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Abstract

The so-called “surface explosion” observed through TPR experiments in the catalytic reduction of NO by CO on a Pt(1 0 0) surface is studied by
using a dynamic Monte Carlo method on a square lattice at low pressure conditions. This analysis takes into account recent experimental evidences
concerning the above reaction on a Rh(1 1 1) surface; such experiments have shown that the N, production occurs either from the classical N + N
recombination step or by the formation and successive decay of a (N-NO)* intermediary species, being the last step the fastest pathway. Moreover,
the effect on NO dissociation rate, i.e., the limiting step during the whole reaction, is inhibited by co-adsorbed NO and CO molecules and is
enhanced both by the presence of empty sites and adsorbed N atoms as nearest-neighbors. In these simulations the experimental parameter values
are included, such as adsorption, desorption and diffusion rates of the reactants. The “explosive” phenomenon is studied in the temperature range

of 300-550 K. In our results, as the surface is totally covered with the adsorbates, cellular structures are observed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The catalytic reduction of NO by CO on the surface of noble
metals has been studied during the past few years, both from
experimental and theoretical points of view. This is due to the
importance of this reaction in the problem of air pollution, espe-
cially for controlling the processes related to the decrease of NO,
emissions [1,2]. Platinum metal has been successfully used to
carry out this reaction, given that some of the Pt crystallographic
planes are very efficient for NO dissociation, which is the lim-
iting step for CO, formation. Within these Pt planes, the (1 00)
and (1 10) surfaces are notably useful [3].

Particularly the NO + CO reaction taking place on a Pt(1 0 0)
surface, in addition to its environmental importance, has a intrin-
sic fundamental interest, due to the fact that this reaction presents
nonlinear phenomena such as kinetic oscillations, spatiotempo-
ral pattern formations and chaotic behaviors within pressure and
temperature ranges of around 107 to 10~* Pa and 390490 K,
respectively [3-9].
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It is well known that the clean Pt(100) surface, in its sta-
ble state, exhibits a reconstructed quasi-hexagonal configuration
(hex) of the atoms located in the topmost layer, which can
be reversibly lifted by the adsorption of molecules such as
CO and NO thus leading to the formation of a (1 x 1) square
structure. This constitutes an adsorbate-induced surface phase
transition (SPT) of the type hex = 1 x 1, which is controlled
by critical adsorbate coverages [3—10]. This SPT, at 7>430K,
participates directly in the oscillatory mechanism during the
course of the NO +CO reaction [3,6-9]. Whereas at T<420K
the hex <5 1 x 1 phase transition is not essential to observe oscil-
lations since the surface maintains its 1 x 1 structure. Therefore,
in the NO + CO reaction over the Pt(1 00) surface, at low tem-
perature conditions, the formation of the oscillatory patterns
occurs by a periodic sequence of an autocatalytic “surface explo-
sion” and by the restoration of an adsorbate-covered surface
[6,10]. This explosive phenomenon has been observed during
temperature programmed desorption (TPD) [11] and tempera-
ture programmed reaction (TPR) [6,12] experiments, and takes
place when the Pt(1 0 0) surface undergoes a change between a
state with a low catalytic activity, where a high-adsorbate cov-
erage inhibits the dissociation of adsorbed NO molecules, and a
state with a high-catalytic activity, where a low surface coverage
allows NO dissociation to occur [6].
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The classical mechanism of NO reduction by CO over
Pt(100) that has been employed to explain the formation of
oscillations and the so-called “surface explosion” phenomenon
consists of the following reaction steps:

COgas) +site = COuqs) )
NO(gas) + site = NOags) 2)
NO(ads) + site. — Nads) + O(ads) 3)
Niads) + N(ads) = No(gas) + 2 sites )
NO(ads) + Niads) = N2O(gas) + 2 sites 5)
COads) + O(ads) = COx(gas) + 2 sites (6)

In the reaction step (4), we can observe that the production of
No(gas) takes place through the recombination of two adsorbed N
atoms located at two nearest-neighbor (nn) sites. The formation
of the products of this reaction is directly related to the NO
dissociation rate, since this rate is the step that is limiting the
complete reaction [6,8,10].

Besides of this reaction mechanism, several other mecha-
nisms have been proposed to explain the kinetic behavior of
the NO + CO reaction over diverse surface types. One of these
mechanisms that is reported in the literature corresponds to the
formation of Ny through the combination of NO(,gs) and Nags)
as an alternative reaction pathway in the overall reaction scheme
[13-23]. For example, Cho [19] proposed a mechanism where
Ny is produced via the formation of a surface N,O species,
whose formation was demonstrated by early studies involving
Rh supported on silica [15] and TPD studies on Rh(111) by
the General Motors research group. Kortliike and Von Niessen
[20,21] assumed the NO + N recombination step as a possibil-
ity when studying the reaction on square and triangular lattices.
Denton et al. [22] showed that the N,O is an intermediate for
NO reduction into N over Pt, during selective catalytic reduc-
tion (SCR) experiments, in stationary and transient conditions.
Moreover, investigations made by Granger et al. [23] showed
that during N, production an N,O alternative step could be
involved during the reduction of NO by CO over noble metals.

