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Domain Growth and Reaction Kinetics in Adsorbed Overlayers
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We present the results of Monte Carlo simulations of rapid reaction between adsorbed species,
Auds T Bags — (AB)g,s, in the situation when preadsorb&dparticles form domains. In the course of
reaction,A particles are assumed to be supplied from the gas phase via monomolecular or dissociative
adsorption. The kinetics corresponding to these two cases are essentially different from the conventional
ones. To classify and explain the results obtained, the physics behind the model is discussed in detail.
[S0031-9007(96)01135-0]

PACS numbers: 82.65.Jv, 05.70.Ln, 68.10.Jy

Attractive or repulsive lateral interactions between To prepare domains in the preadsorbed overlaye® of
particles adsorbed on single-crystal surfaces may resuftarticles, we assume that one-half monolayer of these par-
at relatively low temperatures in the formation of islandsticles (with nearest-neighbor repulsios,;) is quenched
or domains, respectively. During the past decade, thérom high temperature in a disordered phase to a tempera-
kinetics of island or domain growth have been studiedure below the critical oneT < T, = 0.567¢,; (we set
in detail [1-3]. There are also a few studies of thekzp = 1). In this case, the ground state is doubly degen-
kinetics of heterogeneous reactions accompanied by islaretate, and the growth law for the average radius of the
formation [2] (for a recent review of the theory of rate ¢(2 X 2) domains is given [1-3] bg(r) ~ '/2 for both
processes on solid surfaces, see Ref. [4]). On the otheonserved and nonconserved density. Taking into account
hand, simulations of the effect of domains on the reactiorthat the domain structure is fairly insensitive with respect
kinetics are lacking. Meanwhile, the latter problem isto details of the dynamics, we have formed domains via
of considerable interest. From the theoretical point ofdiffusion of B particles over nearest-neighbor sites with
view, it is an example illustrating limitations of the mean- the standard Metropolis Monte Carlo (MC) algorithm: A
field approximation (MFA). Experimentally, the scanning site on the lattice is chosen at random. If that site is va-
tunneling microscopy opens up the possibility of directcant, the trial ends. Otherwise Baparticle located in this
observation of shrinking islands or domains in the courseite tries to diffuse. In particular, an adjacent site is ran-
of reactions [the first measurements [5] of this typedomly chosen, and, if this site is vacant, tBeparticle
exhibit evolution of the preadsorbed(2 X 1) oxygen jumps to it with the probability = 1 for AE = 0 and
and methoxy islands during the synthesis of formaldehyd& = exp(—AE/T) for AE = 0, whereAE is the energy
from methanol on Cu(110)]. The goal of this Letter difference of the final and initial states. The results pre-
is to show the basic types of transient reaction kineticsented [Fig. 1(a)] have been obtained faioa X 500 lat-
complicated by the presence of domains on the surfacdice (with periodic boundary conditions}, = €,/3, and
The calculations reported bridge the gap in simulations of = 100 MC steps (MCS) [1 MCS corresponds by defini-
2D domain growth and reaction kinetics, and the resultsion to L X L attempts of diffusionf is the lattice size)].

obtained might guide the experiment. In this case, the average domain size is about 15 lattice
As an example, we consider the Langmuir-spacings.
Hinshelwood reaction, The distribution of B particles described above have
been employed to simulate the reaction. First, we have
Aads + Bags — (AB)gas (1)  studied the case when the second reactaniaticles) is

supplied from the gas phase via monomolecular adsorp-
on a square lattice in the case when preadsorBed tion, Ag.s — A.gs. ASsuming thed impingement rate to
particles form domains. In the course of reactioh, be high, we consider that during reaction all the mn-
particles are assumed to be supplied from the gas phasstes are occupied by.
The latter process is considered to be fast compared To calculate the reaction rate, we need in general to in-
to step (1). In turn, step (1) is assumed to be rapidroduce theA-A, A-B, and B-B adsorbate-adsorbate inter-
compared to diffusion oB patrticles (i.e., these particles actions in the ground and activated states [2] (the terms
are considered to be immobile during reaction). [All“ground” and “activated” correspond to the transition state
these conditions can be met in such rapid heterogeneotseory). To emphasize the physics behind the MC simu-
reactions as CO or hydrogen oxidation on transitionations, we take into account only tBeB interaction in the
metals 4 is for CO or hydrogen, and is for oxygen).] ground and activated states,ande;. TheA-A andA-B
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of course, dependent on theA andA-B interactions, but
this dependence is of minor importance for understanding
of the reaction kinetics. If necessary, thed andA-B in-
teractions can be easily incorporated into the model.

