalytic reaction of CO

of breaking the molecular bond becomes maximum. Thus, ibxidation.

a molecule oriented along the surface approaches an on-top

or bridge_positi_on on the surche there_ is no potential barr_ieE' ROLE OF PRECURSOR STATES IN LOW-TEMPERATURE

for chemisorption. However, if the axis of the molecule is \pgorRPTION OF HYDROGEN ON TRANSITION

perpendicular to the surface, the molecule cannot be chemjzetaLs

sorbed in an on-top sitéhe potential barrier in this case is ) S

practically infinit9, while the barrier for chemisorption in 2-1- Accommodation of molecules and the initial sticking

the bridge position is 0.3 eV. For dissociative chemisorptioncoeﬁ'cIent

of a molecule in a position of threefold symmetry a potential ~ The probability of adsorption of a molecule on a surface

barrier exists for any orientation of the incoming molecule. (the initial sticking coefficientdepends on the energy of the
For describing probabilistic processes in systems with garticle, the direction of incidence, and the temperature of

large number of particles it is resonable to make use of stathe substrate. At a low substrate temperature the probability

tistical simulation(the Monte Carlo methdd The Monte of physisorption is determined mainly by the efficiency of

Carlo method is widely used for studying the interaction oftransfer of the kinetic energy of the molecules to atoms of

particles with a solid surface, crystal growth, adsorption, dif-the surface in collisionfaccommodation of the molecyle

fusion, and ordering of adsorbed atoms and molecules, arafter which the molecule is trapped by the surface, where its

also chemical reactions on a surface. With this method onenergy is close to the value of the minimum of the van der

can do a computer experimeg@imulation) based on physi- Waals potentia{see Fig. 2 Accommodation of the molecule

cal concepts obtained as a result of experimental and theds explained by the loss of energy to excitation of one or

retical studies of a given adsorption system. This not onlyseveral phonons in the substrate and, in some cases, the for-

allows one to check the correctness of existing ideas abouhation of electron—hole pairs alSdzor particles with low

the system but also to propose new concepts for interpretingnergies the second process has a low probability and is usu-
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50 sticking coefficient to the accuracy necessary for comparison

with experiment.

w 2.2. Precursor states and steering

Hydrogen can be adsorbed on transition metals in a pro-
cess involving dissociation of the molecules and subsequent
chemisorption of the individual atoms or at low temperatures
in a weakly bound physisorbed molecular st&&®The ac-
tivation energy for dissociative chemisorption of hydrogen
on W(110 and Mq110), 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
Physisorption place in molecular form. The highest degree of coverage
(precursor state) by hydrogen aff=5 K in dynamic equilibrium with the in-
cident hydrogen beam i8=1.5, which corresponds to the
formation of a complete molecular monolay@iL) of hy-
drogen on top of the atomic monolayghe degree of cov-
erage is defined as the number of hydrogen molecules per
adsorption site on the W10 or Mo(110) surface, so that
FIG. 2. One-dimensional interaction potential of a hydrogen molecule with?= 0.5 corresponds to a filled atomic monolayer
the Mo(110) surface, calculated in the classical approximafion. The chemisorption barrier for hydrogen adsorption on
noble metaldAu, Cu) and transition metaléPd, Rh, Pt, W,
Mo) are substantially different. For noble metals typically
there is a high activation barrier for dissociation. In contrast,
ally neglected. Taking a classical approach, one can estimafer hydrogen adsorption on NMi11) and P¢111) the activa-
the scattering probability in the case of one- and two-phonottion barrier is 50—100 meV, and for hydrogen adsorption on
processes: 3 However, for typical energies of the hydrogen Rh(111) activationless chemisorption of hydrogen is ob-
molecules in a molecular bearf25 me\) the scattering served. The value of the barrier for dissociation of hydrogen
length has a value of the order of the lattice period on thas determined by the crossing of the repulsive part of the
surface of a transition metal, and that leads to significanphysisorption potential and the attractive region of the
diffraction effects’ Thus for a realistic description of the chemisorption potential for atomic hydrogésee Fig. 2
scattering of hydrogen molecules one must use a quantunihe difference between the surface potentials of transition
mechanical approach, which is practical only for a one-and noble metals is apparently due to their different elec-
phonon proces!®4In Ref. 9 an analysis of the dependencetronic structure(especially the difference between the sur-
of the sticking coefficient on the energy of the incident par-face stateg”®2°-3
ticle, S(E), was done both from a classical standpoint and  Apparently the mechanism of dissociative chemisorption
with quantum effects taken into account. It was shown that atonsists in the following. Electrons of the substrate escaping
low energies of the incident particleE{-0) in the classical to vacuum can occupy antibonding states of the molecule
description S(E)—1, while in the case when quantum and cause its dissociatithT-and the subsequent chemisorp-
effects—in particular, quantum reflection—are included, thetion of the individual atoms. Obviously an important role in
dependence has the for8{E)~ EY? for neutral atoms. this is played by the intrinsic and extrinsic precursor

Clearly the adsorption of hydrogen on a metal surfacestates:®?>-2>34-37A molecule trapped in a precursor state
can substantially alter the surface contribution to the phonogan move along the surface and come upon a favorable ad-
spectrum of the system, and therefore the estimates made aerption site, and this leads to its dissociation and the chemi-
only of a qualitative character. For example, in the adsorpsorption of the atoms at two adjacent adsorption centers. At
tion of a monolayer of hydrogen on the(10) and Md110)  the same time, a molecule trapped in a precursor state can
surfaces one observes anomalies in the scattering spectruaiso desorb, in contradistinction to the model of direct disso-
of He atoms in comparison with scattering on the clearciative chemisorptiofi:38-42
surface!® Softening of a phonon mode is due to electron—  The existence of intrinsic precursor states is still in dis-
phonon coupling, which is enhanced on account ofpute. For highly activational chemisorption, as is character-
adsorption-induced surface states. This explanation is constic of the adsorption of hydrogen on simple and noble
firmed by calculations of the atomic and electronic structuremetalst®1?4243the existence of extrinsic precursor states is
the vibrational spectra, and the spectra of excitation otonfirmed by the presence of both atomic and molecular hy-
electron—hole pairs in these systems in the framework oflrogen on the surface even at very low coverages. In this
density functional theor}f"*” Unfortunately, the necessity of situation the molecular physisorbed state can serve as a pre-
taking into account a large number of factors influencing thecursor state for the subsequent dissociative chemisorption.
accommodation makes it impossible the estimate the initialWVhereas dissociative adsorption of hydrogen is observed at
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low energies of the incident molecules, the presence of in2.4. Monte Carlo simulation of adsorption kinetics

trinsic precursor states can be confirmed onlyof hydrogen
indirectly19-21.2326-28,34-37.43 . . .
Y- In both physical and chemical adsorption the atoms and

