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Abstract

A model for the kinetics of NO reduction by CO on Rh(1 1 1) surfaces is proposed that takes into account recent experimental observations
on the formation of an N–NO intermediate as an alternative pathway to produce N2, the formation of N-islands in the adsorbed phase, an
increase of the NO dissociation probability with the number of neighboring vacant sites, and the blocking of NO dissociation due to the
presence of neighboring co-adsorbed NO and CO species. When all these characteristics are taken into account, the overall behavior of the
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ystem in steady-state conditions, calculated through Monte Carlo simulations, is consistent with experimental observations. Th
mportance of each elementary process in the reaction kinetics is discussed.

2004 Elsevier B.V. All rights reserved.
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. Introduction

The catalytic reduction of NO to N2 on metals has been
ntensively studied both experimental and theoretically for

any years[1–21]in connection with the necessity to develop
etter catalysts for atmospheric pollution-control processes.
hodium metal has proven to be one of the best catalyst

or this purpose[1–3], in particular its (1 1 1) facet, which
hould be the one contributing largely to the activity of metal
anoclusters dispersed on the surface of the catalyst support.
he key step of the NO reduction reaction has long been

hought to be the breaking of the c-bond upon chemisorption
n the metal. Rapid recombination of surface nitrogen atoms

o form N2 has been proposed to follow rapidly afterwards,
nd the removal of the byproduct adsorbed oxygen by the
educing agent (CO in many cases) has been assumed to be
ast as well.

From the theoretical point of view, there has been a great
eal of interest to establish the precise conditions under which

∗ Corresponding author. Tel.: +54 2652436151; fax: +54 2652430224.

a reactive state can be sustained in a given system, an
such state is affected by the different steps of the rea
mechanism. Lattice-gas models studies by Monte Carlo
ulations have played an important role in this by showing
effects of relevant parameters in the kinetics of the rea
and on the steady-state reached[10–21]. However, many o
these theoretical studies point preferently to the qualit
behavior of the system while keeping, at the same time
model as simple as possible. Therefore, more realisti
proaches to try to predict quantitatively experimental
have not been generally developed.

Recent molecular beam studies on the reduction of
over Rh(1 1 1)[4,5,22–27]have indicated that the standa
reaction scheme used to explain the kinetics of this r
tion needs to be modified in at least two important w
First, it was found that when a14N-covered Rh(1 1 1) su
face is exposed to a15NO + CO beam, the molecular n
trogen produced always contains at least one15N atom
[20,21]. This means that the nitrogen recombination s
N(ads) + N(ads)→ N2(gas) + 2 sites, usually assumed
sponsible for the formation of molecular nitrogen is in fact
E-mail address:giorgio@unsl.edu.ar (G. Zgrablich). fast enough under typical reaction conditions to account for
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the N2 production. Instead, an intermediate species, N–NO,
appears to form on the surface, and then either decompose to
N2(gas) + O(ads), or just simply desorb.

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(1 1 1) 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 sur-
faces prepared by using isotopic mixtures of14N- and15N-
labeled nitrogen oxide can only be explained on that basis
[26,27]. The mechanism for the formation of these islands,
however, has not yet been established.

The effects of the addition of the N–NO intermediate and
of the formation of N-islands on the kinetics of the NO + CO
reaction on Rh(1 1 1) have already been addressed through
Monte Carlo simulations in previous papers[18,19]. There,
the importance of several elementary processes such as the
formation of the N–NO intermediate through an Eley–Rideal
step and NO and CO diffusion and desorption was investi-
gated. However, like in the majority of the former studies
of this system, no attempt was made to ‘tune’ the model in
order to obtain steady-state coverages for different species
and reaction rates in at least qualitative concordance with
experimental data.
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sorbed atomic nitrogen. As the CO concentration in the gas
phase increases, the coverage of atomic nitrogen on the sur-
face increases steadily from relatively low values to inter-
mediate ones, crossing the O coverage curve in the reactive
region[23]. This could probably be controlled by choosing
an appropriate balance between the two possible processes
leading to N2 production: N–NO formation and N–N recom-
bination steps. It has been recently shown experimentally[29]
that both steps are operational in the catalytic NO reduction
by CO on Rh(1 1 1) but that the second one is much slower
than the first. As a complementary result arising from the
same experimental study, it was also shown that the forma-
tion and decay of the intermediate N–NO species is facilitated
by the presence of neighboring co-adsorbed molecules.

