Condensed Matter Physics, 2000, Vol. 3, No. 2(22), pp. 417-436 CONDENSED

1. Introduction

IVIANTETER
BHNVSICS)

Modelling of the elementary surface
processes occurring in the course of
heterogeneous catalytic reactions

M.E.Holovko, E.V.Vakarin

Institute for Condensed Matter Physics
of the National Academy of Sciences of Ukraine,
1 Svientsitskii Str., 79011 Lviv, Ukraine

Received April 18, 2000

A short review of theoretical results on the Langmuir-Hinschelwood and
Eley-Rideal reaction schemes is presented. It is shown that the rates of el-
ementary processes at the surface are coupled through the bulk properties
of adsorbing species. This concerns the dependence of the chemical po-
tential on the association-dissociation balance and on the adsorbate den-
sity near the surface. Adsorption is shown to be sensitive to a mechanism
of dimer adsorption (associative or dissociative). Dissociative adsorption
gives a nonmonotonic behaviour of the coverage with the surface activity.
Simultaneously, the dissociation degree increases with increasing adsorp-
tion. The associative adsorption implies the existence of a low-density crit-
ical point around which the adsorption isotherms are discontinuous. This
causes an abnormal low surface diffusion at low densities. Implementation
of these results to kinetic properties are briefly discussed.
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It is a real pleasure for us to contribute this article to the special issue dedicated
to [.LR.Yukhnovskii, the discussions with whom have stimulated our interest to the
problems of heterogeneous catalysis.

Heterogeneous catalysis is a multistep process involving a dissociative adsorption
of reactants followed by the reaction and desorption of the products [1]. Despite a
considerable progress in the field, our comprehension of the basic processes involved
into catalytic reactions is still incomplete. The main difficulty arises from a very
delicate interplay of the metal and the gas parts in accelerating any specific reaction

2].
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Calculation of the rate of elementary surface processes (adsorption, desorption,
diffusion, reaction, etc) is a difficult problem, involving both the dynamics and the
statistics of the adsorbed particles and surface atoms. As a first approximation,
the dynamical and statistical parts of the problem are assumed to be decoupled.
That is, the coverage dependence of the process rate is determined by the statistics
of adsorbate and metal particles. In other words, the coverage dependence is then
calculated through a solution of an equilibrium problem. From this point of view,
it is important to make a link between a rapid progress in the field of equilibrium
properties and our relatively modest knowledge of kinetic aspects.

In this respect many important questions remain to be answered [3]. For instance,
does the reaction occur between two chemisorbed species or between a chemisorbed
particle and a gas particle? Considering as an example the oxidation of CO on
Pt(111), we have two alternative reaction schemes:

Langmuir-Hinschelwood (LH) mechanism

CO — CO(ads), Og — 20(ads), CO(ads)+ O(ads) — COq (1)
and Eley-Rideal (ER) mechanism
Oy — 20(ads), Of(ads) + CO — COy. (2)

Although it remains a fact that traditional kinetic measurements do not clearly
distinguish between the two, the LH mechanism is commonly discussed as a leading
process for this reaction. A kinetic model based on LH scenario, was proposed [4]
by Ziff, Gulari and Barshad (ZGB). Nevertheless the ER scenario is not negligible
in application to other processes [5].

Notice that (1) or (2) do not follow from any microscopic consideration. These
are only examples of semiempirical rules which are widely used as extreme cases
in describing catalytic reactions. One can easily imagine a process which is a su-
perposition of these two. Therefore, a sequence of elementary steps remains to be
investigated. This implies that a discussion starting from a microscopic model would
be much useful for a selfconsistent description.

Another shortcoming of standard approaches is a purely two-dimensional de-
scription. Properties of the fluid bulk are represented by an external parameter
(impingement rates, or partial pressures). Some of them are indeed marginal for di-
lute gases which exist in a single phase. But in general this is not true, especially for
dense adsorbate systems, which may exhibit peculiar features (liquid-gas coexistence,
clustering or phase separation). Thus, a microscopic consideration would allow us to
make a connection between the kinetic coefficients and properties of the gas phase.
This connection may have important consequences because, for dense systems, an
entropic attractive potential appears even if the bare interaction is repulsive. The
attraction causes the formation of adsorbed domains and may significantly change
[6] the kinetic coefficients.

Dissociation of diatomic molecules prior to their adsorption is usually taken into
account implicitly. That is, the dissociation is only declared but is not described
assuming that the process takes place near the surface but not at the surface. This
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is another drawback of a two-dimensional description. Nevertheless, the coverage
should be sensitive to the dissociation mechanism. Otherwise, adsorption molecules
(e.g. Oz) or monomeric species (20 atoms) would be almost equally probable.

