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Abstract

A study is made of the segregation effect of adsorbed species related to the inner structure of two bidimensional adsorbent fractals, the
incipient percolation cluster (IPC) and the backbone of the IPC, and their connection with the rate-determining step of the kinetic mechanism
of the monomer—dimer (MD) surface reaction on those fractals. Produ@igg, is proportional to the concentration afin the gas phase
ya and to the fraction of vacant superficial sites (R4p = yaxg), and it is shown that adsorption of the monomer is the rate-controlling
step of the reaction mechanism.
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1. Introduction diffusion and desorption of the adsorbed species and consid-
ers the extreme case of an infinite reaction kafEhe results
The model proposed by Ziff, Gulari, and Barshad (ZGB) of the ZGB model have shown the existence of reactive (“re-
[1] in 1986 for the monomer—dimer surface reaction action windows”) and nonreactive or poisoned zones sepa-
2A + By — 2A B, which mimics the oxidation reaction of rated by irreversible phase transitions. In general, two types
CO, was the precursor of a large number of papers deal-of IPTs have been observed, one continuoug, and one
ing with models for analyzing the complicated behavior discontinuousya>, which have been designated, by anal-
of irreversible dynamics systems (oscillations, irreversible ogy with thermally driven transitions which are reversible,
phase transitions (IPT), etc.) [2]. ZGB proposed a simplified as first and second order. The study of IPTs has experienced
Langmuir—-Hinshelwood (LH) mechanism whose lattice-gas a dramatic growth since the publication of the pioneering

version is given by work of the ZGB model, and it has recently been reviewed
A by Evans [3], Zhdanov and Kasemo [4], and Albano [5]. The
A+ E= A, reactive window undergoes alterations if additional effects

are considered in the original model. Surface diffusion, for
example, especially of monomdr, does not have a signifi-
A + B LY AB,) + 2E, (1) cant influence ory41, buty42 undergoes an increase which,

) ) according to Mai et al. [6] and Lutsevich et al. [7], must
whereE is an empty site on the surface)(@nd ) refer o5 the “stoichiometric point” of 2/3. Evans [8], however,
to the adsorbgd phasg and the gas phase, respecqub'; argues that it should tend to 0.5951 and that 2/3 would rep-
the mole fraction ofA in the gas phase angs =1 —ya is resent the spinodal rather than the transition point. As shown

the mole fraction ofB, since th.e impingement rates are nor- v Kaukonen and Nieminen [9], the effect of desorption on
malized. The ZGB model, which assumes a square lattice of e model is the randomization of the monomer distribution,

sites having nearest neighbors (nn), excludes the existence of,4 even though this stage does not affegt, it alters the
critical zone of poisoning witkd. The other effect, studied
* Corresponding author. by Bagnoli etal. [10] and_ by Satulovsky and Albano [11], i§
E-mail address: jcortes@dgb.uchile.cl (J. Cortés). the existence of interactions between the adsorbates, which