The purpose of the present work is to propose a reac-
tion model that takes into account all the above experimental
observations and to test it through Monte Carlo simulations
against experimental data on reaction rates and O and N cov-
erages. In Section2we describe the lattice-gas model and the
reaction scheme used in this work to incorporate the new fea-
tures suggested by the experimental evidence, and the Monte
Carlo simulation method to follow the kinetics of the system.
The results from those simulations are then presented, dis-
cussed and compared with experimental data in Section3,
and the conclusions are given in Section4.
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A very general characteristic common to almost any m
or the NO + CO reaction is the prediction that the sur
ecomes mainly poisoned with oxygen at low CO gas p
oncentrations. Then, as that CO concentration increase
overage of atomic oxygen on the surface decreases st
nd then drops rapidly to almost zero. In contrast, the
erved behavior for the reaction on Rh(1 1 1)[23] as CO
oncentration in the gas phase increases is such tha
en coverage is first negligible at low CO concentrations

hen increases suddenly as the reaction sets up and
ecreases again slowly. Significatively, a similar behavi

ollowed by the reaction rate. Our previous experience in
lating this reaction suggests that the high oxygen covera

ow CO concentrations is due to an excess of NO dissocia
owever a simple general reduction in NO dissociation

eads to a complete closing of the reaction window. The
ossible way to overcome this difficulty seems to be to

nto account the fact that the NO dissociation rate not
epends on the availability of vacant sites, but also on th
rgetic changes on the surface induced by adsorbed N
O. This effect is such that NO dissociation is further in

ted by the presence of other neighboring adsorbed NO
O molecules. Indeed NO dissociation appears to be a
omplex process, as indicated by the extensive experim
f Niemantsverdriet and coworkers[28]. Their results clearl
how that the NO dissociation rate decreases as the nu
f nearest-neighbor vacant sites decreases and, in part
ith the presence of nearest-neighbor co-adsorbed NO
O molecules.
Another important experimental observation, wh

hould be reproduced by the model is the behavior o
r
,

. Model and simulation method

In our simulations, the surface of a Rh(1 1 1) single c
al is represented as a triangular lattice of L× L sites with
eriodic boundary conditions. The gas phase is assum
e a mixture of NO and CO molecules with molar fracti
NO andYCO adding up to a total value of one. Our react
cheme takes into account:

a) The formation of an N–NO intermediate as the key
for the formation of N2.

b) The formation of N-islands on the surface.
c) The inhibition of NO dissociation due to the presenc

neighboring adsorbed particles.
d) The desorption of NO and CO species.
e) The surface diffusion of NO and CO species.

We exclude in this simulation the Eley–Rideal s
O(gas) + N(ads)→ (N NO)* , considered in previous stu

es [18,19], due to the fact that it was found that when
tep is active no N-islands are observed, contradicting e
mental observations[26,27]. The proposed reaction sche
s then as follows:

O(gas)+ site → CO(ads) (1

O(gas)+ site → NO(ads) (2

O(ads)+ site → N(ads)+ O(ads) (3

O(ads)+ N(ads) → (N NO)* + site (4)
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(N NO)* → N2(gas)+ O(ads) (5)

N(ads)+ N(ads) → N2(gas)+ 2 sites (6)

CO(ads)+ O(ads)→ CO2(gas)+ 2 sites (7)

NO(ads)→ NO(gas) (8)

CO(ads)→ CO(gas) (9)

NO(ads)+ site → site + NO(ads) (10)

CO(ads)+ site → site + CO(ads) (11)

A few step probability parameters also need to be intro-
duced in our model in order to control some of the most
relevant quantities, such as the extent of NO dissociation,
NO and CO desorption and diffusion, the relative extent of
step(6) compared to step(4), and the path for the consump-
tion of the intermediate species. To this end,pads is defined
as the probability of an adsorption event taking place (versus
1−pads=pdif for a diffusion event),pdis as the probability for
NO dissociation, step(3) (so 1−pdis is the probability that
NO remain adsorbed as a monomer),pdes(NO) andpdes(CO)
as the probabilities for NO and CO desorption, respectively,
pN+ N as the probability for N2 formation through step(6)
when an adsorbed N is chosen on the surface (so 1−pN+ N
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where the new variables have significance similar to those in
Eq.(12).