The aim of this paper is to address some of these points. We show that the
two-dimensional Lattice Gas (LG) Hamiltonian, which is the usual starting point
of kinetic description, can be obtained by integrating out the bulk degrees freedom.
In such a way the LG coupling constants appear to be explicitly dependent on the
bulk properties of the adsorbed species (local density, pair correlation, etc).

Applying the association theory [16] allows us to treat an association-dissociation
balance near the surfaces. Based on this we determine an effect of dissociation on
adsorption and on surface diffusion.

Moreover, in this article we argue that all elementary processes (adsorption and
dissociation, diffusion and dissociation) are mutually coupled through their connec-
tion with the bulk phase.

The paper is organized as follows. In section 2 we present a brief review of
theoretical results concerning ER and LH kinetics. Coupling of interfacial properties
with the fluid bulk is discussed in section 3 in terms of the sticky site model. Then in
section 4 we apply the association theory to a description of adsorption and diffusion
under the action of dissociation. Our conclusions are collected in section 5.

2. Mesoscopic kinetics within the ER and LH schemes

Kinetics of catalytic reactions is usually described starting from the lattice gas
(LG) description of the catalyst—gas system

H=—- Z aﬁnanﬁ -y Veng, (3)
zg a,B 1,00

where 7, 7 run over the lattice sites and «, f mark the species. The set of occupation
numbers n{ = 0,1 controls the coverage of the sites. The one-site potential V¢
describes an adatom interaction with the catalyst lattice and contains information
about the ambient gas state through its dependence on the chemical potential. The
coupling constant Jgﬁ describes the interaction between chemisorbed particles. The
transition rates

Wi ({m}) = vy exp (—BV“ BZ ﬁfnf)n (1 —nj) (4)

correspond to the jumps from site ¢ to site j for a given species «, with v{§ being a
frequency factor. By analogy one can define the rate W7*({n;}, {n;}) for transition
from a state with the set {n;} to a state with {n,}.

Then the master equation

P 5 S 1P (o, W () () — P (ned, W (), (i)

7 {ni}
(5)
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describes the evolution of the probability P*({n;},t) to find the system in a state
{n;} at time ¢t. Here 7 gives a characteristic time scale. Constructing the transition
rates W according to (1) or (2) one obtains from (5) approximate kinetic equa-
tions for the species involved in the reaction. The most common way of constructing
is the mean field approach (MFA) which underestimates the coverage fluctuations
neglecting the correlation between them. Quite often a coarse grained mesoscopic
description is introduced by averaging the master equation over the scales compara-
ble with the lattice spacing. This allows us to explore general tendencies which are
similar for the crystalline and for the amorphous catalytic surfaces.

2.1. ER mechanism

The ER scheme implies the adsorption of one species with the other species
reacting directly from the gas phase. Following [7] we consider a single-component
adsorbate to illustrate the essence. Particles may adsorb on the surface, desorb from
it, and diffuse across it. In addition, the reaction occurs between adsorbed and gas
particles. The products immediately leave the surface. The time evolution of the
coverage z is described by a mesoscopic kinetic equation
O =kap(1 —2) —kgx — k,x +V 2(1 —2)aVU(r)| + DV?z, (6)
ot kT
where k., kq, k. and D are the adsorption, the desorption, the reaction and the
diffusion coefficients, respectively; p is the gas pressure; T' is the temperature, k is
the Boltzmann constant. In addition, a viscous flow of the adsorbate due to the
gradient of the surface potential U(r) is included. The potential is caused by lateral
pairwise attractive interaction potential u(r)

Ulr) = — /dr’u(r —r')x(r'). (7)

The pair interaction was taken in the Gaussian form

2
UO T
u(r) = 20 exp (——2) |

o o

where uy and ry are the interaction strength and radius, respectively. Desorption
coefficient is potential dependent

kq = kyexp(U(r)/kT) (8)

with &Y being the desorption coefficient in the absence of interaction.
In the absence of diffusion the stationary state is given by a solution of

1—=zx

« — v = exp(—¢x), 9)

where a = k.p/kS, v = k,/kap, € = up/kT. Without the reaction contribution vy = 0,
equation (9) corresponds to the standard MFA result for the adsorption isotherm.
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For the critical values of the parameterse = ¢, = 4, a = . = 1/, & = z. = 1/2 the
system exhibits a first-order phase transition from a dilute (gaseous) to a condensed
(liquid-like) phase. The reaction shifts the critical parameters €. = 4(1 +7), a. =
1/[e2(1+7)], z. = 1/[2(1 +)]. In other words, we have a coexistence of two stable
states: some fraction of the surface is highly covered (droplets), while the rest is
almost empty (holes). This bistability is essential because it allows one to draw the
conclusion on how the reaction occurs. Since the production rate is proportional to
(1—x), we may conclude that due to the coupling of bistability and ER-like reaction,
the system may exhibit a patterning. Namely, a highly reactive state around the
holes and almost a poisoned state around the droplets. This is indeed the case,
as it follows from numerical simulations [7]. Including the diffusion, these authors
observed various modulated structures.