At the same time, the steering effect can account 0, qiecyles generally occupy certain sites or adsorption cen-
some experimental data on the sticking coefficient of hydroyerg This position is determined by the interaction potential

gen without any need for invoking the concept of precursoryt the particle with the surface, and it is therefore logical to

states, and for that reason the existence of intrinsic precursQissme that the geometry of the arrangement of adsorption
states has been called into questibridowever, it follows  ;apters is determined by the potential relief of the surface.
from the calculations of Refs. 8 and 38—41 that the hydrogerpndeed’ in an atomic adsorbed layer the limiting concentra-

molecules have a high mobility along the surface and thugion of hydrogen atoms is equal to the surface concentration
spend a significant time near the surface before reflecting Q4 5ioms of the substrate, which can present as a lattice of
dissociating”**~* Furthermore, the barrierlesgdirect adsorption centers, each of which can be occupied by one
chemisorption of hydrogen on the (800 surface, as fol- = a1om Clearly the presence of an atomic layer on a surface
lows from the calculations of Ref. 8, is observed only for .o jnfluence the binding of the molecules of the second
certain orientations of the molecules with respect to the SUayer with the surface. Nevertheless, the molecular adsorp-
face, and for other orientations this barrier is quite significant;o, of hydrogen can also be described by a lattice-gas
(see Fig. 1. Such a state in a two-dimensional model of the o4l inasmuch as it has been observed in experiment that
surface pggg%lilé can be considered to be an intrinsic preCufpe secondmoleculay layer is saturated at the same concen-
sor state***>*Thus the concept of precursor states as gration of hydrogen molecules as the surface concentration of
temporary molecular state prior to chemisorption does nolpsirate atoms. This feature allows one to describe the mo-
really contradict the steering-effect model, since in bothigcyjar and dissociative adsorption of hydrogen by the Monte
models it is assumed that the molecule spends a significaia o method, which gives a transparent description of the
time near the surface prior to its dissociation or return to theproceSS and enables one to elucidate the role of the various

gas phase. factors influencing the effective sticking coefficient.
It has been observed in molecular beam experiments at
2.3. Effective two-dimensional potential low temperature¢s K) that the adsorption kinetics of hydro-

For qualitative description of the motion of a molecule it gen demonsirates a strong dependence of the sticking coef-

is advisable to use a one-dimensional potential model aveficient S and of the '"Qi““g dynamic—equi[ibrium coverage
aged over the surface. Two approaches are usually taken ! the molecular flu%” For example, at high fluxes a sig-

the commonly used software packages based on methods %llf'cam m?;_(lmutm o5 IIS otl)selrve((jj at %O\ijerr?gfs in the rﬁ.ﬁllon ¢
quantum chemistry: )1classical Newtonian mechanics) 2 corresponding to moleclarly adsorbed hydrogen, whrie a

semiempirical potentials using universal parameters for th ow fluxes this maximum is very slight or absent altogether.

overlap integrals; Bab initio calculations(by the Hartree— urthermore, the limiting equilibrium coverage at high fluxes

Fock method, with the configuration interaction also takenequals 1, while at low fluxes '_t IS 0.2. .
The dependence of the sticking coefficient on the degree

into account if necessaryand 4 calculations using density o .

functional theory. The interaction with the model surface canOf coverage is given by the relation

be described in t.erms of classical moliecular mechanics O 5(g)=1—Kk()— On,W(8)/F, 1)

guantum mechanics. Quantum-mechanical calculations using

the semiempirical approximation yield rather reliable esti-whered is the degree of coverage, definedéasn/ng [ng is

mates for the interaction parameters. In Newtonian mecharthe density of adsorption sites, K40 cm™ 2 in the case of

ics the hydrogen molecule is treated as a classical particle ithe W(110) or Mo(110 surfacd, k() is the coefficient of

the fields of a van der Waals potential near the surface, whileeflection of a molecule from the surfaceW(#)

the semiempirical potential, which takes the electronic struc= v exp(—Eg/k,T) is the desorption probabilityE.s=Ey4

ture of the molecule into account, also permits modeling of+U (E4 is the activation energy for desorptiob), is the

its dissociation. energy of the lateral interaction of neighboring atpmsis
The interaction potential of the hydrogen molecule withthe frequency factor, anid is the particle flux. The influence

the Mo(110 surface, calculated in the classical approxima-of the flux onS(#) is explained by enhancement of the ac-

tion, is shown in Fig. 27 A particle approaching the surface commodation for particles that in the process of their adsorp-

is attracted by the van der Waals forces to a distance at whiction collide with previously adsorbed molecufs>!indeed,

it begins to feel the “tail” of metal electrons escaping to in the collision of a molecule with a heavy substrate atom,

vacuum. The interaction with these electrons leads to théecause of the mass mismatch of the colliding particles, it is

formation of a repulsive potential and can lead to reflectiorharder for a molecule to lose sufficient energy to become

of the particle. However, the molecule may lose kinetic entrapped in the physisorption well, and upon collision with an

ergy (e.g., owing to excitation of phonons in the already adsorbed molecule, owing to the equality of the

substrate® *®and, as a result, be trapped in a potential neamasses, the exchange of energy will be much more efficient,

the surface, corresponding to a state of physical adsorptiomnd therefore the probability of adsorption will be higher.

The depth of the physisorption well for hydrogen on The situation can be modeled as follows. If a molecule col-

Mo(110) is only around 15 me¥/?° and therefore a stable lides with a substrate atom, then the probability of adsorption

molecular layer of physisorbed hydrogen can be obtaineis determined by the initial sticking coefficieB§ (the simu-

oniy at low substrate temperatures. lation can be done using the value & obtained from ex-
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| Adsorption accommodatiof? taken into account is in good agreement

5= V Nﬂ's with the experimentalS(6) curves in the entire range of

coverages studied and at all values of the flux of hydrogen

I Intrinsic precursor state | | Extrinsic precursor state I )
E_+E, / \w e \Ed “E molecules(Fig. 49. The calculatedS(#) curve reproduces
pad g at el well such experimentally observed features as enhancement
Desorption | | Dissociation I | Diffusion I L Desorption —l . . L . T
of sticking and growth of the limiting dynamic-equilibrium

FIG. 3. Scheme of the simulation of adsorption of hydrogen on a transitiorCOVErage with increasing flux of hydrogen molecules onto
metal. the surface. The growth of the sticking coefficient with in-

creasing flux here is due to the enhanced accommodation for

. o ) ) the hydrogen molecules at high fluxes, and the increase in
perimen}, while if it collides with an adsorbed molecule yq |imiting coverage is due to a change in the ratio of the

when an unoccupied adsorption site is among the neare%sorption flux to the incident flupsee Eq(1)]. It should be

neighbors, then th rption pr ility i ken I . . . . .
u(raﬂtgy bors, then the adsorption probability is taken equa t?1oted that in using this model it is unnecessary to include

The scheme of the Monte Carlo simulation of hydrogenOther_ parameters in order to get the growth of the sticking
adsorption in Ref. 47 was as followBig. 3): coefficient at high coverages and fluxes. Such agreement

1. An adsorption center is selected at random. If the cenWith the experimental data can be obtained only if the role of
ter is unoccupied or occupied by a chemisorbed atom, thefie intrinsic and extrinsic precursor states is adequately taken
the molecule with a certain probability/, (determined by into account. For example, control calculations of the func-
the initial sticking coefficien8y) is trapped in an intrinsic or tions S(#) without the precursor states have revealed the
extrinsic precursor state, respectively. absence of experimentally observable dependence of the

2. Amolecule trapped into this precursor state can eithegticking coefficient on the flux at coverages of around 0.5
dissogiate(\{vith a probability Wyisd with the instantaneous (Fig. 4b).
chemisorption of the hydrogen atorfia the presence of an For hydrogen adsorption on NILO) the dependence of

unoccupied adsorption center can make several diffusion the sticking coefficient on the degree of coverage is qualita-
hops or be desorbed. At low coverages and low temperatures

desorption of a molecule is considerably less probable tharJIVGIy different from the case of jiadsorption on W10

diffusion, and the desorption of atoms from a chemisorbedJlnd of deuterigm adsorption on NIi0. Only fgr the sy.sf
state is practically impossible at low temperatures. tem H/Ma(110 is a sharp decrease of the sticking coefficient

3. If the chosen center is occupied by a molecule, than iPbserved at coverage=0.5 (Fig. 5). In Refs. 27 and 52 this
is assumed that the accommodation of molecules in this cagéifference in the behavior 0o§(#) was explained by the
is significantly enhanced on account of the equality of theanomalously high mobility of hydrogen on NIdL0). On the
particle masses. This circumstance is taken into account withasis of the results of a simulatitran alternative explana-
the aid of a modeling of the possibility for such a moleculetion was proposed for the different behavior $(f6) in the
to occupy the nearest center not occupied by another mokases of hydrogen and deuterium adsorption oril#@. For
ecule, and in that case the desorption probability is equatyample, when only the difference of the activation energies
to 1. for desorption of hydrogen and deuterium on (M0 is

The result of the Monte Carlo simulation of hydrogen . .

