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Oscillations and pattern formation driven by a surface reconstruction are studied for the catalytic reduction
of NO by CO on Pt(100) single-crystal surfaces through dynamic Monte Carlo simulations at low pressure
and relatively high temperatures conditions. This study incorporates recent experimental evidence obtained
for the same reaction on a Rh(111) surface, which modifies the reaction scheme used in previous approaches.
The main consequence of such experimental evidence is that the production of N2 occurs through two parallel
mechanisms: (a) the classical N+ N recombination step; (b) the formation and subsequent decay of an
(N-NO)* intermediate species as the fastest pathway. Moreover, different factors influencing the NO
dissociation rate, the key step in the whole reaction, such as the availability of neighboring vacant sites, the
formation of N-islands, and the presence of other NO and CO adsorbed species in the neighborhood, are also
taken into account and their effects discussed. Sustained, modulated, irregular, and damped oscillations are
observed in our analysis as well as the formation of cellular structures and turbulent patterns. The effect and
the importance of each elementary reaction step on the behavior of the system are discussed.

1. Introduction

The catalytic NO+ CO reaction on metals has received a
great deal of attention for a long time in the literature, both
from experimental and from theoretical points of view, due to
its importance in the problem of atmospheric pollution control.
In addition to this importance, there is an intrinsic fundamental
interest, given that this monomer-dimer reaction, i.e., a reaction
involving a particle adsorbing on one site and a particle adsorb-
ing and dissociating on two sites, presents nonlinear phenomena
like kinetic oscillations and spatiotemporal pattern formation.1-14

A variety of catalyzed reactions have been found to show
oscillatory behavior under nearly real conditions, i.e., polycrys-
talline surfaces or supported catalysts at relatively high pres-
sures.5 Under these conditions, reactions are typically noniso-
thermal and many effects contribute to obscure the delicate
interplay between elementary steps leading to complex behavior.
Experimental studies of catalytic reactions on single crystals
under isothermal conditions at low pressures have provided
valuable information that can be used to develop and evaluate
theoretical models based on the microscopic properties of the
system. However, these studies have been concerned with only
a narrow range of catalytic reactions, mainly CO oxidation on
Pt and Pd surfaces and NO reduction by several agents (CO,
H2, and NH3) on Pt(100) and Rh(110).5 It is well-known that
the (100) and (110) faces of noble metals undergo a surface
reconstruction driven by adsorbed molecules during these
reactions, and this phenomenon is an important ingredient in
the appearance of the oscillatory behavior.

Oscillations and spatiotemporal patterns have particularly
been observed for the NO+ CO reaction on the Pt(100) surface
under isothermal, low-pressure conditions (p ∼ 10-6-10-4

Pa).1-6 It is well-known that the clean Pt(100) surface atT >

420 K exhibits a quasi-hexagonal configuration (hex) of the
atoms in the topmost layer, but surface reconstruction can take
place by the uptake of adsorbates such as CO and NO then
leading to the formation of a (1× 1) square structure.2-8 The
lifting of this surface reconstruction can take place when a
reconstructed site becomes empty. This constitutes an adsorbate-
induced hex/ 1 × 1 surface phase transition, which, atT >
450 K, is directly involved in the formation of oscillations during
the course of the NO+ CO reaction.2-11 Another fundamental
ingredient, necessary for the observation of kinetic oscillations
and spatiotemporal patterns, is a synchronization mechanism,
such that the contributions of different local oscillators do not
average out to a stationary reaction rate. In controlled isothermal
and low pressure conditions the mechanism leading to this
synchronization is the surface diffusion of reactants. A relatively
fast surface diffusion of some of the reactants is necessary in
order to correlate what is going on in the reaction at relatively
distant surface positions.1 The typical mechanism of NO
reduction by CO on the Pt(100) surface that has been tradition-
ally assumed in the literature consists of the following sequence
of reaction steps:

In one of these reaction steps, we can observe that the
production of N2(gas)occurs through the recombination of two
N atoms adsorbed at two nearest-neighbor (nn) sites. The
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CO(gas)+ site/ CO(ads) (1)

NO(gas)+ site/ NO(ads) (2)

NO(ads)+ sitef N(ads)+ O(ads) (3)

N(ads)+ N(ads)f N2(gas)+ 2 sites (4)

NO(ads)+ N(ads)f N2O(gas)+ 2 sites (5)

CO(ads)+ O(ads)f CO2(gas)+ 2 sites (6)
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formation of the products of this reaction is directly related to
the rate of NO dissociation; moreover, such dissociation can
only occur on the square 1× 1 phase, since it is quite
insignificant on the hex phase of the Pt(100) surface, as it has
been reported in previous studies.4,6,10

The above reaction mechanism has also been accepted for
the same reaction taking place over the Rh(111) surface.15

Nevertheless, molecular beam experiments on the reduction of
NO over Rh(111)16-22 have indicated that the standard reaction
scheme used to explain the kinetics of this reaction needs to be
modified in at least two important ways. First, it was found
that when a14N-covered Rh(111) surface is exposed to a15NO
+ CO beam, the majority of molecular nitrogen produced
contains at least one15N atom.16-18 This means that the nitrogen
recombination step, N(ads)+ N(ads) f N2(gas) + 2 sites,
usually assumed to be responsible for the formation of molecular
nitrogen is in fact not fast enough under typical reaction
conditions to account for the N2 production rate. Instead, an
intermediate species, (N-NO)*, appears to form on the surface
and then either decomposes to N2(gas)+ O(ads) or just simply
desorbs. In a realistic description of the reaction, both the
nitrogen recombination step and the formation of the (N-NO)*
intermediary should be considered in parallel, the last one being
the predominant step.22,23 A second important modification to
the NO reduction mechanism brought about by the molecular
beam work arises from the evidence that, at least on Rh(111)
surfaces, atomic N forms compact islands. Indeed, it was found
that the isotopic distribution of the molecular nitrogen detected
in temperature-programmed desorption (TPD) spectra from
surfaces prepared by using isotopic mixtures of14N- and15N-
labeled nitrogen oxide can only be explained on that basis.19,21

The mechanism for the formation of these islands, however,
has not yet been established.

It has already been suggested24,25that the alternative reaction
mechanism observed for Rh(111) could be valid also for other
surfaces like, for example, Rh(100) or Pt(100) where the hex
/ 1 × 1 phase reconstruction takes place. Although there is
no direct experimental evidence for the occurrence of this
mechanism on Pt(100) or Rh(100), it is also true that there is
no direct experimental evidence for the contrary. The production
of N2 via a parallel NO+ N recombination step has been
considered by several authors in the literature. For example,
Kortlüke et al.26 assume the recombination step in studying the
reaction on polycrystalline Rh; Cho27 proposed a mechanism
where N2 is produced via the formation of a surface N2O species,
whose formation was demonstrated by early studies for Rh
supported on silica28 and by early TPD studies on Rh(111) by
the General Motors group. The arguments in favor of the
alternative reaction mechanism can be reinforced by the DFT
calculations developed by Neurock et al.29,30on NO dissociation
and other related processes on Pt(100). In fact, they show that
the activation energy for NO dissociation is 107.1 kJ/mol, that
for the inverse reaction is 21.0 kJ/mol, that for the N+ N
recombination step is 9.0 kJ/mol, that for the formation of N2O
from adsorbed N and NO is 141.9 kJ/mol, and that for the N2O
decay to N2(gas) is 0.0 kJ/mol. Considering that two NO must
dissociate for the N+ N reaction pathway, while only one is
needed for the NO+ N pathway and that the activation energy
for the recombination of NO from N and O is small compared
to the activation energy for NO desorption (214.3 kJ/mol), which
enhances the probability of finding undissociated NO on the
surface, it is then reasonable to assume that both pathways may
contribute to the overall reaction mechanism.

