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Coupled diffusion on the NO+ H2 reaction on Pt(1 0 0):
chemical wave pattern formation by defects
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Abstract

The catalytic reduction of nitric oxide byH2 over the Pt(1 0 0) surface is studied as a function of partial pressures and diffusion of the
reactants. Within the mathematical mean field model, originally proposed by Makeev and Nieuwenhuys [A.G. Makeev, B.E. Niewenhuys,
Mathematical modeling of the NO+ H2/Pt(1 0 0) reaction: “surface explosion”, kinetic oscillations, and chaos, J. Chem. Phys. 108 (1998)
3740–3749], we incorporate the diffusion of adsorbed NO and H and the inhibitory site-blocking effect of adsorbed species N, O, NH, NH3.
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y considering the influence of non-uniformities or defects, resulting in blocking or enhancing adsorption sites on the catalyst s
esults show anisotropic front propagation with ellipsoidal shape in agreement with experimental results. The influence of the ine
lobal coupling as they are increased continuously is also studied.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The catalytic reduction of NO is important because the
ontaminant effects of NO in air[1]. The major reactions of
O conversion to nitrogen in the automotive catalytic con-
erter are (Taylor[1]; Egelhoff[2]):

NO+ 2H2 ⇀ N2 + 2H2O

NO+ 2CO ⇀ N2 + 2CO2

owever this last step is too slow to provide a major path for
O reduction[2] and NO can also react to produce NH3 :

O + 5

2
H2 ⇀ NH3 + H2O

The selectivity of this reaction is governed by the temper-
ture and the feed composition. These reactions were origi-
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nally studied in polycrystalline systems but recently they h
been studied on monocrystal of Pt(1 0 0) at low pressur
cause in this case the reactions can be considered isoth
The extend of fundamental studies of NO reduction on si
crystal surfaces has increased greatly in the last few y
The knowledge produced can provide a basis for propo
practical NO reduction catalysts.

Surface chemical reactions have a central role in the
cesses of heterogeneous catalysts, which are extensivel
in chemical industry and environmental technology. In a
alytic process, the molecules of reactants are adsorbed
the gas phase onto a metal surface, diffuse on it, and re
form a product that goes back to the gas phase. Under c
circumstances these reactions can exhibit complex os
tions. Oscillations will not occur if the deviations from eq
librium are small and in this case the system can be desc
by linear relations. The oscillations occur due to feedb
either chemical (such as autocatalysis) or due to temper
(as in a non-isothermal reaction). Heterogeneous cat
reactions satisfy the necessary requirements for the ap
ance of auto-oscillations because the continuous mass
of reactants and heat exchange with the surroundings

385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.

oi:10.1016/j.cej.2004.12.002



230 F.V. Caballero, L. Vicente / Chemical Engineering Journal 106 (2005) 229–240

Nomenclature

Di diffusion coefficient of chemisorbed species
without influence of other coadsorbed species
(m2 s−1);

Dij diffusion coefficient of speciei influence by
coverage of speciej;

Iα lateral interactions;
ki reaction rates;
L characteristic length of catalyst;
pNO NO partial pressure (bar);
pH2 H2 partial pressure (bar);
Rd = Dy/Dx diffusivity relationship
Ri rates of elementary reaction steps;
Si sticking probabilities (i = NO, H2);
T catalyst temperature (K);
t time (s)

Greek letters
εap parameters of lateral interactions;
θi fractional coverage of chemisorbed species, (i

= NO, H, N, O, NH, NH3);
θ∗ fraction of free adsorption sites;
α, β, δ effective phenomenological parameters for in-

hibated adsorption

flux of energy and matter through the open system maintain
it far from equilibrium and temporal and spatial organization
become possible.

The occurrence of kinetic oscillations during the catalytic
reduction of NO with either CO or H2 [3–9], have been ob-
served and found to occur for gas reactant pressures in the
range 10−6 to 10−5 mbar in the range of temperatures from
430 to 500 K. These reactions show complex dynamical be-
havior as pattern formation and chaotic behavior. The review
by Imbihl [10], Imbihl and Ertl[11] and Slinko and Jaeger
[12] on a large number of catalytic reactions are very instruc-
tive.