. . . . tak t t, b tend tof -

adsorption on WL10 and Md110 with diffusion and the rau?nn(:gigo z;)ccoun one observes a tendency to form a mini
i . 5.

lateral interaction between molecules and also the enhanc

0.5

0.4
0.3
0

0.2

0.1

0 0.5 1.0 1.5
0

FIG. 4. Dependence of the sticking coefficient of hydrogen qa M) on the degree of coverage for different values of the incident particletthexdashed
curves show the experimental results, and the symhols the result of a sinftilatidnding precursor statpé); the results of a simulation for different fluxes
in the case of direct chemisorptigh).
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factor, Ecs=Egest E |4t IS the effective activation energy for
desorption with the lateral interaction taken into account, and
n is the order of desorptiotr:>*

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 in-
teraction. In Ref. 55 an algorithm was proposed for Monte
Carlo simulation of the TPD spectra in real time and to ana-
lyze the influence on the TPD spectra of the substrate geom-
etry 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

FIG. 5. Dependence of the sticking coefficient on the degree of coverage foltateral repUIS|0n' For a Weak rEpUIS'on one observes some
hydrogen and deuterium on NIdLO) (the dashed curve is experimental, the broadening of the desorption peak. The presence of an attrac-

symbols the results of a simulatith

2.5. Simulation of hydrogen desorption

tive interaction for the next-nearest neighbors when the near-
est 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 systepi\W(110) was
done for the cases of different initial degrees of coverage

An effective method for investigating the interaction of (see Fig. 6. The values obtained for the activation energy of
an adsorbate with a surface is temperature programmed dgesorption and the lateral interaction from the results of a
sorption (TPD). For interpretation of the TPD spectra one simulatiodf® for the systems k/W(110), H,/Mo(110), and
usually uses the Polanyi—Wigner equation for the rate op,/w(110) are in good agreement with experiment, and so

desorption:

RdeS: 0"y eXF( - Eeﬁ/kBT) ,

where Rye is the rate of desorptiory is a pre-exponential

20 4
400} 1061
= 40 _
n 0
IE (\IIE
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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(Ftl), the

120

100

.o.u'

o,
X
X

.:.;.':s::?:"' 5 ...;:..
s

R :

80 o

F=4.10"cm2s™

60

I
*oud
ﬁl
iy,
Ja”
&

.
.
o%

g
o

40

Desorption rate, arb. units

20 + Tafnenis WL

FIG. 6. Temperature programmed desorpti®RD) spectrum for the system-W(110), obtained as a result of the simulation for different fluftke inset
shows the TPD spectrum obtained in an experiffeat a molecular fluxr=0.9x 10" cm 2 s %) (a); the distribution of the hydrogen molecules at the
equilibrium coverages on Y1.0), obtained farF =0.9x 10" and 4x 10'® cm 2 s ! and the spectra of isethermal molecular desorptinrrelative units,

obtained as a result of a simulatf8ror 5 K (b).
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structural ordering of adsorbed CO molecuigsaind the mechanisms that empty the adsorption sites for subsequent

catalytic reaction of CO oxidation on the platinum surface. adsorption of reactants, and the increase of the CO desorp-
tion probability leads to narrowing of the hysteresis loop.

3. SIMULATION OF THE CO OXIDATION REACTION ON It should be noted that the factors listed still do not avoid

Pt(111) the oxygen poisoning of the surface that is obtained in the

. . GB model. For this reason the algorithm used to describe

A huge number of studies devoted to the adsorption o he adsorption kinetics was substantially modified in Ref. 67.

CO on platinum is due not only to the importance of the S :
development of fundamental concepts but also to the :searcAﬁS a result, the dependence of the CO oxidation reaction rate

for possible ways of perfecting platinum catalysts for remov-2" P1111) on the relative pressure of CO was found to be in

ing pollutants from the exhaust gases of automobiles. Th;[QOOd agreementfv;/:h expenmentTfr?r t.h(; entire ra;r}gﬁ_ of relz—
catalytic reaction of CO oxidation takes place by the Ive pressures of the reactants. The influence of lithium ad-

Langmuir—Hinshelwood mechanista bibliography may be sorption on the course of the CO oxidation reaction on the
found in Imbihl's excellent review of oscillatory reactions Pi(11]) surface was |nvest|g§ted n that paper. It was shovyn
on the surfaces of single crystal€learly the electronic and that because of their small size, Li adatoms occupy the active

catalytic properties depend substantially on the structure dfenters on the surface, leading to an effective decrease of its
the substrate surface and of the adsorbed layer. From a pra@.€a- At the same time, the possible enhancement of oxygen
tical standpoint the surface of greatest interest is that of poly@dSorption at low Li coverages is small because of the small
crystalline Pt, which on annealing acquireg141) texture. vValue of the dipole moment of the adatoms. At close to

This fact accounts for the significant interest in studying theonolayer coverages, when the mutual depolarization of the
adsorption of CO and the joint adsorption of CO and oxygend'p0|95 causes metallization of the adsorbed Li layer, the rate
on specifically the RL11) surface’®~%7 of oxygen adsorption decreases rapidly, as a result of which

For simulation of the catalytic reaction of CO oxidation the oxidation reaction is suppressed. The validity of this
on the platinum surface the Monte Carlo method with thequalitative explanation of the role of Li in the reaction has
ZGB algorithm, proposed by Ziff, Gulary, and Barsifdds ~ been confirmed by Monte Carlo simulation of the reaction
widely used. This mechanism consists in the followinginl. ~ With the use of the ZGB model. Besides desorption and dif-
accordance with the relative concentration of the gas in théusion of the CO molecules, the probability of oxygen ad-
mixture the choice of a candidate for adsorption—CO orsorption was also taken into account in the model, by the
0O,—is made; 2 an unoccupied adsorption center is selectedntroduction of an initial sticking coefficient taken from ex-
at random and is filled in the case of CO adsorption or igoeriment. In contrast to the usual way of modeling the de-
filled together with an adjacent unoccupied adsorption centesorption probability®’>"%in this model an attempt at de-
in the case of oxygen adsorption);i the case when the CO sorption was made whenever there was no attempt at
molecule and an O atom occur in adjacent adsorption centegglsorption because the site was occupied. Thus an implicit
on the surface, a reaction takes place between fméth the  description of the growth of desorption with increasing de-
instantaneous evaporation of gQand both adsorption cen- gree of coverage is achieved. Incorporation of a sticking co-
ters become unoccupied. The results of a calculation in thisfficient as well as desorption and diffusion made it possible
model give a strictly bounded region of relative pressures ofo obtain good agreement between the calculated and experi-
CO in which a reaction is possibl®co/Po,=0.39-0.53.  mental dependence of the reaction rate on the relative pres-
To the left of this region the model predicts poisoning of thesure of CO(Fig. 7). Here it should be noted that the calcu-
surface by oxygen, and to the right, by CO. Experimentally/ated position of the maximum rate agrees with the
however, poisoning of the platinum surface by oxygen is no€xperimentally observed rate at=480 K, a feat that had
observed, and the degree of suppression of the reaction bgot been achieved previously in a simulation of the reaction
cause of CO adsorption is strongly temperature dependenton the Pt111) surface’?

