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A simple model of a surface chemical reaction with a promoter interacting with one of the reactants is
considered. We show that an interplay between the reaction, interactions, and diffusion of species in this
system can result in the development of periodic nonequilibrium spatial patterns. The instability leading to
such patterns is analyzed, and numerical investigations of nonlinear pattern formation are performed.

I. Introduction

Already the first spatially resolved observations of surface
chemical reactions by electron microscopy have shown that such
reactions are accompanied by rich phenomena of nonlinear
pattern formation, including traveling waves, rotating spirals,
pacemakers, and chemical turbulence.1 Today, studies of reac-
tion-induced patterns in heterogeneous catalysis represent an
integral part of nonlinear science.2 Promoters and poisons are
adsorbed chemical species, often ions of alkali metals, that
enhance or slow a surface reaction without being consumed in
it.3,4 Recent experiments indicate that such species can have a
strong effect on nonlinear pattern formation. In the O2 + H2

reaction on the Rh(110) surface in the presence of coadsorbed
potassium, it was observed that potassium ions were not
uniformly distributed over the surface and that large K+ O
islands were formed.5-7 Under different conditions, spontaneous
formation of periodic stationary patterns with a definite wave-
length was observed and investigated in this system by using
photoemission electron microscopy (PEEM) and scanning
photoelectrom microscopy (SPEM).8 A typical property of
promoter ions is that they are mobile and have a high affinity
to one of the reactants. According to a general analysis of
reactive systems with interactions between molecules, an
interplay between reaction, diffusion, and attractive interactions
can lead to the development of waves and nonequilibrium
stationary patterns on the length scales significantly shorter than
the diffusion length of involved reactants.9 Indeed, chemical
reactions in phase-separating polymer mixtures are known to
induce nonequilibrium periodic stationary patterns,10-12 and self-
organized traveling waves were observed in illuminated Lang-
muir monolayers.13,14Similar phenomena are possible in surface
chemical reactions where reaction-induced stationary and travel-
ing nanostructures have previously been theoretically demon-
strated.15-18 Their theoretical description is based on mesoscopic
kinetic equations for surface chemical reactions with energetic
interactions between adsorbed molecules. Such mesoscopic
equations have first been phenomenologically constructed19 and
then analytically derived by coarse graining of the master

equation;20,21they were subsequently verified by comparing their
predictions with kinetic Monte Carlo simulations.22,23

As a step toward a study of nonlinear pattern formation in
surface reactions with promoters, we consider here a simple
hypothetical model (see also ref 8). Two reactants arrive by
adsorption onto the catalytic surface, diffuse on it, react, and
form a product that immediately desorbs. We show that
introduction of a promoter species, attracting one of the
reactants, shall usually lead to an instability of the uniform state
in this system and to spontaneous development of periodic
spatial concentration patterns. The patterns represent the periodic
array of small islands (dots) where local coverages of the
promoter and one of the reactants are increased. When interac-
tions are sufficiently strong, the reaction becomes confined to
such dots playing a role of microreactors. Effective compart-
mentalization of the system leads to an increase of the reaction
rate, thus enhancing the promoter effect. In the framework of
this model, systems with repulsion between promoters and
reactants and systems with poisons are also considered. In
section II, the model is described and mesoscopic kinetic
evolution equations are constructed. The stability analysis of
the uniform state is performed in the next section. Section IV
presents numerical simulations of nonlinear pattern formation
in the considered system. The paper ends with the discussion
of obtained results.

II. The Model and Its Kinetic Equations

We consider an abstract reaction scheme where molecules A
and B adsorb from the gas phase and react on the surface

Here *A and *B denote vacant surface sites for molecules A
and B (they are different for the two reactants). The productP
immediately leaves the surface. Surface diffusion of adsorbed
molecules Aad and Bad is characterized by diffusion constants
DA and DB. The reaction rate constant iskr, the sticking
coefficients of both reactants arekads

A andkads
B , and their partial

pressures in the gas phase arepA andpB.
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A + *A f Aad

B + *B f Bad

Aad + Bad f *A + *B + P (1)
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Mobile promoter C is present on the surface. Diffusion
constant of this adsorbed species isDC. In our phenomenological
model, we do not explicitly consider the microscopic mecha-
nisms, responsible for the promoter effect (see, e.g., ref 24),
and take it into account by postulating an Arrhenius dependence
of the reaction rate constant on the local promoter coverageθC

whereν0 is the reaction rate constant in absence of the promoter,
T is the temperature, and the coefficientF specifies how strongly
the reaction is affected by the promoter. Note that if this
coefficient is negative, the species C slows down the local
reaction and therefore actually represents a poison.

