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The behavior of a recent kinetics mechanism for the reduction reaction of NO by CO on the surface of a series of
percolation clusters is studied by means of Monte Carlo simulations using experimental rate constant values from the
literature. The structural sensitivity of the reaction is observed through the production curves and phase diagrams.
The kinetics phase transitions and the relation between production and the mean number of nearest neighbors of the
cluster’s active site, the temperature and the pressure of the gas-phase components are analyzed.

Over the last 30 years kinetics models of surface reactions
have attracted the attention of chemists because of their impor-
tance in catalysis, and of physicists because they are good ex-
amples for the study of irreversible dynamics systems that ex-
hibit complicated behaviors, including dissipative structures,
oscillations, kinetics phase transitions, etc.1 That is the case
of the catalytic reduction of NO by CO (CO–NO reaction)
on noble metals, which has been studied extensively by experi-
menters because of its importance in catalytic converters used
to control NOx emissions from mobile sources such as automo-
tive exhaust gases.2 On the other hand, this reaction has been a
classical prototype of nonequilibrium systems, which have
been very well reviewed by Evans,3 Zhdanov and Kasemo,4

and Albano.5 With the purpose of interpreting the experimental
information on the CO–NO reaction by means of the kinetics
mechanism, the literature shows an interesting evolution of a
discussion, not devoid of controversy, from the first papers
by Hecker and Bell,6 Oh et al.,7 and Cho.8 Later, as a result
of experimental work with rhodium, Permana et al.9 and Peden
et al.10 proposed a Langmuir–Hinshelwood (LH) type mecha-
nism for this reaction that has been largely accepted in current
literature. Chuang and Tan,11 on the other hand, have suggest-
ed a new mechanism that takes into account the existence of
the positively or negatively charged NO species Rh–NOþ

and Rh–NO� on the surface, which would describe the behav-
ior of the CO–NO reaction on supported Rh catalysts. Re-

search on this mechanism is very recent, however, and the
values of its kinetic constants are still unknown.

In recent years, a series of interesting experiments carried
out by Zaera’s group at the University of California for the
CO–NO reaction on Rh using nitrogen isotopes12 and molecu-
lar beam studies,13 led to a new view of the microscopic
behavior of the reaction. In a recent paper by our group,14

the kinetics mechanism shown in Scheme 1 was proposed,
providing a reasonable interpretation of the old results of
Permana et al.9 and the new findings of the experiments of
Zaera. This mechanism considers the adsorption stages of
CO and NO from the gas phase on site S of the surface and
the desorption of the adsorbed molecules CO(a) and NO(a).
The NO(a) particles have, beside the possibility of desorption,
that of dissociating into the superficial atoms N(a) and O(a) or
reacting with N(a) in a stage that produces N2O and another
one that produces N2, in the latter case leaving an oxygen atom
O(a) on the surface. This last stage replaces the beta stage of
the LH reaction between adsorbed nitrogen, N(a), for the pro-
duction of N2 proposed in previous schemes. Finally, the reac-
tion between CO(a) and O(a) allows the production of CO2. The
rate constants ki of the (i) stage have been shown in the scheme
in each of the cases.

From a basically theoretical standpoint, the CO–NO reac-
tion has been the subject of a number of very interesting papers
that include computer simulations and mean field models. The
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Scheme 1. Mechanism of the CO–NO reaction used in the paper (Ref. 14).
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first Monte Carlo simulations made by Yaldram and Khan15

and Evans et al.16 made use of a simplified mechanism that
led to a poisoned system, a situation that was later explained
by Brosilow and Ziff17 through the checkerboad argument,
which our group has recently extended to the study of the sur-
face of a three-dimensional fractal.18 In some of our recent pa-
pers,14,19 we have carried out some Monte Carlo simulations of
this reaction considering the mechanism proposed by Permana
et al.9 and Peden et al.,10 and the experimental values of the
kinetics constants proposed in the literature, with the purpose
of commenting some theoretical aspects while keeping the
discussion close to the experimental data.