Thus the given algorithm has a number of important ~ The adsorption of alkali metals was incorporated in the
shortcomings, and for that reason several refined versiorg@imulation with the assumption that they occupy the same
have been proposed to take into account the parameters a@sorption sites as CO and O. The influence of an alkali
the diffusion, desorption of CO, and lateral interactions inmetal on the adsorption of oxygen is described by a corre-
the systenf®="2 sponding change of the initial sticking coefficient. The re-

In Refs. 70 and 72 the Monte Carlo method was used tsults of the simulation for different Li coverages are pre-
investigate the influence of desorption and diffusion of COsented in Fig. 7. Despite the increase of the initial sticking
molecules on the characteristics of the hysteresis in the C@oefficient for oxygen in the presence of Li, which leads to a
oxidation reaction. In particular, it was shown that the diffu- shift of the reaction rate maximum to higher CO relative
sion of CO leads, on the one hand, to separation of the urpressures, the reaction rate falls off rapidly with increasing
occupied pairs of adsorption sites needed for adsorption dfi coverage. Thus it was shoWwhthat the influence of Li on
oxygen, and thereby decreases its adsorption probability. OGO oxidation on the R111) surface presupposes the exis-
the other hand, diffusion increases the probability of the, CO tence of two competing effects: the increase of the sticking
formation reaction, which leads to a decrease of the amournttoefficient for oxyger(aiding the reactionand, on the other
of oxygen on the surface. In addition, the presence of diffuhand, a decrease of the number of adsorption centers, which
sion leads to significant broadening of the hysteresis loop ifeads to a decrease of the CO and oxygen adsorption prob-
the dependence of the reaction rate on the CO partial presbilities.
sure. The presence of CO desorption is also one of the Nevertheless, in all the studies mentioned on the subject
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stoichiometric concentrationd=0.44. On the Nilll)
surfacé®® at coveraged=1/3 the ¢3xXv3)R30° structure
forms, as on R111), and for #=0.5 thec(4X2) structure,

0 . : ' ' ' . but upon further increase in coverage the CO film takes on
0 g-‘ o 0.2 03 the structure (7/2x \7/2)R19.1°, which differs from the
co’ 0, structure observed on @11 (see Fig. 8 The (3

. . _— _ XV3)R30° structure is also observed in the adsorption of
FIG. 7. Results of a simulatiGh of the CO oxidation reaction on the Pt co the h | f 1 (Refs. 29 82 d 83
surface in the presence of Li at a temperature of 48P, Po,, andPco on the hexagonal faces RA1) (Refs. ’ ,and §

are the partial pressures of the components in the gas phasethe degree ~ 2Nd RQOOOZD (Refs. 84 and 8b
of coverage by Li on R111). Since the RtL11) surface has a hexagonal structure, the
structure of the adsorbed films is usually also designated in
terms of the size and orientation of the experimental lattice
; 82 )
of simulation of the CO oxidation reaction on the platinum with respect to the substrate™” In a numper of cases, how
. . . . ever, a rectangular cell can be chosen in the adsorbed layer,
surface it was impossible to obtain the correct values of the o : S i
. . - and then it is more convenient to use a notation in which the
maximum coverages in the limiting cases of separate adsorp- . ; o
tion of oxygen or CO. Consequently, the algorithm used iSize of the unit cell and the number of particles in it are
. . C ’ : indicated explicitly’® Thus another notation for the structure
simulation of the reaction is in need of further refmement,m

which can be achieved with a more realistic description ofc(4><2)' which contains two CO molecules in the unit cell

both the lattice of adsorption centers on the surface and th%0=0.5), isc(2xv3)rect [under the condition Fhat the CQ
. X molecules at the center of the rectangular unit cells of size
lateral interaction between molecules.

2aXv3a] or (2Xv3)rect-2CO. In these systems of nota-
tion the structure of a CO film on AtLl) at 6=0.6 (the
maximum stable coverage for this system at a temperature of
160 K)*° is characterized as(5Xv3)rect-3CO.

The CO film structures formed at different coverages on  There is also disagreemé&ht®’4-8%as to the type of
Pt(111) have been investigated in a number of studies and, iadsorption centers occupied by CO molecules at different
would seem, the basic rules governing adsorption and theoverages on Pi1l) and Ni(11l). For example, in some
sequence of structures formed with increasing coveragpapers it is stated that the CO molecules ofillMl) occupy
should be well established. For example, it was found by Ertpositions at the centers of triangles formed by surface
et al>® that at coverag®=1/3 a (/3 X v3)R30° structure is atoms’’ while in other paperé it is emphatically argued that
formed. This structure is observed only at reduced temperadhe CO molecules lie above substrate atoms and in bridge
tures (170 K and is practically absent at room positions between two surface atoms. The situation with the
temperatur@®® However, it is stated in Ref. 60 that the adsorption of CO on Pt11) is somewhat more definite in
diffuse reflections of they3Xv3)R30° structure, which is this regard. For RP111) the most reliably justified model is
observed at 100 K even at considerably lower coverages, agpparently one in which the filling of centers with increasing
split and actually correspond to a more complex film struc-CO coverage occurs in the following order. Below a cover-
ture. age 6= 0.33 adsorption centers corresponding to the on-top

At 6=0.5 a diffraction patteriiFig. 8 corresponding to  position are fillec?®®~® Wwith increasing coverage the
a well-ordered structure of the CO film on(Ptl) is ob- bridge centers are also filled, and a redistribution of mol-
served even at room temperature. The observed diffractioacules occurs such that a=0.5 the number of occupied
pattern is usually interpreted;® following Ref. 58, as the on-top centers is equal to the number of occupied bridge
formation of c(4x2) structure of the adsorbed film. It centers>®:85-87gych a sequence of filling of adsorption
should be noted that similar diffraction patterns for CO oncenters follows both from theoretical estim&fe§®and from
the similar surface Qil11) were interpreted in Ref. 74 as the the data of a vibrational spectroscopy stifdgf CO on
formation of the (1.%X1.5)R18°, which corresponds to the Pt(111).

4. STRUCTURE FORMATION AND ADSORPTION KINETICS
OF CO ON Pt(111)
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It is reliably establishedsee, e.g., the reviewand ref-
erences cited thereirthat on the RfLl11) 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(R11) causes an initial de-
crease of the work functiof;*°i.e., CO acts as an electro-
positive adsorbate. An estimate by the Helmholtz formula
gives a dipole momeni~0.2 D [the intrinsic dipole mo-
ment of the bond in the CO molecule is 0.74 D for a single
bond (C-0) and 2.3 D for a double bond£©)]. Hence it
follows that the lateral interaction between CO molecules
will have the character of dipole—dipole repulsion. The pres-
ence of repulsion between adsorbed CO molecules is also
attested to by the decrease of the heat of adsorption with
increasing coverag@and also by the a number of theoretical
estimate$?-%685-8At the same time, the formation of com-
plex structures in the films and also an anaRfsisf the
phase diagrams of the oxidation reaction of CO ofl Pt
indicates the presence of attraction between the adsorbed CO
molecules at certain distances between tf&mi’ This long-
range attraction is apparently due to the so-called indirect
interaction®®=% i.e., the interaction of CO molecules via
electrons of the substrate. The mutual depolarization of
neighboring dipoles with increasing concentration on the sur-
face also leads to a change of the value and character of the
interaction, and at small distances between adsorbed mol-

ecules the direct exchange interaction between them also bELG. 9. Position of the atoms in a two-dimensional lattice with component
comes importan‘i?'sg‘gl c(4x2) (#=0.25) and the calculated diffraction pattern for the three