In the past decade, Belton et al. [24] studied in detail the
reduction of NO by CO on the Rh(1 1 1) surface, and they came
to the conclusion that in this reaction at ultra high vacuum (UHV)
conditions, at least over Rh(1 1 1), No(gas) is exclusively formed
by the recombination of two N(ags) and N2 O gas) is formed by the
reaction between NO(ads) and Nags). Therefore, the last mech-
anism has been accepted for the same reaction occurring on
both Pt(100) and Rh(1 1 1) surfaces. However, recent molec-
ular beam experiments and theoretical studies performed by
Zaera et al. [25-31] with respect to the reduction of NO over
Rh(1 1 1) have indicated that the standard reaction scheme used
to explain the kinetics of this reaction requires modification in
at least two important ways. First, it was found that when a
14N-covered Rh(1 1 1) surface is exposedto a I5NO + CO beam,
the majority of molecular nitrogen produced contains at least
one N atom [25-27]. This means that the nitrogen recombi-
nation step, N(ads) +Nads) = N2(gas) +2 sites, usually assumed
as responsible of the formation of molecular nitrogen is in fact

not fast enough under typical reaction conditions to account
for the Ny production rate. Instead, an intermediate species,
(N-NO)*, appears to be formed on the surface, and then either
it decompose to Na(gas) + O(ads), or it just simply desorbs. In a
realistic description of the reaction mechanism, both the nitrogen
recombination step and the formation of the (N-NO)* interme-
diary should be considered in parallel, the last one being the
dominant step [31,32]. A second important modification to the
typical NO reduction mechanism brought about by molecular
beam work arises from the evidence that, at least for the case
of Rh(111), atomic N forms compact islands on the surface.
Indeed, it was found that the isotopic distribution of molecu-
lar nitrogen detected by TPD spectra from surfaces exposed to
isotopic mixtures of N- and '’N-labeled nitrogen oxide could
only be explained on that basis [28,30]. The mechanism for
the formation of these islands, however, has hitherto not been
established.

On the other hand, Niemantsverdriet and co-workers [33]
found experimentally that NO dissociation is inhibited by the
presence of neighboring co-adsorbed NO or CO species during
the NO + CO reaction on Rh(1 1 1). They also detected that NO
dissociation is facilitated by the existence of several nn vacant
sites. 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 experimen-
tally at steady-state conditions for low CO concentrations in the
gas phase [32].

Recently, it has already been suggested that the alterna-
tive reaction mechanism observed by Zaera et al. for Rh(11 1)
could also be valid for other surfaces such as Pt(100) where
the hex 5 1 x 1 phase reconstruction takes place [34-36]. For
example, in a previous study this alternative mechanism and the
effect of the inhibition of NO dissociation on Pt(1 0 0) was con-
sidered [36], as it was mentioned in the preceding paragraph.
Moreover, the study carried out in [36] was also based on the
experimental observations obtained by Fink et al. [10], where
the NO dissociation is also inhibited by the existence of CO and
NO molecules as nn on the Pt(1 0 0) surface. Although, there is
no direct experimental evidence for the occurrence of an alter-
native mechanism on Pt(100), it is also true that there is no
direct experimental evidence for the contrary. Even though, the
arguments in favor to include an alternative reaction mechanism
on NO dissociation and other related processes on Pt(1 00) can
be reinforced by the DFT calculations developed by Neurock et
al. [37,38].

It is therefore natural, in order to advance toward a realis-
tic model for this reaction, to incorporate the above information
emerging from the mentioned experimental studies into the reac-
tion scheme and evaluate the effects of each factor. Given that the
slow step of the catalyzed NO + CO reaction corresponds to the
NO dissociation, the possibility of N, production through both
the formation of the (N-NO)* intermediary and of the classical
adsorbed N + N atoms recombination, as well as the formation
of N-islands and the inhibition effect on NO dissociation by co-
adsorbed NO or CO molecules, should be taken into account in
the reaction model. In spite of that in a prior study [36] it was
found that the formation of N-islands is of little importance to
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account for oscillations due to the fact that adsorbed N atoms
are rapidly removed from the surface, in this work this N-island
formation is included in order to achieve a more complete model.

