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In the present work, we spatially extended a brand new kinetic mechanism of the NBjs reaction on

PY{100; to simulate the experimentally observed spatiotemporal traveling waves. The kinetic mechanism
developed by Irurzun, Mola, and Imbihl (IMI model) improves the former model developed by Lombardo,
Fink, and Imbihl (LFI model) by replacing several elementary steps to take into account experimental evidence
published since the LFI model appeared. The IMI model achieves a better agreement with the experimentally
observed dependence of the oscillation period on temperature. In the present work, the IMI model is extended

by considering Fickean diffusion and coupling via the gas phaéiseeling waves propagating across the
surface are obtained at realisticalues of temperature and partial pressufetransition from amplitude to
phase waves is observed, induced either by temperature or by the gas global coupling Strentytreling

waves simulated in the present work are not associated with fixed defects, in agreement with experimental
evidence of spiral centers capable of milng on the surfaceAlso, the IMI model adequately predicts the

presence of macroscopic oscillations in the partial pressures of the reactants coexisting with front wave patterns

on the surface.

1. Introduction also considers the influence of dynamic defects on the kinetic

. . . . behavior of the reaction, that is, defects created during tke 1
The dynamic behavior of the catalytic reduction of NO shows 1 — hex phase transition. The important role of such defects

phenomena such as multiple steady states and temporal oscil-has been shown by Imbihl and co-workers in periodic forcin
lations in the rate of the reaction or in the partial pressures of y p 9

the reactant$-3 Under ultrahigh vacuum conditions, the experiments in the CA- NO reaction on Rt10G} ** From these

temporal oscillations exhibited by the N® NHs reaction on studies, the activation energy for the annealing process could

i 3
single-crystal metal surfaces are associated with the existencebe determined: ) o ) )
The IMI model achieved a significant improvement in the

of a reversible phase transition in the crystalline structure of "'" X X . . .
the metal surface induced by the adsorption of NO upon a kinetic behavior, as compared with experimental information,
critical value3-7 mainly in the dependence of the oscillatory period on temper-

Kinetic oscillations in the NO+ NH3 reaction on Rt100 ature
have been studied extensively, and the experimental conditions Simultaneously, the LFI model has been adiabatically re-
under which these oscillations arise have been reported. Induced®spatially extended with Fickean diffusion, and numeri-
addition, the experimental temperature and partial pressurecally studied in 1D and 2B’*8 Though simulation showed a
dependence of the oscillatory period has been determined, and/ariety of patterns, the overall agreement with the experiment
based on this information, kinetic models have been developedis poor.In particular, the dependence on the temperature is in
in the mean-field approximation. reverse order compared to the experimental informafibio

The model developed by Lombardo, Fink, and Imbihl (LFI justify this disagreement, it has been argued that the gas global
model) represents a realistic kinetic model of this reaction, coupling may account for the observed discrepancies. More
capable of reproducing temporal oscillations, though the agree-recently, the site-blocking effects of coadsorbates on diffusing
ment with the experiment is rather poor. Further improvements Species have been included in the LFI model. Also, macroscopic
were introduced by King and co-workers mainly considering surface defects fixed on the catalyst have been taken into
the experimentally observed coverage-dependent sticking prob-account? The existence of teling waves was initially
abilities and desorption activation enefyy? ascribed to these two modifications, although experimental

Recently, the LFI model has been additionally improved by €vidence had been presented girisly supporting the existence
Irurzun, Mola, and Imbihl (IMI model§3 The IMI model takes ~ Of wave sources capable of mimg on the surfacé®
into consideration recent experimental and theoretical evidence In the present work, we spatially extend the IMI model and
showing that the dominant reaction pathway leading tosNH show that it predicts the existence of traveling waves at realistic
decomposition is via direct abstraction of an H atom from values of temperatures and partial pressures. We argue that this
adsorbed ammonia via adsorbed oxygen or‘®fhe model success is due to the improvement of the kinetic behavior of
the model. The waves are not associated with fixed defects, in
* Author to whom correspondence should be submitted. Postal Ad- agreement with the experimental evideAg&lobal coupling

Sgenizia(é)ﬁ'f'tz Sﬁlgeé’dﬁl‘;' (1900) La Plata, Rejpa Argentina. E-mail: i the gas phase is also introduced, and we show that traveling
TINIETA. patterns can coexist with macroscopic partial pressure fluctua-
* Universitd Hannover. tions as observed in experiments.
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2. Model

The IMI model for the NO+ NHj3 reaction on Rt10G is an
improved mechanism of the former LFI model where several
elementary steps have been modified to take into account
experimental evidence published since the LFI model appéatéd.