On the other hand, Fink et al. found experimentally that NO
dissociation is inhibited by the presence of neighboring coad-
sorbed NO or CO species in the NO+ CO reaction on the
Pt(100) surface.9,10 While Niemantsverdriet and co-workers
observed the same effect in the same reaction on the Rh(111)
surface, they also detected that NO dissociation is facilitated
by the existence of several nn vacant sites.31 The inhibition effect
on NO dissociation is of fundamental importance. In fact it was
shown to be absolutely necessary in order to explain the
negligible O coverage observed experimentally at steady state
for low CO concentrations in the gas phase.23

It is therefore natural, to advance toward a realistic model
for this reaction, to incorporate the above information emerging
from the mentioned experimental studies into the reaction
scheme and evaluate the effects of each factor. Given that the
slow step of the catalyzed NO+ CO reaction is NO dissociation,
the possibility of N2 production through both the formation of
the (N-NO)* intermediary and the formation of the classical
N + N recombination, as well as the formation of N-islands
and the inhibition effect on NO dissociation by coadsorbed NO
or CO, should produce relevant differences in the conditions
under which oscillations and pattern formation appear. It is our
purpose here to determine these conditions.

Previous studies24,25 have incorporated only partially some
of the above features in the modified reaction scheme, with
encouraging results. In particular, it was assumed that the
formation of the (N-NO)* intermediate was the only reaction
pathway for N2 production. However, the inclusion of the N+
N alternative pathway, even though slower, was shown to help
to reproduce observed O and N steady-state coverage over the
whole range of CO concentrations in the gas phase.23 The
fundamental inhibition effect on NO dissociation was not
included into those studies, and neither was the formation of
N-islands, although the latter is expected to be of smaller
importance, as we shall see later, due to the fact that N is rapidly
removed from the surface. Nevertheless, they provided the
necessary background to attempt a more complete model.
Accordingly, the purpose of the present work is to extend the
previous studies by incorporating into the reaction scheme all
the experimental information available so far.

Dynamic Monte Carlo simulations, from which the behavior
of the catalytic system can be simulated in real time units,32

will be used in the calculations. Specifically, we will apply the
above dynamic simulation technique to the NO+ CO reaction
on a Pt(100) surface by considering alternative steps in the
reaction mechanism taking into account the experimental
findings of Zaera et al., i.e., the production of N2 via the (N-
NO)* and N+ N pathways and the formation of N-islands, as
well as the contributions to the NO dissociation by Fink et al.
and Niemantsverdriet et al. We will discuss under which
conditions a series of different oscillatory and spatiotemporal
behavior can be observed and identify which are the dominant
physicochemical processes that determine the occurrence of such
dynamic patterns. In section 2, the model and simulation method
are described. Results are presented and discussed in section 3.
Finally, conclusions are given in section 4.

2. Model and Simulation Method

For the dynamic analysis of the reduction of NO by CO on
a Pt(100) surface, the following general reaction scheme, which
includes the new alternative steps and effects brought about by
the available experimental and theoretical evidence,9,10,16-23,31

is assumed
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Here (N-NO)* is the activated complex intermediate, which
eventually decays mainly to N2. In this reaction scheme, it can
be observed that we have included the conventional N+ N
recombination step and an alternative step involving the
formation of the (N-NO)* species for the production of N2.
The former is the slower pathway and, according to ref 22, it
will be given a relative probability of 0.3, while that for the
(N-NO)* pathway will be 0.7. Inhibition effects on NO
dissociation by the presence of other coadsorbed CO and NO
molecules and the formation of N-islands will be appropriately
taken into account below when the NO dissociation rate will
be determined. In addition to the above reaction mechanism
we also consider that diffusion of adsorbed NO and CO species
can take place on any of the two substrate phases as well as
across phase boundaries. It is important to stress that NO
dissociation can only take place on the 1× 1 phase, while all
other processes can take place on both the hex and the 1× 1
phases.

To construct a relatively simple and manageable reaction
scheme, we incorporate the following additional assumptions
in devising our surface reaction mechanism:

(i) The production of N2O is not taken into account given
that the rate of this reaction is expected to be low compared to
CO2 and N2 production.2,6,11

(ii) The difference in densities between Pt atoms in the
hexagonal and in the 1× 1 phases is ignored, although the
Pt(100) surface presents different site densities for the hexagonal
and the 1× 1 phases, the difference being approximately 20%.6

(iii) Lateral interactions among different ad-species occurring
on both phases are not considered, even if these interactions
have been made evident by experimental studies through c(2
× 2) and c(2× 4) rearrangements effects.10,33-36

(iv) O desorption is neglected since experiments have shown
that this process occurs at temperatures above 600 K.10,34,37In
our simulations a temperature of 485 K is kept fixed in most of
the simulations, even though additional simulations are per-
formed between 470 and 490 K in order to obtain the
dependence of the oscillatory period on the temperature of
Figure 10. Therefore, O is removed from the surface only by
reaction with CO.

(v) Oxygen atom diffusion does not occur as this process is
expected to be slower compared to the remaining reaction steps,
since the oxygen atoms are strongly bonded to the surface.

(vi) N diffusion is neglected since in our reaction scheme N2

is produced preferentially through the formation of an (N-NO)*
intermediate and since both NO desorption and diffusion are
allowed. Hence, N and NO species can easily meet at two nn
cells (in contrast, in the classical reaction scheme where N2 only
is formed through the recombination of two adsorbed N atoms,
N diffusion is strictly required8,11). On the other hand, N

diffusion would be contrary to the experimental evidence about
the formation of N-islands.

Our simulation procedure is based on the hexagonal-square
(HS) model, which was originally proposed by Gelten et al.
for the oxidation of CO by O2 on a Pt(100) surface.38 We believe
that this method is suitable for our present study given that NO
reduction by CO is similar to CO oxidation, the only differences
being that in the former reaction we have more adsorbed species
and that NO adsorption needs only one vacant cell, dissociation
occurring in a later step, while O2 adsorption and dissociation
occurs simultaneously needing two nn vacant cells. This
important difference in the particles-vacancies stoichiometry
leads, however, to quite different behaviors in the kinetics of
the two reactions.