To describe the occurrence of kinetic oscillations, Cobden
et al.[6] have proposed a “vacancy” mechanism to explain the
kinetic oscillations. In this “vacancy model” the oscillations
are due to autocatalytic surface reaction, which increase the
number of vacant sites for NO dissociation. Later, Makeev
and Niewenhuys[13] have developed a mathematical model
to prove that autocatalysis of NO decomposition by vacant
sites is one of the main properties that keeps the system os-
cillating. A very important ingredient of this model is the
coverage dependency of the activation energies for NO and
CO desorption. So, in this model the system presents oscil-
latory behavior without involvement of the surface structural
transformation,hex ⇀ 1 × 1, which takes place on Pt sur-
f howe
t NO

+ CO [3]. So, it can be considered that oscillations for the
NO + H2/Pt(1 0 0) reaction take place on a surface that is
completely in the 1× 1 structure.

The interplay and synchronization between reaction kinet-
ics and diffusion can produce a rich variety of spatial patterns
in surfaces, especially due to the anisotropy of diffusion in
surfaces. Furthermore, diffusion of adspecies can vary in sev-
eral orders of magnitude. The traditional approach for con-
sidering diffusion is adding terms which obey Fick’s second
law with constant diffusion coefficients to the equations de-
scribing the kinetics. In a reaction-diffusion system, the con-
centrationsCi of the chemical species are described by the
following partial differential equation (PDE)

∂Ci

∂t
= f (. . . Cj, . . .) + D0

i �2 Ci

whereD0
i is the diffusion coefficient for the ith substance

andfi specifies the reaction mechanism. In a recent paper
we have taken such approach for the NO + H2 reaction on
Pt(1 0 0)[14] on a two dimensional lattice and showed that
differences in the diffusivity in thex andy directions change
the oscillation periods. But this approach ignores the influ-
ence of coadsorbed species in diffusion and front propagation
is not observed.
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Steps and other mesoscopic surface defects have
onsiderable influence on the course of the reactions.
nd kinks are also called line defects, to distinguish t

rom atomic vacancies, or adatoms, which are called p
efects. These point defects are present in most surface
re important participants of atom transport along the su
surface diffusion), although their equilibrium concentrati
re much less than 1% of a monolayer. Defects will m
ynchronization more difficult which causes a breakdow
lobal coupling, leading from spatially uniform oscillatio

o the formation of wave patterns.
Interest in the effect that site blocking has on cata

eactions stems from its occurrence in real systems. Fo
mple in catalytic converters inert species, such as sul
eposit on the catalyst surface during the exhaust of the
ustion gases. These inert species cause the active s
e non-reactive and also block potential adsorption site

he catalyst surface. This lead to inefficiencies in the sys
rystal defects produced on the catalyst surface also

n non-binding or blocked sites.
In this paper we make an study of the NO + H2/Pt(1 0

) reaction, incorporating a realistic description of diffus
y considering site blocking effects for NO and hydro
iffusion by the coadsorbed species. We also conside

nfluence of defects, considered here as blocking inert
or the NO adsorption. Our investigation began by stud
he effect that a single inert defect has on the local env
ent and we made the center point of the lattice a defe

ite. Then we study the scenario which develops in a me
s the influence of defects is continuously increased. Fo
lementary reaction steps we use the model proposed b
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keev and Nieuwenhuys[13], which reproduces very well the
experimental observations of regular and chaotic oscillations
of the NO+H2/Pt system and our treatment of chemical diffu-
sion follows the formulation by Makeev and Imbihl[14,15].

