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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 prodidbeNformation 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
system in steady-state conditions, calculated through Monte Carlo simulations, is consistent with experimental observations. The effect and
importance of each elementary process in the reaction kinetics is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a reactive state can be sustained in a given system, and how
such state is affected by the different steps of the reaction
The catalytic reduction of NO to Non metals has been mechanism. Lattice-gas models studies by Monte Carlo sim-
intensively studied both experimental and theoretically for ulations have played an important role in this by showing the
many year§l—21]in connection with the necessity to develop effects of relevant parameters in the kinetics of the reaction
better catalysts for atmospheric pollution-control processes.and on the steady-state reacti#d—21] However, many of
Rhodium metal has proven to be one of the best catalystthese theoretical studies point preferently to the qualitative
for this purposg1-3], in particular its (11 1) facet, which  behavior of the system while keeping, at the same time, the
should be the one contributing largely to the activity of metal model as simple as possible. Therefore, more realistic ap-
nanoclusters dispersed on the surface of the catalyst supportproaches to try to predict quantitatively experimental data
The key step of the NO reduction reaction has long been have not been generally developed.
thought to be the breaking of the c-bond upon chemisorption  Recent molecular beam studies on the reduction of NO
on the metal. Rapid recombination of surface nitrogen atomsover Rh(111)4,5,22—-27]have indicated that the standard
to form N, has been proposed to follow rapidly afterwards, reaction scheme used to explain the kinetics of this reac-
and the removal of the byproduct adsorbed oxygen by thetion needs to be modified in at least two important ways.
reducing agent (CO in many cases) has been assumed to bEirst, it was found that when #N-covered Rh(11 1) sur-
fast as well. face is exposed to &NO+CO beam, the molecular ni-
From the theoretical point of view, there has been a greattrogen produced always contains at least ¢fd atom
deal of interest to establish the precise conditions underwhich[20,21] This means that the nitrogen recombination step,
N(ads) + N(ads}> Nx(gas) + 2 sites, usually assumed re-
* Corresponding author. Tel.: +54 2652436151; fax: +54 2652430224 SPonsible for the formation of molecular nitrogenisin fact not
E-mail addressgiorgio@unsl.edu.ar (G. Zgrablich). fast enough under typical reaction conditions to account for
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the N\, production. Instead, an intermediate species, N-NO, sorbed atomic nitrogen. As the CO concentration in the gas
appears to form on the surface, and then either decompose tphase increases, the coverage of atomic nitrogen on the sur-
N2(gas) + O(ads), or just simply desorb. face increases steadily from relatively low values to inter-
A second important modification to the NO reduction mediate ones, crossing the O coverage curve in the reactive
mechanism brought about by the molecular beam work arisesregion[23]. This could probably be controlled by choosing
from the evidence that, at least on Rh(11 1) surfaces, atomican appropriate balance between the two possible processes
N forms compact islands. Indeed, it was found that the leading to N production: N—-NO formation and N—N recom-
isotopic distribution of the molecular nitrogen detected in bination steps. It has been recently shown experimerj2ly
temperature programmed desorption (TPD) spectra from sur-that both steps are operational in the catalytic NO reduction
faces prepared by using isotopic mixturesi®l- and15N- by CO on Rh(111) but that the second one is much slower
labeled nitrogen oxide can only be explained on that basisthan the first. As a complementary result arising from the
[26,27] The mechanism for the formation of these islands, same experimental study, it was also shown that the forma-
however, has not yet been established. tion and decay of the intermediate N-NO species is facilitated
The effects of the addition of the N-NO intermediate and by the presence of neighboring co-adsorbed molecules.
of the formation of N-islands on the kinetics of the NO + CO The purpose of the present work is to propose a reac-
reaction on Rh(111) have already been addressed throughion model that takes into account all the above experimental
Monte Carlo simulations in previous pap¢t8,19] There, observations and to test it through Monte Carlo simulations
the importance of several elementary processes such as thagainst experimental data on reaction rates and O and N cov
formation of the N-NO intermediate through an Eley—Rideal erages. In Sectiodwe describe the lattice-gas model and the
step and NO and CO diffusion and desorption was investi- reaction scheme used in this work to incorporate the new fea-
gated. However, like in the majority of the former studies tures suggested by the experimental evidence, and the Monte
of this system, no attempt was made to ‘tune’ the model in Carlo simulation method to follow the kinetics of the system.
order to obtain steady-state coverages for different speciesThe results from those simulations are then presented, dis-
and reaction rates in at least qualitative concordance with cussed and compared with experimental data in Se&ion
experimental data. and the conclusions are given in Sectibn
Avery general characteristic common to almost any model
for the NO + CO reaction is the prediction that the surface
becomes mainly poisoned with oxygen at low CO gas phase2. Model and simulation method
concentrations. Then, as that CO concentration increases, the
coverage of atomic oxygen on the surface decreases steadily In our simulations, the surface of a Rh(11 1) single crys-
and then drops rapidly to almost zero. In contrast, the ob- tal is represented as a triangular lattice ok L sites with
served behavior for the reaction on Rh(1123] as CO periodic boundary conditions. The gas phase is assumed to
concentration in the gas phase increases is such that oxybe a mixture of NO and CO molecules with molar fractions
gen coverage is first negligible at low CO concentrations but Yyo andYco adding up to a total value of one. Our reaction
then increases suddenly as the reaction sets up and finallyscheme takes into account:
decreases again slowly. Significatively, a similar behavior is ) i ,
followed by the reaction rate. Our previous experience insim- (&) The formation of an N-NO intermediate as the key step
ulating this reaction suggests that the high oxygen coverage at for the form_atmn of M
low CO concentrations is due to an excess of NO dissociation. (b) The forr_nz_mon of N-|sl_ands on the surface.
However a simple general reduction in NO dissociation rate (¢) The inhibition of NO dissociation due to the presence of
leads to a complete closing of the reaction window. The only . N€ighboring adsorbed particles.
possible way to overcome this difficulty seems to be to take (d) The desorphop of ,NO and CO species. i
into account the fact that the NO dissociation rate not only (€) The surface diffusion of NO and CO species.
depends on the availability of vacant sites, butalsoontheen- e exclude in this simulation the Eley—Rideal step,
ergetic changes on the surface induced by adsorbed NO angyo(gas) + N(ads)> (N-NO)", considered in previous stud-
CO. This effect is such that NO dissociation is further inhib- ies [18’19], due to the fact that it was found that when this
ited by the presence of other neighboring adsorbed NO andstep is active no N-islands are observed, contradicting exper-