. . equivalent orientations of such a latti®. The structure proposed for ex-
Thus the interaction between adsorbed CO molecules Of)]aining the diffraction pattern obsendn CO films on Pt111) (b). The

Pt(111) has a complex, nonmonotonic character and dependsructure of CO on NiL11) proposed in Ref. 77 fo=0.5 (c). The large,
substantially on the coverage. In this situation the reliabilitylight circles represent atoms of the metal, and the small, dark circles repre-
of the interpretation of experimental data can be improvedent €O molecules.

significantly by the use of mathematical

simulations*®®592-97after a particular character of the lat-

eral interaction is conjectured on the basis of an analysis of . 2

the sequence of structures observed in the adsorbed films, the !(h:K)= En: exp{2ri (hx, +Kyn)} @
reproduction of these structures in the mathematical simula- ) ] ] ) ]

tion can be achieved. For this one should obviously choos&Nd obtain the simulated diffraction pattefiig. 93. The

the appropriate interaction parameters, which are determinet#mmation in this formula is over discrete coordinates of the

match those observed in experiment. part of the surface, and andk denote the coordinates in a

two-dimensional reciprocal space. For a hexagonal lattice the
strong reflections of electrons is obtained only when the sum
of h andk is equal to an even number. By choosing arbitrary
values ofh andk one can model the intensity distribution on
Whereas the diffraction pattern at a CO coverafje the screen of the LEED displdy°®°°Here one can trace the
=0.33 on P{111) or Ni(111) clearly corresponds to the/§ transformations of the patterns during the ordering of the
XV3)R30° structure with the CO molecules at equivalentstructures and, if the step is chosen small enough, the varia-
adsorption centers, the interpretation of the patternséfor tion of the width of the reflection upon variation of the size
=0.5 and 0.6(see Fig. 8 is ambiguous and remains in of the islands or the size of the simulated part of the surface
dispute>®~®°The point of contention is that the position of (in Ref. 56 a part of the Pt11) surface containing 3630
the reflections is determined by the symmetry of the two-atoms and approximately 180L00 A in siz€° 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 positionLEED devicg.
of the molecules in the unit cell. The lattice corresponding to  An imitation of the LEED patterns was done by the fol-
the LEED pattern foiT=0.5 can be designated aé4x2) lowing method. To indicate the brightness the reflections are
or (\ex 2)rect, but in that case for one atom in the unit cell represented by circles of radius proportional to the relative
a coveraged=0.25 is obtained. To see that such a structurantensities of the electron reflection estimated by forni@)a
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 di-
energy electron reflection: ameter.

4.1. Interpretation of the diffraction patterns for CO on
Pt(111)
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An important feature of the LEED pattern calculated for
the three equivalent orientations of tlE4Xx2), or (2
Xv3)rect, structure ¢=0.25) (Fig. 99, is the equality of
the intensities of all 6 additional reflections forming the char-
acteristic triangles. It is expected that the addition of mol-
ecules 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 reflectid/2,0 on the
experimental patterns far=0.5 is considerably weaker than
the other reflectiongsee Fig. 8 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 ob-
served in CO films on Pt11) and Ni111) at 6=0.5 (a dia-
gram of the disposition of the reflections for this pattern is
shown in Fig. 8. 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.
Because of the location of the CO molecules at the center ofiG. 10. The (2<v3)rect-2CO structure of a CO film on Pit11) for ¢
the rectangular unit ce?ﬁ some of the experimentally ob- =0.5.% The molecules at the corners of the rectangular unit cell are located

. on-top centers, while those inside the rectangle are located at bridge
served reflections are suppressed by the structure factor aﬁ@sitions. There are 6 equivalent domains of this structure which contribute

vanish from the pattern. We note that an analogouso the diffraction patterr(right-hand panel (a). The c(5Xv3)rect-3CO
calculatiorf’ for this structure for CO and I{i11) gave ex- film of CO on P11 for §=0.6 (b).

actly the same results, since the diffraction pattern is obvi-

ously not affected by a displacement of the adsorbed layer

such that the molecules occupy the positions characteristﬁquwalem domainsand. not 3 as in the case qf a centered
for Ni(111), at centers with threefold symmetry. Nor is the cell) contribute to the diffraction pattern. For this reason the

situation rescued by displacement of the molecules along galculated diffraction patter(Fig. 103 is in excellent agree-

symmetry axis of the rectangle—certain reflections vanish,ment with the experimentally observed pattern not only in

as before. In Ref. 77 these missing reflections were artifif €SPect to the distribution of superstructural reflections but

cially drawn in as if they were reflections appearing as aalso their relative intensities. In particular, reflections of the

result of multiple reflection, which cannot be taken into ac-gftetélk/)i’ r?)o;ir:: égilbavx;kgfr ttqu?rt]r?(;arCetSth?s?igl\?vr(]aﬂliseg?\rgn
count in the kinematic approximation. However, in the ex- y '

P — 58-60
periments of Refs. 58—60 these reflections were only slightly}he '(Ie')riﬂintrsr:;aclppo?;%rnrzggglco? tzgﬂ;tufggfé CO film

ker than the oth I Itipl : X :
wea grt an the others a_nd can scarcely be due to mutlpgn P{111) at #=0.5 can explain the observed diffraction
reflection. In order to obtain a diffraction pattern correspond-

ing to the experimental one #=0.5 it is necessary to dis- patterns without the need for invoking addition assumptions

. o involving multiple reflection. The correctn f the choice
place the CO molecules from the symmetric position. To g muitip ctio € correciness o ceno

preserve equality of the number of molecules in the tWoof asymmetric unit cell is also indicated by recent STM ob-

. . - . servations for the similar system CO on(Nil) at #=0.5.
types of adsorption centers, on-top and bridge, itis e.ldV'Saka’he STM patterns presented in Ref. 78 clearly reveal the
to _con5|der the movement of molecules frof“ the _landgg IOOétsymmetry of the unit cell, although the authors interpret it
sitions at the center of the cells to the neighboring bndgeas the symmetric cell structure(4x2), explaining the
centers(Fig. 109. The choice of such centers is dictated byasymmetry as instrumental distortions ’
the following considerations. First, symmetry of the unit cell At a degree of coveragé—0.6 the. difraction pattern
in even one direction inevitably leads to suppression of theobserved in experiment is obtained by adding the contribu-
corresponding reflection, and therefore the cell should b%ons from the six domains of the(\/gx\f})rect-3co
complej[ely asymmetric. .S.econd, the digposition of two mOI'structure, illustrated in Fig. 10b. The CO molecules at the
ecules in the on-top position and the bridge center nearest té)enter and corners of the rectangular unit cell are located in

it is improbable because the minimum distance observed fo(g - : : : :
. . n-top adsorption centers, while the rest are in bridge posi-
adsorbed CO molecule€3.2—-3.4 A% is considerably P b gep

