
A

a
m
w
a
C
o
p
©

K

1

h
r

a

2

2

h
N

N

1
d

Journal of Molecular Catalysis A: Chemical 272 (2007) 118–127

Modeling of surface explosion of NO + H2 reaction on Pt(1 0 0):
Mean-field analysis and dynamic Monte Carlo simulations

Luis Vicente a,∗, Francisco Vidal Caballero b
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bstract

Surface explosions which occur, for example, in field ion microscopy experiments on catalytic reduction of nitric oxide by H2 over Pt surfaces
re studied as a function of partial pressures and initial species covering. Using a Langmuir-Hinshelwood mechanism of reaction a simplified
odel with only four adsorbed species NO,H,O,N is constructed. This minimal model, in the mean field approximation (MF), shows a bistability,
hich is associated to the explosive phenomena. Near the transition point between these states there exist a peak in the production rates which is

ssociated to an abrupt growing of the empty sites, far from the transition point the production rates only attains a stationary value. Dynamic Monte

arlo simulations were performed and compared with the MF results. Dynamic Monte Carlo simulations allow to study the spatial development
f explosions. It is shown that at the peak of the production rates there is an island formation of adsorbed NO surrounded by empty sites which
rovokes the rapid decomposition of NO into adsorbed N and O and, consequently, a large production of N2 and H2O.

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

The catalytic reaction of NO over noble metals with CO or H2
as been the subject of many studies because it is an important
eaction in automotive catalyst used for air pollution control [1].

The major reactions of NO conversion to nitrogen in the
utomotive catalytic converter are (Taylor [1]; Egelhoff [2]):

NO + 2H2 ⇀ N2 + 2H2O

NO + 2CO ⇀ N2 + 2CO2

owever, this last step is too slow to provide a major path for

O reduction [2] and NO can also react to produce NH3:

O + 5

2
H2 ⇀ NH3 + H2O

∗ Corresponding author. Tel.: +52 55 56223803; fax: +52 55 6223719.
E-mail address: luis.vicente@servidor.unam.mx (L. Vicente).
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The temperature and the feed composition govern the selec-
ivity of this reaction.

Surface chemical reactions have a central role in the pro-
esses of heterogeneous catalysts. In a catalytic process, the
olecules of reactants are adsorbed from the gas phase onto
metal surface, diffuse on it and react to form a product that

oes back to the gas phase. Under specific values of the sys-
em parameters, as partial pressures, these reactions can exhibit
omplex dynamical behaviour as oscillations, pattern formation
nd chaotic behaviour. Oscillations will not occur if the devia-
ions from equilibrium are small and in this case linear relations
an describe the system. The oscillations occur due to feedback,
ither chemical (such as autocatalysis) or due to temperature (as
n a non-isothermal reaction). Heterogeneous catalytic reactions
atisfy the necessary requirements for the appearance of auto-
scillations because the continuous mass flow of reactants and
eat exchange with the surroundings. The flux of energy and

atter through the open system maintain it far from equilibrium

nd temporal and spatial organization become possible.
Kinetic oscillations for the reaction NO + H2 over Pt single

rystals were found to occur for gas reactant pressures in the

mailto:luis.vicente@servidor.unam.mx
dx.doi.org/10.1016/j.molcata.2007.03.035
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Nomenclature

ki reaction rates
L characteristic length of catalyst
pNO NO partial pressure (mbar)
pH2 H2 partial pressure (mbar)
Ri rates of elementary reaction steps
Rp = pH2

pNO
relation of partial pressures

Si sticking probabilities, i = NO,H2
t time (s)
T catalyst temperature (K)