Of course, the one-component scheme illustrated above is too simple to be di-
rectly applied to the catalysis. For this purpose a generalization to multicomponent
systems as well as a more accurate account for the kinetic coefficients are necessary.

2.2. LH mechanism

The LH scheme requires a more extensive description because we have to treat
one more surface process. Since the product molecules immediately desorb, the accel-
eration rate correlates with the fractions of vacant sites x, and with vacant nearest
neighbour pairs x,,. Then a simple stability analysis [8] provides a clear picture of
the physics behind. The time evolution is given by

dz,

d:.Ut == DVVQxV + 1%y + T12Zyy + O(ZL‘\QM xzy)a (10)
dxvv 2 2 2

dt = vav Tyy + 721 Ty + T22T0yy + O(fEV, xvv)a (11)

where D, D,, are the generalized diffusion coefficients and r;; is the matrix of
kinetic coefficients (adsorption, desorption, reaction, etc). All these quantities are
functions of the impingement rate y. For qualitative purposes it is enough to linearize
these equations, neglecting the diffusion and higher order terms in z, and z,,. Then,
choosing the linear combinations of z, and z,,, i.e., x; and x_, which diagonalize
the 7;; matrix, we have

d.T+

T Apy (12)
dx_
— = dx_. 13

The existence of adsorbing or poisoned states may be discussed in terms of the
eigenvalues A, and A_. Specifically for CO oxidation [8], 1o = —ryj;3 & y, res x
—(1 —y) and 72 x 2y. Diagonalization of this r;; matrix yields
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It is easy to check that Ay changes the sign at the critical value y = y; = 1/3,
while A_ is negative for all y. This implies the existence in this model at y = y;
of a second-order phase transition from an absorbing state, wherein the surface is
passivated (catalytically inactive or “poisoned”) by one of the chemical constituents
(O) to an active state. It was shown that this transition belongs to the universality
class of Reggeon field theory or a direct percolation. As we will see below, this critical
value y; = 1/3 is very close to the computer simulation result.

A more detailed description giving nontrivial results is the site approximation
proposed by Dickman [9] in applying to CO oxidation. The catalyst was modelled
as a square lattice; each site may be vacant or occupied by oxygen (O) atom or
a carbon monoxide molecule (CO). CO arrive at the surface at a rate yco and,
upon encountering a vacant site, immediately adsorb. O molecules arrive at the
rate yo = 1 — yco and adsorb at a nearest-neighbour pair of vacant sites. Surface
diffusion and desorption were ignored. The only dynamic process was the oxidation
of CO to form COy which left the surface immediately. Based on this scheme the
following equations of motion for surface concentrations x, were obtained [9]

dx

0 ay0a2(1 - ao)” ~ weoll (1 - xo)'] (15)

d

% = —2yo.§lf\2,[1 - (1 - xCO>3] + yCOxv<1 - 1’0)4, (16>
do —wco) _ o 2\ o (17)

dt

where x, is the fraction of vacant sites. The system of this equations yields at y = y»
a first-order phase transition from the reactive for y < ys (z, # 0) to CO poisoned
state for y > yo (x, = 0). As we will see below, the value y, = 0.4787 is very
close to the computer simulation result. But the second-order transition from O
poisoned to the reactive state obtained from the stability analysis was not found in
this approach.

Since the shortcoming of the site approximation appears to be largely due to
the neglect of the prohibition against O-CO nearest-neighbour pairs, Dickman [9]
derived the kinetic equations for the concentrations in pair approximation, which is
next in a series of progressively more accurate cluster methods. This allowed us to
refine the theory and improve an agreement with computer simulation results [4] for
the ZGB scheme. The steady state phase diagram is given in figure 1. For 0 < yco <
y1 = 0.389 the catalyst is “poisoned” with oxygen, while for yco > yo = 0.525 it is
poisoned with CO. The poisoning means that the catalyst is mainly covered by one of
the species. The reactive state exists in a window 4, < yco < y2 where a nonzero rate
of CO4 production is observed. Note that O poisoning is a second-order (continuous)
transition, while CO poisoning is a first-order (discontinuous) kinetic transition. In
order to gain insight into this reaction Luque studied [10] the distribution of adsorbed
pairs and their effect on the standard ZGB scheme. This theory is a refinement of
the pair approximation by Dickman [9] to counting the orientation of pairs at a
square lattice. The system was analyzed in terms of monomeric (no, nco) and pair
(nco—co, nco—o0, No—o) concentrations. The transitions probabilities P; correspond
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to: i = 1, adsorption of CO; i = 2, adsorption of O,; i = 3, desorption of COy. The
evolution equations are