We now briefly describe the simulation method; the de-
tails, with the obvious modifications due to the particularities
of the present model, can be found in Ref.[19].

A Monte Carlo trial begins by deciding which of two pro-
cesses, an adsorption step with probabilitypadsor a diffusion
step with probability 1−pads, is to be executed. After that,
the algorithm can be described as follows:

• Adsorption: A molecule from the gas phase, CO or NO, is
chosen. The chance of selecting one or the other is given by
YCO andYNO = 1 –YCO, respectively. Then a site is chosen
at random and, if vacant, the chosen molecule is adsorbed
and the reaction chain is followed until no more reaction
steps are possible. If the chosen site is occupied, then the
trial ends.

• Diffusion: A site on the surface is chosen at random. If
it is either occupied by NO or CO, and if one or more
nearest-neighbor vacant sites are available, then the parti-
cle is moved to one of the vacant sites, chosen at random,
otherwise the trial ends.

• Desorption: After any successful adsorption step is exe-
cuted, a desorption step is attempted. A site is chosen at
random and, if it is occupied either by NO or CO, the des-
orption is attempted with the corresponding probability,
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s the probability for step(4)under the same conditions. No
hat if NO is chosen on the surface then step(4) is attempted
or the formation of N2), andpN–NO as the probability for th
ormation and decay of the N–NO intermediate species

The dissociation of NO, being a complex and the m
mportant process, deserves separate consideration. Th
owing must be taken into account: (a) the formation o
slands, by considering that NO dissociation is facilitated
he presence of neighboring co-adsorbed N atoms; (b
issociation probability increase with increasing numbe
acant neighboring sites; and (c) the blocking effect on
issociation probability by the presence of neighboring
dsorbed NO and CO molecules. Therefore, the follow
xpression is proposed for the dissociation probability fo
O molecule located at a given site:

dis = cNnN + cVnV − cN−O(nNO + nCO)

6
(12)

here nN, nV, nNO and nCO are the number of neare
eighbor sites occupied by N, vacant and occupied by NO
O, respectively, and the coefficientsc are the correspon

ng weight factors. These weight factors represent the re
mportance of the three effects (a–c), described above
re used as fitting parameters in our model.

Finally, the experimental observation that the forma
nd decay of the N–NO intermediate is facilitated by
resence of neighbor co-adsorbed NO and CO[29] must be

aken into account. This can be achieved by considering

N−NO = cN−NO(nNO + nCO)

8
(13)
pdes(NO) orpdes(CO).

It must be kept in mind that, whenever a new vacant
s generated on the surface as a consequence of any
bove processes, this vacant site must be treated as a s
hich can participate in a NO dissociation reaction.
A Monte Carlo step (MCS) is chosen to consist of L× L

rials, so, on average, every site on the lattice is visited
dsorption or diffusion. A lattice size ofL= 1 0 0 waspicked
o to make finite size effects negligible (a fact verified by
ependent simulations). For a given value ofYCO, and start

ng with an initial empty surface, the process was dee
o have reached steady-state when the total surface cov
= θN + θO + θNO + θCO stopped changing appreciably o

he last 103 MCS. In all cases, stabilization was achieved
ore 7× 104 MCS. After the simulation was considered fi
shed, plots of the coverages of each species as well as
eaction ratesRN2, RCO2, RN2O versusYCO were obtained
eaction rates were calculated as the number of mole
roduced divided by the number of Monte Carlo trials

ormed.