Accordingly, the Pt(100) surface is represented as a regular
two-dimensional (2-D) grid with periodic boundary conditions.
The grid consists ofL × L cells; a cell indicates one Pt surface
atom, the state of each cell is described by two labels: label 1
identifies the type of molecule or atom that is adsorbed on that
cell, it can also represent an empty cell, while label 2
corresponds to the presence of either the hexagonal (H) or the
square (S) phases in that cell. In the square phase, each cell has
four neighbors and in the hexagonal phase each cell has six
neighbors. There are different (label1:label2) combinations to
indicate the condition of each cell and therefore the processes
that can occur on it, for instance: (H:H) indicates an empty
cell in the hex phase; (X:H) an X species (X) NO, CO, N, O)
adsorbed on a cell in the hex phase; (S:S) an empty cell in the
1 × 1 phase; (X:S) an X species adsorbed on a cell in the 1×
1 phase. Other details concerning the HS model can be found
in refs 38 and 39.

In our model, the time evolution of the system is assumed to
occur as a markovian stochastic process. Under such a scheme,
every elementary reaction step has a rate constant associated
with the probability per unit time for the occurrence of such a
step. A master equation describes the time evolution of the
probability distribution of the states of the physical systems40,41

Here PR(t) is the probability to find the system in a given
configurationR at timet and can be considered as a component
of a vectorP representing the probability distribution of the
whole set of system configurations, andW is the transition
probability per unit time of the different processes, which are
indicated as subscripts.

This master equation can be solved analytically41 only in very
simple situations. In the case of the reaction considered here, it
must be solved through a dynamic Monte Carlo simulation in
order to avoid mean field approximations. The simulation can
be performed through the “random selection method”,38,39which,
as adapted to our system, is as follows: (i) a surface cell is
selected at random with probability 1/N, whereN indicates the
total number of cells existing at the moment; (ii) a giveni-type
reaction step (i.e., adsorption, desorption, diffusion, etc.) is
chosen at random with probabilityWi/R, whereR is the sum of
the rates of all possible processes, i.e., the total-transition rate
constant of the system; (iii) if the selectedi-type reaction step
is viable (according to certain rules to be specified below)
on the chosen cell, then it is immediately executed, and (iv)
after a given cell is selected, the time is increased by∆t
according to

CO(gas)+ site/ CO(ads) (7)

NO(gas)+ site/ NO(ads) (8)

NO(ads)+ sitef N(ads)+ O(ads) (9)

NO(ads)+ N(ads)f (N-NO)* + site (10)

(N-NO)* f N2(gas)+ O(ads) (11)

N(ads)+ N(ads)f N2(gas)+ 2 sites (12)

CO(ads)+ O(ads)f CO2(gas)+ 2 sites (13)

∂PR(t)

∂t
) ∑

â

[WâfRPâ(t) - WRfâPR(t)] (14)
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whereê is a random number selected according to a uniform
probability distribution in the interval (0,1). This equation
renders the real time evolution caused by a system transition.

The following elementary reaction steps and their corre-
sponding rate constants, with the parameter values given in
Table 1, are going to be considered:

Adsorption. The impinging flux of molecules of speciesi
from the gas phase onto the surface is given by

whereJi is the flux of NO or CO molecules,pi is the partial
pressure of thei-type molecule,mi is the mass of NO or CO,k
is the Boltzmann constant, andT is the absolute temperature.
The adsorption rateWi of particles impinging on the surface
per cell and per second is then obtained as

whereA is the area per cell on the surface, in this case of Pt-
(100), andS0 is the initial sticking coefficient. CO and NO can
be adsorbed on both the hex and the 1× 1 phase.

Desorption.Desorption is considered as an activated process
with a rate given by

whereνi is the frequency factor andEai the activation energy
for speciesi.

CO and NO desorption occur both from the hexagonal and 1
× 1 phases at the same rate; actually, experiments indicate that
these rates may be slightly different.6,10

Diffusion. Diffusion jumps are allowed for both CO and NO
species to vacant nn cells. These jumps can be performed on
any of the two phases or across the interface between them.
The diffusion rateWi is obtained directly as a frequency factor
Vi.

NO Dissociation.On a Pt(100) surface this process can only
occur on the 1× 1 phase and with the availability of a vacant
nn cell. According to the experimental observations of NO
dissociation and to the theoretical simulations in the NO+ CO
reaction on Rh(111),9,10,22,23,31the dissociation of NO, being a
complex and the most important process, deserves separate
consideration. The following features are taken into account:
(a) NO dissociation is facilitated by the presence of nn
coadsorbed N atoms, i.e., the dissociation probability increases
with the presence of nn N, which is the mechanism we assume
for the formation of N-islands;42 (b) the dissociation rate
increases with increasing number of vacant nn cells; and (c)
the blocking effect on the dissociation probability by the
presence of neighboring coadsorbed NO and CO molecules.
Therefore, the following expression is proposed for the dis-
sociation rate for a NO molecule located at a given cell on the
1 × 1 phase

Here WNOidis is an “initial” dissociation rate calculated as an
activated process, as in eq 18, with appropriate frequency factor
and activation energy given in Table 1,nN is the number of nn

cells occupied by adsorbed N,nV is the number of empty nn
cells, nNO and nCO are the number of nn coadsorbed NO and
CO species, respectively, and the coefficientsC are the
corresponding weighting factors.

N2 Production. This reaction step can follow two alternative
pathways: (a) through the formation of an intermediate (N-
NO)* species when two nn cells are occupied by N and NO
species, with a probability 0.7 multiplying the general reaction
rate determined by the frequency factor and activation energy
given in Table 1; (b) through the recombination of two nn
adsorbed N atoms, with a corresponding probability of 0.3. The
latter is completely restricted to the 1× 1 phase, given that
dissociated N can only exist on this phase, while the former
can also take place across phase boundaries when a NO
molecule is on the hexagonal phase and an N atom is on the
square phase.

CO2 Production. This process is possible when two nn cells
are occupied by CO and O species. It is considered as an
activated process and can take place either on the square phase
or across phase boundaries when adsorbed CO happens to be
on the hexagonal phase.

Surface Reconstruction.Experimental results indicate that
the hexf 1 × 1 phase transition occurs by nucleation and
trapping of the CO molecules and by nucleation and anisotropic
growth of the NO molecules on the Pt(100) surface. This
transformation of the surface is caused by the different heats of
adsorption of these two species on both phases,33,35,43-45 which
is considerably higher on the unreconstructed 1× 1 phase than
on the reconstructed hexagonal one.36 The observations show
that four to five molecules of CO are involved in the restructur-
ing process.46 Thiel et al. proposed for CO molecules that this
transformation occurs by a sequential mechanism: initially, the
1 × 1 phase is formed by nucleation of adsorbed CO molecules
on a precursor hexagonal phase, followed by the migration and
trapping of the CO molecules by way of growing islands.45 On
the other hand Mase et al. reported that the hexf 1 × 1
transition phase takes place by nucleation and by growing islands
of adsorbed NO molecules.35 These similar processes that occur
in the phase transition driven by adsorption of CO and NO can
be understood by considering the experimental evidence that
the heats of adsorption of both molecules are almost the same.36

Incorporating these experimental results into our model, we
assume the following two mechanisms: (i) thenucleation
mechanism for the hexf 1 × 1 reconstruction takes place if
there exist five adsorbed molecules (CO, NO, or a mixture of
both) forming a nucleating cluster; (ii) CO, NO, and CO/NO-
island growth on the square phase happens through atrapping
mechanism, i.e., when a molecule on the hexagonal phase is in
a nn position to a molecule belonging to a reconstructed 1× 1
island, then it is trapped into that island and its cell reconstructs
from the hexagonal to the square phase. The rates for these two
processes are determined directly by appropriate frequency
factors.