Energetic lateral interactions between promoter C and the
reactant A are present. In real systems, such lateral interactions
are typically mediated through the metal substrate and can
extend up to several lattice lengths; their dependence on the
separation between the particles should be determined by the
microscopic analysis of a particular system. In the model, we
choose a Gaussian binary interaction potential

where r0 is the characteristic interaction radius and the coef-
ficient u0 specifies the interaction strength. Positive values of
u0 correspond to attraction and negative values to repulsion
between the considered particles. The parameterd ) 1 and 2 is
the medium dimensionality (some numerical simulations shall
be performed for a one-dimensional system).

To describe pattern formation in this system, we need
mesoscopic kinetic equations that would take into account
interactions between adsorbed particles and describe processes
of phase separation. Such equations are obtained by applying
coarse graining to the stochastic master equation of the system
(see refs 20-23). The surface is divided into boxes of sizeld

centered at positionsr . Inside each of these boxes, the total
number of particles must be large enough to ensure that the
relevant thermodynamic quantities, such as the local free energy,
can be defined at any momentt and that fluctuations may be
neglected. On the other hand, this number must also be small
enough so that these quantities can be considered as constant
within each box, and so that the rules of differential analysis
can be applied. Moreover, we shall assume that the conditions
of local equilibrium hold, i.e., inside each cell the thermody-
namic potentials have the same form as in equilibrium, but with
varying state variables.

In this approximation, the free-energy density is given by a
differencef(r ) ) u(r ) - Ts(r ), whereu(r ) is the local internal
energy ands(r ) is the local entropy density, so that

Here, the last term corresponds to the free energy of the two-
dimensional lattice gases A, B, and C. Thus, the following
chemical potentials are derived

By use of these potentials, one can easily obtain evolution
equations for different coverages.

For deriving the diffusion terms, we assume that the transport
process is not too far from equilibrium, so that the diffusion
flux depends linearly on the corresponding driving force

In absence of lateral interactions, one has to recover the classical
Fick law, indicating that the phenomenological coefficientLAA

should be given by the relation

ReplacingLAA by this expression, we finally obtain

The nonFickian term of this diffusion flux describes the viscous
surface flow of the adsorbate A in the presence of a force
induced by a surface gradient of the promoter coverage C. The
factor θA(r )(1 - θA(r )) is representative of the fact that the
flow of particles A can only pass through the empty sites on
the surface. The same procedure can be applied to determine
the diffusion flux of the promoter C, yielding

The diffusion of the reactant B is not influenced by interactions,
and its diffusion flux is

Generally, the diffusion coefficientsDA, DB, andDC can still
depend on the coverages, but we neglect such dependences in
the considered simple model.

Note that eq 10 has first been proposed based on phenom-
enological arguments19 and later derived by coarse graining
starting from a Glauber-type master equation.20,21 The validity
of the respective mesoscopic approximation has been verified
by comparing its predictions with the data of kinetic Monte
Carlo simulations.22,23

µA(r ) ) -∫ dr ′uAC(r ′ - r )θC(r ′) + kBT ln( θA(r )

1 - θA(r )) ≡

U(r ) + kBT ln( θA(r )

1 - θA(r )) (5)

µB(r ) ) kBT ln( θB(r )

1 - θB(r )) (6)

µC(r ) ) -∫ dr ′uAC(r ′ - r )θA(r ′) + kBT ln( θC(r )

1 - θC(r )) ≡

V(r ) + kBT ln( θC(r )

1 - θC(r )) (7)

JA
diff ) -LAA∇µA(r ) )

-LAA[∇U(r ) +
kBT

θA(r )(1 - θA(r ))
∇θA(r )] (8)

LAA )
DAθA(r )(1 - θA(r ))

kBT
(9)