Greek letters
θi fractional coverage of chemisorbed species, i =

NO,H,N,O

r
4
t
I
a
s
h
y
p
i
v
s
t
p
m
o
t
f
r

t
N
p
m
H
(
r
i
t

t
t
p
b
c
t
e
d

d
n
t
u
w
i
t
l
a
a
h
o
a
i

m

w
c
p
d
s
c
e
t
d
e
u
a
c
t

(
w
a
F
fi
b

2

2

N
i

N

k2
θ∗ fraction of free adsorption sites

ange 10−6 to 10−5 mbar and in the range of temperatures from
30 to 500 K [2–8]. To describe the occurrence of kinetic oscilla-
ions, Cobden et al. [9] have proposed a “vacancy” mechanism.
n this “vacancy model”, the oscillations are due to autocat-
lytic surface reaction, which increase the number of vacant
ites for NO dissociation. Later, Makeev and Niewenhuys [4]
ave developed a mathematical model to prove that autocatal-
sis of NO decomposition by vacant sites is one of the main
roperties that keeps the system oscillating. A very important
ngredient of this model is the coverage dependency of the acti-
ation energies for NO and CO desorption. So, in this model the
ystem presents oscillatory behaviour without involvement of
he surface structural transformation, hex ⇀ 1 × 1, which takes
lace on Pt surfaces due to the presence of adsorbents. This later
echanism has been shown to be important for other chemical

scillations such as those in NO + CO. Theoretical models for
he NO + H2 reaction which takes this effect into account are
ound, for example, in refs. [10,11]. Reviews of these oscillating
eactions and others are found in refs. [12,13].

Another important property of the above mentioned reac-
ion is the so-called “surface explosion”, where the coadsorbed
O and H2 react abruptly to form extremely narrow product
eaks observed in temperature-programmed reaction experi-
ents [14]. This sudden increase in the reaction products N2 and
2O, has also been observed in field ion microscopy experiments

FIM) and field electron microscopy (FEM) of the NO + H2
eaction on a Pt emitter tip [15–17]. In this case, the microscope
s run as a flow reactor with a constant flux of reactant and fixed
emperature.

Traditionally, the description of such process has been via
he mean field (MF) approach in the reaction kinetics, that is,
hrough ordinary differential equations (ODE). It leads to a com-
rehension of non-linear phenomena through linear stability and
ifurcation analysis. Such type of approach naturally involves a

oarse grained description, and spatial fluctuations that lie below
he typical length scale of the coarse graining (about 1 nm) are
ntirely neglected. Although such a description is sufficient to
escribe kinetic oscillations, the description of more complex

H

2
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ynamical phenomena, such as, for example, pattern formation,
ecessarily involves the addition of ad hoc terms in the equa-
ions. Some of these limitations can be partially overcome by the
se of computer simulations (Monte Carlo, Cellular Automata)
here local environments are explicitly taken into account and

ncorporate the discreteness of reactive events. Although, this
ype of description still involves some coarse graining at the
evel of the microscopic description, it has been argued that the
ssociated typical length scales are smaller (about 10–100 �m),
nd allows the description of pattern formations without extra
ypothesis on the kinetic of the reactions themselves. The first
f these MC simulations has been the pioneering work of Ziff et
l. [18] for a model of CO oxidation on metal surfaces. A review
n this field can be found in refs. [19,20].

In a stochastic simulation the dynamic is determined by a
aster equation

∂P�

∂t
=
∑

�

(W�→�P� − W�→�P�)

here P� and P� are the probabilities to find the system in the
onfigurations � and �, respectively. W�→� are the transition
robabilities per unit time for the different process (adsorption,
esorption, etc.). Unfortunately, it is not possible to obtain exact
olutions of this equation as one faces an infinite hierarchy of
oupled equations for the different probability moments. How-
ver, the rates can be related to the experiments, for example,
hrough an Arrhenius-like expression and the steady states are
irectly related to mean field formulation of the rate evolution
quations. Still, as has been discussed by Nicolis [21] a full
nderstanding of the differences between MC results and associ-
ted MF description is generally lacking. The simulations nicely
omplements mean field type approach by allowing the study of
he fluctuations of the surface coverage.