dnco

ar ns[V] — 4ns[CO — O, (18)
dncd¥ = 2n5[CO — V] — 6ng[CO — CO — O] (20)
dn(zl(zo = n5[0 — V] = 3ng[CO — V — V] — ng[CO — O]
— 3ng[0 — CO — 0] — 3ns[CO — O — COY, (21)
dn((i)t_o = ng[V = V] +6n5[0 = V= V] = 6n5[0 - O = COJ,  (22)
where
I X
ns[\/] = n| x V X Pl, (23)
I X
I X
ns[z—V] = n| 2z V x| P, (24)
I X
[ X X
TLg[T — 5] = n X r S X f)ia (25)
I X X
[ X X
nglz—r—s] = n|zr s x|P, (26)
I X X
with the notation
X
n|lz V X
X

used for the density of five-site clusters which have got a vacant site in the center;

X X
n X r s X
X X

denotes the density of eight-site clusters whose center is occupied by CO-O, O-
CO, or V-V. The symbol x represents indistinctly CO, O, and V (vacancy). A x
substituted by z means that the site can be occupied by a monomer (CO or O). P;
in (25) and (26) is P, for r — s = v — v and P; for r — s =CO-0O or O-CO. To solve
the evolution equations the following closure approximations were used

1
2V 4
3

n = (nv—lnv—an—3nv—4)/n§7 ) (27)
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= (Rp1Mp_2n 3Ny sNg_ans_sns_g)/(nind). (28)

S
I\
=
INGVINN
ot

coverage

Y. Y,
CO "pressure", y

Figure 1. Steady state phase diagram for the ZGB scheme of catalytic CO oxida-
tion (schematically). The impingement rates y; and ys indicate the boundaries of
the second- and first order kinetic transitions between the reactive and poisoned
states. The reactive state is in between y; and ys.

Four zones were found for the steady state

(1) 0 < yoo < 0.3310: the catalyst is poisoned by Os.

(2) 0.3310 < yco < 0.3849: a reactive steady state.

(3) 0.3849 < yco < 0.5692: three steady states, one is unstable and the others
are stable. One stable solution is a reactive steady state, but in the other one the
catalyst is poisoned by CO.

(4) 0.5692 < yco < 1: the catalyst is poisoned by CO.

The scheme outlined above serves as a basis for a description of the catalytic
oxidation of CO. Further extensions were directed towards the inclusion of spatial
correlation between adsorbed particles (diffusion, pair interactions, etc). The role
of the surface diffusion within the ZGB scheme was analyzed [11] employing the
computer simulation and the mean field theory. It was found that g, shifts to lower
values and y, shifts to higher values with the increasing diffusion coefficient. It
is concluded that the nature of poisoning transitions is not altered by diffusion.
The effects of the interaction between adatoms was considered in [12], choosing the
transition probabilities in the Arrhenius form.

%

P = Aexp (—f—T> | (20)
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where A; are frequency factors, E! are activation energies of each of the three ele-
mental processes. The activation energy is divided into two additive terms, corre-
sponding to the action of the substrate and to the interaction between the nearest
adatoms, respectively

E, = Ei+Y_ npEj (i=1,2), E}=Es+Y nykEy,, (30)

gk gk

where 7, k = CO, O represents all the bonds that may be formed between monomers
that participate in the process and their possible neighbour monomers. For i = 1
j =CO, fori =275 =0 and for i = 3 j = CO,0. E; is the contribution of
the substrate to the total activation energy connected with the second term in the
hamiltonian (3); E;; and E;k are the contribution to the total activation energy
owing to the interaction between the nearest-neighbour adatoms connected with the
first term in the hamiltonian (3), nj; is the pair number of the type (j, k). For the
sake of simplicity, it was assumed that

/

Ly, = —Eiji - (31)
Consequently, it was shown that the rate of CO, production increases when re-
pulsive CO-CO and O-O interactions together with the attractive CO-O interaction
are taken into account. The interval associated with the CO5 production becomes
wider than in the case without interaction.
Recently [13] the system of equations (18)—(22) was supplemented by the equa-
tion for the rate of change of the surface temperature

dT >
1=1

where C' is the heat capacity of the system, L/C is the relaxation rate of T' to T'g
being room temperature, AH; are the reaction heats of processes (1).

Thus, the bistability and oscillations of temperature and concentrations were
observed. It was shown that an attractive interaction between CO-CO and O-O
pairs and repulsive interactions between CO-O pairs produce similar behaviours, in-
creasing the oscillation amplitudes of temperature and concentration of CO-O pairs.
Thus, the oscillations of CO-O pairs are facilitated and CO», production is favoured.
In this way, oscillations are favoured with respect to the case where interaction is
not considered.