JA
diff ) -DA∇θA(r ) -

DA

kBT
θA(r )(1 - θA(r ))∇U(r ) (10)

JC
diff ) -DC∇θC(r ) -

DC

kBT
θC(r )(1 - θC(r )) ∇V(r ) (11)

JB
diff ) -DB∇θB(r ) (12)

ν(r ) ) ν0 exp[FθC(r )/kBT] (2)

uAC(r - r ′) )
u0

(π r0
2)d/2

exp(- |r - r ′|2
r0

2 ) (3)

f(r ) )

-θA(r ) ∫ dr ′uAC(r - r ′)θC(r ′) -

θC(r ) ∫ dr ′uAC(r - r ′)θA(r ′) + kBT[θA(r ) ln θA(r ) +

(1 - θA(r )) ln(1 - θA(r )) + θB(r ) ln θB(r ) +
(1 - θB(r )) ln(1 - θB(r )) + θC(r ) ln θC(r ) +

(1 - θC(r )) ln (1 - θC(r ))] (4)
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Substituting explicit integral expressions for the potentials
U andV and using new notationsPA ) kads

A pA, PB ) kads
B pB, ε

) u0/kBT, andw ) F/kBT, the following set of mescopic kinetic
equations is obtained

In addition to adsorption, reaction, and diffusion terms, they
include also the terms that describe viscous surface flows of
the adsorbates A and C. These flows are induced by the lateral
forces which act on these adsorbates and are due to the potential
gradients.

In the employed notations, the positive sign ofε corresponds
to attractive interaction betweenA andC and the negative sign
corresponds to repulsion between them. Whenw is positive,
the speciesC is a promoter, whereas forw < 0, it represents a
poison. The interaction radiusr0 is very short and can be used
as a small parameter in the approximate theory. The model has
previously been briefly presented in ref 8.

III. Instability of the Uniform State
In this section, we consider the instability of the uniform state

of the system with respect to growth of periodic spatial modes.
Our analysis is carried out only in the special casew ) 0, when
the species C has no direct effect on the reaction rate. As
evidenced by numerical simulations that shall be presented in
the next section, its results remain however to be qualitatively
valid also for the general case withw * 0.

The considered kinetic model (eqs 13-15) has a uniform
stationary state where all coverages are constant:θA(r ) ≡ a,
θB(r ) ≡ b, andθC(r ) ≡ c. Because the promoter C does not
desorb and is not consumed in the reaction, its coveragec in
the uniform state is determined by the initial conditions and
represents a parameter of the system. The coveragesa andb of
both reactants in the uniform reactive state are yielded by a
balance between adsorption and reaction, and are given by

Note that this uniform state is always unique and that bistability
never occurs in the system.

Because of the energetic interactions between adsorbed
molecules A and C, diffusion of adsorbed species, and the
chemical reaction, the uniform stationary state of the system

can become unstable with respect to growth of nonuniform
perturbations, signaling the development of a nonuniform spatial
pattern. The initial stage of growth of such perturbations can
be investigated by using a linearized version of the full kinetic
model. To investigate the stability of the uniform state (a, b,
and c), we introduce small perturbations of variables and
linearize eqs 13-15. Solutions of the linearized equations can
be sought in the formθA(r ,t) ) a + δθA eikr+γkt, θB(r ,t) ) b +
δθB eikr+γkt, andθC(r ,t) ) c + δθC eikr+γkt. Each perturbation
mode with a certain wavenumberk is characterized by its growth
(or decay) rateγk. The growth rates of various modes are given
by the eigenvalues of the linearization matrix

or, explicitly, as the roots of the cubic equation

where the coefficients are defined as

and∆i
(2)(k) are the principal minors of the matrixL(k).

The uniform state of the system is stable if any perturbation
mode is decaying with time, i.e., Reγk < 0 for any k. The
instability of the uniform state is found when one of the modes
with a certain wavenumberk ) kc begins to grow. Numerical
investigations of the considered model show that it does not
exhibit oscillations and therefore, when an instability of the
uniform state occurs, it corresponds to a mode with a purely
real γk. The instability boundary is thus determined by the
condition that

and that all other modes are characterized byγk < 0 on the
instability boundary.