The purpose of the present work is to describe the kinetic
evolution of the NO + CO/Pt(1 00) system during the so-called
“surface explosion” phenomenon observed in TPR experiments
by choosing the appropriate temperature-dependent rates for
the majority of the elementary steps involved in the mecha-
nism of reaction. This is made by means of the dynamic Monte
Carlo simulation with a time evolution determined by reported
experimental values for the rates of the elementary processes.
Specifically, we will apply the dynamic simulation technique
to the NO+ CO reaction on Pt(100) by considering alterna-
tive steps in the reaction mechanism that surge after taking
into account the experimental findings of Zaera et al., i.e., the
production of N; 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. [10] and Niemantsverdriet and
co-workers [33]. We will discuss under which conditions the
“surface explosion” and spatial patterns can be observed during
this phenomenon and identify which are the dominant physic-
ochemical processes that determine the occurrence of such
behavior. In Section 2, we describe the details of the model
and simulation method. Section 3 contains the results and the
discussion about the simulations on a square lattice. Finally, the
conclusions are presented in Section 4.

2. Model and simulation method

In our model, the surface of a Pt(1 00) single crystal is rep-
resented as a regular 2D square lattice with periodic boundary
conditions. The lattice consists of L x L sites; a site indicates one
Pt surface atom and each site has four neighbors. The gas phase
is assumed to be a mixture of NO and CO molecules with partial
pressures pno and pco, respectively. Our reaction scheme takes
into account the following assumptions:

(a) The formation of an (N-NO)* intermediary species as the
principal step for the N; production,

(b) The production of N> via the classical N + N recombination
step,

(c) The inhibition of NO dissociation due to the presence of
neighboring co-adsorbed CO and NO particles,

(d) Theenhancement of the NO dissociation rate by the presence
of nn co-adsorbed N atoms (effect of N-island formation)
and nn vacant sites,

(e) The desorption of NO and CO species, and

(f) The surface diffusion of NO and CO molecules.

For the dynamic analysis of the reduction of NO by CO on the
Pt(1 00) surface, the alternative reaction scheme can be written
as follows:

CO(gaS) + site S CO(ads) 7)
NO(gaS) + site S No(ads) (8)
NO(ads) + site — Nads) + Oads) )

NO(ads) + N(ags) = (N-NO)* +site (10)
(N-NO)* — Na(gas) + O(ads) (11)
Nads) + Nads) = No(gas) + 2 sites (12)
COads) + O(ads) = CO2(gas) + 2 sites (13)
NOygs) + site — site + NOqaqgs) (14)
COqads) +site — site + COyuqs) (15)

In this reaction scheme, it can be observed that the conven-
tional N + N recombination step (step (12)) has been included,
as well as an alternative step involving the formation of an
(N-NO)* intermediate species (steps (10) and (11)) for the pro-
duction of N». The former pathway (step (12)) is slower than the
latter one (steps (10) and (11)) and, according to Refs. [32,36], it
will happen with a relative probability of 0.3, while that for the
(N-NO)* pathway will be 0.7. Both the inhibition of NO dis-
sociation by the co-adsorbates and the formation of N-islands
will be suitably taken into account below when the NO dissoci-
ation rate will be determined. We also consider that diffusion of
adsorbed NO and CO species can take place on the surface, as
it is indicated in steps (14) and (15).

In order to count with a relatively simple and manage-
able reaction scheme, we incorporate the following additional
assumptions in devising our surface reaction mechanism:

(i) The production of NO gas phase is not taken into account,
since the rate of this reaction step is expected to be slow com-
pared with those corresponding to CO, and N> production
[4,6,10].

(ii) Lateral interactions among different ad-species suggested
by experimental studies are not considered here in the usual
way, the effects of these interactions on the Pt(100) sur-
face form c(2 x 2) and ¢(2 x 4) rearrangements [10,39-42].
In this work, lateral interactions can be considered in an
indirect way due to the following reasons: first, the experi-
mentally observed inhibition effects of co-adsorbed NO and
CO species on the NO dissociation cannot be easily taken
into account by the usual lateral interactions, but instead
these can be taken into account by properly modifying the
NO dissociation rate. Even if, the N-islands formation on
Pt(1 00) is of small significance, in this study we assume a
kinetic mechanism for the formation of these islands, that
is, NO dissociation is favored by the presence of adsorbed
N atoms.

(iii) Oxygen desorption is neglected as experiments have shown
that this process occurs at temperatures above 600K
[10,40,43]. In our simulations, we varied the temperature
in the range of 300-550 K; therefore, adsorbed O atoms are
removed from the surface only by their reaction with CO.

(iv) Oxygen atoms diffusion is neglected, as this process is
expected to be slower than the remaining reaction steps.
This is because oxygen atoms are strongly bonded to the
surface [44,45].