The behavior of the CO–NO reaction has also been dis-
cussed by means of the development of a simplified mean field
model of its dynamics equations by Evans et al.16 Later, our
group20 used a pairs approximation and a more complex mech-
anism that interpreted adequately the Monte Carlo results.
Dickman et al.21 also studied the case of networks with higher
coordination numbers.

Permanent interest in this important reaction has led us to
introduce in this paper a study of Monte Carlo simulations
of the CO–NO reaction, assuming the new mechanism of
Scheme 1 on a number of substrates corresponding to percola-
tion clusters from a uniform surface to the incipient percola-
tion cluster (IPC) fractal. This allows the study of the behavior
of the surface and the productivity of the process when surface
disorder increases in relation to a decreasing coordination
number of the active site, which validates, as noted in the
literature with respect to these substrates,5,22 the supported
catalysts that are used in the experiment.

Results and Discussion

The kinetic behavior of the CO–NO reaction studied by
Monte Carlo simulations is represented first through the pro-
duction curves of Figure 1 and the phase diagrams of Figure 2
for the series of substrates corresponding to percolation clus-
ters obtained by blocking different proportions r of surface

sites. The activity of CO2 (RCO2
) and the covered fractions

of the various species (�i) in the phase diagram have been
graphed as functions of the fraction of CO in the gas phase,
yCO, for a total pressure PCO þ PNO equal to 16Torr.

The most relevant details of MC simulations, are given in
Appendix where, among other things, it is explained how the
lattice used in the MC simulation is representative of the cata-
lytic surface of the experimental system. The MC moreover as-
sumed the validity of the mechanism of Scheme 1 and used the
rate constants shown in Table 1. Those constants, which we
have discussed and used in a recent paper,14 were obtained
from the pertinent literature as shown in the table. Constant
k7, on the other hand, was determined from constant k8 by
means of

RN2
=RN2O ¼ k8=k7 ð1Þ

which was obtained directly from the expressions for the pro-
duction of N2 and N2O. Equation 1 makes it possible to use
the data of Permana et al.9 for the selectivity SN2O defined by
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Figure 1. Production (RCO2
, yCO) in the steady state for the

mechanism of Scheme 1 obtained from MC simulations
on percolation clusters for r equal to: ( ) 0.0; ( ) 0.05;
( ) 0.10; ( ) 0.15; (�) 0.20; ( ) 0.25; ( ) 0.30; ( )
0.35; ( ) 0.407254 (IPC) T ¼ 623K. The lines have been
drawn to guide the eyes. The top insert shows the CO pro-
duction curve in the case of the IPC when the frequency
factor �i is equal to ( ) 2:1� 1010; ( ) 2:7� 1010; ( )
3:3� 1010.

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
y CO

θ

(a)

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
y CO

θ CO

θ NO

N

(b)

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

y CO 

(c)

Figure 2. Phase diagram (�i, yCO) from MC simulations
corresponding to Figure 1. The symbols of the percolation
clusters are the same as in Figure 1. (a) N(a). (b) CO(a); (c)
NO(a). The lines have been drawn to guide the eyes.
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SN2O ¼ RN2O=ðRN2
þ RN2OÞ ð2Þ

determining k7 as a function of k8 from

k7 ¼ k8SN2O=ð1� SN2OÞ ð3Þ

In this way it is possible to obtain a reasonable value for
constant k7, allowing the conceptual analyses of the systems
studied to remain within a range of orders of magnitude close
to the experimental data. According to Permana et al.,9 the se-
lectivity, SN2O, remains constant at a value of approximately
0.8, with CO and NO pressures in the range of 1 < PCO <
40 and 1 < PNO < 40Torr and temperatures in the range of
500 < T < 700K, which were the ranges used in this work,
allowing us to keep a constant selectivity in the analyses made.