CO molecules. Indeed NO dissociation appears to be a quitejmental observationi26,27]. The proposed reaction scheme
complex process, as indicated by the extensive experimentSs then as follows:

of Niemantsverdriet and coworkd3]. Their results clearly

show that the NO dissociation rate decreases as the numbefO(gas)+ site — CO(ads) 1)

of nearest-neighbor vacant sites decreases and, in particular, .

with the presence of nearest-neighbor co-adsorbed NO and\I O(gas)+ site — NO(ads) (2)

CO molecules. NO(ads)+ site — N(ads)+ O(ads) (3)
Another important experimental observation, which .

should be reproduced by the model is the behavior of ad- NO(ads)+ N(ads) - (N-NO) + site (4)
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(N-NO)" — Ny(gas)+ O(ads) (5) where the new variables have significance similar to those in
Eqg.(12).
N(ads)+ N(ads) — Nx(gas)+ 2 sites (6) We now briefly describe the simulation method; the de-

tails, with the obvious modifications due to the particularities

CO(ads)+ O(ads)—> COx(gas) + 2sites 7 of the present model, can be found in Ré&B].
NO(ads)— NO(gas) (8) A Monte Carlo tr_ial begins _by decidin_g_ which o_f twq pro-
cesses, an adsorption step with probabpifysor a diffusion
CO(ads)— CO(gas) 9) step with probability 1- pags iS to be executed. After that,
. ] the algorithm can be described as follows:
NO(ads)+ site — site + NO(ads) (20)

e Adsorption A molecule from the gas phase, CO or NO, is

CO(ads)+ site — site + CO(ads) (12) 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.

e Diffusiont 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.

e Desorption After any successful adsorption step is exe-
cuted, a desorption step is attempted. A site is chosen at

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 stef), and the path for the consump-
tion of the intermediate species. To this epghsis defined
as the probability of an adsorption event taking place (versus
1 — pads= pgit for a diffusion event)pgis as the probability for
NO dissociation, stefB) (so 1— pyjs is the probability that
NO remain adsorbed as a monomeghd{NO) andpge{CO)
as the probabilities for NO and CO desorption, respectively,

Pn+ N as the probability for N formation through steg6) random and, if it is occupied either by NO or CO, the des-

when an adsorbed N is chosen on the surface (s@. n orption is attempted with the corresponding probability,
is the probability for ste4) under the same conditions. Note PaedNO) or pued CO).