BZ(g) + 2F y—B> 23(,1),
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cause alterations in the phase diagram that depend on thenonomer—dimer (MD) reaction over the IPC and a substrate
type and magnitude of these interactions. formed by the backbone of the IPC. The phase diagrams
In general, superficial heterogeneity can be of two kinds, (critical concentrations and reactive window) of both frac-
geometric and energetic, and these effects may also be astals and the influence of the inner structure of the fractal on
sociated with one another. Even though the study of the the kinetic behavior (rate-controlling step of the mechanism)
effects of energetic heterogeneity on the gas—solid adsorp-of the surface reaction are compared.
tion phenomenon has been developed greatly and have been
reviewed in the excellent monograph by Rudzinski and
Everett [12], in which the work of our group on the subject 2. Simulations and results
has been considered extensively [13], in the case of complex
catalytic heterogeneous systems most of the published pa- The MD reaction was studied by means of Monte Carlo
pers assume a homogeneous surface, partly for experimenta]MC) simulations according to the mechanism shown in
reasons and also because of the excessive complexity of thd&eq. (1), simulated over two fractals: the incipient perco-
system that it is desired to model. Thus, in the present stagelation cluster (IPC) and the backbone generated from the
of the literature on the subject, theoretical and simulation IPC. In the case of the IPC, the substrate sites were gen-
studies include only the geometric factor of heterogeneity. erated operationally on a square lattice of sites of sizeL
This has happened only in relatively recent years in Monte by blocking a fractiorr =1 — p. of the sites (impurities)
Carlo (MC) studies of surface reactions on substrates whichwith p. = 0.592746. The spanning cluster was chosen by
include degrees of geometric heterogeneity, modeling the means of Kopelman’s algorithm [28], applied without pe-
surface by means of random fractals and percolation clus-riodic boundary conditions and requiring the larger cluster
tersin the studies of Albano [5,14], Casties et al. [15], Moiny to percolate in both directions. To build the backbone, Her-
and Dumont [16], Hovi et al. [17] and our group [18] or by rmann et al.’s burning algorithm [27,29] was applied to the
means of deterministic fractals such as Sierpinski's carpetalready generated IPC starting from two points located near
and gasket [19]. Interest in these types of substrates is basedwo opposite corners, separated by a distance greatef.than
on the fact that the surface of most solids at the molecu- The results are the average of 400 experiments carried out,
lar level must be considered as a microscopic fractal [20]. two for each of the 200 substrates previously generated in-
Such is the case, for example, of many catalysts consistingdependently, considering two different initial sites using dif-
of small metallic fractal clusters dispersed on a fractal sup- ferent random numbers for each valudofoth for the IPC
port [21] or, in some cases, on thin discontinuous metallic and for the respective backbone. We have considered that a
films [22]. value of L = 70 as the lower limit for the size of the lattice
An interesting subset of the IPC is the backbone that is is sufficient for the paper’s objectives. This is in agreement
obtained by removing the dangling bonds from the IPC [23]. with the literature [5] as well as with some of our recent pa-
Both substrates constitute fractal lattices having dimensionspers [18] in which we have been concerned very particularly
dy = 91/48 for the IPC [24] and 1.6432 for the back- to ensure that the description of the fractal, given its statis-
bone [25]. An important question about these percolation tical character, guarantees sufficiently the reproducibility of
clusters refers to their “texture” or internal structure, which the results.
is, as we shall see, of direct importance in the behavior of  The steps involved in the simulation procedure are as fol-
these substrates in models of surface reactions. Three dislows. In the adsorption stage, monon¥eis adsorbed with
tinct pictures have been proposed for describing the structureprobability y4 on a random site of the lattice if it is vacant.
of these clusters [26,27]. The first one suggests a superlatticdf it is already occupied, is blocked, or does not belong to the
of nodes joined by links or macrobonds of various unidi- spanning cluster, the event is rejected and the trial ends. In
mensional “cutting bonds” (like large fishing nets). At the the case of dimeBy, it is adsorbed with probability + y4
opposite end of this “nodes and links” model, the cluster if two randomly chosen nn lattice sites are vacant. If both
has been replaced by a Sierpinski gasket, which assumes aites are vacant, the dimer is adsorbed; otherwise, the event
structure of interconnected loops and so has no singly con-is rejected and the trial ends. In the reaction step and after a
nected links, but does have multiply connected “blobs” of all successful adsorption, one has to scan randomly the nn sites
length scalesA third model which seems to have more ad- of the A or B atoms that have just been adsorbed. Atotns
vantages considers a “nodes, links and blobs” picture of the and B sitting next to each other form B that desorbs from
cluster. However, since these structures are self-similar, thethe surface, leaving behind two vacant sites. The time unit
blobs are “volatile” fractals in Herrmann and Stanley’s ter- is one Monte Carlo step (MCS), defined as a number of MC
minology [27], in the sense that if the size, of the lattice attempts equal to the number of sitésx L, in the lattice.
is increased, smaller blobs can become part of larger blobs. The results were obtained using in general 20* MCS for
The fractal nature of the substrate introduces interesting the backbone and 8 10* MCS for the IPC.
new effects on the reactive zone, in addition to those related The IPT values were obtained following the procedure of
to the introduction of new mechanism stages or adsorbateAlbano [14,30] who, using finite-size scaling analysis, deter-
interactions. This paper studies the behavior of the surfacemined for the MD reaction on IPC the valugg; = 0.314
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Fig. 1. Phase diagram of the monomer—dimer reaction on the backbone obtained by MC. Average agv€rage g (O), and productionR 4z (A) versus
ya- Rap (AB numbeysite MCS);ys1 = 0.323;y42 = 0.418.
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Fig. 2. (a), (b) Plots ofR4p and R4 /ya Vversusxg, respectively, for the monomer—dimer reaction on the IPC< y4(Rap peak) &); ya > ya(Rap
peak) ). The insert shows the case of a uniform substrate, 100, 10 MCS. (c), (d) The same on the backbone.
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and ys2 = 0.408. Values ofy41 = 0.323 andy42 = 0.418 obtained in relation to the structure of the system, while at
were obtained for the MD reaction on the backbone. the same time the behavior of the kinetic mechanism corre-
Figure 1 shows, in the phase diagram for the MD reaction sponding to Eq. (2) can be explained.
on the backbone, the concentrations of the superficial species In the first place, a segregation of the superficial species
x; (i = A, B), defined with respect to the sites of the active is seen in regions poisoned alternativelyAdwnd B, which
substrate, and the producti®) 3, defined as the number of are the result of the self-poisoning of finite samples [14]
A B particles per site and per MCS, versus the concentrationand are also the cause of the fluctuations commonly seen
of A inthe gas phase,. in simulations. Just as rather lardgeislands and a negli-
Figure 2 shows the results of the producti®ps versus gible A coverage dominate the kinetics of the ZGB model
xg for the MD reaction on the backbone corresponding to in the reactive zone on homogeneous media, in the case of
L =70-400, and on the IPC we have applied the same valuethese disordered substrates there are regions covered by ei-
used by AlbanoL = 150 [14]. Considering that for the ZGB  ther pureA or pureB species, forming islands of relatively