3. Coupling of interfacial properties with the fluid bulk

In order to gain a quantitative information the scheme above should be improved
in (at least) two ways. First of all, it is necessary to go beyond the mean-field
theory towards developing more refined kinetic equations. Secondly, a more accurate
description of the rates of elementary processes is required. Especially important is
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to make a connection between the rates and particle properties in a bulk phase. This
can be done in the framework introduced in [14,15].

For simplicity we consider a one-component fluid with a pair interaction U, =
>=;; U(r,r;) and bulk number density p. As we shall see hereinafter, the pair poten-
tial may include various interactions (hard core repulsion, short range attraction,
etc). The fluid is near a hard wall (located at z = 0 and modelled by the potential
Unw(2)) on which there is a lattice of sticky sites (lattice spacing is d), modelling a
crystalline structure of a catalyst. The adsorption potential Ug(r;) is defined by

exp(—BUs(r;)) = 1+ A 6(R; — Rin)d(2), (33)

Rm

where R; is a projection of r; onto the wall, R, is a position of a lattice site and A
is the stickiness parameter. This singular one-body potential allows one to perform
an exact integration in the partition function

7 = Zrefz prele,..., ), (34)

where Z,.¢ is the partition function for the same system but without the adsorbing
potential, and pr* (R, ..., R,,) is the n-body distribution function taken at the po-
sitions of the lattice sites. In such a way we have an infinite series on A including
the correlations of all orders for the reference state. If only pair interactions are
important then the problem can be mapped onto the lattice gas model [14,15]

= = 2/ % S exp(—BHic) (35)

t;

with the Hamiltonian

Hic =) W(R;, Rt ZM i) (36)

tj

which is the same as (3) but now the chemical potential u(R;) and pair interaction
W(R;,R;) are closely connected with the properties of the fluid in the bulk phase.
Namely,

Bu(Ri) = In(Ap (Ry)), (37)
BW (R, R;) = — In(g5" (Ri, Ry)), (38)

where pi*f(R;) and ¢5'(R;, R;) are respectively the one-body and pair correlation
functions for the reference state (i.e., a state without specific adsorption). This rep-
resentation implies that not only adsorption [14] but all other transition rates (4) for
two-dimensional processes should depend on the properties of the third dimension.

As we have mentioned above, the reference correlation functions describe spe-
cific features of the adsorbed particles, such as equation of state or association-
dissociation balance near the surface. The latter point is of practical importance
since the adsorption is often dissociative (Oy or N3). Choosing properly the refer-
ence state we may use an information on p'*(R;) and ¢5(R;, R;) as an input for
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calculating the surface properties. Since a flat wall problem is translationally invari-
ant along the surface, we are interested in the contact values pif(0) and g&* (o),
provided that the lattice spacing d is of the order of 0. Generalization of this scheme
to multicomponent systems is straightforward.

4. Application of the associative theory to the description of
adsorption and diffusion

Association theory [16] is a powerful tool for describing various complexation
processes and their effect on adsorption. This approach is successfully used for pre-
dicting equilibrium properties of monomer-dimer mixtures [17], polymer chains [18]
or network-forming fluids [19]. For spatially inhomogeneous systems [20] the theory
gives quantitatively correct predictions [21] if compared to computer simulations
and a real experiment [22].

4.1. Dimerizing hard spheres as a model of association and di ssociation

It is known that a dissociative adsorption of dimers is one of the intermediate
steps in catalytic reactions. Therefore, a description of association-dissociation equi-
librium near adsorbing surfaces is desirable. For this purpose we use a dimerizing
hard sphere (DHS) model [17]. The reference pair potential is a sum of hard-sphere
repulsion and off-center associative attraction. This saturable interaction is respon-
sible for the formation of dimers. Therefore, we treat an association-dissociation
equilibrium of a hard sphere fluid. In extreme cases of vanishing or very strong asso-
ciation we deal with a monomers or hard-sphere dumbbells. Bulk properties of this
system were investigated within the thermodynamic perturbation theory [17] and
integral equation approach [23]. A density variation near a hard wall was discussed
in our previous study [20].