that if NO is chosen on the surface then sté¢ps attempted
for the formation of N), andpn_no as the probability for the It must be kept in mind that, whenever a new vacant site
formation and decay of the N-NO intermediate species. IS generated on the surface as a consequence of any of the
The dissociation of NO, being a complex and the most above processes, this vacant site must be treated as a species,
important process, deserves separate consideration. The folwhich can participate in a NO dissociation reaction.
lowing must be taken into account: (a) the formation of N- A Monte Carlo step (MCS) is chosen to consist ok IL
islands, by considering that NO dissociation is facilitated by trials, so, on average, every site on the lattice is visited for
the presence of neighboring co-adsorbed N atoms; (b) theadsorption or diffusion. A lattice size &f=1 0 0 wasicked
dissociation probability increase with increasing number of SO to make finite size effects negligible (a fact verified by in-
vacant neighboring sites; and (c) the blocking effect on the dependent simulations). For a given valuergb, and start-
dissociation probability by the presence of neighboring co- ing with an initial empty surface, the process was deemed
adsorbed NO and CO molecules. Therefore, the following to have reached steady-state when the total surface coverage
expression is proposed for the dissociation probability for an € =6n + 6o +6no +6co stopped changing appreciably over

NO molecule located at a given site: the last 16 MCS. In all cases, stabilization was achieved be-
fore 7x 10* MCS. After the simulation was considered fin-
Dais = eNAN + cvity — en—o(iNo + 1co) (12) ished, plots of the coverages of each species as well as of the
6 reaction rateskn,, Rco,. Rn,0 VersusYco were obtained.

where ny, Ny, nno and nco are the number of nearest- Reaction rates were calculated as the number of molecules

neighbor sites occupied by N, vacant and occupied by NO andProduced divided by the number of Monte Carlo trials per-

CO, respectively, and the coefficiergsire the correspond- ~ formed.

ing weight factors. These weight factors represent the relative

importance of the three effects (a—c), described above, and ) )

are used as fitting parameters in our model. 3. Results and discussion

Finally, the experimental observation that the formation _ _

and decay of the N-NO intermediate is facilitated by the A large amountof calculations were performed in order to

presence of neighbor co-adsorbed NO and[@®@) must be ~ Understand the effect of each of the parameters of the model.

taken into account. This can be achieved by considering that:"'ereltWe present only a subset stressing the most important

results.

eN-No(nNo + nco) (13) Fig. 1 shows the steady-state phase diagram (a), the N

8 and CQ overall reaction rates (b), and the rate for several

PN-NO =
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) ) Fig. 2. Effect of neglecting the N + N recombination step for the formation
Fig. 1. Steady-state coverages (a),&hd CQ reaction rates (b), and ele- of No. The same aBig. 1except thapy + =0.

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 it = 0.1),pdedNO) = 0.25 pgeCO) =0.3cn =0.7,0v =0.7, . o .

tN-0 = 1.5,pn+N =0.3,Cnno = 3.0. 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 valuesYgf. This behavior is
elementary steps (c), obtained for a combination of param- similar to that seen for the overall reaction rate. However, as
eter values leading to a satisfactory behavior of the sys- we shall see below, several other processes are also important
tem: pads=0.9 Egif = 0.1), pgedNO) =0.25,pged{CO) =0.3, to obtain the right balance between different effects leading
cen=0.7,cy =0.7,cn—0=1.5,pn+ N =0.3,en-n0 = 3.0. This to the satisfactory behavior presented-ig. 1 We will try
set of parameters indicates that there is an important amounto understand the effects of the most relevant processes by
of surface diffusion and desorption of NO and CO species, observing what happens when we suppress each one of them
that NO dissociation increases moderately with the presencein the general scheme corresponding to the set of parameter
of neighboring vacant sites and co-adsorbed N atoms (therevalues given above.
is some N-islands formation) and is strongly depressed by First, we consider the suppression of reaction g&p
the presence of neighboring co-adsorbed NO or CO speciesthe classical step for the formation obNThus, we make
that reaction steyf6) is operational to some extent (30%), pn+n=0 while keeping the same values as above for all
and that the formation and decay of the N-NO interme- other parameters. The results are giveRim 2, where dras-
diate is moderately facilitated by neighboring co-adsorbed tic change is seen in spite of the fact that the behavior of NO
NO or CO species. The following characteristics are ob- dissociation is quite similar to that &fg. 1 In particular, the
served which qualitatively reproduce experimental observa- reaction window disappears in the region of intermedvate
tions: (a) the reaction window, manifested by measurable values, where the surface becomes poisoned with adsorbed
N2 and CQ production rates, extends from low values of O and N, the latter showing a very high coverage. It can then
CO concentrations in the gas phase up to almost CO sat-be said that, when the dissociation of NO starts to accelerate,
uration; (b) the reaction rate increases rapidly Wi, which is the condition for the reaction rate to reach its max-
passes through a maximum né&@p=0.5, and then decays imum, the formation and decay of the N-NO intermediate
slowly toward zero; (c) the coverage of adsorbed O atoms species is not enough to consume adsorbed N on its own, be-
is very low at low CO concentrations in the gas phase, then cause NO disappears simultaneously from the surface and the
peaks near 0.5, and goes back to zero at higher CO con-+eaction dies out. It has been shown in our previous Wik
centrations; (d) the coverage of adsorbed N atoms is practi-thatitis possible to maintain the reaction without g@pbut
cally zero at lowYco, then crosses the curve of O coverage at the cost of introducing some unlikely process such as an
near 0.5, and stabilizes aroug =0.1 at higher values of  Eley—Rideal step between NO(gas) and N(ads). We therefore
Yco. conclude that steff) must be considered in the mechanism