. Results and discussion

A large amount of calculations were performed in orde
nderstand the effect of each of the parameters of the m
ere we present only a subset stressing the most impo

esults.
Fig. 1 shows the steady-state phase diagram (a), th2

nd CO2 overall reaction rates (b), and the rate for sev
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Fig. 1. Steady-state coverages (a), N2 and CO2 reaction rates (b), and ele-
mentary step rates (c), as a function of CO concentration in the gas phase,
YCO, for the following set of parameters producing a satisfactory behav-
ior:pads= 0.9 (pdif = 0.1),pdes(NO) = 0.25,pdes(CO) = 0.3,cN = 0.7,cV = 0.7,
cN–O = 1.5,pN + N = 0.3,cN–NO = 3.0.

elementary steps (c), obtained for a combination of param-
eter values leading to a satisfactory behavior of the sys-
tem: pads= 0.9 (pdif = 0.1), pdes(NO) = 0.25,pdes(CO) = 0.3,
cN = 0.7,cV = 0.7,cN–O = 1.5,pN+ N = 0.3,cN–NO = 3.0. This
set of parameters indicates that there is an important amount
of surface diffusion and desorption of NO and CO species,
that NO dissociation increases moderately with the presence
of neighboring vacant sites and co-adsorbed N atoms (there
is some N-islands formation) and is strongly depressed by
the presence of neighboring co-adsorbed NO or CO species,
that reaction step(6) is operational to some extent (30%),
and that the formation and decay of the N–NO interme-
diate is moderately facilitated by neighboring co-adsorbed
NO or CO species. The following characteristics are ob-
served which qualitatively reproduce experimental observa-
tions: (a) the reaction window, manifested by measurable
N2 and CO2 production rates, extends from low values of
CO concentrations in the gas phase up to almost CO sat-
uration; (b) the reaction rate increases rapidly withYCO,
passes through a maximum nearYCO = 0.5, and then decays
slowly toward zero; (c) the coverage of adsorbed O atoms
is very low at low CO concentrations in the gas phase, then
peaks near 0.5, and goes back to zero at higher CO con-
centrations; (d) the coverage of adsorbed N atoms is practi-
cally zero at lowYCO, then crosses the curve of O coverage
n f
Y

n-
d it is

Fig. 2. Effect of neglecting the N + N recombination step for the formation
of N2. The same asFig. 1except thatpN + N = 0.

seen that the NO dissociation rate is depressed at low values
of YCO, increases abruptly near 0.5, passes through a peak,
and then stabilizes at higher values ofYCO. This behavior is
similar to that seen for the overall reaction rate. However, as
we shall see below, several other processes are also important
to obtain the right balance between different effects leading
to the satisfactory behavior presented inFig. 1. We will try
to understand the effects of the most relevant processes by
observing what happens when we suppress each one of them
in the general scheme corresponding to the set of parameter
values given above.

First, we consider the suppression of reaction step(6),
the classical step for the formation of N2. Thus, we make
pN+ N = 0 while keeping the same values as above for all
other parameters. The results are given inFig. 2, where dras-
tic change is seen in spite of the fact that the behavior of NO
dissociation is quite similar to that ofFig. 1. In particular, the
reaction window disappears in the region of intermediateYCO
values, where the surface becomes poisoned with adsorbed
O and N, the latter showing a very high coverage. It can then
be said that, when the dissociation of NO starts to accelerate,
which is the condition for the reaction rate to reach its max-
imum, the formation and decay of the N–NO intermediate
species is not enough to consume adsorbed N on its own, be-
cause NO disappears simultaneously from the surface and the
r
t
a s an
E efore
c ism
o ing
N

ear 0.5, and stabilizes aroundθN = 0.1 at higher values o
CO.

It is clear fromFig. 1c that NO dissociation plays a fu
amental role in the overall NO reduction reaction, as
eaction dies out. It has been shown in our previous work[19]
hat it is possible to maintain the reaction without step(6), but
t the cost of introducing some unlikely process such a
ley–Rideal step between NO(gas) and N(ads). We ther
onclude that step(6) must be considered in the mechan
f NO reduction, even if it is not the fastest way of produc
2.
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Fig. 3. Effect of neglecting the N–NO pathway for the formation of N2. The
same asFig. 1except thatpN + N = 1.

Next, the suppression of reaction steps(4) and(5) is con-
sidered, assuming that the only way to produce N2 is through
the classical N + N recombination step(6). Fig. 3shows the
resulting behavior of the system: the overall reaction rate
is depressed, strongly smoothed, and the maximum shifted
to higherYCO values. Also, the N and O coverages almost
disappear, in contradiction with experimental observations.
This indicates that the formation of the N–NO intermediate
is an important reaction step in the mechanism of NO con-
version, and cannot be neglected. Even more, combining this
result with the one above, it can be said that the two ways of
producing N2 must be included in any quantitative descrip-
tion of this system, even if the N–NO formation process is
dominant.