X tions. Interestingly, this structure of the CO film on{Htl) at
greater than the distance between such certe$ A). Sat- #=0.6 is observed by the addition of a third molecule to the

isfaction of these requirements leads to the situation tha&haracteristic pair of molecules at a distaasé/2
when the corner molecules are placed in a rectangular unit '

cell at on-top centers, the proposed structure of the CO film _ _ _

on P(111) for #=0.5 (Fig. 103 is actually the only one 4.2. Monte Carlo simulation of the ordering of a structure

possible (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 thibetween adsorbed molecules is in itself sufficient to bring
symmetry planes of the rectangle, leads to equivalent uniabout the formation of thev Xv3)R30° structure, since
celly. Each of the three possible orientations of the latticethis structure is most rarefied at= 0.33. However, the small
corresponds to 2 pairwise symmetric unit cells, so that &salue (0.2 D) of the dipole momenj estimated from the
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initial decrease of the work functidhturns out to be insuf- riod of the oscillations being determined by the Fermi wave
ficient to account for the stability of the structure at 160 K, vectorkg:
which is clearly seen in experiment. The disordering of the P
structure occurs at a temperature at which the enkfgpf V=Cr 7 cos2Ker +9). )
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 simu-parametemn, which depends on the shape of the Fermi sur-
lation, to obtain an order—disorder phase transition in thé¢ace and the presence of bands of surface states crdssing
(V3Xv3)R30° structure at a temperature of 170 K it is nec-In the latter casen=2 and the indirect interaction is quite
essary to postulate the presence of a dipole moment afficient®>1% Starting from the value of the modulus of the
around 2 D, which is much greater than the experimentaFermi wave vector averaged over directiohg~1 A1,
value. This means that even at low coverages the interactioone can estimate the period of the Friedel oscillation3 as
between adsorbed molecules has a more complex characterar/ke~3.1 A. We assume further that the attraction be-
Since the {3 Xv3)R30° structure in CO films on Pt11) is  tween CO molecules at a distanceasf3 is due to the mini-
also observet 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 C©hoice of the initial phase, and faf= —0.17 the second
molecules at distances=av3. It is important to note that minimum of the potential will be at a distance @f3 from a
the distancec=av3, corresponding to the lattice constants molecule located at the coordinate origfig. 11). It should
for the (V3 Xv3)R30° structure, is preserved at the transitionbe emphasized that here the first minimum lies at a distance
from one structure to another. Indeed, this same value islose toav3/2, which agrees with the distance between
shared by the height of the triangle formed by molecules ahearest-neighbor molecules in the structures (2
the on-top centers in the &v3)rect-2CO and c(5 Xv3)rect-2CO andc(5Xxv33)rect-3CO proposed for ex-
XV3)rect-3CO structures, which correspond to coverage®laining the diffraction pattern at=0.5 and¢=0.6, respec-
#=0.5 and #=0.6. The presence of a quantitg=av3) tively (see Fig. 10 We also note that the distance to the
conserved in the structural transformations indicates that it isenter of the rectangular cell, 3.66 A, corresponds to a maxi-
favorable for the molecules to lie at such a separation, i.e., inum of the indirect interaction potential, that can explain
implies the existence of a local minimum of the lateral inter-why the structure with the centered unit cell is energetically
action potential. unfavorable and, consequently, does not form. Assuming that
The denser structures ¥3)rect-2CO and c(5  the lateral interaction between adsorbed CO molecules can
Xv3)rect-3CO, which have lower symmetry than the sur- be divided conventionally into a dipole—dipoldirect and
face, also inevitably presuppose the presence of a complean indirect part, one can represent the result of their addition
interaction that depends nonmonotonically on the distancgraphically as in Fig. 11a. The dipole—dipole repulsion be-
between molecule¥548-87At larger distances between tween molecules smoothes out the first minimum of the po-
molecules the effective attraction can come about onlytential somewhat at a distane&’3/2. This is apparently de-
through indirect interactiof®°* The indirect interaction po- termined, in turn, by the absence of structures denser than
tential osciilates with distance between molecules, the pe- (v3Xv3)R30° at §=0.33. Thus the lateral interaction &t
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=0.33 in the model adopted here is described by dipole—
dipole repulsion with energy 2/r® (Ref. 90 and by the
indirect interaction of the potentidB). 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 thev(3 Xv3)R30° structure with increas-
ing temperature. For example, &t 160 K this structure is
distinct and apparently well orderédwhile for T=170 K

the brightness of the reflections is somewhat loWéndicat-

ing a partial disordering, and &= 300 K this structure is
essentially no longer visible for CO on(21] **The values FIG. 12. Typical equilibrium distribution of particles on the model surface
of the interaction parameters chosen for the simulations ofa “snapshot) obtained at/=0.33 at a temperature below the disordering
the structure formation are shown by the symbols in Fig. ]_]_a_t,emperatur@ (a). The diffraction pattern calculated in the kinematic ap-
and the calculated temperature dependence of the intensity gﬁqﬂgﬁg& agrees }‘Q’g)h the experimentally observed LEED pdftema
the diffraction peak for they3 X v3)R30° structure for those '

values is shown in Fig. 11b. As is seen in the figure, the

values of the interaction parameters for different distancelsS moved to a neiahboring adsorption center. The eneray dif-
between CO molecules on(P11) are well described by the 9 9 P i 9y

sum of the dipole—dipole and indirect interactions for ference is calculated with allowance for the lateral interac-
- tion and the difference of the adsorption energies at the two
—0.7 D andC=0.3 eV-A2. b g

A h id th  fil t the ad types of centers. If the move is energetically favoralé (
_ As we have said, the sequence of filling of the adsorp-_ ) js the probability exptAE/ksT) is greater than a
tion centers with increasing CO coverage ofiLP1) attest to

he ad £ h . | random number from the rang®-1), then the move is
the advantage of the on-top centers. It is natural to assUMfade. Otherwise the particle remains at the initial center.

that these centers are energetically more favorable than t e number of moves made on average per particle is tallied.
bridge centers, because of the different energy of the adsorpiiar 15-20 such moves, thermodynamic equilibrium is es-
tion bond for the CO molecules in these two types of centerSypjished in the systerfeorresponding to a minimum of the
According to estimates made in Ref. 86 on the basis Ofree energy; the total energy fluctuates about a minimum
quantum-mechanical calculations by the electron densityae that depends on temperajurf the temperature is
functional method for different configurations of the clusters,pe|ow the temperature of the order—disorder transition, then
the binding energy of a CO molecule with theBfl) sur-  gomain structures corresponding to the chosen concentration
face in the on-top position is 1.64 eV, which is close to thegre formed in the film, while at higher temperatures the film
experimental value 1.5 €¥.In the bridge position the bind- i disordered. Since the probability of a particle displacement
ing energy is somewhat smaller, as is obvious from the facfs determined by the ratid E/kgT, the values of the inter-
that at low coverages the molecules occupy only on-top cefgction parameters can be chosen so as to make the transition
ters, and the difference in energy can be estimate onlyemperature match that observed in experimémt the
crudely as some hundredths of an electron-%it The | EED method. Thus one can determine the numerical val-
presence of two types of adsorption centers on the surfadges 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 patrticles in sites of differempartides over the model surfa¢a snapshotat a coverage
types is taken into accoufthe energy benefit obtained when ¢=0.33 and temperature 160 K, i.e., below the ordering tem-
a CO molecule moves from a bridge to an on-top positiorperature. The formation of a/8xv3)R30° domains struc-
was taken equal to 0.01 &Y. ture with characteristic point defectdue to fluctuationsis
Starting from the arguments adduced above, we chosglearly seen. The overwhelming majority of the particles oc-
for the simulation of the ordering of the adsorbed layer acupy on-top adsorption centers, in agreement with the ex-
matrix contains 72 rows and 120 columns for description ofperimental data for CO on @tl1). The diffraction pattern
the two types of adsorption centers, which corresponds to galculated in the kinematic approximati¢éaccording to for-
simulated piece of the Btl1) surface approximately 100 mula (22)) is also in good agreement with the observed
X100 A in size. This size of the simulated region approxi-LEED pattern for this CO coverage at a temperature of 170
mates the coherence length of electrons for the standari.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, an¢h/3xv3) structure formation was done with the parameter
it gives satisfactory statistics upon averaging over the parvalues obtained from summing the dipole—dipole and indi-
ticle distributions obtained after thermodynamic equilibriumrect interaction potentialésee Fig. 11a The parameter val-
is reached. It is assumed that the chosen part of the surfaces shown by the symbols were also used in a simulation of
simulates an infinite P111) surface, and so periodic bound- the disordering of this structur@-ig. 110 followed by the
ary conditions were imposed. formation of denser structures at coverages of 0.5 and 0.6.
The ordering procedur&®®-7093%4s carried out as fol- The energies of the lateral interaction found in this way are
lows. First the particles were distributed randomly over ad4n excellent agreement with the data of quantum-chemistry
sorption centers, creating a specified coverage, and thepalculations from first principlés for the interaction ener-
with a probabiiity expt-AE/kgT), a randomiy chosen particle gies between CO molecules at definite adsorption centers for