BecauseC is equal to the product of all three roots of the
cubic eq 19, if one of them is zero, the same is true forC.
Thus, on the instability boundary we haveC ) 0. Moreover, if
the derivative of the vanishing root with respect tok is zero,
the same should hold for the coefficientC. Thus, the instability
boundary is determined by two conditions

By computing the determinant of the linearization matrix and
making use of these two conditions, the following two equations
are obtained (we assumekc * 0)

L(k) )

(-PA - ν0 b - DAk2 -ν0a -εDAk2a(1 - a) e(-r0
2k2/4)

-ν0b -PB - ν0a - DBk2 0

-εDCk2c(1 - c) e(-r0
2k2/4) 0 -DCk2 )

(18)

γk
3 + A γk

2 + B γk + C ) 0 (19)

A ) -Tr(L(k)) B ) ∑
i)1

3

∆i
(2)(k) C ) -det(L(k)) (20)

γk )
dγk

dk
) 0 for k ) kc (21)

C(kc
2) ) (dC

dk2)
kc

2

) 0 (22)

DADB(1 - âk)kc
4 + [σ - DA(PB + ν0a)âk]kc

2 + µ ) 0 (23)

θ̇A ) PA(1 - θA) - ν0 ewθc θAθB + DA∇2θA -

εDA∇[θA(1 - θA)∇ ∫ dr ′
[r0

2 π]d/2
exp(-

(r - r ′)2

r0
2 )θC(r ′)]

(13)

θ̇B ) PB(1 - θB) - ν0 ewθc θAθB + DB∇2θB (14)

θ̇C ) DC∇2θC -

εDC∇[θC(1 - θC)∇ ∫ dr ′
[r0

2 π]d/2
exp(-

(r - r ′)2

r0
2 )θA(r ′)]

(15)

a )
PA

PA + ν0b
(16)

b ) -
PAPB + ν0(PA - PB)

2ν0PB
+

[(PAPB + ν(PA - PB))2 + 4ν0PAPB
2]1/2

2ν0PB
(17)
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Here, new notations have been introduced

To solve eq 22, we expressâk from the first of them

Substituting this into eq 23, a quartic equation forkc
2 is derived

To analytically find an approximate solution, we take further
into account that the interaction radiusr0 is very small. Keeping
only the leading terms, eq 27 can be easily solved. Thus, the
wavenumber of the critical mode is determined

Substituting this into eq 26, using the definition ofâk and
keeping again only the leading term in the interaction radius
r0, we find that the instability boundary is approximately
determined by the condition

Analyzing these results, we notice that the instability boundary
(eq 29) is effectively the same as the boundary for spinodal
decomposition in the mixture of two species A and C with
surface coveragesa andc in absence of reaction. Only the square
of ε enters into the condition (eq 29), and therefore, the
instability is found both for the attraction (ε > 0) and repulsion
(ε < 0) between species A and C.

Equation 28 shows that the wavenumber of the critical mode
does not depend on the diffusion constantDC of the speciesC.
This result is general and is not sensitive to a particular
approximation. Indeed, the critical mode has marginal stability
(γk ) 0) and should therefore satisfy the evolution eq 15 with
θ̇C ) 0. But stationary solutions of this equation, as can be easily
seen, are independent of the diffusion constantDC. We also
note that the critical wavenumber does not depend on the
diffusion constantDB of the second reactant. This result is
approximate and holds only in the limit of a very small
interaction radiusr0.

IV. Numerical Investigations
Numerical simulations of eqs 13-15 have been undertaken

in order to verify the predictions of the linear stability analysis
and to study the nonlinear behavior of the system. These

simulations were performed by using an explicit forward-time
centered-space finite-difference scheme. The spatial step was
fixed at ∆x ) 0.01, and the temporal step∆t was chosen
differently in each particular simulation, in such a way that the
numerical stability conditionD∆t e ∆x2/4 was satisfied for the
maximum diffusion constantD ) max(DA,DB,DC). Because of
a rapid exponential decrease of the interaction potential, to speed
up numerical simulations, the interaction function (eq 3) was
truncated at distances exceeding 2r0/∆x. Periodic boundary
conditions were used. As initial conditions, the unstable
stationary uniform state of the systemθA ) a, θB ) b, andθC

) c with small local random perturbations of about one percent
in magnitude was always chosen. Since adsorption and desorb-
tion of C is absent and this species is not consumed in the
reaction, its total coverage is conserved andc represents a system
parameter determining the amount of species C present on the
surface.