With our choice of lateral interactions, the reaction rate
of a given pair of nearest-neighber and B particles
is, as usual [2], proportional to ekpnAe/T), where
Ae = €] — €, andn = 3 is the number ofB particles
adjacent to & particle from the pair under consideration.
As a rule [2], the interaction in the activated state is lower
than that in the ground state. In our simulations, we have
usede; = €;/2.
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describing the reaction is as follows. Two adjacent sites
0K ,.,.E'f);.?.l?..'ﬂ?.i..,. DO are chosen at random. If the occupation of those sites
1 is AA or BB, the trial ends. If, however, the occupation
| is AB, this pair tries to react with the probabilityy =
0 % 0 ] exd(3 — n)Ae/T] (note that the reaction probability is
: 1 maximum,W = 1, in the case when a giveR particle
has three adjace® particles).
The reaction kinetics obtained (Fig. 2) for monomolec-

ular adsorption(Ag.s — Aags) iS exponential,
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w0k 0p(r) = 05(0) exp(—kt), (2)
.j{ L“S‘ ¥ C‘?O where 0 is the B coverage. Minor deviations from the
% 19 20 30 40 50 exponential law are observed only in the beginning. To

rationalize Eq. (2), one can note thatrat 0 the high-
reactive B particles (with one, two, or three adjaceBt
particles) are located primarily in the domain boundaries
[Fig. 1(a)]. The fraction of such particles is low, and
they are rapidly consumed on the early stage of the
reaction [Fig. 1(b)]. The main bulk @ particles located
inside domains reacts afterwards. In the latter case,
the nearest-neighbd-B pairs are, in fact, absent, and,
accordingly, the kinetics is exponential with the rate
constant given by = exp(3A€/T) [with the parameters
€; = 3T and €] = €,/2 corresponding to Fig. 2, we
SR L ¥ have k = exp(—9/2) = 0.011]. Thus, with increasing
oo e e PO o £ h % time, the global domain structure is preserved, but the
’ 10 2 & “ % fine details of the domain boundaries are smeared, and
FIG. 1. A 50 X 50 fragment of the500 X 500 lattice in the  the domains become “diluted” due to consumptionBof
course of reaction between adsorbadand B particles at particles [Fig. 1(c)].

T = €/3. Filled and open circles indicat® particles located ; ; }
on two sublattices corresponding to th@ X 2) structure. All The results shown in Fig. 2 correspond to preadsorp

the other sites are occupied Byparticles (not shown). Panel tion of one-half monolayer of particles[65(0) = 0.5].
(a) exhibits the initial distribution oB particles (after 100 MCS  This case is of particular interest from the point of view
for diffusion). The initialB coverage is 0.5 monolayer. Panels of the theory of domain growth because the critical tem-
(b) and (c) show the surface after 10 and 50 MCS for reactionperature of the order-disordef2 X 2) phase transition
In the latter cases, tha coverage is 0.42 and 0.26 monolayer, is maximum atfz = 0.5. With decreasing or increas-
respectively. . . .
ing coverageT. drops rapidly [1,2]. The special features
of the reaction kinetics az(0) # 0.5 can be understood
interactions are ignored because these interactions do nby employing the same qualitative analysis as above. In
affect the domain structure and, accordingly, do not changparticular, it is clear that afiz(0) < 0.5 the reaction ki-
the special features of the reaction kinetics under considietics will also be exponential [because in this case al-
eration. Theapparentrate constants in the equations de-most all theB particles will (due to repulsion) have no
scribing the reaction [e.g., in Egs. (2) and (3) below] are B neighbors at = 0]. At 65(0) > 0.5, the fraction of
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FIG. 2. Probability,P, to find a B particle on the surface 0 CYEEVEEE ,“3)‘ :=,1?,M‘C,S. TS
as a function of time for the reaction accompanied by rapid Sstede %
monomolecular adsorption af particles atl’ = €, /3.

high-reactive B particles will, atz = 0, be higher than
for 65(0) = 0.5, and, accordingly, the deviations from the
exponential regime in the beginning will be stronger com-
pared to Fig. 2.