It is interesting to find out what the effect of N-islands
formation is on the behavior of the system. By making
cN = 0, NO dissociation is no longer facilitated in the pres-
ence of neighboring co-adsorbed N atoms, and therefore the
N-islands formation mechanism is shut down. Results using
this assumption are shown inFig. 4, where it can be seen that
the increase in the reaction rate before reaching the maximum
becomes smoother, the peak is shifted to higher CO concen-
trations in the gas phase, and N and O coverages become quite
depressed. Therefore the N-islands formation also seems to
be a necessary process to reproduce the experimental obser
v

face
d cies,
t se
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Fig. 4. Effect of neglecting the process of formation of N-islands. The same
asFig. 1except thatcN = 0.

other hand, the NO dissociation rate becomes appreciably de-
pressed nearYCO = 0.5. The correct general behavior could be
recovered, but at the cost of introducing a much higher des-
orption probability for CO than for NO, which would be unre-
alistic. Therefore, we conclude that the mobility of adsorbed
NO and CO species is important to keep the appropriate be-
havior of NO dissociation and the overall behavior of the
system.

We have already shown in previous work[19] the im-
portance of the NO and CO desorption processes for the

F
e

ations.
Next, we analyze the influence of NO and CO sur

iffusion. Suppressing surface diffusion of these spe
he behavior represented inFig. 5 is obtained. The increa
f the reaction rate before reaching the maximum beco
moother, and the behavior of O and N coverages is n
ood concordance with experimental observations. On
-

ig. 5. Effect of neglecting NO and CO surface diffusion. The same asFig. 1
xcept thatpads= 1.
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Fig. 6. The effect of neglecting the blocking of NO dissociation due to the
presence of neighbor co-adsorbed NO and CO species. The same asFig. 1
except thatcN–O = 0.

proper kinetics of NO reduction. If these are suppressed
the reaction window disappears unless an Eley–Rideal re-
action step is included, which we discarded as already
discussed.

We now turn to another very important effect, the depres-
sion of NO dissociation by the presence of neighboring co-
adsorbed NO or CO species. If this effect is suppressed by
choosingcN O = 0, the results shown inFig. 6are obtained,
where even though the behavior of reaction rates is correct,
the behavior of adsorbed O is completely changed, with a
high value ofθO at low CO concentration in the gas phase,
which is in contradiction with experimental observations. No
combination of parameter values could be found to recover
the correct behavior in this case, because there are no othe
processes available to depress the high NO dissociation rate
at low and intermediateYCO values.

Finally, the importance of the facilitating effect of the pres-
ence of neighboring co-adsorbed NO and CO on the forma-
tion and decay of the N–NO intermediate species is analyzed.
By makingcN–NO = 0, a behavior (not shown here) quite sim-
ilar to that ofFig. 1is found. Therefore this effect seems not
to be relevant, at least for the steady-state behavior of the
system.

4

een
p tated
b f N
t O in-

termediate species and the facilitation of this process by the
presence of neighboring co-adsorbed NO and CO molecules
(in addition to the classical N + N recombination step), the
formation of N-islands, the increasing of NO dissociation
probability with the number of neighboring vacant sites and
the depression of this dissociation probability by the presence
of neighboring co-adsorbed NO and CO species. In addition,
other elementary processes such as the desorption and surface
diffusion of NO and CO have also been considered.

The overall behavior of the reaction in steady-state, ob-
tained by Monte Carlo simulations when all these character-
istics are taken into account, is found to be in good qualitative
agreement with experimental observations. Furthermore, the
effects of neglecting each one of the above elementary pro-
cesses were estimated, thus exposing their relative impor-
tance in the kinetics of the overall reaction. The most impor-
tant effects were shown to be due to the right balance between
the N–NO and the N + N pathways to produce N2, the for-
mation of N-islands, and the blocking effect of co-adsorbed
NO and CO on the NO dissociation probability.
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