The purpose of this paper is to study by dynamic Monte Carlo
DMC) simulations, first the abrupt production of nitrogen and
ater on a single monolayer of adsorbed NO + H on Pt surfaces,

nd secondly, we study the rapid catalytic ignition observed in
IM experiments, in both cases, the temperature is maintained
xed. In each case, we compared our results with those obtained
y modelling the system through MF kinetic equations.

. Model

.1. kinetic equations

We will neglect the relatively poor production of NHx and
2O compounds and consider that the reaction proceeds accord-

ng to the following Langmuir-Hinshelwood mechanism:

O(g) + ∗ k1�
k3

NOads (R1, R3)
2(g) + 2 ∗ �
k4

2Hads (R2, R4)

Nads
k5
⇀N2(g) + 2∗ (R5)
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Table 1
The energy and bare frequency parameters that enter the expression for the
various rate constants k = ν exp(−E/RT )

Reaction step, α να(s−1) Eα(kcal/mol)

1 2.14 × 105 mbar−1 0
2 8.28 × 105 mbar−1 0
3 1.7 × 1015 mbar−1 37
4 1012 25
5 1013 24
6 2 × 1015 28
7 2 × 1015 23
8
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Oads + ∗ k6�
k7

Nads + Oads (R6, R7)

ads + Hads
k8
⇀OHads + ∗ (R8)

Hads + Hads
k9
⇀H2Oads + ∗ (R9)

2Oads
k10
⇀H2O(g) + ∗ (R10)

here * denotes a free adsorption site of the Pt(1 0 0)-(1 × 1)
urface; NO(g), H2(g) are the reactants in the gas-phase with
artial pressures pNO and pH2 , respectively. The reaction prod-
cts are N2(g) and H2O(g). The adsorbed species are denoted by
NO)ads, (H)ads, (N)ads, (O)ads. In the last equations, R1 and R3
ccount for NO adsorption and desorption, R2 and R4 for H2
dsorption and H desorption, respectively, R5 for N desorption,
6 for NO dissociation, R7 for recombination into NOads, R8

or OHads formation and R9 for H2Oads formation and R10 for
2O desorption.
The desorption of (H2O)ads and the hydrogenation of interme-

iate (OH)ads are assumed to be fast processes. In consequence,
nly four species are considered (in the following equations the
urface coverage are denoted by θp, p = NO,H,N,O).

The following coupled ordinary differential equations
ODE’s) describe the kinetics of the reaction:

dθNO(t)

dt
= R1 − R3 − R6 + R7 (7)

dθH(t)

dt
= 2R2 − 2R4 − 2R8 (8)

dθN(t)

dt
= R6 − 2R5 − R7 (9)

dθO(t)

dt
= R6 − R7 − R8 (10)

i are the rate of the elementary steps (R1–R10) given above:

1 = k1pNOSNOθ∗, R3 = k3θNO

2 = k2pH2SH2 (θ∗)2, R4 = k4(θH)2

5 = k5(θN)2, R6 = k6θNOθ∗

7 = k7θNθO, R8 = k8θOθH

here θ∗ = 1 − θNO − θH − θN − θO; kα =
α exp

[−Eα/RT
]
, α = 1, . . . , 10; θ∗ is a fraction of empty

ites available for adsorption, Si is a sticking coefficient.
The kinetic parameters used in this work are given in Table 1

nd were taken from ref. [4].

.2. Monte Carlo simulations
Dynamic Monte Carlo simulations, from which the behaviour
f the catalytic system can be simulated in real time units, were
sed in the calculations. The algorithm used in this work can be
ummarized as follows.

3

1013 13

NOk1 = 1.93 × 105 (mbar−1 s−1), SH2 k3 = 1.656 × 105 (mbar−1 s−1).