The wall-particle and pair contact probabilities are

14 2n Td

ref

pi (0) = p - ; 39

N (A =y )
1 2 2

(I-=n)2 2(1-n) 7

where 1 = mpo3/6 is the bulk packing fraction and x4 is the fraction of dimers with
o = 1 — xq being the fraction of monomers (dissociated molecules). The latter is
determined by a mass action law

zo + 1ipg(o) K = 1. (41)

Here K gives a strength of association (it could be related to the dissociation energy
of a dimer) and g(o) is the monomer-monomer contact value (the first term in
(40)). Notice, that in equation (40) we have introduced an “intramolecular” term
Cz?/n which corrects the contact probability obtained within the Percus-Yevick
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(PY) approximation. The latter underestimates the intramolecular correlation. Such
a correction is necessary to account for a fact that the probability of two molecules
to be in contact should be high even at a low density, if x4 is nonzero. Since the
correction is done in ad hoc manner, we cannot set the value of a constant C'. It can
be estimated from a requirement of coinciding contact values coming from (40) in the
limit of complete dimerization x4 — 1 and the one coming from a hard- sphere chain
model [18] in the limit when the mean chain length equals 2. This gives C' = 1/96.
Nevertheless, this value of C' results from the PY+ideal chain approximation [18],
and consequently is underestimated. For that reason we set C' = 1 without loss of
generality, since this choice does not affect our qualitative conclusions.

4.2. Adsorption and dissociation

It is known [24] that a mechanism of the dimer adsorption is an important factor
in surface reactions. Discussing an interplay between the adsorption and dissociation
we may distinguish between two cases. A dimer may be adsorbed without dissocia-
tion or it has to dissociate prior to adsorption. In both cases the lateral interaction
between adsorbates as well as their chemical potential should manifest an effect of a
dissociation-association balance near the surface. Consequently, this effect should be
seen in other kinetic coefficients through their dependence on the chemical potential
and lateral interactions.

4.2.1. Associative adsorption

The first situation was analyzed in our recent paper [25]. Nevertheless, there we
were mainly focused on the intermolecular correlations (the contact value (40) was
without the third term). Taking into account the intra- part, we may draw the same
conclusion as for short chains [21]. Namely, the LG Hamiltonian (36) exhibits criti-
cality when the coupling constants —3W = In(g:{(c)) and Bu = In(Apt*f(0)) reach
some critical values. For attractive interactions (g3*!(o) > 1) the critical behaviour
is associated with the liquid-gas coexistence at the surface. Rigorous estimation [15]

for hexagonal lattices gives

g (@))e=3, A0 = 1/27.

Since ¢if(0) given by equation (40) is a nonmonotonic function of density, first of

these conditions can be satisfied at two different values of 7.

One is rather high: n; = 0.3713 for hard spheres and 7, = 0.442 for dimers).
It corresponds to an effective entropic attraction induced by packing effects. This
point is almost insensitive to the level of association. The existence of this kind of
critical behaviour suggests that all other kinetic coefficients should exhibit an abrupt
change when the adsorbate becomes dense enough.

The other critical density 7y is low: 175 = 0.004 for hard-sphere chains with the
mean chain length equal 2). This point is governed mainly by the intra-molecular
correlation (the last term in equation (40)). At this domain the criticality is induced
by the change of dimer orientation. At very low densities (n < 77) the dimers
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are adsorbed in parallel to the surface, while a perpendicular orientation becomes
preferential at n > ny. The low-density critical point is extremely sensitive to the
dimerization degree (it vanishes if x4 — 0). This implies that even at very low
densities near the surface a correlation through the fluid bulk is not negligible.
Adsorption (and all other kinetic coefficients) become strongly dependent upon the
rate of dissociation. This is contrary to the standard kinetic approaches which ignore
such a dependence.

4.2.2. Dissociative adsorption

Now we turn the attention to the second case (dissociative adsorption). Interest-
ingly, that we can get an exact solution, provided that the properties of a completely
dissociated systems (monomers near an adsorbing lattice [14,15]) are known. The
partition function of the problem under consideration can be written in the following

form
1

7= M/@»mwm+mmnm+mom (42)
( (2%
where Uy denotes the potential of hard spheres near a hard wall, and (dr) = [] dr;.
The values of

fst (i) = exp{—pU(i)} —
and
fas(i, J) = exp{—BU.s(i,5)} — 1
are the Mayer functions for the lattice and association potentials, respectively.
Expanding the second product according to

H[l +fa8<ivj)] = 1_'_2 ﬁ faS<lvm)

irj ij lm=1

we extract the partition function Z) of the hard spheres near the lattice:

1 :

7 /@) T+ faul) (43)

i

Zy =

This contribution is identical to that derived in [14,15], since the intermolecular
site-site interaction is excluded. Then the partition function can be written as

7 =7+ %/(dr)eﬁU‘)H 1+ fs(7) Z H fas(l,m) (44)

%,J l,m=1

Expanding the product with fy (i) after some rearrangement we have

Z:Z(l)+ng+Zelxs_Z87 (45)
where ]
@zm/w>Wgyuﬂ&m (46)
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is the partition function of the associative subsystem near a hard wall, and

Zis - ]\1]' /(dr)e_BUOZI;[fSt Z H fas l m ZHfst (47)

%,J l,m=1

is the contribution describing the coupling between the association and adsorption.
The value Z{ stands for the partition function of hard spheres near a hard wall.