2. Model

2.1. kinetic equations

The following set of elementary step have been formulated
for the NO+H2 reaction on Pt(1 0 0)[13]:

NO(g)+ ∗ k1�
k2

NOads (R1 and R2)

H2(g) + 2 ∗ k3�
k4

2Hads (R3 and R4)

NOads+ ∗ k5�
k6

Nads+ Oads (R5 and R6)

2Nads
k5� N2(g) + 2∗ (R7)

Oads+ Hads
k8� OHads+ ∗ (R8)

N + H
k9� NH + ∗ (R9 and R10)

N

N

N

O

H

w 0)-
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the influence of the local environment on the activation ener-
gies of the elementary reaction steps and can be considered as
the difference of the lateral interactions in the activated and
ground states. The following coupled ordinary differential
equations (ODE’s) describe the kinetics of the reaction:

dθNO(t)

dt
= R1 − R2 − R5 + R6 = fNO (1)

dθH(t)

dt
= 2R3 − 2R4 − 2R8 − R9 + R10 − 2R11= fH (2)

dθN(t)

dt
= R5 − 2R7 − R6 − R9 + R10 (3)

dθO(t)

dt
= R5 − R6 − R8 (4)

dθNH(t)

dt
= R9 − R10 − R11 (5)

dθNH3(t)

dt
= R11 − R12 (6)

Ri are the rate of the elementary steps (R1–R12) given
above :

R1 = k1pNOSNOθe, R2 = k2θNOI2

R 2 2

R

R

R

R

R

R

w

θ

k

I

θ

t
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w tions
ε

ads ads
k10

ads

Hads+ Hads
k11
⇀NH2,ads+ ∗ (R11)

H3,ads
k12
⇀NH3(g) + ∗ (R12)

H2,ads+ Hads
k13
⇀NH3,ads+ ∗ (R13)

Hads+ Hads
k14
⇀H2Oads+ ∗ (R14)

2Oads
k15
⇀H2O(g)+ ∗ (R15)

here * denotes a free adsorption site of the Pt(1 0
1 × 1) surface; NO(g), H2(g) are the reactants in the g
hase with partial pressurespNO and pH2, respectively

n the last Eqs.(R1 and R2)account for NO adsorptio
nd desorption,(R3 and R4)for H adsorption and desor

ion, (R5 and R6)for NO dissociation,(R7) for N desorp
ion, (R8) for OH formation, (R9 and R10)for NH for-
ation, (R11) for NH2 formation, (R12) for NH3 desorp

ion, (R13) for NH3 formation, (R14) for H2O formation
nd R15 for H2O desorption. The reaction products
2(g),NH3(g) and H2O(g). The surface coverage are deno
y (NO)ads, (H)ads, (N)ads, (O)ads, (NH)ads,and (NH3)ads.

The desorption of (H2O)adsand the hydrogenation of i
ermediates (OH)adsand (NH2)adsare assumed to be fast p
esses. In consequence, only six species are conside
he following equations the surface coverage are denot
p, p = NO, H, N, O, NH, NH3). The non-ideality of the ad
orbed layer is taken into account through lateral interac
ap, specified below. This quantity reflects microscopic
3 = k2pH2sH2(θe) , R4 = k4(θH) I4

5 = k5θNOθeI5, R6 = k6θNθO

7 = k7(θN)2I7

8 = k8θOθH

9 = k9θNθH, R10 = k10θNHθe

11 = k11θNHθH

12 = k12θNH3

here

∗ = 1 − θNO − θH − θN − θO − θNH − θNH3

α = ναexp[−Eα/(RT )], α = 1, . . .12

α =
{
θ∗ +

6∑
p=1

θpexp[εαp/(RT )]

}mα

∗ is the fraction of empty sites available for adsorption;mα,
he number of nearest-neighbor sites; andSi is the sticking
oefficient.