Numerical simulations for the casew ) 0, considered in the
previous section, will be first presented. Figure 1 shows an
example of an evolution starting with a randomly performed
uniform state. In this space-time diagram, time runs along the
horizontal axis and the spatial coordinate of the simulated one-
dimensional system is varied along the vertical axis. The local
promoter coverage is displayed in gray scale, with bright areas
corresponding to high surface concentrations. We see that the
uniform state is indeed unstable, and a stationary periodic pattern
develops, as predicted by the previous linear stability analysis.

Detailed numerical investigations of nonlinear periodic pat-
terns, emerging as a result of the instability of the uniform state,
have been performed. Figure 2a displays profiles of all three
coverages in such a pattern in the case of attractive interactions,
with the parameters lying close to the instability boundary. The
amplitudes of spatial variation are relatively small here, and
the pattern is approximately harmonical. The local coverage of
the reactant A follows the variation of the surface concentration
of species C; the coverage of reactant B exhibits weak antiphase
variation. In Figure 2b, the interaction strength is increased to
ε ) 20, as compared withε ) 5 in Figure 2a. Now, the
concentration profiles are strongly unharmonical and a periodic
pattern of domains is clearly observed. Inside each domain, the
coverage of speciesC reaches its maximum possible level of
unity. Outside of the domains, almost no species C is found.
The domains have sharp interfaces. The surface concentration
of the reactant A, attracted by the species C, is strongly increased
inside the domains and is very low outside of them. It can be
noticed that the domains, formed by the reactant, are slightly
larger than the respective distributions for the species C.

Nonlinear pattern formation in the two-dimensional system
is illustrated in Figure 3. Here, the same parameters as in Figure

1
2

r0
2DADBâkkc

6 +

[12 r0
2DA(PB + ν0a)âk + 3DADB(1 - âk)]kc

4 +

2[σ - 2DA(PB + ν0a)âk]kc
2 + µ ) 0 (24)

âk ) ε
2a(1 - a)c(1 - c) e-r0

2kc
2/2 (25)

µ ) PAν0a + PBν0b + PAPB

σ ) PADB + ν0bDB + PBDA + ν0aDA

âk )
DADBkc

4 + σkc
2 + µ

DADBkc
4 + DA(PB + ν0a)kc

2
(26)

DADB
2r0

2kc
8 + DBr0

2[(PB + a)DA + σ]kc
6 + [2(PB +

ν0a)DADB - 2DBσ + (PB + ν0a)r0
2σ + DBµr0

2]kc
4 -

[4DBµ - (PB + ν0a)r0
2µ]kc

2 - 2(PB + ν0a)µ ) 0 (27)

kc
2 ) 1

r0
[2(PA + ν0b)

DA
]1/2

(28)

εc
2 ) 1

a(1 - a)c(1 - c)
(29)

Figure 1. Space-time diagram showing the development of a periodic
spatial pattern. Time runs along the horizontal axis, and the spatial
coordinate is plotted along the vertical axis. The size of the one-
dimensional system isL ) 20, and the displayed time interval isT )
50. Local concentration of species C is displayed in gray scale, with
brighter areas corresponding to higher concentrations. The model
parameters arePA ) PB ) DA ) DB ) DC ) 1, c ) 0.5, ε ) 5, r0 )
0.2, andw ) 0.
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1 are chosen. Parts a, b, and c of Figure 3 display three
subsequent snapshots of the coverage of species A. Figure 3d
shows the spatial distribution of speciesC at a the same moment
as in Figure 3c. Starting from a randomly perturbed uniform
state (Figure 3a), the system develops a spatial pattern repre-
senting an array of dots. At an early evolution stage, the dots
are different in sizes and their positions are less regular (Figure
3b). Later on, the dots become nearly identical and a hexagonal
array is gradually formed (parts c and d of Figure 3). These
dots represent islands where local coverages of speciesA and
C are increased.