b
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different distances between theffrig. 119. Here it should
be noted that to explain the nonmonotdAiateral interac-
tion and the attraction between molecules at characteristic
distances of 5-6 A it is not necessary to invoke ternary
interactions, as had previously been considered
unavoidablé?

Apparently the ternary interactions become important in
the formation of the (Xv3)rect-2CO structure. As is seen
in Fig. 11a, the firs{local) minimum of the pair interaction
potential can lead to the formation of the characteristic pairs
of molecules for this structure, which lie at different adsorp-Fl%-) 13. zgfésults of ah Simul_?gqn %f_ thbe _formfation_ IOf the (2
H H H HY X rect- structure: the equilibrium distribution of particles at a tem-
:If?(: ;eoTéeCLSlei’dﬁa?gm Sai?;réoﬁﬁggz \tltl]ilti Iatﬁzltlsomna(l)llces Perature of 300 K@) and the diffraction pattern corresponding & ith).
possible distance between them, should lead to a redistribu-

tion of the electron density in the system. This may |nvolvedomains of the (Xv3)rect-2CO structure move about

the partial depolarization of the dipoles and the correspond: . T . -
. . . freely. Domains of this size are entirely sufficient to form a
ing changes in the parameters for the screening by substrate . . S ;
electrons. In this situation one would hardly expect that therather sharp diffraction pattern, which is obtained as a result
o o ; . y expect 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 b¥he Pt111) surface(Fig. 13
individual molecules. T

In our study the ternary interaction was taken into ac-

count in the following way. In the direction along the pair of 4.3. Kinetics of CO adsorption on Pt (111)

molecules the potential is assumed to be weaketieslwas g most important disagreement between the results of
simulated by turning on an attraction due to the indirect paifye gimylation of the CO oxidation reaction on the platinum
interaction potential at a distance @3, and thus the inter- g, tace 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
Xv3)rect-2CO structure can be described in a natural WaYalgorithnf®~"2for 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 formMihe |ateral 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
P(111) surface(a small part of the simulated surface is agsorption centers of one type. Both of these shortcoming
shown in Fig. 13. It is probably the ternary interaction that naye 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
Xv3)rect-2CO structure with the same definite arrange-kinetics of CO adsorption on @tL1).
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 image¥ for such a structure of CO on Nil)).  time is described in detail in Ref. 45 and discussed above,
Indeed, in considering an individual unit cell it seemsand we shall therefore discuss only the details which are
obvious that four similar structures with the same energyimportant for the kinetics of CO adsorption on(Pitl). At a
(and, hence, the same probability of formajiotan be fixed CO pressure the flux of particles to the surface is esti-
formed, namely, the given structure and the three structuregated by the Hertz—Knudsen formula and is expressed in
obtained by reflection in the planes passing through the ceffractions of a monolayefi.e., the degree of coverage under
ters of the sides of the rectangular unit cell. The structureshe condition that the sticking coefficieStis equal to 1 per
obtained by successive reflection in both plates by a  second. This allows one to express the exposure used in the
180° rotation about the center of the gelire pairwise sjmulation in langmuirs and to compare directly the adsorp-
equivalent in the sense that they produce the same diffractiofion isobars obtained with those observed in experiment.
pattern(see Fig. 13 but the presence of other symmetric ~ The initial sticking coefficient of CO on Pt11) was
pairs of structures leads to a decrease of the intensity ahken equal to 0.9 in accordance with experimt8ht®?This
certain reflections. is described in the simulation by an adsorption probability of
Thus the formation of domains of one orientation of the0.9 at a randomly chosen center on the clean surfaben
structure (% v3)rect-2CO requires the formation of initial the lateral interaction has not yet appeared, and all the cen-
nuclei of that orientation, “turning on” the ternary interac- ters are unoccupi@dThe 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 mannefas was done in the case of the formation of theoccupied center can be adsorbed at an unoccupied neighbor-
domains of the (Xv3)rect-2CO structurg shown in Fig. ing center.
13) or can be specially introduced, imitating defects of areal  After the adsorption has gone on for a certain time an
surface. The diffraction pattern contains averaged informaerdering of the film occurs in the manner described in the
tion about a rather large part of the surface, with a size of therevious Section, and then the desorption of molecules is
order of the electron beam diameter, within which severakimulated. Here it is assumed that the probability of desorp-
parts of area 108100 A with different orientations of the tion is determined by the Polanyi—Wigner equation with an

a b
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1.0 b on the TPD spectrum occurs at=480 K. At larger cover-
T=300K ages the lateral interaction, which is on average repulsive,

becomes substantial and leads to a shift of the start of de-

sorption to lower temperaturébig. 14), in good agreement

with experimenf®

0 The temperature dependence of the limiting coverage

obtained in the simulation is in good agreement with that

observed experimentally for CO on(Pt1).%8-60.101.102The

~ kinetic parameters used in the simulati@®esorption activa-

o tion energyE4=1.2 eV at a frequency factar=10"s 1)

| AP also agree with those estimated in Refs. 58, 60—65, and 102.