The chosen selectivity of 0.8 relates the production of N2O
with that of N2. On the other hand, since the stoichiometry of
the reaction allows writing the following relation,

RCO2
¼ 2RN2

þ RN2O ð4Þ

only one production value is independent, as in the case of
CO2 production, which has been graphed in Figure 1.

The results of the simulations have a number of interesting
aspects. In the first place, a structural sensitivity of the CO–NO
reaction is seen, which appears in the production diagrams
over the different percolation clusters, from the uniform sur-
face to the IPC fractal, validating the effect of the catalysts’
particle size in the real experiment, where a lower production
occurs if particle size decreases. This aspect was considered
originally by Casties et al.22 by assuming that the percolation
clusters are a good model of some characteristics of catalytics
particles of various sizes. These particles show increasing dis-
order as their size decreases, a situation that is homologated by
the model’s clusters which, as the value of r increases, de-
crease their neighbors around the site representing a situation
of greater disorder. The activity differences seen in Figure 1
for surfaces of diverse disorder are therefore an indication that
the system is structurally sensitive.

Figure 1 also shows in the high CO pressure zone, for the
case of a uniform substrate (r ¼ 0), a discontinuity corre-
sponding to a first-order irreversible phase transition (IPT) be-
tween an active zone and a degenerate sector poisoned with su-
perficial nitrogen and oxygen, a situation that is visualized in
the snapshot of Figure 3a, which shows that all the particles
of adsorbed oxygen are surrounded by adsorbed nitrogen
atoms. Since neither of these particles are desorbed, and the
mechanism excludes the beta nitrogen formation stage, the
system will remain permanently poisoned. On the other hand,
the degeneration of the adsorbent zone makes this transition
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Figure 3. Snapshots of the MC simulations at 623K corre-
sponding to the diagram of Figure 1; ( ) O; ( ) N; ( )
CO; ( ) NO; ( ) vacuum. (a) uniform surface, yCO ¼
0:875; (b) IPC 100� 106 MCS, yCO ¼ 0:8125; (c) IPC
500� 106, yCO ¼ 0:8125.

Table 1. Kinetics Parameters from Rh(111) Used in the Papera)

Event Activation energy Frequency References
Ei/kJmol�1 factor

�i/s�1

CO desorption (k2) 132:3� 18:8�CO � 41:9�N 1:6� 1014 7
NO desorption (k4) 124.4 4:6� 1014 23
NO dissociation (k5) 73:3þ 8:4�NO 2:1� 1010 23
CO2 production (k6) 59.9 1012 7
Delta N2 production (k8) 87.9 2� 109 7

a) Selectivity SN2O ¼ 0:8 for T ¼ 623K of Ref. 9.
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different from that seen in the classical ZGB diagram.24 The
snapshots of Figures 3b and 3c, on the other hand, provide
a view of the evolution of the steady state process over the
IPC and yCO ¼ 0:8125 for 100 and 500 million Monte Carlo
Steps (MCS) (Appendix). The differences between the last
two snapshots can be seen, indicating the permanent change
undergone by the superficial phase as the kinetic phenomenon
takes place.

As determined by Casties et al.22 for the ZGB model, in this
case the value of yCO, corresponding to the phase transition y2
at high CO concentrations, decreases linearly with the value
of the blocking fraction r of the surface from y2 ¼ 0:525 on
a uniform surface to approximately 0.42 in the IPC fractal.
This can be explained because adsorption of O2 requires the
existence of two nearest neighbor (nn) sites on the surface.
Therefore, in less branched substrates corresponding to lower
values of r there is a greater number of oxygen atoms and
the reaction rate is enhanced, leading to a larger value of y2.
However, the influence of the cluster’s topology on the
efficiency of adsorption O2 is not seen when only one site is
needed for adsorption, as in the case of CO and NO particles.

The above can explain why in our case the value of r does
not have an important influence on the values of y2 corre-
sponding to the phase transitions of the CO–NO reaction, as
seen in Figure 1 for r � 0:3, for values of r � 0:3, up to the
IPC a difference is seen in the system’s behavior, with loss
of the approximate discontinuity of the production curves in
the time range reported in this paper. This difference is also
made evident by the longer time needed to achieve surface poi-
soning at the corresponding pressure in each case.