If A particles are supplied from the gas phase via disso-
ciative adsorption(As)e.s — 2Aags, an arrivingA, mole-
cule needs$wo vacant sites for adsorption. Simulating this
process, we assume (in analogy with monomolecular ad-
sorption) that the impingement rateAf molecules is high
compared to the reaction rate. In addition, we consider that
adsorbedi particles rapidly diffuse by jumping to nearest-
neighbor vacant sites. In this cag®, adsorption can be 83
imitated simply by filling byA particles all the norB site 40 [z ety
clusters (by definition, a cluster contains two or more ad- H
jacent sites). Thus, a naBisite is considered to be vacant s0 HSH
only if it is surrounded byour B particles. (This prescrip- i :gﬁ
tion simplifying simulations is reasonable because it is pre- T
cise for the clusters containing even number of sites and X3
rather accurate for the odd clusters.) Then, the reaction S
kinetics can be calculated by employing the MC algorithm [eessils g0 Dt
similar to that described above. In particular, Fig. 3 shows it X HHAES
shrinkage of domains in the course of reaction. The de- 0 Kfi*é* :

0 10 20 30
endence of3 coverage on time (Fig. 4) exhibits in this
P g (Fig. 4) FIG. 3. A 50 X 50 fragment of the500 X 500 lattice dur-

case a crossover from the linear regime, ing reaction between adsorbddand B particles atT’ = €,/3.
0p(t) = 05(0) — «t, (3) Filled and open circles indicat® particles located on two

2 X 2) sublattices. Plus signs show sites occupiedlpar-

at appreciable coverages 'to the 'exponentlal regime Eﬁif:les (due to rapid dissociative adsorption 4f molecules).
low coverages. The physics behind this behavior is agacant sites are not shown. Panel (a) exhibits the initial dis-
follows. The reaction starts on the domain boundariestribution of reactants (after 100 MCS fa diffusion followed
Later on, the reaction continues to occur on the boundarig®y A, adsorption). The initialB coverage is 0.5 monolayer.
of shrinking domains because dissociative adsorptioppof Paneis (b) and () show the surface after 10 and 150 MCS
molecules inside perfeet2 X 2) domains is impossible. OorZ;emagtr']%Té In the latter cases, tie coverage is 0.48 an

" : . - . yer, respectively.
The transition from the linear to the exponential regime
takes place when the average domain size becomes small.
From this analysis, it is clear that teffectiverate constant (cf. Figs. 2 and 4) that for dimers [Eq. (3)] is much lower
« [Eq. (3)] will decrease with increasing the average initialthank for monomers [Eq. (2)] because in the latter case the
domain radius. An analytical expression for this ratereaction occurs not only on the domain boundaries but also

constant can hardly be derived. We can, however, notaside domains.
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05 . - ' - 05(1) = 05(0) exd — 7 No(v1)*], (5)

(No and vt are the concentration of centers and the spot
radius, respectively) does not fit the kinetics obtained ei-
ther. In addition, it is reasonable to mention that the
problem under consideration does not seem to be con-
nected with percolation theory or with “epidemic” mod-
els. The standard site and bond percolation problems
[7], based on the assumption that particles are located at
random, are irrelevant because in our case local correla-
tions are very strong. In addition, the reaction kinetics
. . . . is obviously independent of the global “conductivity” of
0 100 ME (MCSS"‘)’ 400 800 dpmains because adsorption _from the gas phase is pos-
sible even below the percolation threshold (the percola-
FIG. 4. B coverage as a function of time for the reaction tijon theory is more appropriate for describing the reaction
accompanied by rapid dissociative adsorptiordg@fmolecules kinetics in porous solids [8]). The epidemic models [9]
AT = /3 might be applicable if the kinetics are dependent on com-
petition between different processes (e.g., “reproduction”

and “death”). In our case, however, there is no compe-

The arguments presented in the paragraph above are ag . .
. . on of adsorption and reaction (these steps are rather
plicable atdz(0) = 0.5. Thus, the special features of the consequent) P ( P

reaction kinetics shown in Fig. 4 will hold at all the cov- In summary, our study identifies a class of surface

erages where the(2 x .2) phase tran_sition takes place. kinetics dependent on the domain growth of one of the
3_%yond th(lac(z ><_2) lregl_on,_ltlhke) re?ctlon kinetics W'I.I Fe reactants. Such kinetics, sensitive with respect to the
GI grezt.o 3n _part|CL|J ar, it m ec osle to Iexp(zjnenn? al mechanism of adsorption (monomolecular or dissociative)
5(0) < 0.3 (in analogy with monomolecular adsorption) ¢ opgther reactant, are shown to be essentially different
because in this case almost all tBeparticles are sur- compared to the conventional ones

rounded byA particles. Atg(0) > 0.8, dissociative ad- The author thanks M. Bowker and B. Kasemo for useful
sorption of A, molecules is strongly suppressed. It will discussions. Financial support of the Royal Swedish
start on pairs of vacant nearest-neighbor sites (the pair,&cademy of Sciences is also appreciated.
are located at random and the average distance between
them is large). Accordingly, the reaction kinetics will be
of the same type as that predicted by the Avrami equation
(see below).

The kinetics presented in Figs. 2 and 4 are different from
the conventional ones. For example, the MFA equation for

describing reaction (1) with nearest-neighbor interactions[z]
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