Considering that the 1× 1 geometry is metastable compared
to the hex geometry, we have taken into account that the inverse
1 × 1 f hex transformation occurs in empty cells of the square
phase. In this analysis, a single empty cell can perform this
transformation, which is considered as an activated process with
appropriate frequency factor and activation energy.6,10,43

These similar behaviors between CO and NO induced hex
/ 1 × 1 surface phase transition have been demonstrated
experimentally.6,10

∆t ) - ln ê
NR

(15)

Ji )
pi

(2πmikT)1/2
(16)

Wi ) JiAS0 (17)

Wi ) νi exp(-Eai/kT) (18)

WNOdis )
WNOidis(CNnN + CVnV - CNO(nNO + nCO))

4
(19)
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3. Results and Discussion

In our simulations the partial pressures of reactants in the
gas phase are kept constant. Experiments show that NO
reduction by CO on Pt(100) displays irregular, chaotic, and
sustained oscillations on a local scale, and damped oscillations
on a global scale in the temperature range of 470-490 K and
partial pressures of NO and CO of about 10-4 Pa.4 However, it
should be kept in mind that the length scales for experiments
and simulations are very different, the former being several
orders of magnitude larger than the latter, therefore what is
considered as a local scale in experiments could correspond to
a global scale in simulations. The partial pressures of NO and
CO for our analysis were chosen as 4× 10-4 Pa and 3.87×
10-4 Pa, respectively. Unless explicitly mentioned (as in section
3.4) the values of the weighting factors used in the eq 19 will
be kept fixed atCN ) 0.7, CV ) 0.7, andCNO ) 0.2, values
obtained by adaptation of those used in ref 23 to the case of a
square lattice.

The principal results of the CO+ NO reaction simulation
study will be now presented. Afterward, a discussion concerning
the effect that each reaction step or surface process can produce
on the behavior of the system will be undertaken. For the sake
of simplicity, some of the reaction parameters will not be
specifically mentioned throughout this discussion, since these
quantities are thought to have little influence on the development
of the different kinetic oscillation types and on the formation
of assorted surface patterns. Table 1 shows the values of the
parameters that have been employed in our simulations in order
to obtain the rate of each elementary reaction step; experimental
values of these parameters are also included for comparison.
Since no available data account for the decay of the (N-NO)*
complex intermediate to N2 and consequently for the value of
the corresponding rate constant, we have instead employed for
this assignment the experimental values of N2 formation
proceeding from the classical N+ N recombination. As already
mentioned, the fact that the (N-NO)* pathway is faster than
the N + N pathway is taken into account by an additional
probability factor of 0.7 for the first and 0.3 for the second.

3.1. Synchronization Mechanism.According to the experi-
mental data on the reduction of NO by CO on Pt(100), sustained
rate oscillations can occur at elevated temperatures (T > 478
K). Under such circumstances, the oscillations are due to the
hex/ 1 × 1 phase transition; the appearance of these temporal
patterns has been explained through the formation of a
synchronized phase transition mechanism.3,4 Nevertheless, at
lower temperatures the oscillatory behavior can be observed on
a local scale on a homogeneous 1× 1 substrate without the
involvement of the hex/ 1 × 1 phase reconstruction, in this
case there is no synchronized mechanism and no sustained rate
oscillations exist.4 In our study, corresponding to the higher

temperature region, the appearance of sustained oscillations
is possible by means of the development of a synchronized
hex/ 1 × 1 phase transition mechanism. Moreover, sustained
oscillations are usually associated to the formation of cellular
structures. This synchronized mechanism can be explained as
follows.

The simulation of the NO+ CO reaction on the Pt(100)
surface starts from a completely hex-reconstructed clean surface,
on which it is feasible to observe the adsorption of both CO
and NO molecules. At a certain surface coverage, small nuclei
of CO, NO, or CO/NO mixtures form on the surface according
to certain probability values; these clusters can then transform
small surface regions from the hex to the square phase thus
forming 1 × 1 CO, 1 × 1 NO, and 1× 1 CO/NO islands.
Afterward, these nuclei can grow by trapping reactions; this
part of the evolution of the system is known as thetransforma-
tion stage. The growth of these islands is a stable process, since
the reaction can be locally inhibited by a relatively high
adsorbate coverage, which prevents the dissociation of NO.
However, when either a CO or NO molecule desorbs from the
square phase surface toward the gas phase, or if a CO or NO
molecule diffuses from the square phase toward the hexagonal
phase (the diffusion processes can occur across the interface),
an empty cell appears and, if this vacancy has a nn adsorbed
NO molecule, then this NO molecule has the possibility of
dissociating into N and O atoms. Now, it is pertinent to recall
that the 1× 1 phase is the one that is active for NO dissociation,
while the hex phase is not. If this dissociation step is ac-
complished, the adsorbed oxygen atom can then react with an
adsorbed CO molecule while, in turn, the adsorbed N atom can
also react either with an adsorbed NO molecule, thus forming
the (N-NO)* complex intermediate, or with another N adsorbed
atom. The species that are formed on the surface can desorb as
CO2 and N2 into the gas phase. Thus, new vacant cells can form
on the 1× 1 phase allowing more NO adsorbed molecules to
dissociate; subsequently, more O and N atoms can continue
reacting, leading to an autocatalytic “explosive” surface reaction.
In this way, a reaction front starts to propagate across the
surface. As a result of this process, areactiVe stageis developed
on the 1× 1 phase. As vacant cells existing on the square phase
have a finite probability of undergoing the 1× 1 f hex
reconstruction, then small areas of the surface can slowly return
to the hexagonal configuration. This last process is known as
the recoVery stage, in this way the reactive stage is gradually
extinguished. CO, NO, and CO/NO nuclei will be formed once
more, and the oscillatory cycle will resume again from the
transformation stage.