The factorIα takes into account the influence of late
nteractions in the framework of the lattice-gas model f
ell mixed ad layer. When there is no such lateral interac
αp = 0 andIα = 1. The kinetic parameters given inTable 1
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Table 1
The energy and bare frequency parameters that enter the expression for the
various rate constantsk = ν exp(−E/RT )

Reaction step (α) να(s−1) Eα (kcal/mol)

1 2.14× 105 mbar−1 0
2 1.7 × 1015 mbar−1 37
3 8.28× 105 mbar−1 0
4 1012 25
5 2× 1015 28
6 2× 1015 23
7 1013 24
8 1013 13
9 109 15

10 1013 29
11 109 17.7
12 109 19

SNOk1 = 1.93× 105(mbar−1s−1), SH2k3 = 1.656× 105 (mbar−1s−1).

are the same used in our previous work[14]. The parameters
for lateral interactions were taken from this last reference and
are| εα,i |< 2.

2.2. Spatially distributed model

For describing spatial pattern formation we must incorpo-
rate surface diffusion into the above equations. As mentioned
earlier we will follow the formulation given by Makeev and
Imbihl [15,16] where coverage-dependent diffusion coeffi-
cients are considered. We will consider only two diffusing
species, NO and H, because they are more mobile than the
other species[15,16].

The following set of differential equations will describe
the global behaviour of our system:

∂θNO

∂t
= −∇JNO + fNO(θi, θ

∗, I) (7a)

∂θH

∂t
= −∇JH + fH(θi, θ

∗, I) (7b)

HerefNO andfH are the right-hand side of Eqs.(1) and (2),
respectively. For the other species we have

dθj

dt
= fi(θi, θ

∗
i , I) (7c)

w g
r
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i
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Table 2
Difussion constants used in the simulation

Specie D0
i (cm2/s) Ei (kcal/mol) α β δ

NO(x) 1.00× 10−3 3500 1.0 1.0 0.01
NO(y) 3.85× 10−3 3500 1.0 1.0 0.01
H(x) 0.25× 10−6 3500 1.5 1.1 0.01
H(y) 1.00−6 3500 1.5 1.5 0.01

tunately, there are not reported values for theDij coeficients.
Makeev and Imbihl[15,16]have proposed a procedure where
these quantities are calculated. For each diffusing species they
take into account that the other coadsorbed species may ef-
fectively block vacant sites for diffusion. In two dimensions,
the reaction-diffusion model is represented by a system of
two PDE’s which substitute Eqs.(7a) and(7b)for NO and H:

∂θA

∂t
= DA

{
θ∗

A
∂2θA

∂x2 + θA
∂2θ∗

A

∂x2

+Rd

[
θ∗

A
∂2θA

∂y2 + θA
∂2θ∗

A

∂y2

]}
+ fi (9)

A = NO, H and for the other species, Eq.(7c) holds. The
two-dimensional reaction-difussion equations contains thus
second order spatial derivatives both for the adsorbate
coverages as well as for the concentration of vacant sitesθ∗

A,
vailable for the adsortion of species A which are given by:

θ∗
A = max{(1 − θNO − αAθH − αAθN − βAθO

− θNH − θNH3), δA} (10)

the parametersα, β, δ are effective phenomenological
parameters estimated by fitting simulations to experiments
and are given inTable 2. The diffusion coefficients are
c

D

D y
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N ion
f ed
G s
e

3

3

as an
i king
c ed
b lytic
r Inert
s talyst
here j = N, O, NH, NH3 and thefi are the correspondin
ight-hand sides of Eqs.(3)–(6).

The reaction kinetics is contained infi and the diffusive
uxes,JK, for species K = NO, H, must be prescribed in te
f the species coverage and their gradients in order to

he above equations. Note that ifJi = −Di∇θi the equation
educe to the Fickean case. In general, the diffusive flu
K of the diffusing species NO and H are related to t
nfinitesimal coverage gradients by[17] :(
JNO
JN

)
= −

(
DNO,NO DNO,H
DH,NO DH,H

) (∇θNO
∇θH

)
(8)

here the entries of this matrix or tensor are the chem
iffusion coefficients which are coverage dependent. Un
alculated by the Arrhenius form :

A = D0
Ae−EA/RT (11)

0
A andEA are also given inTable 2. We take the anisotrop

n the x andy directions,Dx,Dy, in the ratio (1:3.85) fo
O and that for H the ratio (1:4), based on informat

rom Refs.[14–16], respectively. Numerically, we have us
ear’s method[18] for solving stiff ODE’s, which provide
fficiency and accuracy of integration.