(v) The diffusion of N atoms is not included, since its diffusion
constant value is several orders of magnitude smaller than
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those of the CO and NO molecules [45]. Moreover, in this
reaction scheme N> is mainly produced through the forma-
tion and decomposition of an (N-NO)* intermediary species
and since NO diffusion is allowed, therefore, N and NO
species can easily meet at two nn sites; in contrast with the
classical reaction scheme where N is only formed through
the recombination of two adsorbed N atoms and N diffusion
is strictly required [9,46].

In our model, the time evolution of the system is assumed to
occur as a Markovian stochastic process. Under such scheme,
every elementary reaction step has a rate constant associated
with the probability per unit time for the occurrence of such step.
A master equation describes the time evolution of the probability
distribution of the states of the physical systems [47]:

0Py (1)
ot

= [WpoaPa(t) = Wars p Pa(0)] (16)
B

Here, P,(?) and Pg(#) are the probability to find the system in
given configurations « and 8, respectively, at time 7, and can be
considered as components of a vector P representing the prob-
ability distribution of the whole set of system configurations,
and W is the transition probability per unit time of the different
processes indicated as subscripts.

This master equation can be simulated through a dynamic
Monte Carlo technique. The simulation can be performed
through the “random selection method”, which can be adapted
to our system as follows:

(i) A surface site is selected at random with probability 1/N;
where N indicates the total number of sites existing at the
moment.

(ii) A given i-type reaction step (i.e., desorption, diffusion, etc.)
is chosen at random with probability W;/R, where R is the
sum of the rates of all possible processes (with the exception
of adsorption), i.e., the total-transition rate constant of the
system.

(iii) If the selected i-type reaction step is viable (according to
certain rules to be specified below) on the chosen site, then
it is immediately executed.

(iv) After a given site is selected, the time is increased by At
according to

In&
NR

At = (17)
where £ is a random number selected according to a uniform
probability distribution in the interval (0,1). This equation ren-
ders the real time evolution caused by a system transition.

In our simulations the TPR studies are analyzed by means of
the next algorithm:

(1) We fix T=Ty, where T is the absolute temperature and T
is the initial absolute temperature.

(ii) We chose at random either a CO or an NO molecule from
the gas phase.

(iii)) When the surface reaches a certain coverage of adsorbed
CO and NO molecules, we fix 0=0¢ (N=Ny); where 6
is the initial coverage and Nj is the initial total number of
occupied sites.

(iv) We select a random number between O and 1, and the time
is increased according to Eq. (17).

(v) When At is approximately 1 s, the temperature changes as
T=Ty+ BAt, where g is the heating rate.

(vi) N and 6 are updated.

(vii) This process is repeated from step (iv) until the system
reaches a given temperature.

The main elementary reaction steps and their corresponding
rate constants are taken into account in the simulation scheme
as follows.

2.1. Adsorption
A molecule of CO or NO is chosen from the gas phase,

according to the corresponding flux given by the Hertz—Knudsen
equation:

Di
J = L 18
" QamikT)V? (18)
where J; is the flux of NO or CO molecules in m™2 s~ 1, pi the

partial pressure of the i-type molecule, m; the mass of NO or
CO, and k is the Boltzmann constant. The adsorption rate W; of
particles impinging on the surface per site and per second is then
obtained as

W; = J;ASy 19)

where A is the area per site on the surface, in this case of Pt(1 0 0),
and Sy is the initial sticking coefficient.

2.2. Desorption

Desorption is considered as an activated process with a rate
given by
W; = v; exp —Eui (20)
kT
where v; is the frequency factor and E;; the activation energy for
species i.

2.3. Diffusion

Diffusion jumps are allowed both for CO and NO species to
vacant nn sites. The diffusion rate W; is obtained directly as a
frequency factor v;.

2.4. NO dissociation

On a Pt(100) surface this process can only occur with the
availability of a vacant nn site. According to the experimental
observations of NO dissociation and to the theoretical simu-
lations in the NO + CO reaction on Rh(11 1) [6,10,31-33], the
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dissociation of NO, being a complex and the most important pro-
cess, deserves separate consideration. The following features are
taken into account:

(a) NO dissociation is facilitated by the presence of nn co-
adsorbed N atoms, i.e., the NO dissociation probability
increases with the presence of nn N atoms, which is the
mechanism we assume for the formation of N-islands.

(b) The NO dissociation rate increases with increasing number
of vacant nn sites.