We consider the case without the coupling contribution, i.e. Z!, = 0 due to the
requirement that only one bond at any site (at the surface or molecule) is allowed.
Thus, a given particle can be either dimerized or adsorbed. Then the free energy
excess is given by

1
F=F—F— 5o [1+ (e PURFD) — 1)ePFo=FD)] (48)

where the free energies of unperturbed subsystems are as follows

B(FY —F)) = Inxg— % + %, (49)
! 0 q@o
BFy—Fy) = —W+In(1—-06y). (50)

The latter equation is written in the mean field approximation, with © and ¢ being
the surface coverage (for fully dissociated particles) and coordination number of the
lattice, respectively. Here W = In[g(o)] is the pair interaction between adsorbed
monomers. In the “sticky” limit for association f,s(i,j) = Kdé(r — o) the fraction
of monomers, x, is given by a mass action law (41), which predicts the rate of
dissociation in the absence of adsorption.

The fraction of the wall sites occupied or the adsorption isotherm © can be
calculated as

O(F — FY) 9

— _/6>\ )\ 1 + ( (FO F ) 1)65(}7(%7}78)7

(51)
where O is the adsorption isotherm for hard-sphere monomers. This value is deter-
mined by F} — FY) and is calculated in [14]

O
1 -0

= \"exp (BgW6y), (52)

where W and A\* = exp(—pfu) are density dependent parameters describing the
lateral interaction between adsorbed particles and their effective chemical potential.

The coverage © as a function of the coverage O for fully dissociated monomers
is displayed in figure 2. As expected, we have a linear dependence when x4 = 0. Note
that ©g is considered as a measure of surface activity. This quantity, however, could
be a nonmonotonic function of the stickiness A when the interaction W becomes
strong enough (either attractive or repulsive). At nonzero association z4 # 0 the
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14

0 1
@0
Figure 2. The dissociative adsorption coverage © as a function of the coverage
Oy for a fully dissociated monomers. The curves correspond to a different dimer-
ization degree indicated. The interaction is repulsive W = 3.

coverage grows much slower than Oy does. In case of repulsive interaction a non-
monotonic behaviour results from a competition between the surface activity and
interparticle repulsion.

Of course, the dissociation rate is unchanged if (49), (41) refer to a seminfinite
system. Nevertheless, if we assume that dissociation takes place in a narrow layer
near the surface, then the reactive fluid is effectively two-dimensional. In this case
the monomeric fraction xy and © are connected by the requirement of constant
number density

zo+ 22K =1-0, (53)

where K = pg(o) as before (see equations (41)). Note however that now z is the
fraction of nonadsorbed monomers and the association constant K may differ from
that in (41) because a local density near the surface is not the same as in the bulk
fluid. For simplicity we neglect the latter difference and combine (51) and (53) to
obtain a nonlinear equation for zy. Solving this equation we have zy as a function of
adsorption parameters. Based on this we discuss the change in the dissociation rate
under the effect of adsorption. The fraction of nonadsorbed monomers is displayed
in figure 3 as a function of surface activity. At extremely weak adsorbing potential
(A = 0) z starts from a value determined by the bulk association constant K.
The fraction xg falls down with the increasing surface activity. Repulsive lateral
interaction between the monomers contributes to a nonmonotonic decrease of xy.
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)

0

Figure 3. The fraction of nonadsorbed monomers as a function of coverage 0 at
a different association constant K. Solid and dotted lines correspond to W =1
and SW = 2, respectively.

4.3. Surface diffusion and dissociation

Similar to the adsorption, the diffusion coefficient should also depend on the
dissociation rate near the surface. Indeed, the diffusion coefficient D for the LG
model is defined as [26]

2 q Op

D=d F(@)48@ (54)
where I'(©) is the rate of jumps to an adjacent site. Note that 00/0u is the com-
pressibility which becomes infinite in the neighbourhood of the critical point. There-
fore, D exhibits deep minima when © as a function of y makes steps (e.g. in the
neighbourhood of a phase transition). Since I'(©) itself has a nontrivial coverage
dependence, an attempt was made [27] to provide a simple representation of the
diffusion coefficient in terms of u, W and ©. The following expression was obtained
for attractive lateral interactions

D = Dyexp(—pu — ¢Olexp(BW) — 1]) (55)

with Dy corresponding to the diffusion at low coverages. In our case p and W
are the functions of the dissociation rate x4 (according to equations (37)-(40)).
Specifically, we analyze the situation when adsorption of monomers and dimers is
allowed (associative adsorption). For simplicity, the coverage © was assumed to be
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an independent parameter. This can be achieved by tuning A in accordance with
variations of 1 and z4.