While Gelten et al. proposed a similar synchronized mech-
anism in their simulation model related to CO oxidation on Pt-
(100),38 this kind of oscillatory cycle was observed experimen-
tally for the NO+ CO reaction on Pt(100) surfaces, showing

TABLE 1: Values of the Parameters Used in Simulations and Their Comparison with Their Experimentally Observed Values

reaction pexp (Pa) psim (Pa) S0
exp S0

sim ref

CO adsorption 4.0× 10-4 3.9× 10-4 ≈0.8 0.8 4, 36, 46
NO adsorption 4.0× 10-4 4.0× 10-4 ≈0.8 0.8 4, 36
CO desorption 4× 1012 to 1× 1015 1 × 1011 to 1× 1015 115-157 147-158 6, 10
NO desorption 1.7× 1014 to 1015 1 × 1011 to 1× 1015 142-155 147-158 6, 10
NO dissociation 1× 1015 to 2× 1016 1 × 1015 117-134 126-133 6, 10
N2 production 1.3× 1011 1 × 1011 84.6 90 10
CO2 production 2× 108 to 1010 2 × 1010 50-100 83.5 6, 10, 38
1 × 1 f hex 2.5× 1010 to 1011 3 × 1010 to 1× 1011 103-107 105-106.5 6, 10, 43
CO/NO nucleation 0.015-0.03 ≈0 0 25, 35, 43-45
CO/NO trapping 0.015-0.03 ≈0 0 25, 34-36
CO diffusion 0-100 24, 25, 38
NO diffusion 0-100 24, 25
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the role of defects on the surface, which facilitate NO dissocia-
tion on the 1× 1 phase.4

The above scenario is depicted in Figures 1 and 2. In Figure
1, we can observe sustained oscillations obtained from a
simulation performed on a lattice with 1024× 1024 cells atT
) 485 K. In such a figure, it is possible to visualize the rate of
production of CO2 measured as turn over number (TON), i.e.,
the number of CO2 molecules produced per Pt atom per second.
Figure 2 shows the formation of a cellular pattern, i.e., snapshots
of the surface evidencing the existence of the synchronized
mechanism: Figure 2a depicts thetransformation stageat 40
s. Figure 2b represents thereactiVe stageat 65 s. Here we can
clearly see the formation and growing of a reaction front
spreading across the surface. This reaction front is not inhibited
by the boundaries. Figure 2c shows that when this front grows
sufficiently in size, it collides with itself and starts to extinguish

at a time of 80 s. Figure 2d shows how the reaction front is
extinguished almost totally after 90 s have passed. here we can
observed that therecoVery stageis in progress.

Analogous reaction fronts and their subsequent propagation
were also reported by Tammaro and Evans for the NO+ CO
reaction on a Pt(100) surface via the standard mean-field
reaction-diffusion equations.13 Experimentally these cellular
patterns have been observed for the CO+ O2 reaction taking
place on a Pt(110) surface.47

3.2. Influence of CO and NO Diffusion.We have found in
this work that CO and NO surface diffusion processes are very
important in the behavior of the system. In fact, diffusion is
the principal means to achieve the synchronization mechanism
in simulations. For this reason, its influence will depend on the
grid size used in simulations. By change in the rates of these
diffusion processes different oscillatory behaviors are observed
according to the following characteristics:

(a) When both CO and NO diffusion rates are relatively low,
equal to 10 s-1, and if the grid size is 64× 64 cells or less,
sustained oscillations can be observed. But, if the grid size
increases, the sustained oscillations decay into irregular oscil-
lations. This result is due to the fact that, on intermediate or
large grids (128× 128 cells or more) with slow mobility of
the molecules, too many reaction fronts are created on the
surface and collide with others, although these fronts do not
lead to complete extinction. Remnants of these reaction fronts
can still survive when new fronts are generated on the surface;
the recovery stage is no longer observed thus destroying the
synchronized oscillatory behavior. Sustained oscillations appear
on relatively small grid sizes due to the creation of fewer
reaction fronts on the surface.

When the rates of CO and NO diffusion are increased, for
example to 50 s-1, on medium or large grids, the irregular
oscillations are transformed into sustained oscillations. This can
be explained by the relatively high CO and NO diffusion rates,
which induce CO and NO molecules to move faster on both
surface phases, and as the diffusion processes by both molecules
are not hindered by phases boundary, few reaction fronts are
created on the surface; these fronts collide and are extinguished
(see Figure 2), the recovery stage is obtained, and therefore the
synchronized oscillatory behavior can be observed on the
surface.

If the rates of both diffusion processes are increased even
more, the periods of the sustained oscillation become longer,
because the reaction between the adsorbed species is delayed
due to the high mobility of CO and NO. This same behavior is
observed when the CO diffusion rate is larger than that of NO,
because the empty cells of the 1× 1 phase are preferentially
occupied by CO. In this way NO dissociation is delayed and
therefore the reaction among the species is obstructed. Similar
effects were also observed in other simulations performed on a
Pt(100) surface, both for the NO+ CO reaction and for the
CO + O2 reaction.15,24,38

(b) When the NO diffusion rate is larger than that of CO, the
original sustained oscillations transform into irregular or
modulated ones. Irregular oscillations occur in view of the fact
that, if NO molecules can move faster than CO molecules, when
NO dissociation occurs CO molecules are no longer capable of
consuming all O atoms and a small amount of oxygen remains
on the 1× 1 phase. Modulated oscillations will be discussed
below in section 3.4.

(c) When CO diffusion is taken into account, while NO
diffusion is neglected, oscillations are not obtained. This is due
to the fact that, since CO diffusion is not hindered by phases

Figure 1. Sustained oscillations: CO2 production rate in turnover
number (TON). Rates forWCOdes) WNOdes≈ 1 × 10-6 s-1; WCOdif )
WNOdif ) 50 s-1; WHfS ) 0.015 s-1; WSfH ≈ 0.1 s-1; WNOidis ≈ 15 s-1.

Figure 2. Snapshots corresponding to oscillations of Figure 1. Gray
areas indicate CO/NO on the hexagonal phase, white areas show CO/
NO on the 1× 1 phase, and black areas are N, O, and empty cells on
the hexagonal and 1× 1 phases.
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boundaries, the vacant cells of the 1× 1 phase are then occupied
by CO and the square phase becomes saturated by CO; therefore
NO dissociation does not occur and the amount of oxygen on
the surface is not enough to consume the adsorbed CO.

(d) If the NO diffusion rates have suitable values and CO
diffusion is neglected, oscillation are not observed in the system,
since CO molecules do not have mobility on the surface and
cannot consume all adsorbed O atoms; therefore small O-islands
are formed, which grow and slowly poison the surface.