(c) The blocking effect on the NO dissociation probability is
caused by the presence of neighboring co-adsorbed NO and
CO molecules. Therefore, the following expression is pro-
posed for the dissociation rate for a NO molecule located at
a given site on the surface:

Wnoidis(Cnnn + Cyny — Cno(mNo + 7co))
4

Wnodis =
21

Here Wyoidis 1 an “initial” dissociation rate calculated as an
activated process, as in Eq. (20), with appropriate frequency
factor and activation energy given in Table 1, ny is the number
of nn sites occupied by adsorbed N atoms, ny is the number of
nn empty sites, nNo and nco are the number of nn co-adsorbed
NO and CO species, respectively, and the coefficients C are the
corresponding weighting factors.

2.5. N; production

This reaction step can follow two alternative pathways: (a)
through the formation of an intermediate (N-NO)* species when
two nn sites are occupied by N and NO species, as it is indicated
in the step (10), and this is immediately followed by step (11) to
give N, with a probability 0.7; (b) through the recombination
of two nn adsorbed N atoms, with a corresponding probability
of 0.3. The Nj rate is determined as an activated process, as in
Eq. (20), with the appropriate frequency factor and activation
energy.

Table 1

2.6. CO; production

This process is possible when CO and O species occupy two
nn sites. It is considered as an activated process.

3. Results and discussion

A large amount of simulations were performed trying to
understand the effects of the different parameters on the overall
kinetic behavior of the CO + NO/Pt(1 0 0) system. Here, we only
show the most important results.

In our simulations the partial pressures of reactants in the
gas phase are kept constant, that is, pco=3.0 x 107 Pa and
pNno =4.0 x 1072 Pa, while the temperature changes in the range
of 300-550 K, both conditions are similar to those used in actual
experiments [6,10]. In addition to these pressures and temper-
atures, Table 1 shows the values of the remaining parameters
that have been employed in order to obtain the rate of each ele-
mentary reaction step; experimental values of these parameters
are also included for comparison. Since no available data exist
for the decay of the (N-NO)* complex intermediate to N>, and
consequently for the value of the corresponding rate constant,
we have instead employed for this assignment the experimen-
tal values of N, formation proceeding from the classical N+ N
recombination. The values of the weighting factors used in Eq.
(21) will be kept fixed at Cn=0.7, Cy =0.7 and Cno =0.2; the
effects of these values have already been analyzed in Ref. [36].

In our study, the simulation of the NO+CO reaction on
Pt(1 00) starts from a completely 1 x 1 clean surface, on which
it is feasible to perform the adsorption of both CO and NO
molecules in a pco:pno =3:4 ratio at 300K in order to form a
monolayer. When the surface reaches a certain initial coverage
value 6y =6co + Ono, for instance 89 =0.5, the adsorption pro-
cesses for catching more CO and NO molecules stop. Then the
temperature starts to increase with a heating rate =2 K s~! and
hereafter the other processes included in the simulation begin
to take place. These are CO and NO desorption, NO dissocia-
tion, CO + O reaction, formation of the (N-NO)* intermediary
species, N+ N recombination reaction, and CO and NO diffu-
sion. The simulations end when the temperature attains the value
of 550 K. Within this temperature interval (300-550 K) the sys-

Values of the parameters used in simulations and their comparison with their experimentally observed values. The experimental values can be consulted in Refs.
[6,10]. Where p is the partial pressure, Sp the initial sticking coefficient, v the frequency factor, and E, is the activation energy

Reaction PP (x 107 Pa) pi™ (x 107 Pa) ngp SS““
CO adsorption 3.0 3.0 ~0.8 0.8
NO adsorption 4.0 4.0 ~0.8 0.8
Reaction VP (s71) vim (s71) EZ (kJ/mol) ES™ (kJ/mol)
CO desorption 1.0 x 10™ to 103 1.0 x 10™ 148.6-157.0 157.0

NO desorption 1.7 x 10 to 1013 1.7 x 10 142.3-154.9 154.9

NO dissociation 2.0 x 105 2.0 x 1013 119.3 119.3

N, production 1.3 x 10" 1.3 x 101 84.6 84.6

CO, production 2.0x 108 2.0 x 108 58.6 58.6

CO diffusion - 0-30 - -

NO diffusion - 0-30 - -
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tem undergoes the phenomenon known as “surface explosion”,
i.e., the adsorbed NO and CO molecules react to form extremely
narrow products peaks of CO; and N; during a very short period
of time.

The first results obtained from our numeric simulations
tried to mimic this “explosive” phenomenon, which has been
observed through TPR experiments [6,12], are depicted in
Figs. 1-3. Here, we consider the case where the diffusion of
both CO and NO molecules are not included.