It consists of a set of eight ordinary differential equations
(ODEs) describing the time evolution of chemical species on
the metal surface in the mean-field approximation, as well as
the fraction of the surface in X 1 phase, and the fraction of
surface defects created during the phase transition and destroye

by annealing.
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1 x 1 phases can be obtained by dividing the normalized
coverages byhex and 0141, respectively, and the relatidhex
+ 61,1 = 1 is valid. This formulation neglects that the two
surface phases differ by about 16% in the density of surface
atoms. Simple Langmuirian kinetics was assumed for adsorption
by setting the adsorption rate proportional to the number of
vacant sites. The prefactos,px (x = NO,NHz) are the
adsorption fluxes that are the product of the impingement rates
of the gas particles times the initial sticking coefficiesﬁmnd

= 1 was set for all gases.

The inhibitory effect of adsorbates on NO dissociation and
the stabilizing effect on the adsorbates for the 1L phase in
egs 4 and 5 are considered as in the LFI model and are given
by?3:16.17

of +

empty inh inh |’
0 0
NO o}

max[@ss — 05°7), 0] (8)

1x1 1x1
(QNO + 00

61><1 61><1
91><1 =ma (ele_ NO (0]

ecrit Gcrit
c= NO O (9)

01><1

where 035 = 01,.104er and the parameter values are given in
Table 1. A single adsorption site was assumed for all adsorbates
so thatdyg + Oy + 05" + O + 0" < O1.a.

The conversion of hex to k 1 takes place through NO
adsorption onto the hex phase via an NO island growth
mechanism, NO molecules that adsorb on the hex phase migrate
to 1 x 1 patches and cause these islands to grow at the expense
of the surrounding hex area. Growth of11 islands occurs at
constant local NO coveragé;,xot, and once it exceeds this
critical value. All of these experimental observations were
included in the model through a value &, = 0.36,
obtained by fitting simulations with the experimental measure-

ments of ref 8.

The recently proposed nonlinear dependence of thell—
hex phase transition on the NO coverage in the hex phd3e
was not included in this model because its inclusion implies
additional mathematical difficulties that will be the subject of
further work.

The phase transition X 1 — hex is initiated when the
coverages of NO and O on thexl 1 areas fall below critical
values. A stabilizing effect oHag on the 1x 1 phase exists,
but it was neglected here becaugg’ is always low in the
simulations.

It was assumed that there is a fraction of defect stigs,
homogeneously distributed on the surface. Therefore, the total
amount of defects in the ¥ 1 or hex phase is obtained by
multiplying Oqer by 0141 Or Ohex respectively. Defects can either
exist on the surface as scratches not directly linked to the
reaction or be created during the phase transition due to the
rearrangements of the platinum atoms. The last possibility
implies that the concentration of defects depends on time, and
we have to consider it as an additional variable in the model.
Equation 7 describes the evolution of the so-called dynamic
defects. In addition, we considered a small fraction of static
defects, which remains constant during the reaction. The first
term in eq 7 represents the creation of defects due to the phase

The coverages of the adsorbed species are normalized by théransition, and the second term stands for defect elimination by
total number of sites; that is, the local coverages in hex and annealing.
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TABLE 1: Temperature-Independent Parameters

description parameter value
NO-adsorption flux 1x 1, hex o 221
NHz-adsorption flux 1x 1 Fnis 2.84
Hz-adsorption flux 1x 1 Fr, 8.28
parameter for NO desorption activation energy o 24 (kcalx mol™?)
parameter for Nkldesorption activation energy 9 30 (kcalx mol™?)
inhibition coverage of NO for NO dissociation 9;{;3 0.61 (ML)
inhibition coverage of O for NO dissociation 9'8“ 0.399 (ML)
critical coverage of NO for the ¥ 1 — hex phase transf. 9°Nf(‘; 0.3 (ML)
critical coverage of O for the X 1 — hex phase transf. 63" 0.4 (ML)
coverage for island growth in the hex 1 x 1 phase transf. it 0.36 (ML)