In a previous study25 we have found that CO diffusion was
more important than NO diffusion, since sustained oscillations
were obtained when NO diffusion was neglected, while oscil-
lations were not observed when CO diffusion was suppressed.
This difference is due to the fact that, in that work, the diffusion
processes of both molecules were allowed on any of two phases
but not across the interface between them. In the present work,
where we consider CO and NO diffusion on the two phases
and across the phase boundary, both CO and NO diffusion have
the same importance since, if any of these processes are not
taken into account in the system, oscillations are not observed.
This result is more consistent with the experimental evidence:
both CO and NO molecules are mobile adsorbates, the diffusion
of both species can spread the reaction and ignite spatially
adjacent regions through the formation of reaction fronts,
originating spatiotemporal pattern and oscillations.1

3.3. Effects of NO and CO Desorption.As it can easily be
seen, CO and NO desorption processes are the most important
promoters for the formation of reaction fronts. If these desorption
processes are neglected, the oscillatory behavior can never be
produced and the 1× 1 phase will eventually become poisoned
by CO and NO molecules. As a consequence, either CO or NO
desorption would trigger oscillations. In our simulations, regular
sustained oscillations are obtained if the rate constants for
desorption processes have values between 1× 10-4 and 1×
10-2 s-1 in medium and large size grids. If these rates are
slower, the size of the sustained oscillation period is not constant.
As the CO and NO partial pressures are almost the same, the
rates of adsorption are expected to be similar for both gases.
For these reasons, CO and NO desorption rates are estimated
to be about equal for both molecules. If the desorption rate
constants of CO and NO are increased and the diffusion rate
constants for CO and NO molecules have the same high value
(50 s-1), the oscillation period becomes shorter. If these
desorption rates are increased even more, the sustained oscil-
lations will begin to decay into irregular ones. If the diffusion
rates decrease (10 s-1), then sustained oscillations are trans-
formed into damped oscillations. This kind of behavior can be
understood by considering that desorption and reaction processes
compete with each other: if CO and NO desorption rates are
too high, then these two species are eliminated from the surface
faster than through the reactions producing CO2 and N2.
Moreover, by slowing the mobility of CO and NO molecules,
the surface in the global scale presents an inhomogeneous
behavior. This fact had already been observed in previous
studies.24,25 Figure 3 shows damped oscillations obtained on a
lattice with 1024× 1024 cells atT ) 485 K.

3.4. NO Dissociation Effects.The most regular and sustain-
able oscillatory patterns are obtained when the initial NO
dissociation rate constant (WNOidis) has a value of about 15 s-1

and the values of the weight factors used in eq 19 areCN )
0.7, CV ) 0.7, andCNO ) 0.2. When the values of the initial
NO dissociation rate and of the weight factors are changed, the
following behaviors are observed:

(a) When the initial rate is increased, the oscillation period
becomes shorter. This happens because there are many O and
N atoms on the surface and, if the adsorbed CO or NO molecules
have high diffusion rates (50 s-1), these atoms can then react
rapidly to produce CO2 and N2. If the NO dissociation rate
increases even more, the sustained oscillations decay into a
modulated behavior. This interesting phenomenon is obtained
when the initial NO dissociation value is increased by a factor
of about 2. This behavior is shown in Figure 4, where, in
addition to the CO2 production rate (a), also the N2 production
rate (b) is included. Here N2* means N2 production via the (N-
NO)* intermediate complex, N2RS means N2 production via the
N + N recombination step, and N2 means N2* plus N2

RS, that
is, the N2 total production. Our experience indicates that the
manifestation of this oscillatory behavior could be due to a
competing effect between the NO dissociation rate and the N2

production rate.24 In fact, when the initial NO dissociation rate
is smaller than the N2 production rate, sustained oscillations
are observed; when the initial NO dissociation rate is equal to
the N2 production rate, the sustained behavior decays into an
irregular one; if the initial NO dissociation rate is further
increased gradually, the irregular behavior is transformed in a
pulsed oscillation. It is usually believed that this kind of
phenomenon is to be expected when an additional feedback loop
is added to the reaction scheme.48 This could be true in our
case, since we have included a parallel reaction in the N2

production into the classical reaction mechanism, namely, the
(N-NO)* pathway. However, by looking at Figure 4b, we see
that the contribution of N2RS to N2 production is much smaller
than that due to N2*: the contribution of N2

RS is between 1.5%
and 3% of the total N2. Even more, if the N+ N recombination
pathway is suppressed, that is N2

RS ) 0, the above behavior is
maintained (this effect will discussed with detail in section 3.5).
Therefore, in our study the additional feedback loop in the
reaction mechanism is not responsible for the observation of
modulated oscillations.

In section 3.2(b) we observed that when the NO diffusion
rate is larger than that of CO, sustained oscillations decay into
modulated ones. We now attempt an explanation for this: As
NO molecules have more mobility on the surface, they have
more opportunity to find appropriate cells with vacant nn, thus
producing a bigger effective NO dissociation rate; this, as
discussed above, would produce modulated oscillations.

Figure 3. Damped oscillations: CO2 production rate in turnover
number (TON). Rates forWCOdes) WNOdes≈ 1 × 10-4 s-1; WCOdif )
WNOdif ) 10 s-1; WHfS ) 0.015 s-1; W SfH ≈ 0.1 s-1: WNOidis ≈ 15 s-1.
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(b) When the initial rate is decreased, the contrary behavior
is observed, that is, the oscillation period becomes longer,
because with a low NO dissociation rate there are few adsorbed
O and N atoms and therefore the adsorbed CO and NO species
react slowly. But, if the initial NO dissociation rate constant
decreases by a factor of more than 5, the oscillations end, since
the amounts of O and N are not enough to sustain the oscillatory
behavior.

(c) According to eq 19, the NO dissociation rate is modified
by the factors with weightsCN, CV, andCNO, representing the
effects of N-islands, of enhancement due to vacant nn sites and
of depression due to coadsorbed nn NO or CO, respectively.
We shall now study what happens when each of these effects
is “turned off”. First, we consider the suppression of the effect
of N-island formation, by makingCN ) 0. In this case, the NO
dissociation probability is not enhanced by the presence of
coadsorbed nn N atoms; therefore the rate is on average lower
and, as already discussed above, the oscillation period becomes
longer. However, as it can be observed in Figure 5, the effect
is very small indicating that only small N-islands are formed
on the surface (as it can also be seen in simulation snapshots,
not shown here). A similar behavior of the oscillation period is
observed by makingCV ) 0.

(d) Next, we analyze the effect of depressing the NO
dissociation rate due to coadsorbed nn CO and NO molecules.

When we suppress this effect by settingCNO ) 0, the following
results are found: (i) ifWNOidis ≈ 15 s-1, oscillations are not
obtained; (ii) if WNOidis ≈ 3 s-1, only damped oscillations are
observed; (iii) if the initial NO dissociation rate is decreased
even more, the oscillations disappear, since, as was explained
above, whenever the initial NO dissociation rate is reduced by
a factor of more than 5, no oscillatory behavior is obtained.
Now, if we takeCNO ) 0.1, the following behavior is observed
as compared with the case withCNO ) 0.2: (i) if WNOidis ≈ 15
s-1, the original sustained oscillations are transformed into
damped oscillations; (ii) ifWNOidis ≈ 3 s-1, sustained oscillations
are obtained; (iii) if the initial NO dissociation rate is decreased
even more, the oscillations disappear. In short, when the weigh
factorCNO decreases, the NO dissociation rate increases rapidly,
so damped oscillations are observed and therefore sustained
oscillations can be obtained by decreasing the initial rate. When
the weighting factorCNO is neglected, only damped oscillations
can be observed.