Fig. 1 shows the TPR spectra simulated for different initial
coverages of a mixture of CO and NO molecules, obtained from
an average of 20-run simulations on lattices with 1024 x 1024
sites. In Fig. 1(a), it is possible to visualize the TPR spectrum
for the amount of desorbed particles per interval of tempera-
ture. Fig. 1(b) and 1(c) shows the production of CO; and N»

de/dT

CO, molecules

N, molecules

\.----.-n--'v"—" 2 - - = ' O 000000ON0NCERINNCOCIT
350 375 400 425 450 475 500
TIK]

Fig. 1. Simulated TPR spectra: (a) amount of desorbed particles per inter-
val of temperature; (b) production of CO, molecules; (c) production of Ny
molecules. Rates for Weogir = Waodgir=0s~!. Heating rate: B=2Ks~!. Grid
size: 1024 x 1024 sites.
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Fig. 2. Steady-state coverage for the simulated TPR spectra of Fig. 1 at two
different initial coverages: (a) 6y =0.5; (b) 60 =1.0.

molecules, respectively. In these three figures, it is observed that
when the initial coverage is between 0.5 and 0.9 the peaks (max-
ima) of temperature are situated between 404 and 422 K, but if
the initial coverage is 1.0 then the maxima are at 464 K. Table 2
shows a summary about the temperature maxima changes.

The above behaviors have the next explanations: when the
initial coverage of the species is low (69 =0.5), there are many
empty sites on the surface and, as it was mentioned before, the
presence of vacant sites enhance the possibility of NO dissoci-
ation. If a free site is next to an nn adsorbed NO molecule, then
such molecule has the probability of dissociating into N and O
atoms. Therefore, if this dissociation step is accomplished, the
adsorbed O atom can then react with an adsorbed CO molecule
while, in turn, the adsorbed N atom can also react with either
an adsorbed NO molecule, thus forming the (N-NO)* complex
intermediate, or with another adsorbed N atom. The species that
are formed on the surface can desorb as CO;, and N, toward
the gas phase. New vacant sites are created on the surface

Table 2
Temperature maxima during TPR spectra simulations from different initial cov-
erage values. NO and CO diffusion processes are neglected

0 Temperature (K)
do/dT CO; rate N, rate

0.5 404 406 406
0.6 406 408 408
0.7 408 410 410
0.8 414 414 416
0.9 422 422 422
1.0 464 464 464
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thus allowing more adsorbed NO particles to dissociate; sub-
sequently, more O and N atoms can continue reacting, leading
to an autocatalytic “explosive” surface reaction. But, if the initial
coverage value is large then increasing the amounts of CO and
NO molecules on the surface, the NO dissociation is inhibited
in consequence; therefore, CO/NO-islands are formed more fre-
quently on the square phase. These attractive lateral interactions
existing between the co-adsorbed CO and NO species provoke
that the maxima of the TPR spectra being displaced to higher
temperatures. When the surface is totally covered by CO and
NO molecules, i.e., 9 =1.0, we can observe that the reaction
peaks are located at a higher temperature value (464 K), this is
because on the surface there are not empty sites and the reac-
tion is locally inhibited by a high-adsorbate coverage, then NO
dissociation can only occur when either a CO or NO molecule
desorbs from the surface toward the gas phase. NO dissociation
is delayed because the CO and NO desorption processes are
slow, since the rate constants for these reaction steps are small;
details can be consulted in Table 1.

Fig. 2 shows the steady-state surface coverage as function of
temperature for each adsorbed species, measured in monolay-
ers (ML); the empty site fractions are also shown in this figure.
Fig. 2(a) corresponds to an initial coverage 6 =0.5; here it is
possible to visualize that at about 7'< 350 K, the different cover-
ages are almost constant, but when the temperature is increased,

the adsorbed NO molecules start to dissociate into adsorbed N
and O atoms. As more vacant sites are being generated by the
reaction processes, NO is more likely to dissociate and as the
temperature is gradually increased, the reaction rates are also
enhanced, therefore the dissociation step becomes faster and
the adsorbed species rapidly react. When the coverage of the
adsorbed NO molecules decays toward zero, T~ 430K, there
are remnants of CO, N and O particles on the surface due to the
following situations: (a) NO molecules are initially in excess
and produce many N and O atoms by dissociation, so that CO
molecules cannot consume all adsorbed O atoms; (b) N diffu-
sion is neglected, otherwise the surplus N atoms could react
to form Nj by the classical N+ N recombination way; (c) in
this section of the simulations study, NO and CO diffusions are
not taken into account (these reactions steps will be discussed
below). The steady-state represented in Fig. 2(b) stands for an
initial coverage of 1.0. Here, it can be observed that the cov-
erage behaviors and the creation of free sites are qualitatively
the same as in Fig. 2(a), with the exception that in Fig. 2(b) the
system presents a narrower reaction window around 7=450K,
than that found in Fig. 2(a).