The presented patterns correspond to a relatively large
interaction radiusr ) 0.2, which was chosen to clearly show
the spatial variation inside interfaces. Analogous simulations
were repeated for a smaller interaction radius ofr ) 0.1. The
results are similar and therefore not displayed; the interfaces in
the periodic domain pattern for strong attractive interactions
become more narrow, as should be expected. We have further-
more compared the wavelength of the pattern, seen in numerical
simulations, with the approximate analytical prediction (eq 28)
yielded by the linear stability analysis in the limit of short-

ranged interactions. Forr ) 0.1, the observed spatial period
already agreed with this analytical prediction within several
percent.

The instability of the uniform state is also found in numerical
simulations in the case of repulsive interactions (ε < 0). Parts
a and b of Figure 4 display spatial profiles of all three species
in the asymptotic stationary periodic patterns for relatively weak
and strong repulsive interactions. The main difference with
Figure 2 for attractive interactions is that now species A and C
tend to avoid each other. The spatial segregation is almost
complete in the case of strong repulsion (Figure 4b).

The numerical simulations, which have so far been presented,
were performed assuming thatw ) 0. This means that the
species C had no direct affect on the reaction rate and
represented neither a promoter nor a poison. Next we demon-
strate how these results are modified whenw * 0.

Figure 5a shows spatial distributions of reactants and promoter
in the periodic stationary pattern in the case of attractive
interactions. Reaction enhancement inside mixed promoter-
reactant domains leads to a decrease in the amplitude of the
periodic pattern. In contrast to this, the amplitude is increased
if species C is a poison (Figure 5b). If poisoning is sufficiently
strong, the coverage of the second reactantB becomes also
increased inside the domains, as already can be seen in Figure
5b.

If A and C repel each other, similar effects are observed; in
the case of promotion, the reaction is most efficient in the
domains filled withC, thus lowering the already small local
coverage ofA in these regions and leading to dense dots with
stiff boundaries. Under strong promotion, the surface is decom-
posed into patches containing A surrounded by the poisoning
species while the coverage in B is almost uniform. In the case
of poisoning, the reaction is very weak inside the domains filled
with C, which leads to a small increase of the coverage of A in
these areas.

Compartmentalization of the catalytic surface, with one of
the reactants concentrated in regularly spaced microscopic
islands, can significantly influence the observed reactivity. To
characterize this effect, we have numerically determined the
actual reaction rateR per unit surface area under compartmen-
talization conditions and compared it with the computed reaction
rate R0 per unit area, assuming uniform distributions of all
species. The quantity∆R ) (R - R0)/R0 was then used to
characterize the influence of compartmentalization.

Even whenw ) 0, so that species C is neither a promoter
nor a poison, the formation of a periodic pattern has some effect
on the reactivity. However, this effect is weak under such

Figure 2. Stationary distribution profiles for species A (bold curve), B (dashed line), and C (dots) in a one-dimensional system in the case of
attractive interactions with (a)ε ) 5 and (b)ε ) 20. Other parameters are the same as in Figure 1. Only part of the system with total sizeL ) 20
is shown.

Figure 3. Development of the two-dimensional stationary pattern.
Snapshots a, b, and c show spatial distributions of species A at time
momentst ) 0, 5, and 20, respectively. The snapshot d shows the
spatial distribution of species C att ) 20. The linear size of the system
is L ) 10, and the parameters are the same as in Figure 1.
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conditions, and only a decrease of∆R by a few percents can
be observed. The effect becomes much more pronounced when
C is a promoter. Figure 6 shows the dependence of∆R on the
strengthε of attractive interactions in this situation. We see that
the reactivity is substantially enhanced asε grows and com-
partmentalization occurs. The maximum observed increase of
the surface reactivity is about 25%.

When C is a poison, similar effects are observed. The global
reaction rate is even lower than predicted in the homogeneous
limit if A and C attract each other, since most A particles are
then captured in dots with a high level of poison. If the
interactions are repulsive, the global reaction rate is always
smaller than its value without poisoning but can nevertheless
become larger than predicted by the homogeneous evolution

laws because adsorbate A is then principally located inside the
domains which are poor in the poisoning species.