In figure 4 the diffusion coefficient is plotted as a function of a dimeric fraction.
As expected the diffusion decreases with the increasing density. D interpolates be-
tween the diffusion coefficient for hard-sphere monomers (at x4 = 0) and that of
dimers (at xq = 1). But the behaviour is not monotonic. The maximum at low x4
is a consequence of the intra-molecular correlations at low densities. The maximum
becomes more pronounced with the decreasing density. This is clear from figure 5
where D/ D is plotted as a function of 7. The diffusion decreases with the increasing
fraction of dimers. Simultaneously, the anomalous low diffusion is observed at low
densities as x4 increases. This is again a consequence of the low-density critical be-
haviour. As discussed above the diffusion goes to zero when the system approaches
the critical point (either at low or at high densities).

0

00 02 04 06 08 10

Figure 4. Diffusion coefficient as a function of the dimer fraction at different
densities and coverages.

5. Conclusion and overview

A short review of theoretical results on the Langmuir-Hinschelwood and Eley-
Rideal reaction schemes is presented.

In this paper we argue that the transition rates of surface elementary processes
(adsorption, desorption, diffusion, etc) are coupled through the bulk properties of
adsorbing species. This concerns the dependence of the chemical potential on the
association-dissociation balance and an adsorbate density near the surface.
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Figure 5. Diffusion coefficient as a function of density at different x4 and ©.

Adsorption is shown to be sensitive to a mechanism of dimer adsorption (associa-
tive or dissociative). Dissociative adsorption gives a nonmonotonic behaviour of the
coverage with the surface activity. Simultaneously, the dissociation degree increases
with the increasing adsorption. The associative adsorption implies the existence of a
low-density critical point around which the adsorption isotherms are discontinuous.
This causes an abnormal low surface diffusion at low densities. Implementation of
these results to kinetic properties is briefly discussed.

As we have seen, the transition from a poisoned to a reactive state proceeds
through a kinetic phase transition (first- or second-order). A connection between
the equilibrium criticality (coverage as a function of chemical potential) and kinetic
phase transitions remains to be investigated.
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MopenioBaHHA efileMeHTapHUX NoOBepXHeBUX NpPoLeciB,
LLLO BiAOYyBalOTbLCA B reTeporeHHUxX KataniTudHnx
peakuiax

M.®d.Tonoeko, E.B.BakapiH

IHCTUTYT ®i3ukn koHaeHcoBaHnx cuctem HAH YkpaiHu,
79011 JibBiB, ByN. CBEHLjUBKOrO, 1

Otpumanro 18 keiTHa 2000 p.

MooaHo KOPOTKMIA OrNsan TEOPETUYHUX Pe3ynbTaTiB 4S9 CXEM peakLiin
Nanrmiopa-liHwenseyna Ta Eni-Pigens. NokasaHo, Wo CTyneHi enemMeH-
TapHUX NPOLECIB HA NOBEPXHIi € 3B’sA3aHi Yepe3 06’eMHi BNaCTUBOCTI afl-
copboBaHUX KOMMOHEHT. Lle noB’a3aHO 3anexHIiCTIO MiX XiMiYHUM MNo-
TEeHUja oM acoujaTUBHO-ANCOLIaTUBHOIrO OanaHcy i rycCTuHoto agcopba-
Ty 6ins noBepxHi. NokasaHo, Wo aacopObLuis € YyTNMBOIO OO MeXaHi3My
aMmepHoi aacopbuii (acouiaTMBHOT abo aucouiatmBHOI). ucouiatuBHa
agcop6buia Beae 00 HEMOHOTOHHOI 3a/IEXXHOCTI MOKPUTTS Bif, NOBEPXHE-
BOi akTUBHOCTI. OgHOYaCHO CTYMiHb AMcoLlialii 3pocTae 3 PpoCcToM aj-
copbuii. 3 acoujaTMBHO aacopOLiE NoB’A3aHa MOXJIMBICTb ICHYBaH-
HA B 06naCTi Mannx ryCTMH KPUTUYHOI TOYKM, B OKONI SIKOT afcopOuii-
Hi i30TEepMU He € HenepepBHUMN. Lle npnBoAUTb 40 aHOMasIbHO HU3bLKOI
noBepxHeBOi Andysii B 061acTi Manmx ryctuH. Kopotko 06roBoploETLCS
BMJIMB LMX PE3YbTaTiB HA KIHETUYHI BNACTUBOCTI.

KniouoBi cnoBa: reteporeHHuyi katasnis, ABOXMIPHWE rpaTkoBuii ras,
AvcouiatmBHa Ta acouiatBHa afcopbuisi, noBepxHesa Angyasis

PACS: 68.10.Jy, 82.65.Jv
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