model on the IPC Albano [30] reports th&Y g is propor- high stability since their existence is related to the structure
tional to the fraction of empty sitesg on the substrate in  of the substrate [30].
the whole reactive zone, we have plottRdp versusxg in The arrangement of the various superficial species in

Figs. 2a and 2c, showing an approximately straight line, eventhe different structural sectors of the fractal substrate nat-
though a separation is seen between the points on differenurally depend on the value of4. We shall first analyze
sides of the peak of th&,p curve of the phase diagram. extreme situations in which the superficial concentration of
However, ifR4p5/y4 is plotted versus 4, a straight line with one of the adsorbates is small. For example, if we consider
an excellent correlation better than 0.9999 results for both only the average of the nonpoisoned configurations, for a
substrates over the whole rangexgf, showing a perfectco-  value of y4 = 0.335, located in the neighborhood ofi1,
incidence between the data obtained from both sides of thewe have that for the backbone only approximately 30% of
R4 p peak. This shows that the following expression, which the A particles occupy sites having three or four neighbors

will be discussed below, is followed for the production: (xa(3) + x4(4) ~ 0.3), showing that the particles of for

this value ofy4 are located basically on the links of the frac-
Rap =yaxe. ©) tal, as seen in Fig. 3a, since we have approximately 70%
This differs from Albano’s finding [30] since he suggests a of the A particles occupying sites with only one and two
behavior of typeR 4 oc x1°. neighbors. This is different from what happens at the other

end of the phase diagram. For example, fgr= 0.39, lo-
cated in the neighborhood ofs2, approximately 70% of

3. Discussion B occupy sites having three or four neighbors belonging
to the substratex(z(3) + x5(4) ~ 0.7) so that theB parti-