The surface of the catalyst is considered to be a two-
imensional lattice of active sites. The surface contains L2 =
00 × 300 sites with periodic boundary conditions, each site
urrounded by eight adjacent sites (this is the so-called Moore
eighbourhood consisting of the eight nearest and next-nearest
eighbours). On this lattice, the nodes can have the following
alues: 0 (empty site), 1 (site occupied by NO), 2 (site occupied
y H), 3 (site with adsorbed oxygen) or 4 (site occupied by N).
dsorbed species at node r can react with particles on neighbour-

ng sites r ∈ N(r), with N(r), the Moore neighbourhood defined
bove. We only consider diffusion of NO, since atomic oxy-
en is rather immobile on Pt surfaces below T = 600 K and
he other species have low mobility. Diffusion occurs through
andom jumps of the adsorbed NO species at node r to one of
he empty nodes in the neighbourhood. The rate is typically an
rder of magnitude larger than the other rates associated with
he reaction process.

All of the steps (R1–R8) are taken into account in the MC
imulation. The desorption of H2O is considered to take place
mmediately after R9.

The numerical implementation of these reactions is essen-
ially similarly to that presented in earlier works [23,24] for the
O + O2 system.

In this way, we have now 10 possible processes and the set of
ate constants is denoted by Ki(i = 1, . . . , 10). In particular, we
ill denote by KH and KNO, the adsorption constants for H and
O, respectively. The rates of NO and H2 adsorption are con-

idered to be proportional to pNO and pH2 , respectively. The set
f reaction rates defines the probability pi = Ki/

∑
Ki, that the

-th process is carried out at a lattice point. In our simple scheme,
i does not depend specifically of the neighbors, for example,

he dissociation of NO is independent of the presence of next-
eighbor coa-adsorbed N atoms. But, as it will be shown below,
ith this simple prescription used usually by many authors, the
ain features of the surface explosion are displayed.
The simulation consists of the following operations:

. A node r is chosen at random.

. A process i is chosen with probability pi.
. In the case of processes involving simultaneously two
adjacent nodes (hydrogen adsorption/desorption, chemical
reaction, diffusion), a second node is randomly selected from
N(r).
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. If the chosen process is sterically possible in the selected site,
it is carried out and values of the sites are updated. If it is not
possible, the trial is disregarded. In any case, the sequence is
started over from step 1 above.

In DMD, the time is increased by �t according to

t = − ln ξ

L2R

here ξ is a random number selected according to a uniform
robability in the interval (0, 1) and R is the sum of all the pos-
ible transitions, i.e., the total transition rate of the system. The
ast relationship establishes the relation between the “arbitrary

C time” and the real time of the system.
At every time, the local occupation numbers characterizes

ach site
NO
i,j , nH

i,j, n
O
i,j, n

N
i,j

here i, j are the lattice discrete coordinates. The global cover-
ges are then given by:

p = 1

L

∑
i,j

n
p
i,j
ith p = NO,H,O,N,∗. Besides, the conservation law,

NO + θH + θO + θN + θ∗ = 1

s maintained.

ig. 1. Mean field description. (a) Adsorbed species vs. time (s) for a NO + H

onolayer; (b) the production rates of water, rH2O and nitrogen, rN2 . Conditions
re T = 434 K, pNO = 1.1 × 10−6 mbar and pH2 = 7.6 × 10−6 mbar.
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. Results

.1. Reaction and desorption from a monolayer

We consider first the situation, where a NO + H monolayer
s already absorbed and analyse the evolution of such mono-
ayer due to the desorption and reaction between species at a
iven temperature. Steps R3–R10 proceed: NOads can desorbs
r dissociate into N and O according to step R6; two Nads can
ssociate into N2 to desorb as N2(g), etc. We have solved Eqs.
1)–(4) for initial conditions T = 430 K, θNO = 0.5, θH = 0.5,
hat is a full monolayer with equal amounts of NOads and Hads.
he evolution of the adsorbed species is shown in Fig. 1 a. As
an be seen, the system attains a final state where it remains
nly adsorbed oxygen. In Fig. 1 b is shown the evolution in the
roduction of N2 and H2O, and as can be seen the rates grow
rom an initial zero value until they reach a maximum value and
hen decreases until the rate is null again. The peaks for rN2 and