This important result shows that the inhibition effect on the
dissociation of NO by coadsorbed CO and NO molecules is
crucial for the system in order to obtain sustained oscillations.
As already mentioned, this effect was also found crucial in
steady-state studies23 in order to achieve a concordance between
the O coverage in simulations with the experimentally observed
values. In addition, when the weight factorCNO is taken into
account, CO/NO islands are formed on the 1× 1 surface phase.
This fact is also in concordance with experimental observations.
In fact, an important factor leading to the development of
sustained oscillations in the real system is the hexf 1 × 1
phase transition, which proceeds through the growth of 1×
1-CO/NO islands in the NO+ CO reaction on Pt(100) surface
in the high-temperature range.4,6,7,10

3.5. Effect of Alternative Pathways on N2 Production.
Given that N2 production is achieved through the formation of
the (N-NO)* intermediate in parallel with the classical N+ N
recombination step, we study now the relative importance of
these two pathways on the behavior of the oscillations.

First, we consider the elimination of reaction step (12);
therefore N2 production is only due to the formation and decay
of the (N-NO)* activated complex. This leads to an increase
in the oscillation period, but the effect is very small as shown
in Figure 6 with a grid size of 512× 512 cells atT ) 485 K.

Figure 4. Modulated oscillations atT ) 485 K: CO2 (a) and N2 (b)
production rate in turnover number (TON). Rates forWCOdes) WNOdes

≈ 1 × 10-6 s-1; WCOdif ) WNOdif ) 50 s-1; WHfS ) 0.015 s-1; W SfH

≈ 0.1 s-1; WNOidis ≈ 30 s-1. Grid size: 512× 512 cells.

Figure 5. Effect of neglecting the process in the N-island formation
during the oscillatory behavior atT ) 485 K. Rates forWCOdes) WNOdes

≈ 1 × 10-2 s-1; WCOdif ) WNOdif ) 50 s-1; WHfS ) 0.015 s-1; W SfH

≈ 0.1 s-1; WNOidis ≈ 15 s-1. Grid size: 512× 512 cells.
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N2 production is delayed and so is CO2 production, due to the
fact that the stoichiometry between CO2 and N2 is always
maintained. The smallness of this effect indicates that the
coverage of adsorbed N atoms is always small, so that they are
not decisive for creating oscillations in the system. This fact is
also in concordance with the experiments and it happens because
N atoms are rapidly removed from the surface,6,9,10in this case
through adsorbed NO molecules by forming (N-NO)* inter-
mediary species.

Next, we consider the suppression of reaction steps (10) and
(11), assuming now that the only way to produce N2 is through
the classical N+ N recombination step. This leads only to the
formation of damped oscillations on the surface. The amount
of adsorbed N atoms increases quickly on the surface, but they
react slowly, because the diffusion of N atoms is neglected in
this study and a large N atom coverage remains on the surface.
Produced N2 comes mainly from the formation of small
N-islands, which disappear quickly as they are consumed by
the reaction, thus producing a damped oscillatory pattern. As
sustained oscillations have also been observed in the real system,
and this behavior can be only obtained by including the (N-
NO)* pathway in the simulation, this indicates that the formation
of the (N-NO)* complex and its subsequent decay to N2(gas)
and adsorbed O atoms is the most important reaction step for
the formation of different types of oscillations in the NO
reduction of CO on a Pt(100) surface. Figure 7 shows this
behavior atT ) 485 K for a grid of 512× 512 cells: Figure
7a indicates the rate of production of CO2 in turn over number
(TON) and Figure 7b shows the surface coverage of each
adsorbed species measured in monolayers (ML) on the square
phase. In the latter figure we observe that the N atom coverage
increases initially and then stays approximately constant for a
long time with small oscillations indicating that N-islands on
the 1× 1 phase of the surface of Pt (100) are being formed
and consumed.

3.6. Effect of the Surface Reconstruction.The model
employed here is very sensitive to the hexf 1 × 1 phase
transition. If nucleation and trapping rates have frequency values
of 0.015 s-1, sustained oscillations can be observed. If these
values are increased, the sustained oscillations decay toward
irregular oscillations. The transformation stage is faster than
the recovery stage, since an empty cell that undergoes 1× 1
f hex phase transition can be occupied by either a CO or NO
molecule and quickly reconstructs toward the square phase by

means of trapping or nucleation reactions. Such molecules can
desorb from the square phase and, if NO dissociates, a new
reaction front is formed, while the old reaction fronts are not
completely extinguished. This destroys the synchronized mech-
anism. If the rate constants are decreased, the oscillation periods
are longer, the nucleation and the trapping reactions are slower,
and the transformation stage is deferred.

On the other hand, when the 1× 1 f hex transformation
rate attains a value of about 0.1 s-1, sustained oscillations are
observed. If this transformation rate is decreased, the sustained
pattern declines in favor of an irregular behavior; the square
phase cannot reconstruct into the hexagonal phase, i.e., the
recovery stage has not enough strength for this to be completed,
then destroying the synchronized mechanism. Nevertheless, if
this same rate is increased, the oscillation period becomes
shorter, and if such a rate is increased even more, irregular
oscillations are observed.

3.7. Effect of the Grid Size.We have found that when a
sustained oscillatory behavior declines in favor of irregular,
damped, or modulated regimes, then the cellular patterns decay
into turbulent spatial patterns. The clearest signals of spatiotem-
poral behaviors are obtained when using large grids, i.e., 512
× 512 cells or larger. Figure 8 shows the cellular structures
and their successive decline into turbulent regimes, these

Figure 6. Effect of the suppression the N+ N recombination step for
the formation of N2. The designations of the rates are as in Figure 5.

Figure 7. Effect of neglecting the (N-NO)* intermediate in the
formation of N2: (a) CO2 production rate in turnover number (TON);
(b) coverage of adsorbed species on the square phase. The designations
of the rates are as in Figure 5.
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snapshots correspond to the damped oscillations of Figure 3.
Turbulent patterns have been observed both experimentally and
theoretically in the NO+ CO reaction on the Pt(100) sur-
face.1,4,15 It is pertinent to mention that on small grids (32×
32 and 64× 64 cells) oscillations are not very well defined,
while on intermediate grid sizes (i.e., 128× 128 and 256×
256 cells) oscillations are already observed. In a grid of 256×
256 cells, a reaction front can be readily created. This front
can then collide with others and can be extinguished throughout
boundary periodic conditions. Also, it is worth mentioning that
in large grids good quality sustained oscillations can be produced
if the values of the rates of CO and NO diffusion are high as
explained in section 3.2.

3.8. Influence of Temperature.Finally, we have studied the
effect of the temperature in the system. In our simulations we
have observed that if the temperature increases, the oscillation
period decreases. This result is in concordance with the
experimental observations on the NO reduction by CO on a
Pt(100) surface: (i) Veser and Imbihl observed that the
oscillation frequency increases when the temperature increases
in the range between 470 and 490 K.4 (ii) Fink et al. found that
oscillation period decreases when the temperature increases in
the system; however, it is important to mention that this
experiment was performed atT < 470 K and that only damped
oscillations were obtained.6

We believe that this behavior appears in the NO+ CO
reaction on the Pt(100) surface, because when the temperature

Figure 8. Pattern formation during a simulation on a grid of 1024×
1024 cells: (a) cellular patterns formation at 35 s; (b) growth of the
cellules and collision between them at 45 s; (c) turbulent pattern
formation at 100 s; (d) the turbulent behavior is preserved at 300 s.
The color of the areas is the same as those in Figure 2.