. Results

.1. One defect

In general, we will consider the defect as represented
nert node at the central part of the lattice, where the stic
oefficientSNO for NO is cero (inert site). As was mention
efore interest in the effect that site blocking has on cata
eactions stems from its occurrence in real systems.
pecies can deposit on the catalyst cand cause the ca
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sites to be non-reactive and also block potential adsorption
sites.

The catalytic surface is represented by a square lattice of
size 11× 11 nodes with periodic boundary conditions, rep-
resenting a 0.025 cm× 0.025 cm crystal. The surface non-
uniformity is modeled by assuming different sticking coeffi-
cient of NO on the surface of the catalyst caused by the large
sensitivity of the adsorption rate on surface dislocations. We
will consider the defect as represented as an inert node at
the central part of the lattice, where the sticking coefficient
SNO for NO is cero (inert site). We make the assumption
that the blocking site only affects the NO adsorption, but we
have also performed calculations forSNO �= 0 to show the
similar result that results when the defect enhances the ad-
sorption. In this way the defect plays a role of a selective
adatom only on NO adsorption. The effect of H2 adsorption
on this defect will be commented later. At the other sites of
the lattice the adsorption and kinetic constant for all species
are given byTable 1. We must state here that there is a depen-
dence of activation energy on coverages. Such dependence is
related with surface heterogeneity[1]. In general, coverage-
dependent activation energies arise if energetic interactions
between adparticles exist. In our calculations we have consid-
ered this only throughIα, and have not attempted to consider
more elaborated mechanisms, for example that at low tem-
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mum in θNO,av. Then it contracts asθNO,av decreases (Fig.
1d, t = 57 s) and fort = 62 s (Fig. 1e) shows a minimum
size and the cycle begins again. In order to compare with
these results we have performed calculations withSH = 0,
that is, the central site is also inert to hydrogen adsorption.
The results in this case (not shown) is that the oscillations
die very soon (rougly aroundt ∼ 50 s), and the stationary
state is attained. In conclusion, if there is one inert site, both
for NO and H2 adsorption, there are not sustained oscilla-
tions. We must remark here that this kind of results (damping
effect observed in the oscillations in absence of purity) has
been demonstraded experimentally in the NO + CO/Pt(1 0 0)
reaction[3].

If we have an enhanced adsorption, different sticking co-
efficient of NO on the surface of the catalyst caused by the
large sensitivity of the adsorption rate on surface disloca-
tions, a similar disturbation propagates along the crystal but
now a protuberance is created at the center of the crystal,
where the defect is located. This is shown inFig. 2for differ-
ent times. Att = 50 s (Fig. 2a) there is a small disturbance
which corresponds toθNO,av = 0.093. AsθNO,av increases to
a value 0.271 the disturbance grows and the wave propagation
is extended (Fig. 2b). Finally at the maximun of the cycle,
θNO,av = 0.391 and the propagation reaches its larger exten-
sion. Then the cycle begins again. We see that this case is
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eratures the catalytic sites are blocked by some specie
ith increasing temperature, and either due to adsorpti

eaction, the blocking species are removed. To solve
7)–(11)we use the method of lines in which one discret
he diffusion term and solve the ODE across a whole lin
pace at each time step. In total 246 stiff ODE’s are so
y the Gear method[18].