2O occurs in a very short interval, that is, there is an abrupt or
explosive” production of nitrogen and water. The correlation
etween the adsorbed species and the rates of production can be
nferred from these figures. At first, there is a decrease in NOads
hich dissociates into N and O and these oxygen atoms begin
o react with the adsorbed hydrogen until a maximum of water
roduction is attained, this is located around t ∼ 10 s, when θH
s almost half of its initial value. But at t ∼ 20 s, the adsorbed H
as already vanished and then the production of water is almost

ig. 2. DMC simulations. (a) Adsorbed species vs. time for a NO + H mono-
ayer; (b) the production rates rH2O and rN2 vs. time averaged over 100 trials.
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Fig. 3. (a–h) The temporal evolution of the species corresponding to the time series shown in Fig. 2. The time increments correspond to the arrows in the rate
e imag
d empt
r

z
c
o
s

volution shown in Fig. 2, t ∼ 0, 3, 7, 10, 12, 14, 21, 39 s, respectively. In these
ots are adsorbed O, yellow is for adsorbed N and the white sites represent the
eader is referred to the web version of the article.)
ero. The peak of production of N2 occurs at t ∼ 12 s which
orresponds well with the peak in Nads (Fig. 1a). As time goes
n the nitrogen is desorbed and only remains the oxygen on the
urface.

u
a
r

es, the grey dots represent adsorbed NO, black dots are adsorbed H, the green
y sites. (For interpretation of the references to colour in this figure legend, the
Large amounts of DMC calculations were performed to sim-
late the same situation and conditions stated before. Fig. 2 a
nd b show the result of our simulations and, as can be see, DMC
eproduces well the behaviour as given by the ODE’s. Note that
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Fig. 4. Calculated steady-states for the control parameter Rp. Here, T = 434 K,
pNO = 1.1 × 10−6 mbar and pH2 is varied. Steady state (a) NOads and (b) Hads

(logarithmic scale). Stable (unstable) states are shown by solid (dash)lines.

Fig. 5. Steady state coverages as a function of partial pressures Rp, same con-
ditions in temperature and pressure as in Fig. 4. (a) Initial condition (θNO =
0.8, θH = 0, θO = 0, θN = 0); (b) initial condition (θNO = 0.0, θH = 0, θO =
0, θN = 0).
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ig. 6. Temporal evolution for an initial coverage of the species (θNO =
.8, θH = 0, θO = 0, θN = 0), T = 434 K and Rp ∼ 7.5. (a) Surface coverages
nd fraction of empty sites; (b) production of N2 and H2O.

here is a dispersion in the curves representing the production of
itrogen and water (Fig. 2b), this is because the stochasticity of
he events generating the products. In fact, what it is shown in
oth figures is an average value from 100 trials. As more trials
re averaged the curves are smoother due to lower dispersions.

The DMC simulation allows to visualize the state of dis-
ersion of the components at different stages of the process.
n Fig. 3 a–e, we show the time evolution of the species, for
he time series shown in Fig. 2 a. The snapshots are shown
or the time intervals indicated as arrows on the rate for N2
t ∼ 0, 3, 7, 10, 12, 14, 21, 39 s). In these images, the grey dots
epresent adsorbed NO, black dots are adsorbed H, the green
ots are adsorbed O, yellow is for adsorbed N and the white
ites represent the empty sites.