grow

TABLE 2: Rate Constants for the NO + NH 3 Reaction on P{100}

value at
Vi Ei T=425K
reaction step parameter (s (kcal x mol™?) (s

NO-desorption Ix 1 ki 1.7 x 10 37.¢ 1.6x 10°°
NO-dissociation 1x 1 ko 2.0x 101 28.5 4.4
NO-trapping on 1x 1 ks 2.2x 10 8.0 1.7
NO-desorption hex ks 4.0 x 10%? 26.0 0.17
NHs-desorption 1x 1 ks 1.0x 10 18.¢¢ 0.55
NHs-decomposition & 1 Ks 1.0 x 10% 17.9 60.16
NHz-formation 1x 1 ks 1.0x 109 16.0 59.1
H,O-formation 1x 1 ks 1.0x 10% 13.0 2.1x 10°
N,-desorption 1x 1 9 1.3 x 10% 19.0 2.2x 107
Ho-desorption 1x 1 kio 8.0 x 10%? 23.0 11.9
transition 1x 1 — hex ki1 2.5x 101 25.8 1.28x 1072
NO-untrapping Ki2 9.3x 10° 19.0 1.52x 10
creation of defects ki3 0.06 0.0 6.0x 1072
annealing of defects Kia 1.5x 10 33.0 1.5x 1073

aFor zero local coverage, see eq Y&, = E; + E3 — E 4, see ref 13.

TABLE 3: Diffusion Energies and Constants ot oty
® g 2|
e vawaa2k | K %

process (kJ moth) (cm?s™ time time
NO-diffusion (1x 1) 28 3.3x 107
NO-diffusion (hex) 22 1.8<10°° o4
O-diffusion NA2 always setto 0 w — >
N-diffusion NA always setto 0 time time
H-diffusion 18 5.7x 10°® Figure 1. Space-time diagrams at (a] = 420 K and (b)T = 430 K.

Left: the gray scale is proportional #.:. Right: the gray scale is

aNot applicable. . 9 . !
PP proportional toGﬁ,Hi. Periodic boundary conditions are used.

We assumed that a certain fraction of defects in the 1 The LFI model has been spatially extended, and the formation
phase cannot be transformed to the hex one becausesthe 1

) ] hex of different kinds of patterns has been shown in 1D and21.
— hex phase transformation terminates when: = 6gg. To obtain front waves as stable patterns, site-blocking effects
Also, the creation of 1x 1 phase proceeds whilé,, is less on the diffusion of the adsorbates and fixed macroscopic surface
than the maximum fraction of surface that can be transformed gefects had to be imposé¥These attempts, however, had poor

to the 1x 1 phase, that is, + 6. success in describing the existence of propagating patterns as

The temperature dependence of the rate conskants. ki4 stable responses of the system.
is expressed via the Arrhenius lay= v; e 5/RT, and the values In the present work, we show that the IMI model is able to
are reported in Table 2. The coverage dependence of NO andreproduce front waves with Fickean diffusion coefficients. To
NH3 desorption energies is taken into account by spatially extend the model, constant diffusion coefficients are

introduced, resulting in a reaction-diffusion system of the form
o) W
=E%— o| N© =E— & ax(t,
E=E-op—].  E=E-¢g—| 0 P40 ot p D + MOV XL (1)

wherea and¢ are given in Table 1. where q is the spatial variable ant(T) is a temperature-

The kinetic behavior of the IMI model has been studied in dependent diagonal diffusion matrif(x(t, g); p, T) refers to
ref 13 and compared with experimental data. the kinetic terms of the IMI model. The diffusion constarids) (

The IMI model mainly improves the dependence of the were calculated as in refs 17 and 18 by using the Arrhenius
oscillatory period on temperature, compared with the former expressiorD; = v; exp(—E/RT), wherev; = 0.001 cnis ! and
LFI model, and in the present work we show that this fact also E; are the activation energies summarized in TabIR & the
modifies the spatiotemporal behavior predicted for the NO  gas constant, andl is the absolute temperature. Note that the
NHs; reaction. activation energies are those used in refs 17 and 18.
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Figure 2. Concentration profiles ob;.1 (dot—dash Iine),GR‘g‘ (continuous Iine),t9§f31 (dash line), an(ﬂﬁﬁz (dot line) across the surface as a
function of time and afl = 420 K. The time increases from a to j.
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Figure 3. Concentration profiles of1.1 (dot—dash line),Ono™* (continuous Iine),o9ﬁ,xo1 (dash line), an(ﬂmt (dot line) across the surface as a
function of time and af’ = 430 K. The time increases from a to j.
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The system of eq 11 was numerically integrated in 1D in the
present work by using a simple Euler scheme with= 0.01
cm with periodic boundary conditions. The integration time step