It has also been established by different authors that in the
case of the ZGB model on random and deterministic frac-
tals,25,26 an IPT change from first to second-order takes place
that also belongs to the universality class of directed percola-
tion (DP). This situation has been studied in detail by Albano26

in the case of the IPC. Figure 1 shows that apparently there is a
similar situation in the CO–NO reaction if the curves for the
uniform surface and the IPC fractal are compared. However,
it is interesting that the discontinuity is approximately main-
tained in the rest of the percolation clusters, in contrast with
what was found by Casties et al.22 for the ZGB model. We

have confirmed this situation, within reasonable computation
times for this work, finding that for example the points
on the curves corresponding to the IPC and to r ¼ 0:35, for
yCO > 0:8 did not change until times as long as 500 million
MCS.

Although an a priori theoretical demonstration of the char-
acter of a transition is not possible except through a mathemat-
ical experiment like the MC simulation made in this paper,
in a previous paper,27 and using as an example the ZGB model
for the oxidation of CO, we proposed an explanation of the
phenomenon by assuming that a heterogeneous surface can
be conceived as a set of homogeneous sectors like a series
of strips, for example. The argument considered that if in each
of them a first-order discontinuous transition occurs at differ-
ent yCO, the overall result on the heterogeneous surface will
be a second-order continuous transition. An argument similar
to that of the ZGB model would explain the interesting
character change of the transition seen in Figure 1 for the
CO–NO reaction on the percolation clusters having r > 0:3
up to the IPC fractal.

In general, Figure 1 shows an increase of the production
curves with yCO for low r values, but they decrease for r values
between 0.25 and the IPC. On the other hand, when the con-
centration of CO decreases, the curves gradually approach
one another, tending to a production value close to 40 for all
values of r at yCO approximately equal to 0.04.

An interesting aspect is the relation found between the pro-
duction values and the mean value qi of the nearest neighbors
(nn) of the active site, which caracterizes the series of perco-
lation clusters. Figure 4 shows the activity versus qi diagrams
for different concentrations, yCO, of the gas phase. qi versus the
value of r, have been determined on the computer considering
the average over various substrates with the same proportion of
blocked sites r.

The perfect linearity of the production versus qi curve, with
a correlation better than 0.999 in the high CO concentration
zone, corresponding approximately to the maximum of the
production curve, is suggestive and is mentioned below. This
linearity is lost for lower yCO values.

In relation to this point, it is necessary to consider that the
NO dissociation stage in the mechanism of Scheme 1 is very
important in the development and control of the reaction.
For low yCO values, the pressure of NO in the gas phase and
the surface coverage �NO seen in Figure 2b are high, providing
a sufficient availability of superficial nitrogen and oxygen
atoms for the process. This results in a production that is al-
most independent of the number of neighbors of the active site,
as seen in the curve of Figure 4 for yCO ¼ 0:125. At the other
end, on the other hand, the low pressure of NO in the gas phase
and the low superficial NO coverage lead to the control exerted
by the number of nn of the site on the process, accounting
for the proportionality found between production and qi in
the straight line of Figure 4 for yCO ¼ 0:75. The intermediate
situation curve is shown for yCO ¼ 0:50.

The importance of the dissociation stage in the control of
the process can also be visualized in the production curves
obtained when the dissociation constant k5 is changed. This
is shown in the top insert of Figure 1 for the case of the
IPC. An important decrease of the reactive window is seen
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Figure 4. RCO2
production versus the average of the num-

ber of nearest neighbors, qi, of a site of the percolation
cluster. ( ) yCO ¼ 0:125; ( ) yCO ¼ 0:50; ( ) yCO ¼
0:75. The lines have been drawn to guide the eyes.
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when k5 is increased. This is accounted for by the greater
availability of nitrogen and oxygen atoms produced by the
increased dissociation.