Figure 9. Oscillations with corresponding power spectra at different temperatures. Each power spectrum was calculated over a simulation run
during 5000 s. The oscillations are shown only over 1000 s. Rate constants:WCOdif ) WNOdif ) 50 s-1; WHfS ) 0.015 s-1. Grid size: 512× 512
cells.
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is increased the adsorption rates of CO and NO decrease very
little, with a negligible effect on the behavior of the system,
since these rates depend strongly on the gas pressures, while

the other rates increase drastically, except for the diffusion and
hex f 1 × 1 phase transition rates, which are not considered
here to depend on the temperature. Therefore, the system
behavior is more dynamic, that is, as CO and NO desorption
and NO dissociation rates increase, oscillation periods are shorter
(see sections 3.3 and 3.4). Figure 9 shows the changes in the
oscillations and their spectral frequencies as the temperature
rises. It can be seen that the frequency increases notably; as a
result the oscillation period decreases.

Figure 10 shows the dependence of the oscillation periods
with the temperature observed in our simulations (a) and in
experiments (b) and (c). Simulation results are between the two
sets of experimental data. As it can be seen, experimental data
depend strongly on the pressure in the gas phase. This is so
because in experiments the synchronization mechanism generat-
ing the oscillations is mainly achieved via global coupling
through the gas phase. On the contrary, in simulations this is
achieved via the diffusion of adsorbed species, which does not
depend on the pressure in the gas phase. Under these consid-
erations, the observed qualitative agreement between simulations
and experiments turns out to be satisfactory.

4. Conclusions

We have studied by dynamic Monte Carlo simulations
the oscillatory behavior of the NO+ CO reaction on Pt(100)
in the high-temperature range and low pressures under the hypo-
thesis that the main reaction step leading to the formation of
N2 is not only through of the classical N+ N recombination
step but, and principally, through the formation of the (N-NO)*
intermediate, as suggested by experiments performed on Rh(111).
In addition, other relevant experimental observations have been
included in the present study regarding the NO dissociation rate,
which is enhanced by the presence of coadsorbed nn N atoms
(effect of N-islands formation) and by the presence of nn vacant
cells, while it is depressed by the presence of coadsorbed nn
NO and CO molecules.

The principal result of the present study is the appearance of
a sustained oscillatory behavior associated with the formation
of bubble-like patterns, in contrast to the behavior found when
only the classical mechanism is taken into account.8

The effects of the rates of the main elementary steps, namely,
CO and NO diffusion and desorption, NO dissociation, N2

production through the formation of the (N-NO)* intermediary
species, and the classical N+ N recombination, phase trans-
formations, and the behavior of the oscillation period under
temperature changes, have been investigated in detail with the
following principal results:

(a) Sustained oscillations can only be observed if a synchro-
nized mechanism is achieved and also if cellular spatial patterns
are formed. On the other hand, when irregular, modulated, and
damped oscillations are observed, the synchronization is always
removed and cellular structures decay in turbulent spatial
behavior, which is maintained indefinitely. Experimentally, the
oscillatory behavior is associated with spatial pattern formation
in a similar way.1

(b) On large grids (512× 512 cells or greater), sustained
oscillations appear if NO and CO diffusion rates are relatively
high (30 s-1 or more), and if these rates values increase, the
oscillation period become longer. The same effect is observed
if CO diffusion is larger than that of NO diffusion.

(c) CO and NO diffusions have the same importance, because
if any of these processes is neglected, then oscillations are not
observed in the system.

(d) Modulated oscillations appear in our study when the NO
diffusion rate is larger than that of CO, increasing in this way
the effective NO dissociation rate.

Figure 10. Dependence of oscillation period on the temperature. (a)
Simulation results. Rate constants:WCOdif ) WNOdif ) 50 s-1; WHfS )
0.015 s-1. Grid size: 512× 512 cells. (b) Experimental results extracted
from refs 3 and 4 forpCO ) pNO ) 4 × 10-4 Pa. (c) Experimental
results extracted from ref 6 forpNO:pCO ) 4:3, with a total pressure of
7 × 10-5 Pa, and forpNO:pCO ) 2:1, with a total pressure of 9× 10-5

Pa.
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(e) CO and NO desorption rates need to be tuned to rather
low values for sustained oscillations. If these rates have
intermediate values, between 1× 10-4 and 1× 10-2 s-1, then
the oscillation periods have a regular behavior for high NO and
CO diffusion rates. If the NO and CO diffusion have low values
(10 s-1) and the desorption rates are in the intermediate range,
then the sustained oscillations decline in favor of damped
oscillations. If the desorption rates increase even more, then
irregular oscillations are generated.

(f) When initial NO dissociation rate is increased, the periods
of the sustained oscillations become shorter; if this rate increases
even more, modulated oscillations are observed at high diffusion
of both molecules CO and NO. If this initial rate decreases, the
oscillation periods are larger. The effect of N-islands formation
is of little importance on the behavior of the system, perhaps
because only small islands are formed due to the dynamics of
the reaction, and so is the effect of NO dissociation enhancement
due to the presence of nn vacant sites. However, it is found
that the inhibition effect on NO dissociation due to the presence
of coadsorbed nn NO or CO is of crucial importance. This
inhibition effect, on the other hand, is also responsible for the
formation of NO/CO islands which are essential to the building
up of the oscillatory behavior.

(g) When the classical N+ N recombination step is
eliminated, all reported phenomena are again observed in the
system, but if the (N-NO)* intermediary complex pathway is
neglected, the system shows only damped oscillations and
turbulent patterns. Therefore the (N-NO)* pathway is more
important than the N+ N recombination one in producing N2

in the reaction.
(h) Oscillation frequency increases (oscillation period de-

creases) when the temperature is increased, in qualitative
concordance with experimental observations.

It is important to note that the length scales for simulated
and experimentally observed patterns are very different. In our
simulations a lattice size of 1024 cells represents a real length
of approximately 0.28µm, while patterns have been observed
experimentally on surfaces whose size ranges from 30 to 500
µm. In addition, as mentioned above, the synchronization
mechanism is also based on different phenomena: While in
experiments at highT, synchronization is most likely achieved
via global coupling through the gas phase; in simulations it is
achieved through the rapid diffusion of adsorbed species.
Therefore, comparisons between simulations and experiments
should be carried out with care and in any case they can only
be of a qualitative nature. Among the patterns reported in these
simulations, turbulent patterns in the NO+ CO reaction have
been reported experimentally in refs 3 and 4 and bubble patterns
have been reported in the CO+ O2 reaction in ref 47. We have
not observed other kinds of patterns, such as parallel wave trains
and spiral waves, which have been observed experimentally in
refs 3 and 4.

In summary, we have developed a model which includes
experimental information about detailed elementary reaction
steps for the reduction of NO by CO on a Pt(100) surface. This
model reveals many features observed in catalytic reactions on
this single crystal or inclusive on other single-crystal surfaces.
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