It was shown in previous investigations[13,14]that chang
ng the governing parameterRp = pH2/pNO at constantT the
ransition to aperiodicity occurs via the Feigenbaum scen
hat is, period-doublings. To observe the period doublin
ur present simulations with coupled diffusion we cha
gain the governing parameterRp. In the next figures w
how the oscillatory behaviour in the NO coverage aver
ver the whole crystal,θNO,av, and also the behaviour ofθNO
cross the crystal. All the calculations were performe
= 457 K, which is among the range of the experime

tudies by Rausemberger et al.[19,20].
First, it is observed now that there is a chemical p

gation around the defect with a mountain landscap
he NO coverage with respect to its mean value.
as the shape of an ellipse when projected on thex–y
lane, which change with time, stretching and contrac
hich means that the mountains grow and decrease in
ith time.
This is shown inFig. 1, where a sequence of sna

hots are shown for timest = 54–57 s (see inset) arou
he maximum inθNO,av. The conditions correspond to t
ase where the system shows period four (P4) oscillation
= 54 s the ellipse is developed, propagates and int = 56 s
hows its largest development, corresponding to the m
ery similar to that of the inert defect, exept that in this
ase there is a vacancy at the center of the lattice due
ull adsorption of NO.

We consider now the effect of variation ofRp in the case
f one inert defect.Fig. 3a–d (left column) shows time s
ies for decreasing values ofRp, different oscillatory pe
iods are observed. Period-1 (P1) oscillations are sh
or p = 2.58(d); period-2 (P2)oscillations forp = 2.518(c);
eriod-4 (P4) oscillations forp = 2.516 (b). Chaos is deve
ped forp = 2.512 (a). The right columns of Fig. 2 sho
NO for each of the maximal amplitude of the correspond
eriod (noted with dots in the leftFig. 1), that is, they show

he behaviour of the NO coverage in their maximum va
t is also shown the projection on thex − y plane. The mai
esult here is that in effect, there is a period doubling aRp

s decreased and the chemical perturbation creates cres
alleys (“mountains”), or an ellipse on the planexy. The big-
er the value ofθNO,avthe bigger the size of the correspond
llipses, as inFig. 3d. Another important feature is that t
resence of this defect destabilizes the system and the p
ight (P8) is not observed as was the case in the hom
eous treatment[14]. It is important to notice that in mo
xperimental studies of period-doubling behaviour, the P
ot observed. This has been currently attributed to noise
uggest here that this can also be attributed to imperfec
n the crystal.

In conclusion, the presence of one defect inhibiting or
acing the adsorption of NO creates a point of propagati
disturbance with an ellipsoidal shape when projected

hexy plane. This propagation attains its maximum prop
ion at the maximum of NO coverage.
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Fig. 1. Development of the chemical disturbance due to the presence of one inert defect, whereSNO = 0. (a)t = 54 s, (b)t = 55 s, (c)t = 56 s, (d)t = 57 s,
(e) t = 62 s.T = 457 K,pNO = 1.1 × 10−6 mbar andpH2 = 7.6 × 10−6 mbar.

3.2. Multiple defects

In the experimental reports by Rausemberger et al.,
(1996,1998) the formation of multiple ellipses are observed.
This can be attributed to the presence of multiple defects.
Because the relatively small size of the lattice considered
here, we have studied only the influence of few inert de-
fects. We have taken as the initial condition a period four
(P4). Fig. 4a–d shows time series (left) and the formation
of ellipses on thexy plane, the snapshots are taken at the

maxima of the oscillations and represents thus the largest
expansion of these ellipses as was established before. First
note that on increasing the number the defects the concen-
tration of NO is smaller and the ellipses will have lesser
extensions. So increasing the number of defects causes the
number of periods to decrease. With three defects the sys-
tem is P2 (Fig. 4b), with four is P1 (Fig. 4c) and with five
defects a stationary state is attained (Fig. 4d). Surprisingly,
the addition of two defects destabilizes the system and ape-
riodic oscillations are obtained (Fig. 4a). This can be ex-
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Fig. 2. Development of the chemical disturbance due to the presence of one defect withSNO �= 0 (a)t = 54 s, (b)t = 55 s, (c)t = 56 s, (d)t = 57 s, (e)t = 62 s.
Same conditions as inFig. 1.

plained by considering that with only two defects the con-
centration of NO is higher and there is a possibility to the
perturbations to collide as is shown inFig. 4a. With more
defects the ellipses do not reach each other, as is shown
in Fig. 4b–d. In this way, the interaction of perturbations
destabilizes the system and it becomes chaotic. To prove this
we have increased the lattice size in order to consider the
two defects more distant apart. We have verified that in this
case the defects do not interact, the perturbations die before
they reach each other and P4 is maintained (the picture is
not shown). In conclusion, the interference of defects can
destabilize the periodic behaviour and the system becomes
aperiodic.