The snapshots allow to visualize what happens, for example,
ith the production of nitrogen. Initially, the species NO and H

re adsorbed randomly (Fig. 3a), after a few seconds desorption
f NO takes place and empty sites appear, which allows the dis-
ociation of NO and, consequently, oxygen and nitrogen atoms
ppear next to the empty sites (Fig. 3b). As can be seen from
ig. 3 c and d, this process continues on and a pattern, consisting
f regions of NO surrounded by N, O and empty sites is formed.
his pattern is enhanced near the peak in rN2 (Fig. 3e). As the

roduction of nitrogen decreases, the islands of NO disappear
nd after a long time of the process, t ∼ 39 s (Fig. 3h), only oxy-
en and few nitrogen is left on the surface. So, one important
esult is that the species are not distributed randomly but forms
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k1 NO NO 2 2 H H
ig. 7. DMC simulation averages over 100 trials. Temporal evolution for an
nitial coverage of the species (θNO = 0.8, θH = 0, θO = 0, θN = 0) and same
onditions as in Fig. 6. (a) Surface coverages and fraction of empty sites; (b)
roduction of N2 and H2O.

definitive pattern. The time evolution of this pattern can be
een in the movie provided as additional material linked with
his article.

We have analysed the influence of diffusion on the patterns.
e basically found that diffusion acts as a stirring process. As a

onsequence, the patterns tend to become fuzzy at very high dif-
usion parameters. Our conclusion was that most of the pattern
ormations were essentially governed by the surface reactions.
he diffusion constants that appear in partial differential equa-

ions (PDE) approach to this problem are usually macroscopic
uantities, that reflects more the propagation of fronts than the
rue microscopic diffusion constants of the individual species.

very important parameter to take into account is the ratio δ

etween the rates of diffusion and the other steps, diffusion being
uch faster compared to the Langmuir-Hinshelwood step. In

ur calculations, we vary δ from 0 to about 20. It is not realistic
n finite size boundary condition simulations to vary the sur-
ace diffusion coefficient D beyond a fraction of the lattice size
typically about L/4, where L2 is the lattice size). Indeed, for
arger values of D, the boundary conditions will allow too many
articles to enter the other side of the lattice before any other
eaction has occurred, biasing thus the correct diffusion pro-
esses. Similarly, mimicking large diffusions by random moves

f the particle is also unrealistic, because the short distance cor-
elations due to wave propagation will be lost (this argument is
ven more true if we imagine a much larger lattice). The only
ay to approach large values of D (or δ) is through larger lattice

t

Δ

Catalysis A: Chemical 272 (2007) 118–127

izes. In order to reach the experimental values, our lattices must
e increased by 104 in the best case, a value barely reachable by
ctual computing facilities.

.2. Explosive behaviour in a FIM experiment

In experiments of field ion microscopy (FIM) and field
lectron microscopy (FEM), which are performed in a UHV
ultrahigh vacuum) chamber, an emitting tip is subjected to
he NO + H2 reaction. The microscope is run as a flow reac-
or [15–17] with a constant flux at a given temperature. The
IM images [17] show a sequence of patterns associated with a
atalytic cycle associated with water formation. In order to sim-
lify the problem we consider only the phase Pt(1 0 0) subjected
o the processes described by steps R1–R10. To gain some inside
bout the nature of the solutions let us consider first an simplified
eaction scheme given by steps R1–R4 (adsorption/desorption
f NO and H2) plus:

Oads + ∗kdis
⇀

1

2
N2(g) + Oads (R11)

ads + 2Hads
kr
⇀H2O(g) + 3∗ (R12)

n this way, we consider only three species: NO, H, O.
The kinetic equations are now:

dθNO(t)

dt
= R1 − R3 − Rdis (7)

dθH(t)

dt
= 2R2 − 2R4 − Rr (8)

dθO(t)

dt
= Rdis − Rr (9)

here Rdis = kdisθNOθ∗ and Rr = krθO(θN)2.