Itis clear fromFig. 1c that NO dissociation plays a fun-  of NO reduction, even if it is not the fastest way of producing

damental role in the overall NO reduction reaction, as it is No.
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other hand, the NO dissociation rate becomes appreciably de-

Next, the suppression of reaction stéppsand(5) is con-
sidered, assuming that the only way to produgédNhrough
the classical N + N recombination sté&f). Fig. 3 shows the

pressed neafco=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-

resulting behavior of the system: the overall reaction rate alistic. Therefore, we conclude that the mobility of adsorbed

is depressed, strongly smoothed, and the maximum shiftedNO and CO species is important to keep the appropriate be-
to higherYco values. Also, the N and O coverages almost havior of NO dissociation and the overall behavior of the

disappear, in contradiction with experimental observations. system.
We have already shown in previous wdid] the im-

is an important reaction step in the mechanism of NO con- portance of the NO and CO desorption processes for the

This indicates that the formation of the N—-NO intermediate

version, and cannot be neglected. Even more, combining this
result with the one above, it can be said that the two ways of
producing N 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 shownhiig. 4, where it can be seen that

1.0
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0.4

02|

0.05

the increase in the reaction rate before reaching the maximum ¢ g

becomes smoother, the peak is shifted to higher CO concen-
trations inthe gas phase, and N and O coverages become quit:
depressed. Therefore the N-islands formation also seems tc

be a necessary process to reproduce the experimental obse R,

vations.

Next, we analyze the influence of NO and CO surface
diffusion. Suppressing surface diffusion of these species,
the behavior represented fig. 5is obtained. The increase
of the reaction rate before reaching the maximum becomes
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smoother, and the behavior of O and N coverages is not inFig. 5. Effect of neglecting NO and CO surface diffusion. The sanfégad
good concordance with experimental observations. On theexcept thapags= 1.
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0.8 prYvYYYYYYYYYYY, o Total ] presence of neighboring co-adsorbed NO and CO molecules
a6l i (in addition to the classical N+ N recombination step), the
0 04l formation of N-islands, the increasing of NO dissociation
6zl probability with the number of neighboring vacant sites and
53 the depression of this dissociation probability by the presence
0.15 of neighboring co-adsorbed NO and CO species. In addition,
it other elementary processes such as the desorption and surface
R | diffusion of NO and CO have also been considered.
0.05 The overall behavior of the reaction in steady-state, ob-
gL tained by Monte Carlo simulations when all these character-
istics are taken into account, is found to be in good qualitative
03 . ) .
| : agreement with experimental observations. Furthermore, the
02 b Norai 3 . ..-""""' i effects of neglect.ing each one of the. above_eleme_ntary pro-
R | (dis) e e cesses were estimated, thus exposing their relative impor-
01 [ - ..'Eo( dod) {1 R - tance in the kinetics of the overall reaction. The most impor-
NO(des) o* q 4= tant effects were shown to be due to the right balance between
oo " i e e 1.00-0 the _N—NO and the N+N pathway_s to produce, khe for-
Yeo mation of N-islands, and the blocking effect of co-adsorbed

NO and CO on the NO dissociation probability.

Fig. 6. The effect of neglecting the blocking of NO dissociation due to the
presence of neighbor co-adsorbed NO and CO species. The sdfite as
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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

choosingen—o = 0, the results shown iRig. 6 are obtained,
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