In Figure 5 we have analyzed the activity changes with the
partial pressure of the system’s components and with temper-
ature, in the extremes cases of the uniform substrate and the
IPC fractal within the ranges studied in this work. These rela-
tions are commonly used to determine the kinetics parameters
reaction order and apparent activation energy. Figure 5a shows
good linearity with a correlation better than 0.99 in the loga-
rithmic curve of activity versus NO pressure if CO pressure
is kept constant, pointing to the existence of an order with re-
spect to NO pressure equal to �0:77 in the uniform substrate
and �0:40 in the IPC. On the other hand, Figure 5b indicates

that there is no reaction order in the ranges studied in the case
in which PCO is varied while keeping PNO constant.

Figure 5c shows an adequate Arrhenius behavior of both
substrates in the temperature range considered, allowing acti-
vation energies of the order of 201 kJmol�1 for both surfaces,
which are of the order of the experimental data, although
somewhat larger than those obtained by Peden et al.,10 for ex-
ample, for the CO–NO reaction on Rh crystals. This is reason-
able if one considers the approximations that belong to an MC
simulation, such as the effects of the shape and size of the lat-
tice, the non inclusion of superficial diffusion, which in this
case is not considered because of the mechanism used, or
the effect of having to average a large number of configura-
tions to obtain adequate steady state values in the MC. The
other factor that makes difficult the comparison with the exper-
imental data, as we have commented previously,19 is the un-
certainty of the magnitudes of the kinetic parameters, which
in general are determined in experiments under various condi-
tions or considering mechanisms different from the one pro-
posed recently by our group and was used in this work.

Conclusion

1) The structural sensitivity of the CO–NO reaction, mani-
fested especially in the production diagram on the different
percolation clusters from the uniform surface to the IPC fractal
with the new kinetic mechanism, validates the effect of the
catalysts’ particle size in the actual experiment.

2) The reaction studied shows a discontinuous or first-order
kinetics phase transition on the uniform surface between an
active phase and one poisoned with nitrogen and oxygen,
showing a degeneration that distinguishes it from that seen
in the ZGB model. This discontinuity also occurs apparently
in the percolation clusters only with r � 0:30, showing a clear
difference in the case of the IPC. This phenomenon is different
from that found by Castie for the ZGB model.

3) In the active zone, at relatively high CO pressures a per-
fect linearity is seen between production and the mean value of
the number of nearest neighbors of the active site qi in the
cluster. In the zone of low relative CO pressures, on the other
hand, there is a lower dependence of production on qi.

4) The relation between production and pressure shows for
the uniform surface and for the IPC a reasonable reaction order
with respect to the NO pressure. However, no reaction order is
seen in the case of CO pressure.

5) The relation between production and temperature shows
an Arrhenius type behavior for the uniform surface and for
the IPC, with an apparent activation energy of the order of
the experimental value and slightly higher than that found
by Peden et al. on single crystals of Rh. The difference has
been commented in the discussion.

The authors acknowledge the financial support of this work
by FONDECYT under Project No. 1070351.

Appendix

Simulation Procedure. The MC algorithm used in this paper
is similar to one used previously by our group28 for the CO oxida-
tion reaction, based on one proposed earlier for this system29 and
recently for the CO–NO reaction.30 For every iteration of the CO–
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Figure 5. (a) Production RCO2
as a function of NO pressure

with a fixed CO pressure, PCO ¼ 8Torr at 623K; (b) RCO2

production as a function of CO pressure with a fixed NO
pressure, PNO ¼ 8Torr at 623K; (c) Arrhenius-like ex-
pression for PCO ¼ PNO ¼ 8 (Torr). The lines have been
drawn to guide the eyes. ( ) uniform surface; ( ) IPC.
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NO reaction, the simulation process selects an event from the
mechanism (adsorption, desorption, and dissociation or surface
reaction) of Scheme 1 according to the probability, pi, of the
event, defined by