Fig. 3 corresponds to a snapshot series of the surface covered
with the different adsorbed particles and free sites, as the initial
CO-NO coverage is 6 = 1.0. Fig. 3(a) depicts, at 450 K, that the
surface is almost totally covered by CO and NO molecules, but

(@

Fig. 3. Surface snapshots corresponding to the simulated TPR spectra when the initial coverage 6y = 1.0 and the rates for Wcogir = Wnodit =0 sl Grey areas indicate
adsorbed CO and NO molecules; black areas show adsorbed O and N atoms; and white areas are empty sites. A fragment of 512 x 512 sites of the whole lattice is

herein shown.
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it is possible to visualize that in some parts of the surface empty
sites are being created by the desorption and subsequent reaction
processes. Fig. 3(b) shows that, at 464 K, regions of empty sites
start to grow and the adsorbed NO molecules have more oppor-
tunity to dissociate; therefore, the quantities of O and N atoms
are also enhanced. This temperature corresponds to the maxima
of the TPR spectra (cf. Fig. 1). When the temperature is further
increased to 470 K, the CO and NO coverages decrease, whilst
the O and N coverages and the amount of free sites increase, just
as is indicated in Fig. 3(c). Finally, Fig. 3(d) shows a snapshot,
at 490 K, when the reaction has ended; however, remnants of
adsorbed CO, O and N particles still exist on the surface with-
out reacting, in turn, NO molecules have totally dissociated or
reacted.

On the other hand, when the processes of CO and NO diffu-
sion are included in the simulations, with a rate constant of 10 s~!
for both molecules, the following changes have been observed
in the system behavior.

The temperature maxima of the simulated TPR spectra are
located at lower values that those attained when the diffusion
processes are not incorporated. In fact, when the initial coverage
is between 0.5 and 0.9 the peaks are situated between 400 and
408 K (Fig. 4). These results are consistent with the experimen-
tal observations, since it has been observed that the “explosive”
formation of CO; and N; occurs around 400 and 410 K [10,11].
However, when the initial coverage is increased to 1.0 then the
temperature maxima can be found at 444 K. Fig. 4 shows these
outcomes, whereas Table 3 shows the temperature maxima val-
ues for the different TPR spectra. As it can be observed if the
initial coverages are between 0.5 and 0.9 the temperature peaks
have a variation of 6 K, that is, the maxima are virtually inde-
pendent of the initial coverage, which is in concordance with
the experiments reported by Lesley and Schmidt [11]. These
authors found that the CO;, and Nj products in the CO+NO
reaction on Pt(1 00), desorb in the form of simultaneous sharp
peaks around 410 K, which suggest that the sharp CO, and N>
peaks are very nearly independent of the initial coverage. Fink et
al. [10] have also reported by TPR experiments that the position
and half-width of the CO; and N, product peaks around 400 K
are almost independent of the initial coverage conditions. More-
over, in our simulations we have observed that when 6y > 0.7 the
CO; and N, product peaks show a half-width of around 13-22 K;
this fact is in agreement with recent experimental TPR obser-

Table 3

Temperature maxima during TPR spectra simulations from different initial
coverage values. NO and CO diffusion processes are included, in this case
Weodit = Wodir =105~

0 Temperature (K)
de/dT CO, rate N, rate

0.5 400 400 402
0.6 400 400 402
0.7 400 400 402
0.8 402 402 404
0.9 406 406 408
1.0 444 444 444

(@
004] —™—06=05

—e—0=06

6=07
0.03{ —*—6=08
—O0—0=09
6=10

do/dT

0.02
0.014

0.00 ..-" : : A0000000 :

50000

40000

30000

CO, molecules

20000

25000

20000

150004

N, molecules

10000 4

350 375 400 425 450 475
TIK]

Fig. 4. Simulated TPR spectra: (a) amount of desorbed particles per inter-
val of temperature; (b) production of CO, molecules; (c) production of Nj
molecules. Rates for Weodir = Wodir= 10571, Heating rate: =2 Ks~!. Grid
size: 1024 x 1024 sites.

vations performed by Matveev et al. [12]. These authors have
reported that the products (CO; and N3) synchronously desorb
in the form of sharp peaks with a half-width of 7-20 K.

The effect of CO and NO surface diffusion allows that the
different adsorbed particles react faster; hence, the probability
that NO molecules can dissociate into N and O atoms increase.
Due to the mobility of the CO and NO molecules, these species
are totally consumed or, in the case of NO, dissociated, as can
be observed in Fig. 5. In Fig. 5(a) and (b), it is possible to visu-
alize remnants of N and O atoms, while adsorbed CO and NO
molecules are exhausted.

