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The monomer—monomer surface reaction model with an adsorbate interaction term is studied. An
epidemic analysis of the poisoning times)(for small square lattices as a function of lattice edge
lengthL and interaction strength at the point of equal adsorption rates yields a dynamic scaling
relation which describes the crossover between log-power-law and exponential behdvianid

is able to fit the entire dependencetgfupona andL. The phase transition is further explored by
varying adsorption rates and is found to follow second-order kinetics. A mean-field approximation
is introduced as a comparison for the numerical results.1997 American Institute of Physics.
[S0021-96087)00342-5

I. INTRODUCTION beyond the poisoning timg,, the probability of the system

, . not being poisoned has been found to decrease exponentially
Lattice models have been used to successfully predict g, time8

wide range of experimental observations in catalysihe Here, we attempt to avert poisoning by introducing small
relevance of simulating cata!ytic behavior at the atomic Ievebnergetic interactions between the molecules in such a way
leads to a better understanding of the phenomena observed @ 14 c4se a feedback mechanism between the concentration
effect the kinetics of macroscopic applications. Numeroug,t mojecules adsorbed on the surface and the rate of adsorp-
papers have been written dealing with the theoretical simugo, 5ch a mechanism should interfere with the simple sta-

lation of catalytic problemS.n the Ziff-Gulari-Barshad jigticq| poisoning mechanism described above. A similar ef-
(ZGB) model, the simulation of C@) and G, (Bz) on a Pt (o0 \yas qualitatively studied in the work of Moirgt al.®

surfacg was studied u.sing_a simplified three-ste.p model reRivhere a minimum value of the interaction strength was
rgsentlng Fhe .Langmuw—Hln.s.chelwood procédis mode! found to be necessary in order to stop the poisoning of the
displays kinetic phase transitions dependent on the probabily ¢iem for a 108100 lattice(their resultD). Frachebourg

ity for A adsorption p) vs B adsorption (}-p). Whenp is o 5 studied the effect of quenched randomness onABe
increased beyong, or decreased below,, the system be- e surface and found a rich variety of kinetic efféés.
comes saturated with a single species. This process, oftéf,e gisorder caused a phase transition similar to ours which

referred to as poisoning, _h_as4béeen confirmed with experimeryq, 4 a1s0 be predicted using a mean-field analysis. The ef-
tal data for the CO transition.™ For p betweenp, andpz,  fects of similar interactions on the ZGB model have also

the system exists in an effectively reactive steady state. HOWseen studied! where it was found that, by increasing the
ever, for a finite-size system, this reactive steady state iFepuIsive nature of andB, the reactive window widens and
technically metastable, since the reaction will stop by a flucy, o phase transitions become smoother. Because the model
tuation if the system becomes covered by any species. Thiga; e explore is based on a few fundamental mechanisms,

phenomenon can only be seen for very small systems Drore are a wide variety of physical systems for which its
cause the time to poison grows exponentially with the size OBynamics may be relevant.

the systenf.
In this paper, we study the simpler monomer—monomer

(AB) model, first studied by Wicket al” The model is - THE MODEL
based upon the generic three-step mechanism: We consider the adsorption-limitesB model, in which
* * the rate of reaction is assumed to be so much greater than the
A+*—A*, D g . . .
rate of adsorption that the lattice never contains any adjacent
B+*—-B*, (2)  AB pairs(as in the original ZGB modgland the reactions

are carried out instantaneously. The other limiting case,
AT +B"—AB+2%, ®) where the reaction is the Iim);ting step, has als?) been
where* refers to a lattice site. The model also contains aconsidered?1* For each Monte Carlo step, a site is ran-
single parametep, which gives the relative probability that domly chosen. If that site is empty, & or B particle is
an A molecule strikes the surface, so that the probability thatdsorbed with the local probabilities as described below. A
a B strikes the surface is-1p, . When the adsorption prob- Monte Carlo time step corresponds to the number of adsorp-
abilities are held constant at any value, the system alwayson attempts equaling the number of sites in the lattice. The
poisons. Wherp,#1/2, it poisons relatively quickly with reaction is assumed to occur between the species being ad-
A(p>1/2) orB(p<1/2) particles. Whemp,=1/2, poisoning sorbed and any of its eight nearest and next-nearest neigh-
is still found to occur, but at a much slower rate. For timesbors with equal probability. We assume that there is no spon-
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FIG. 1. Example of the determination of interparticle energy. The black
circles areA, the gray areB, and the while are vacant spaces. The “x” is
the empty space being analyzed. b)

taneous desorption of unreactddor B molecules, nor any
diffusion of adsorbed species. Periodic boundary conditions
were applied.