pi ¼ ki

� X
i

ki ðA1Þ

where ki corresponds to the rate constant of step i of the mecha-
nism. It is assumed that the rate constants ki can be expressed
as functions of temperature T according to Arrhenius’ equation,

ki ¼ �i expð�Ei=RTÞ ðA2Þ

where Ei is the activation energy and �i is the frequency factor. In
the case of adsorption, ki is calculated according to the expression
of the kinetic theory of gases:

kiðadsÞ ¼ �ð2�MiRTÞ�1=2 ðA3Þ

where Mi is the molecular mass of i and the coefficient � is the
area occupied by 1mol of superficial metal atoms (3:75� 108

cm2 mol�1 for Rh(111)).
Once an event has been selected, if it corresponds to the adsorp-

tion of CO, a site is chosen randomly on the surface, and if it is
vacant a CO(a) particle will be adsorbed. If the site is occupied,
the attempt is ended. If the adsorption of NO is chosen, the proce-
dure is completely analogous, and an NO(a) particle is adsorbed.

If CO desorption is chosen, a surface site is selected randomly.
If it is occupied by a particle other than CO(a) or it is vacant, the
attempt is ended. However, if it is occupied by a CO(a) particle,
desorption occurs and the particle is replaced by a vacant site.
The procedure is analogous in the case of choosing the desorption
of NO.

When the selected event is the dissociation of NO, a surface site
is chosen randomly. If it is occupied by an NO(a) particle, a nearest
neighbor (nn) site is chosen randomly next to the first site. If this
is empty, dissociation occurs and an N(a) particle remains in the
first site and an O(a) particle in the second site.

In the case of selecting a chemical reaction event, the procedure
is the following: A site on the surface is first chosen randomly.
In the case of the reaction between CO(a) and O(a), if the site is
occupied by CO, an nn site is then chosen randomly next to the
first site. If the latter is occupied by O(a), the event is successful
and a CO2 molecule is removed from the surface, leaving two
vacant sites. If the N2(g) production event is chosen and the first
particle is NO(a) and the second is N(a), a molecule of N2(g) leaves
the surface, leaving O(a) in the first site. If the selected event
is N2O production, the procedure is the same, and in this case
the N2O molecule is removed from the surface, leaving two
vacant sites.

The activation energies were recalculated after every MCS,
since they depend on surface coverage.

The substrates used in the simulations were a surface made of
sites located in an L� L square lattice whose active sites were
generated by blocking a fraction r of the L� L sites (impurities)
of the square lattice. The substrates are obtained in this case by
considering only the spanning cluster of the remaining sites com-
puted by Kopelman’s algorithm.31 The case of r ¼ 0:407254 cor-
responds to a statistical fractal, the incipient percolation cluster
(IPC), with a fractal dimension equal to 91/48.32 To achieve stat-
istical precision it was necessary to generate a number of them, so
that the properties obtained from MC for the CO–NO reaction are
the average of the results of the simulations carried out on those
substrates.

The lattice of L� L sites used in the simulation, with dimen-
sions such that they contain approximately 4200 active sites for
any value of r, is representative of the catalytic surface of the
experiment if it is considered that the active sites of the lattice
correspond to Rh atoms. In this case use has been made, as is cus-
tomary for simplicity, of a square lattice with coordination equal
to 4. In the case of Rh the most frequent faces are Rh(100), which
is square, and Rh(111), which is hexagonal, and according to
Anderson33 the average number of atoms on the polycrystalline
surface of Rh is 1:33� 1019 (atomsm�2). This means that in
the simulated lattice the sites are assumed to have a separation
of 0.27 nm, making it possible to relate the L� L lattice, statisti-
cally representative of the surface according to the basis of the
Monte Carlo method, with the surface of the actual crystal.

In general, to reach an adequate stability in the results, use was
made of a number of iterations of the order of 20 million Monte
Carlo Steps (MCS), defined as a number of attempts equal to
the number of sites in the substrate. This stability was checked
in several cases, verifying that the result did not vary at all after
500 million MCS.
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