In the simulations, which we have so far shown, diffusion
constants of all species were chosen equal (DA ) DB ) DC )
1). Despite this, periodic patterns of surface concentrations have
been found. This clearly indicates that such patterns are different
in their origin from the Turing patterns, where a sufficiently
strong difference of diffusion constants is always required. We
have also performed some simulations where the diffusion
constants were varied. It was observed that changes in the
promoter diffusion constantDC do not affect the final stationary
pattern and only influence the transient process, which becomes

Figure 4. Stationary distribution profiles for species A (bold curve), B (dashed line), and C (dots) in a one-dimensional system in the case of
repulsive interactions with (a)ε ) -5 and (b)ε ) -20. Other parameters are the same as in Figure 1.

Figure 5. Stationary distribution profiles for species A (bold curve), B (dashed line), and C (dots) in a one-dimensional system (a) with a promoter
(w ) 2) and (b) with a poison (w ) -2). Other parameters are the same as in Figure 1.

Figure 6. Growth of the relative global reaction rate under increase
of the strength of attractive interactions for promoter withw ) 2. Other
parameters and system size are the same as in Figure 1. Figure 7. Stationary distribution profiles for reactants A (bold curve),

B (dashed line), and promoter C (dots) in a one-dimensional system
with PA ) PB ) DB ) DC ) 1, DA ) 0.1, c ) 0.3, r0 ) 0.2, ε ) 20,
andw ) 2.
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longer when diffusion of species C is slow. The independence
of any stationary solution on the mobility of C is a general result,
which follows directly from the model. Indeed, for a stationary
pattern the left-hand side of eq 15 is zero and the coefficient
DC can be dropped out.

We have also verified that, as predicted by the linear stability
analysis, spontaneous pattern formation is possible even at small
promoter (or poison) concentrationsc, if energetic interactions
are strong enough. Moreover, such pattern formation was
observed for different diffusion constants of the reactants A and
B. As an example, Figure 6 shows a stationary pattern observed
at a low mobility of the species A for a smaller concentation of
the promoter C. In contrast to Figure 2a, the islands formed by
species A have the same sizes as those of the species C. Between
the islands, the concentration of A does not go to zero here and
a certain level is maintained.

V. Discussion

By use of a simple model, we have shown that addition of
promoter or poison species can destabilize the uniform state of
surface chemical reactions. The instability leads to the develop-
ment of a nonlinear stationary periodic pattern. For attractive
interactions, the observed patterns represent arrays of dots, each
dot being a mixed cluster of the promoter (or poison) and of
the reactant attracted by the promoter species. If attraction is
strong, the surface outside of the dots is depleted in this reactant
and the reaction is concentrated within the dots which play a
role of self-organized microreactors. This compartmentalization
can affect the surface reactivity. By comparison of total reaction
rates under mixed uniform conditions and in the presence of
self-organized microstructures, a substantial enhancement of the
promoter effect was found. Note that the effects of compart-
mentalization on chemical reactions in liquid solutions have
recently been discussed.25

Catalytic reactions on microstructured surfaces, prefabricated
using microlithography, have already been experimentally
studied.26 The principal result of our theoretical investigation
is that the surface can also undergo spontaneous microstructuring
through spatial redistribution of adsorbed atoms playing a role
of promoters or poisons. In contrast to prefabricated patterns,
such microstructures are flexible. They disappear when the
reaction is switched off, and their properties can vary, adjusting
to the reaction conditions. Taking into account that compart-
mentalization has a strong effect on the reaction rate, we note
that nonequilibrium self-organization phenomena open a way
to the construction ofadaptablecatalysts. Depending on the
reaction parameters and external controls, such systems would
be able to change their structure through redistribution of

adsorbed metal atoms. Potentially, both reactivity and selectivity
of a catalyst can thus be affected.

The aim of this theoretical study, employing a simple
hypothetical reaction scheme, was merely to demonstrate the
possibility of interesting nonlinear phenomena of nonequilibrium
pattern formation in surface reactions with promoters or poisons.
In the future, theoretical investigations should be extended to
realistic models of various chemical reactions. Moreover, kinetic
Monte Carlo simulations of such systems should also be
performed, which would allow to take into account statistical
fluctuations and lattice effects.
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