.2.1. Stationary properties
It is possible to find analytically the stationary solutions by

olving the set of Eqs. (7)–(9). In fact, from Table 1, it is seen that,
or example, at T ∼ 400 K, the rates of desorption of nitric oxide
nd hydrogen are, k3 ∼ 10−5, k4 ∼ 0.02, respectively. Taking
he limit case where the desorption of reactants is neglected, we
ound that the stationary solutions satisfy the equation:

3 +
(

2P1P2 + kdisP1 − 2kdisP2

2kdisP2

)
x2 +

(
P2

1

2P2Kr

)
= 0

(10)

= P1

kdis
(11)

+ y + z + θ∗ = 1 (12)

here θH ,est = x, θNO,est = y, θO,est = z, P1 =
p S , P = k p S
2 2

According to the theory of algebraic equations, Eq. (10) has
hree different real roots if the discriminant satisfies

= q2 + p3 < 0 (13)
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Fig. 8. (a–h) DMC simulation. The temporal evolution of the species corresponding to the time series shown in Fig. 7 b. The time increments correspond to
t = 0, 0.5, 2.5, 3, 4, 5, 6, 10 s. In these images, the grey dots represent adsorbed NO, black dots are adsorbed H, the green dots are adsorbed O, yellow is for adsorbed
N and the white sites represent the empty sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the
a

w

2

rticle.)
ith

q = 2b3

27a3 − bc

3a2 + d

a
, 3p = 3ac − b2

3a2 (14) Δ
In the case of Eq. (10), we have

=
(

b3

27
+ d

2

)2

− b6

93 (15)
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Taking the values of Table 1, we have that, for example,
∼ 400 K, P1 ∼ 0.2, P2 ∼ 1.5, kdis ∼ 1, then y = 0.2 and we

ave that condition Δ < 0 is fulfilled if kr < 0.228 (note that
ccording to Table 1, k8 ∼ 106). We have then three non-trivial
olutions to Eq. (10): three real roots of which two are positive.
he stable solutions represent states of the surface, which are
haracterized by a high H concentration and low O concentra-
ion for one of them and the inverse relation for the other. For
xample, for kr ∼ 103, the stationary solutions are:

x = 0.72997, y = 0.2, z = 0.03703

x = 0.00428, y = 0.2, z = 0.76272

There is thus a bistability between two stable states. The same
esult can be obtained numerically if the above-mentioned values
f k2, k4 are taken.

We now return to the case of four species. In a certain range
f partial pressures numerical integration of the evolution Eqs.
1)–(4) confirms that there are four positive real roots and the
ystem can exhibit bistability between different stationary states
the values of the parameters are not arbitrary but are taken from
he experimental values reported in Table 1). One of the solutions
s (θNO = 0, θH = 0, θO = 1, θN = 0), an Oads-poisoned state
ith low reactivity coexists with a reactive low coverage state.
Fig. 4 shows the bifurcation diagram, the steady state θNO

Fig. 4a) and θH (Fig. 4b) coverages as a function of the rela-
ion of partial pressures, Rp = PH2/pNO and for T = 434 K.
ere, pNO = 1.1 × 10−6 mbar and pH2 is varied. The diagram
as obtained with BIFPACK (program package for continua-

ion, bifurcation and stability analysis [25]) and is characterized
y the presence of a reactive state with low NOads which
an coexist with an inactive one, corresponding to a highly
Oads-covered state. This can be seen also in the represen-

ation of Fig. 5. Fig. 5 a corresponds to the initial condition
θNO = 0.8, θH = 0, θO = 0, θN = 0) and Fig. 5 b to the ini-
ial condition (θNO = 0, θH = 0, θO = 0, θN = 0), the reactive
tate with low NOads disappears at a critical Rp, in the first case
p ∼ 7.31 and in the second case Rp ∼ 1.37.