Unlike the previous studies of th&B model, the prob-
abilities for adsorption were not fixed throughout this simu-
lation. Rather, an evaluation was conducted about the ad-
sorption site during the Monte Carlo process to determine the ;..
probability a species will adsorb at that specific point. It is P S parear
set that like molecules exhibit repulsive behavior while un- ©
like ones attract. The interaction ener@y) of a lattice site
was assumed to be proportional to the numbeh ofinusB FIG. 2. Observations of the effect of increasing energetic interactions on a

neighbors and next-nearest neighbors about the given site, 84<128 matrix, fora=0 (a), 0.001 25(b), and 0.031 25c). These shap-
shown in Fig. 1 shots were taken after 1024 Monte Carlo time steps. Black dots rep#esent
T molecules, grey represeBt and vacant sites are white.

\PzNA_NB. (4)

The range ofV is therefore(—8,8) and is independent of

system clustering. The probability to adsorb Arwas then  the environment less likely to saturate. This behavior is

calculated from shown in Figs. £a) and 2b). Figure Zc) displays the behav-
A= po— a¥ 5) ior of a system with highx in which there is essentially no

ATTO ' clustering. The interface between domains has all but disap-

where a is a measure of the interaction strength, and is geared. As the clusters shrink, reactions only occur around

function of temperature and reaction rate for actual catalytigheir boundaries, so the overall surface reaction rate in-

systems. The valug is related to the relative rate thAt  creases withw.1>16

molecules strike the surface. Most of our simulations are

done atpy=0.5. The conditiongx=0 andp,= pgy represent

t_he hz_ird-_sphere limit of_the system. Equgt(éinrepresents 2 ||I. MONTE CARLO SIMULATION RESULTS

linearization of any typical thermally activated rate, such as

pa=e “V/(e®V+e V), for small «. Because a¥ An epidemiclike analysi€~*°was run for various square

«E/KT, we are assuming thd/kT<1. Although oW is lattice edge lengthsl() and « to find the number of Monte

small enough to justify the linearization, it leads to a largeCarlo time steps it took for the system to poisdg)( For

modification of the behavior. each combination of and «, 400 trials were taken and the
The magnitude ofr was found to have a strong effect on results were averaged. The simulation was run for values of

the configuration of surface species. Aswas increased, « between 0 and 0.031 25 in increments of 0.000 312 5, al-

clusters of homogeneous particles became smaller, makintpough most systems reached steady state well before
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FIG. 3. Plot of Int, vs L with increasinga. Values ofa from bottom to 0 o1 02 0.3
top: 0, 0.000 313, 0.000 625, 0.000 938, 0.001 25, 0.001 563, 0.001 875, (o’ L)
0.0025, 0.003 125, 0.00375, 0.004688, 0.00625, 0.007812, 0.01,
0.014 375. FIG. 4. Collapse of data of Fig. 3 using the scaling relati@p with x

=0.575,z=0.16, andw=2.50. The slope of this line was found to be 22.2
and the intercept 0.489.

reached its maximum value. Lattice sizes studied ranged ) ) )

from 4x4 to 25x25. The parametep, was fixed at 0.5 for 9radual process and the time it occurs decreases &5

these runs. creases. The transitional region was never observed to disap-
The results of the simulation are shown in Fig. 3. WhenP€ar completely for large.. _

a#0, t, grows exponentially withL, implying that large In the exponentially growing regiort, was found to

systems will effectively reach a reactive steady state. Fofellow behavior of the form:

a=0, theAB model has been solved exactly, and the satu-  ; (") @

ration time has been shown to have a linear dependence on

the number of catalyst sites with logarithmic correctiéhg:  This was found by plotting Ity vs L* for differentw until
straight lines were obtained. The final valuesxofand w