The system behavior deserves attention when the initial cov-
erage is 89 = 1.0. When either CO or NO desorption generates an
empty site at random on the surface, an adsorbed NO molecule
can dissociate and the atoms produced by this process can react.
If the adsorbed N and O atoms react, with N or NO and CO,
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Fig. 5. Steady-state coverage for the simulated TPR spectra of Fig. 4 at two
different initial coverages: (a) 6p =0.5; (b) 69 =1.0.

respectively, more vacant sites are created on the surface; in
this way a reaction front is generated. Due to the fact that the
adsorbed CO and NO molecules diffuse, the molecules at the
front edge will diffuse toward the empty sites that have been
formed inside the front, increasing in this manner the front size.
Moreover, other reaction fronts can be generated at random on
the surface. In this way, the diffusion of both species can spread
the reaction fronts, thus originating spatiotemporal patterns, in
this case cellular pattern types. This result is consistent with the
experimental evidences, since CO and NO diffusion is neces-
sary in order to observe pattern formations [5]. Fig. 6 illustrates
the details related to the creation of reaction fronts in a lattice
consisting of 1024 x 1024 sites. Fig. 6(a) shows the formation
and growth of reaction fronts at 430 K. The reaction fronts start
to spread across the surface at 436 K, as it is shown in Fig. 6(b).
Fig. 6(c) depicts that, when these reaction fronts grow suffi-
ciently in size, they star colliding against each other by reason
of the boundary conditions and start to extinguish at 444 K; this
temperature corresponds to the maximum of the TPR spectra
shown in Fig. 4. Fig. 6(d) shows how the reaction fronts are
almost completely extinguished at 450 K. Here, we can observe
that N and O atoms remain adsorbed on the surface without
reacting. Tammaro and Evans also reported analogous reaction
fronts and their subsequent propagation for the NO + CO reac-
tion on Pt(1 00) via the standard mean-field reaction-diffusion
equations [46].

b

Fig. 6. Surface snapshots corresponding to the simulated TPR spectra when the initial coverage 6 = 1.0 and the rates for Wcodir = Wnodir = 10 s~1. The color code
is the same as that employed in Fig. 3. A fragment of 512 x 512 sites of the whole lattice is herein shown.
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Fig. 7. Effect of CO and NO mobilities during the “surface explosion” occurring
at 6p=0.9. Different values of Wgir = Wcogir = Wiogir are shown. Grid size:
1024 x 1024 sites.

Finally, Fig. 7 shows the effect created by increasing the diffu-
sion rates, from Wg;r =0 to 30 s~1, for 6y = 0.9. From there, it can
be observed that the maxima are shifted toward lower tempera-
tures as Wy;r is increased. Note that for Wg;r values greater than
10s~!, the temperature values of the maxima generated during
the “explosive” phenomenon attain a limiting value of 7=406 K.
In contrast, the maximum for the non-diffusion case is around
422 K. Therefore, we have found in this work, that CO and NO
surface diffusion processes are very important with respect to the
surge and development of the “surface explosion” phenomenon.
By taking into account the effect of surface diffusion allows us
to reach an agreement between our calculations and the reported
experimental values mentioned before [6,11,12].

4. Conclusions

We have studied by dynamic Monte Carlo simulations the
“surface explosion” phenomenon during the NO + CO reaction
on Pt(100) in the temperature range of 300-550K and low
pressures under the hypothesis that the reaction step leading
to the formation of Ny occurs not only through the classical
N +N recombination step but, and more importantly, through
the formation of a (N-NO)* intermediary species, as suggested
by experiments performed on Rh(1 1 1). Additionally, other rele-
vant experimental observations have been included in the present
study regarding the NO dissociation rate, which is enhanced
by the existence of co-adsorbed nn N atoms (i.e., effect of N-
islands formation) and by the presence of nn vacant cells, whilst
it is depressed by the presence of co-adsorbed nn NO and CO
molecules.

The principal result of the present study is the appearance
of an “explosive” behavior associated with the formation, in a
natural way, of reaction fronts similar to cellular-like patterns.
The visualization of these phenomena is possible when in the
reaction mechanism model the main elementary steps are taken
into account, namely: adsorption, desorption and diffusion of
CO and NO molecules, NO dissociation, CO, and N, production

through the formation of the (N-NO)* intermediary species, and
the classical N + N recombination.

When we include the CO and NO surface diffusion processes,
the temperature maxima in the N, and CO; production rates and
desorbed particles per interval of temperature obtained from
TPR simulations are in agreement with the experimental evi-
dences if the initial coverage is between 0.5 and 0.9. Moreover,
it is possible to observe the formation of reactions fronts when
6o =1.0.

In this study the formation of N-islands is not reported since
this behavior is of small importance, as the production of N,
via the formation of (N-NO)* intermediary species and by the
N+ N classical reaction, is fast. Moreover, an exhaustive study
to this respect was already performed in a previous work [36].
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