.2.2. Temporal behaviour
The occurrence of explosive phenomena of the NO + H2/Pt

eaction is associated with bistability. Indeed, around the tran-
ition point the explosive phenomena in the production of
itrogen and water is observed. As an illustration, the set of Eqs.
1)–(4) was solved for T = 434 K and initial conditions (θNO =
.8, θH = θN = θO = 0) at Rp = 7.5. In Fig. 6 a, the corre-
ponding fraction of adsorbed species are depicted, whereas the
brupt production rate of water and nitrogen (“explosive” pro-
uction) is shown in Fig. 6 b. As can be seen from both figures
here are pronounced peaks in the production of both H2O and

2 around t ∼ 7 s. These peaks correspond well with the rapid
ransition from a highly NO-covered state to a less covered active
urface. The dynamics is also characterized by a sudden increase

n the number of empty sites, the maximum of which also occurs
t around t ∼ 7 s. The increase of empty sites is responsibly for
he autocatalysis of the reaction and thus the large production of
ater and nitrogen.

d
e
t
s
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The MC simulations also show the explosive behaviour in
he production of water and nitrogen depending of the relation-
hip between the partial pressures. For example, for the same
onditions as before, Fig. 7 a shows the fraction of adsorbed
pecies and evolution of empty sites and Fig. 7 b the sudden
ncrease in the production of nitrogen and water. Unlike the MF
ase, the θNO coverage undergoes a smooth transition between
ts high and low coverage states. The same happens with the
ncrease in the number of empty sites, that is, in the DMC
imulation the sudden increase in water and nitrogen is less
xplosive.

Fig. 8 a–h shows the corresponding visualisation for the
istribution of species. The snapshots were taken at t =
, 0.5, 2.5, 3, 4, 5, 6, 10 s. Starting from a surface mainly cov-
red by NOads (θNO = 0.8, θ∗ = 0.2), the NO molecules start
o dissociate into N and O, the N2 molecules desorb and more
acant sites are created. At the same time, the adsorbed H grows
nd it can be observed that clusters of Hads begin to form (black
oints in Fig. 8). Finally, the system attains a stationary state
here Hads and θ∗ are the dominant species homogeneously
istributed (Fig. 8h). The time evolution of this explosion can
e seen in the movie provided as additional material linked with
his article.

. Conclusions

We have used a simplified version of the reaction NO + H2
n Pt(1 0 0) to simulate the phenomenon of “surface explosion”
n the production of water and nitrogen observed, for example,
n FEM and FIM experiments. By considering only four species,
he mathematical MF model gives rise to a bistability of a highly
O-covered state and a reactive state associated to a less covered

urface. By constructing the phase diagram, a sharp transition
etween these two sates is observed. The “surface explosion”
r abrupt production of nitrogen and water is observed near the
ransition point.

The effects of fluctuations were also studied by DMC simula-
ions. Including all the steps as in the mean field description, the
xplosive phenomena, a peak in the production of water and N2
s also observed. The simulations allow visualizing the distribu-
ion of adsorbed species. One important feature is the formation
f adsorbed NO islands surrounded by a large quantity of empty
ites, a result which is in agreement with the kinetic formulation
y mean of ODE’s where a maximum in the number of empty
ites correlates with the nitrogen and water production, thus sup-
orting the autocatalytic nature of the reaction. We finally want
o underline that the system we have analysed here is typically
n non-equilibrium state. Thus, a stochastic model of the chem-
cal system has been built. The behaviour of the system is then
etermined by the rates of the reactions, which are specified
s probabilities, and a Master Equation then gives the surface
onfiguration over time. In our stochastic simulation, the rates
re readily given by the experiments and the steady states are

irectly related to mean field formulation of the rate evolution
quations. The simulations then nicely complements mean field
ype approach by allowing the study of the fluctuations of the
urface coverage.
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Moreover, the model is not able to reproduce sustained igni-
ions, as it is the case observed in FIM and FEM experiments.

ith the sole mechanism R 1–R 10, it is not possible to regener-
te the catalyst and produce sustained explosions. The lacking
echanism to generate the sustained oscillations in both N2

nd H2O production rates could be the surface transformation
etween hex and 1 × 1 phases, or, as was done in refs. [4,22] by
onsidering more intermediate species.
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