0 2 4 6 8 0 2 4 6 8

Exposure, L Exposure, L

0.5

5. STRUCTURE FORMATION AND ADSORPTION KINETICS
OF OXYGEN ON Pt(111)

- (o] -
6=0.17 6=0.33 6=0.
~ - In the temperature range 25-150 K oxygen is adsorbed
on the P{111) surface in molecular form, occupying adsorp-
tion 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 e\A%
" | Desorption of oxygen occurs from this.mole.culgr precursor
300 400 500300 400 500300 400 500 s_tate ata temperat_ure above 15_0 K. First-principles calcula-
T K T K T K tions of the desorption energy with the use of the VASP code
’ ’ ’ give a value of the barrier in the range 0.3°8¥0.38 e\1%
FIG. 14. Calculated dependence of the sticking coefficBeahd degree of (.43 e\/,107 and, for different configurations of the position of
coveragef on the exposuréa,b), and the TPD spectidfor CO on PEL1)  the oxygen molecule relative to the(PL1) surface, 0.3—1.5
obtained for different initial degrees of CO coveragg,. eV1% 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 cor-
activation energy that depends on the lateral interaction ofesponding to desorption from the molecule phase at a tem-
the moleculeé>1? |n the descriptiof? of the kinetics of perature of 140—-150 K, and the other corresponding to dis-
adsorption of molecular hydrogen on(¥L0) this algorithm  sociative desorption from the atomic state in the temperature
demonstrated its ability to reproduce correctly both the deregion 600—1000 K%10419Apparently the dissociation of
pendence of the sticking coefficient on the coverage and thi#he oxygen molecule near the metal surface is ultimately due
limiting coverages at different temperatures. The resultingo the occupation of the antibondingz2 orbital 1% 0On
dependence of the sticking coefficightand coverage on  the hexagonal face of @tll) there are two types of adsorp-
the exposure for CO on @fl]) is shown in Fig. 14. As in tion centers of threefold symmetry, fcc and hcp, and the
experimenf®2191.1025¢ |ow coverages the sticking coeffi- binding energy of atomic oxygen with the substrate is sub-
cient is practically constant, attesting to the important role ofstantially different for the two types of sites. It is shown in
extrinsic precursor states and the correctness of their descrief. 112 that the fcc centers are the stabler for the adsorption
tion in the model used. As the coverage growstapidly  of oxygen, and the calculated activation energies of diffusion
decreases, primarily because of the lateral interaction bdec—hcp and fce-~hcp are 0.13 and 0.58 eV, respectively.
tween adsorbed CO molecules and also the decrease of the The initial sticking coefficient for oxygen on @il1) is
number of unoccupied centers. As a result of the establishenly 0.06'*-1°0One can alter the sticking coefficient sub-
ment of dynamic equilibrium, the CO coverage equals apstantially by the adsorption of active atoms and molecules
proximately 0.5, and fof =300 K it remains practically un- that strongly affect the electron density distribution on the
changed with time, while in the case of adsorption on asubstrate surface. In the adsorption of alkali metals on
cooled surface T=100 K) it continues to increase slowly, Pt(111) their partial ionization leads to a redistribution of the
tending toward a value of around 0.6. electron density and creates local electric fiefdg!51This
Using the standard Monte Carlo technique for simulatingresults in a significant lowering of the potential barrier for
the temperature dependence of the desorption*?ate®for  chemisorption(the activation energyand, in a number of
the same kinetic parameters and interaction energies one caases, the probability of dissociative adsorption of oxygen
to good accuracy reproduce the spectrum obséh®dtem-  can reach unity'®
perature programmed desorption for CO ofilPY) (Fig. 14). It was shown in Refs. 119-124 that the presence of an
To facilitate comparison with experimé&tthe adsorption electronegative adsorbate on the surface leads to a strong
was simulated af =100 K and was stopped afta a speci- decrease in the rate of dissociative adsorption and in the
fied coverage€0.17, 0.33, and 0)5was reached, whereupon limiting coverage and also to a significant change in the de-
the substrate temperature was increased linearly at a rate sérption parameters. The linear decrease of the initial stick-
15 K/s. At #=0.17, when the lateral interaction as yet hasing coefficient with increasing degree of coverage by an
practicaliy no effect on the heat of adsorption, the maximurrelectronegative adsorbate attests to blocking of the mobile
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precursor states for dissociative adsorption on the adsorbattird- or fourth-nearest adsorption centers. Interestingly, the
modified surfacé!® self-poisoning of the R111) surface by oxygen does not
Atomic oxygen on Rtl11) at temperatures in the range prevent the adsorption of carbon monoxide, forming(a
200 K< T<350 K forms the ordered structup€2x 2), cor-  X2) structure with the CO molecules located at the on-top
responding to a coverage of 0.25The limiting coverage center in the middle of the cell formed by oxygen adatoms.
achieved under different conditions of oxygen adsorption The complexity of the interaction between adsorbed
ranges from 0.22 to 0.28 M1 oxygen atoms on Pr11) apparently is the reason why there
In order to obtain the correct value of the limiting cov- are still no consistent and physically justified models for the
erage for system in a simulation one usually introduces paformation of the observed structures. One expects that the
rameters describing the desorption probabfity? which ~ solution of this pressing problem will open up new possibili-
makes it possible to avoid the complete poisoning of thelies not only for deepening our understanding of the disso-
model surface. It should be noted, however, that the oxygefiative adsorption process for oxygen on a transition metal
desorption rate from the platinum surface at a temperature dyut will also broaden substantially the existing ideas as to the
the order of 400 K is negligible, and therefore the introduc-fole of different factors in the kinetics of the catalytic reac-
tion of a desorption parameter can scarcely be justifiedion of CO oxidation.
physically; for this reason Sander and Ghaisdmve pro-
posed(somewhat artificially that oxygen requires three un- 6. CONCLUSION

occupied neighboring sites for dissociative adsorption. The criteria of applicability and efficiency of a math-

The results of a dynamic Monte Carlo simulation of theematical model include its ability to reproduce the main

adsorption of molecular and atomic oxygen in the tempera- e
. . - e characteristics of the observed effects and also the degree to
ture range 100—200 K with dissociation, diffusion, and de- 9

tion taken int i 4in Ref. 126. Al which it approximates the conditions of an experiment and
sorption taken Into account are reported in Ref. - AlSQpe transparency of the results obtained. In this regard the

tgken into af:count were the presence of a repulsive INteragsnte Carlo method of mathematical attempts is particularly
tion up to third-nearest neighbors and. the preference for aq/'vell favored, since in many cases it not only makes it pos-
sorption of an oxygen atom at adsorption centers of fcc Symgjp|e 1o explain many of the relationships observed in experi-
metry. A necessary condition for a molecular-oxygenments hut also to predict the behavior of the system under
desorption event is the presence of two unoccupied nearegk,y conditions not yet investigated. It should be stressed that
adsorption centers of threefold symmetry. These conditiong,e 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 gea| (or future experiments—otherwise the simulation is of
model is 0.26, in good agreement with experiment. Howeveljitile value, since there are no other criteria for assessing the
the experimentally observen(2x2) structure could not be  rejiapility of the results obtained and the conclusions drawn
obtained in the simulation, probably because of inadequatg§om 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 observe(2x 2) structure is  for elucidating the properties of adsorption systems include
extremely rarefied, and for it to form at 300 K it is necessarythe papers discussed in this review on the simulation of the
to have a substantial interaction between adsorbed atomgw-temperature adsorption of hydrogen on(MO) and
What sort of interaction can give rise to the formation of Mo(110), 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 thesurface. For example, the model of molecular adsorption in-
formation of thep(2x 2) structure at room temperature were yolving extrinsic precursor states has been validated and re-
due solely to the dipole—dipole interaction, it would require afined by simulations, and the activation energy for desorption
dipole moment of the oxygen adatom of 5 D, which is con-of hydrogen molecules on the tungsten surface has been de-
sidrably larger than the value of the dipole moment of antermined:; this is important for the development of the theory
oxygen atom on platinum estimated from the change of thef gas adsorption.
work function*® An important feature of the simulation methods de-
The indirect interaction between adatoms obviouslyscribed is the trend toward a detail@d the degree possible
plays an important role in the formation of oxygen structureseproduction of the real conditions of an experiment and the
on P{111). In the simulation, however, significant difficulties incorporation of the most important factors governing the
arise in the choice of initial parameters of the indirect inter-pehavior of the system. This has made it possible to estimate
action owing to the substantial variation of the electronicthe 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 self-also, with the aid of a real-time simulation algorithm devel-
consistent calculations of the electrostatic potential on theped, to propose an alternative explanation of the reason for
surface near an adsorbed electronegative atom in the jelliunime radical difference in the dynamics of oxygen adsorption
model, it was shown in Ref. 127 that the degree of poisoningn W(110 and Md110).
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 thethe incorporation of the lateral interaction in the simulation
order of 3—4 A, which corresponds to the distance to theof the formation of CO films on ¥111) have made it pos-



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

sible not only to propose a novétorrect, i.e., in agreement
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