The phase diagram of Fig. 1 shows for the MD reaction cles occupy mostly the blobs, in view of the natural diffi-
on the backbone a behavior similar to the IPC case previ- culty for occupying the links because of the requirement of
ously studied by Albano [14], with two continuous phase two nn sites for the adsorption df2 to occur, as seen in
transitions, in contrast to results from the same model ap- Fig. 3c.
plied to homogeneous media, leading to a curve Rqig The region of greatest interest is, however, the active zone
having a rather symmetric peak, roughly at the center of where the reaction takes place, and therefore the distribution
the reaction window, which coincides with the minimum of of the empty specieg there is of fundamental importance.
xa + xp. An active steady state regime (the reactive win- For example, foy4 = 0.36, located in the neighborhood of
dow) is seen only fopa1 < ya < yaz2, whereyy; (i =1,2) the peak of thekR 45 production curve, approximately 65%
are the critical concentrations, beyond which only nondegen- of the vacant sites are sites with three or four neighbors
erate absorbing states exist in which the surface is poisonedxg(3) + x £ (4) ~ 0.65) for both substrates, showing that the
by speciesA or speciesB. It is also seen that the effect of empty sites are found on blobs rather than on the links, as
removing the dangling bonds causes a slight shift of the crit- seen in Figs. 3b and 3d. With respect to the superficial clus-
ical concentrations to higher values, retaining, however, the ters of A and B, there are empty sites, as expected, in the
width of the reactive window. boundary zone located between both kinds of clusters. How-

The snapshots in Fig. 3 illustrate the conformation of the ever, most of them are inserted within ti#eclusters and
superficial species for various situations of the systems, typ-almost no empty sites can be found within theclusters.
ically explaining the behavior of a surface reaction over the This observation is of interest in relation to the kinetics of
studied fractals. With the purpose of quantifying the picture the system described by Eq. (2). The productive situations
provided by the snapshots, we have determingd), the occur when a particle ofA reaches an empty site and re-
fraction of sites with species(i = A, B, E) such that they  acts with a neighboring one d@f. This happens within the
havek neighbors belonging to the substrate. After inspection B clusters and in the boundary zone betweenAhand B
of a set of snapshots like those in Fig. 3, and of the corre- clusters and explains Eg. (2), which shows that the produc-
spondingy; (k) values, some interesting conclusions may be tion of R4 is proportional to the empty sites andg, the



Simple kinetic behavior in which monomer adsorption is
the rate-controlling step in the mechanism of the superficial
monomer—dimer reaction is seen in the systems studied. In
the case of the incipient percolation cluster and backbone
fractals, this is explained by the segregation of thend
B species and by the distribution of the vacant sites on the

The phase diagram of the monomer—dimer reaction on

substrate structure.
higher concentrations of in the backbone with respect to

ation, yet for different reasons, as in the case of a fractal
tive window width, and a slight shift of the critical values to
to ya2, and therefore the empty sites are in a similar situ- the IPC.

substrate.
él. Conclusions
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Equation (2) is also followed by the model in a homoge-

neous system, as seen in the insert of Fig. 2b. Although it
is completely different from the case of a fractal substrate, the backbone shows a behavior qualitatively similar to that

it is interesting to note that the explanation of the phenom- of the same reaction over the incipient percolation cluster,
enon at the microscopic level is the same as the one given inwhich differs from the previous one in the dangling bonds,

this paper for the fractal surface since for homogeneous me-showing two continuous phase transitions, the same reac-

of two nn empty sites, and that around them there must be
dia in the active zone the substrate is mainly covered Rith
particles and 4 is negligible, except whemy is very close

particles ofA. The latter condition is not fulfilled within the
former is very improbable in the narrow boundary zone be-

tween theA and B clusters where the rest of tlesites are

tive zone because two conditions are needed: the existenc
found.

concentration ofA in the gas phase. In other words, the ki-
netics is thus controlled by the adsorptionqfwhich is the
first step in the LH mechanism of Eq. (1). The adsorption of
B> patrticles, on the other hand, is not productive in the ac-
B clusters, where most of the sites are located, and the
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0.36.

0.335 in the neighborhood of41. (b) The same at4 = 0.36 in the neighborhood of the

Fig. 3. Snapshots of one part of the substrate surface under steady-state condition &f6érMCS of a lattice of sizel

peak of R4 g. (c) The same at4 = 0.39 in the neighborhood of 4. (d) On the IPC corresponding §o

reaction.B (+), A (@), andE (O). (a) On the backbone aty
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