tpxL%(1+cn L). (6)  were found through the scaling plot in Fig. 4. Now, E6j.is

Our data follow this relation and suggest0.16. Here, Valid for small a, while (7) is valid for «#0 and largeL.
poisoning occurs by a simple statistical process. Becauskogether, these two equations suggest a general scaling re-
there is no feedback mechanism between the coverage on tkagion of the form
surface and the adsorption process, and a reaction removes tpzaL2(1+c In L)f(a L), @)
exactly oneA and oneB, the difference between the number
of A andB molecules adsorbed on the surface at any giveryvhere
time will equal the difference in the number &f and B f(&)=ae" 9)
molecules that have struck empty sites on the surface for the '
duration of the simulation. The system will be poisonedor, equivalently
when that difference equals the number of sites on the sur- X| W
face,L?, and this will ogcur when the number of successful tp:aL2(1+C In L)ett, (10
adsorption trials is of orddr?, since the fluctuations grow as The validity of this relation is demonstrated in Fig. 4, where
the square root of the number of trials. If a constant fractionwe plot Ir[tp/L2(1+cIn L)] vs (a*L)Y, using valuesx
of adsorption trials were successful, then Monte Carlo time=0.575, c=0.16, andw=2.50. With these values of the
would be proportional td.2, andt, would grow exactly as parameters, it can be seen that all the data collapse to a single
L2. However, as time progresses, the fraction of successfudtraight line, showing that the scaling is valid, and further-
adsorption trials decreases, and because time is measuredniore that the scaling function is a simple exponential as in
terms of successful as well as unsuccessful adsorption at9). Remarkably, this simple exponential behavior appears to
tempts, the growth is somewhat smaller and leads to thdescribe the scaling function over its entire range down to
logarithmic correctiort*?! This type of logarithmic correc- the smallest lattices that we studied. From the slope and in-
tion has the practical effect of giving apparent dynamic extercept of that line we finda=22.2 andb=1.63. Equation
ponents of about 2.03-2.10 if a simple power law w@e  (10) provides a comprehensive model for the scaling behav-
roneously assumed, as indeed we had done previouslyior of this system, with respect to botla and L, that de-
before the exact solution was known. scribes the exponential, log-power-law, and transitional re-

For small values of, there is a transitional region as the gions. Equatior{10) predicts that whenever is not equal to
log-power-law relation betweefy, and L evolves into an  zero, the poisoning time will eventually grow exponentially
exponential relation a4 increases. This transition is a (for large enough.), which indicates a reactive steady state.
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p————— which will go to zero at the phase transition between a reac-
0.06 + — - ~Mean-Field tive and poisoned state. Statistically, it follows from the
——Uper Bound mean-field hypothesis that

0.04 <NA_NB>:8(XA_XB) (14)
. Sy Combined with equation&t) and (5), this implies
0.02 + N )

/ (Pa)=Po—8a(Xa—Xp). (15

W Equations(11), (12), and (13) remain consistent that when
o a—0, the system poisons rather quickly wheg# 0.5, and
P, remains static otherwise. Now, when the system poisons

with A, (Xo—Xg)—1, and when it poisons wittB, (X4
FIG. 5. Phase diagram gf, vs @ showing a reactive region as well as — Xg)— — 1. Then, settind13) to zero yields
saturation regions ok andB on a 25x25 lattice. The dotted line represents
the numerical data and the solid line is the mean-field analysis. The letters 1/8p0— 1/16 (po<0-5)
indi he ph . Th r nd represents the maximum v. f
sudcmtt?a:pf f‘;llzsiﬁsthe an%%?l).bou ¢ represents the maximum vaite o ={ —1/8p,+1/16 (py>0.5 (16)

0 (po=0.5).

This set is plotted in Fig. 5, along with numerical results that

. . . were described in Sec. Ill. The discrepancy between the
were performed on a 28625 lattice andx was increased until . : ; - o )
simulations and mean-field predictions indicates the impor-

a reactive steady state was found. This led to the phase di?énce of long range effects between species in this model

gram_shown in Fig. dotted ling. Note that,a#0, a win- . which is not intrinsically considered within the mean-field
dow in py opens up where the system reaches a reactive . . . . . .
steady state. €quations. The t_ran5|t|on predicted t6) is continuous in

The order of this transition was determined by IoweringXA andXg, and is therefore second order.
afora fixedpQ;t 0.5.and watching the behavior as poisonin.gv. CONCLUSIONS
occurred. During this process, no islands of a single species
were observed to form. The system became slowly saturated A model describing adsorption kinetics involving inter-
throughout the lattice with no sign of significa(ffective species interactions has been proposed. Adding a repulsive
surface tension between the species. Furthermore, the covemeraction suppresses the poisoning of &% model(for a
ages of the two species appeared to go continuously to 1 aufficiently large systejnand leads to a reactive window in
0. This behavior strongly suggests that the phase transition the phase diagram. The phase diagram is qualitatively similar
second order. to the phase diagram of the model of Fracheboet@l,
where interaction is replaced by quenched surface random-
ness, which also has the effect of suppressing poisdfling.
Along the linepy=0.5 anda=0, we have found a surpris-

To further explore the kinetics of the phase transition,ingly simple scaling relation that correlates the poisoning
we constructed a mean-field model of the systér®Define  time with lattice sizeL and interaction parameter. This
Xa. Xg, andXy as the coverages &,B, and vacant sites, relation [Eq. (10)] also introduces two new scaling expo-
respectively, withX,=1—X,—Xg. The single-site rate nents,x and w. These results raise the question, as to
equations for this model are whether other dynamic surface-reaction models follow a

dX, similar, perhaps universal, finite-size poisoning behavior.

W:<pA>XV(1_XB)8_(l_<pA>)XV(1_(1_XA)8)a
(11

We also studied the system fq,# 0.5. Simulations

IV. MEAN-FIELD ANALYSIS
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