(At) was chosen in each case to ensure mathematical stability.
Results were checked to be independent of the integration step

for sufficiently small values ofAt.
With appropriate initial conditions, we found traveling waves

in a wide range of temperature. As temperature increases, phase

waves appear following a scenario similar to that observed in
the extended model developed by Krischer, Eiswirth, and Ertl
(KEE), for the CO oxidation on P11G .22 Gas global
coupling has been introduced with realistic values of pumping
flow (120 L/s < J < 200 L/s), and macroscopic oscillations

have been observed coexisting with traveling waves in agree-

ment with the experimenfs.Results and conclusions are
summarized in the next section.

3. Results

Simulations were started with an initial condition consisting
of a linear gradient in the nondiffusive varialfig,.
After a transient of several oscillation periods, the system

reaches an asymptotic behavior with sustained traveling waves

propagating across the surface.
Figure 1 shows the fronts obtainedTat= 420 K (a) andT
= 430 K (b). Both@1,1 and 6} profiles are shown in each

case. The reaction fronts are as3ymptotic stable responses of the

system andare not associated with fixed defects

For a better understanding of the spatiotemporal behavior
shown in Figure 1, in Figures 2 and 3 we plotted Tat=
420 K andT = 430 K, respectively) the concentration profiles
of 614, O, o andoyy,. at 10 different time values (from
a—j). The coordinate origin was arbitrarily shifted to the spatial
point near the minimum wave velocity (see below).

As the front propagates to the right, it becomes narrower and
its velocity diminishes until a new wave is generated. The effect
increases with temperature andlat 430 K the traveling wave
almost stops and oscillations on the left disappear until a new
fluctuation on the right of the wave generates a new propagating
pattern.

The propagating patterns obtained at different temperatures

have distinctive characteristics that can be visualized by
performing a transformation to amplitude and phase variables.
The procedure was first introduced by Mikhailov and co-workers
to provide a formal approach to the analysis of pattern formation
observed in real experimental situations or in realistic mod-
els2425The latter is the case of the present work; the oscillations
in the IMI model are strongly unharmonic, as shown in
Figure 4a, and the variable transformation is then referred to
the limit cycle displayed by the kinetic model.

The propagating pattern characteristics, at different temper-
atures, are illustrated in Figures 4b and c in the projection of
the limit cycle on the g%, 615 plane. In these figures, the
continuous lines correspond to the limit cycle of the kinetic
model and the symbols display the spatial evolution of the
variables at the times illustrated in Figures 2 and 3. We
characterize the limit cycle with a radiygt) and define the
amplitudeR(t) as the relative distance of a given point of the
traveling wave to the limit cycle. The phages defined with
respect to an arbitrarily chosen point of reference. The ptase
increases as the variables evolve in time and changestby 2
after each period.

Figure 4b shows that, &t = 420 K, traveling waves adopt
all of the possible values af across the surface at every time;
that is,¢ changes continuously from O toran x € [0, L] O t.

Irurzun et al.
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Figure 4. (a) Temporal evolution oﬁﬁf)l in the kinetic IMI model at

T =420 K. (b and c) Wave patterns in the phase-space representation
atT = 420 K (b) andT = 430 K (c). The continuous line represents
the limit cycle of the kinetic model. Symbols display the spatial
evolution of the variables at the times illustrated in Figures 2 and 3
(form ato j): filled circle, filled square, filled up-triangle, filled down-
triangle, filled diamond, open circle, open square, open up-triangle,
open down-triangle, open diamond. At= 430 K the angle indicates

the minimum interval ofp, displayed by the phase wave.
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Also, R changes across the surface, taking a maximum value
far away from the limit cycle and then returning toTtraveling
patterns at T= 420 K correspond to amplitude modulations
propagating across the surface.
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The situation dramatically changes @sncreases, and at  to the introduction of five additional equations that are written
T = 430 K the waves evolve on the limit cycle displayed by as
the kinetic model; that is, the patterns are phase waves. Referring

to the frames displayed in Figure 3, we note that at the time ¢ Pno _ _ oplx1 _
corresponding to frame @ e [0, 27]. However, as time  dt = K(po ~ Pro) —a f FroPho(01.a 0
increases and the wave profile becomes narrowptiveerval 61“) — KOS+ Fro Prno(@hex — Ohe) — k00 (12)
also diminishes. As the wave collapses (frame h)gtirgerval
is minimum as indicated in Figure 4c. d pNH 1