We must note that in our calculations the size of the crystal
is rather small, 0.025 cm× 0.025 cm, because our computer
limitations. In this way we have considered only five defects,
but it represents 5% of the avaiable sites. This is a rather
small fraction. Unfortunatly, there is no experimental data
to which compare. But comparaisons with other calculation
can be made. For example, for an homogeneous treatment
of the NO + H2 reaction[14], the oscillations died when a
fraction of around 8% of the sites are inert. In relation with
different authors, the more studied reaction has been the ox-
idation of CO on Pt surfaces. For example, in 1992, Hovi
et al. [21] conducted a Monte Carlo-type study of the Ziff–
Goulari–Barshad (ZGB) model and found that the first-order
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Fig. 3. Period-doubling route to chaos inθNO,av as a function of time for different values of the pressure ratioRp = PH2/pNO. Left : (d) period-1,Rp = 2.58.
(c) period-2,Rp = 2.518. (b) period-4,Rp = 2.516. (a) Chaos,Rp = 2.512. The right colums are NO coverage taken at the maximum of the amplitudes, shown
as dots in the corresponding left figures. The planes representθNO,av.
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Fig. 4. Effect of increasing the number of inert defects in a square lattice. (a) Two-defects (placed next to each other) and chaos (left), (b) three defects and
period-2(left), (c) four defects and period-1(left), (d) five defects and stationary state(left). Explanation in the text.
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Fig. 5. Propagation of concentration fronts. The snapshots correspond to : (a)t = 0 s, (b)t = 0.6 s, (c)t = 1.4 s, (d)t = 1.6 s, (e)t = 1.8 s, (f) t = 2.0 s.
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CO poisoning transition appears to become continuous when
more than 8% of the surface is covered by defective sites
placed in a random arrangement. This poisoning of the crys-
tal surface CO can stop the reaction. So, there is theoretical
evidence that even a small fraction of impurities can change
dramatically the catalytic reaction.

3.3. Collision between propagating fronts

As was mentioned above the interaction between two
propagating fronts desynchronize the oscillations and the sys-
tem becomes chaotic. We have considered this in more detail
by solving numericaly the equations and following the evo-
lution at closed time intervals. The collision of two propagat-
ing fronts is shown inFig. 5a–e, where it is observed how the
propagating fronts generate from two defects (Fig. 5t ∼ 0 s),
approach (Fig. 5b,t = 0.6 s), collide (Fig. 5c t = 1.4 s), inter-
fere constructively (Fig. 5d and e,t = 1.6,1.8 s) and begin to
relaxe (Fig. 5f, t = 2 s) until the perturbation disappear and
the cycle begins again. The perturbations are continuously
formed because the presence of defects and because the ad-
sorption and reaction of species (NO, H,. . . ) aretaking place
continuously. In a certain way they remind us the interactions
of two waves on a liquid surface, such as waves on the surface
of water, but they are much more complex as the composi-
t y. A
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Our calculations have shown that even a small fraction of
inert defects, around 5%, is enough to change the kinetics of
the reaction, changing it from oscillatory to stationary. There
is theoretical evidence, mainly by Monte Carlo simulations,
that even a small fraction of impurities can make to change
the catalytic reaction in related reactions as CO oxidation on
Pt(1 0 0)[22]. Finally, let us comment that the propagation
of concentration fronts in heterogeneous reaction process can
also be modelled by Monte Carlo simulations[21–23]. The
Monte Carlo simulation technique is a powerful tool for the
study of reacting interfaces and is complementary of studies
by ODE’s.
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