The scenario described above has been observed previously g = K(pRi, — Pun) afAs{ Fun, P, (011 — 30k, —
in other reaction-difussion models with global coupling via the 1. 60& kselxl} (13)

gas phase or delayed feedb@&l® but it has never been
reported before in the NgH NO/P{ 100G system. In the present (6} gLt
model, the high mobility of adsorbed is responsible for the =K — +a [ ] 14
appearance of such patterns even in the absence of coupling dt (P, ~ P fAS 01,1 o
through the gas phase.

. l><l
The behavior of the system seems to be dependent on the 2 _ k(e — n (O 15
initial conditions, with different kinds of patterns coexisting at dt (Pr, = P oLfAs 09 011 (15)
the same temperature. A complete phase diagram will be the
subject of further work. szo l><l 1><1
Gas global coupling (GGC) should shift the transition from e = K(Ph0 ~ Puo) T afAs kg 7. (16)

amplitude waves to phase waves to lower temperatures.

GGC was introduced in the present work by considering WherepI are the initial partial pressure of thth species and
the temporal variation of the partial pressures of the reac- pN = pH = pH = 0, K = J/V is the pumping rate witld as
tants andproduc®:26 In the IMI model, the GGC leads thé pumplng ffux anav as the volume of the chamber. The
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pumping rate can be written &= 1/r, wherer is a relaxation
time. Realistic values of ~ 160 L/s andV ~ 60 L yield to
7~ 0.37 s. In practice, we usadas an adjustable parameter to
vary the GGC strength, which is equivalent to experimentally
modifying the pumping flux intensity 120 L/s J < 200 L/s.

The H, adsorption has not been included becguygeemains
low during simulations. In eqs 216, a. is the GGC constant
and is written as

o= OLOKS a7

whereA is the crystal area that contributes as a whole to the
gas global coupling, whereds is the simulated area, which is

Irurzun et al.

phase coupling. A transition from amplitude to phase waves
was found to be induced either by temperature or by gas global
coupling. Although in other reaction-diffusion systems such as
CO + Oy on P{110¢ this transition was observed to be only
induced by GGC or delayed feedback, the IMI model predicts
it in a surface reaction coupled only by diffusion. We argue
that the difference is due to the existence of highly mobile
species such as adsorbed hydrogen.

The traveling waves simulated in the present work are stable
asymptotic responses of the system (though seem to be
dependent on the initial condition) aade not associated with
fixed defectsThis fact is in agreement with previous experi-
mental studies on such reaction reporting evidence of the
existence of spiral centers capable of moving on the sufface.

normally much less of the real crystal area and, in the presentAlso, the IMI model adequately predicts the coexistence of

case, corresponds to a strip of about 1067, andoy is

NoT

o, =1.379x 10°*° v

(18)

whereNg = 2 x 105 is the number of adsorption sites per
square centimetef, is the absolute temperature, avds the
volume of the chamber.

Figure 5 shows the patterns obtainedTat 420 K in the
phase-space representation and at two different valuas of
Propagating waves always evolve on the limit cycle displayed
by the diffusive system (Figure 4b), which is then used to define
the amplitude variabl&(t). In this caseR(t) is constant and

equal to one. GGC has the effect of concentrating the phase of

the pattern. Atr = 0.3 s, waves propagate on the surface
adopting all of the possible values gfacross the surface at
every time; that isp changes continuously from 0 tar2n x €

[0, L] O t. Because these patterns are still analogous to those

shown in Figure 4b, we shall call them amplitude waves (though
R(t) is constant). Atr = 0.5 s, the wave phase gradually
concentrates, and, at a given time, thdanterval reaches a
minimum value on the surface as indicated in Figure 5b. These
patterns are phase waves. Therefore, the transition from

amplitude to phase waves occurs at a given temperature byaq

increasing the gas global coupling (i.e., increasihg
Propagating waves coexist with macroscopic oscillations in
the partial pressures of the reactants, which are more pronounce

macroscopic oscillations in the partial pressures of the reactants
and front wave patterns on the surface.
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