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Abstract

Two realistic mathematical models were developed which can reproduce almost quantitatively the region of existence and the properties of
the experimentally observed oscillatory behaviour for the N,O + H, and N,O + CO reactions over the Ir(1 1 0) single crystal surface. The
peculiarity of the oscillatory behaviour in these systems is the phase shift between the oscillations of the partial pressures of the two reaction
products. While the oscillation maximum for H,O is “delayed” compared to the maximum of N oscillation, nearly anti-phase oscillations of
the N, and CO, production rates were observed. Moreover, not only the products N, and CO, oscillate in counter-phase, but also the reactants
N,O0 and CO produce counter-phase oscillations. It was demonstrated that in both systems oscillatory behaviour could originate due to the
lateral interactions in the adsorbed layer. The main feedback mechanism generating oscillations operates via the acceleration of N,O
decomposition by oxygen. The result of mathematical modeling shows that the larger phase shift of oscillations of CO, and N, production
rates in comparison with the HO and N, production rates originates due to the more complicated character of lateral interactions in the

adsorbed layer.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Oscillatory behaviour is frequently observed in hetero-
geneous catalytic systems [1]. CO and H, oxidation over Pt
and Ni were the first systems where self-sustained
oscillations of the production rate of the reaction product
(CO, or H,O) have been detected [2,3]. Later oscillatory
behaviour was discovered in other reactions, where more
than one product is produced. An example of such
oscillatory system is the NO + H, reaction over Pt, Rh
and Ir single crystal surfaces, where three N-containing
products: N,, NH; and N,O can be formed. It was
demonstrated that both the activity and the selectivity are
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strongly dependent on the nature and structure of the single
crystal surface [4]. Two of the three possible products,
namely N, and NHj; oscillate with different phase shifts for
various single crystal surfaces. Whereas for Pt(1 0 0),
Ir(1 0 0) and Ir(5 1 0) the formation rates of N, and NHj;
oscillate in phase, there is a phase shift between the rates of
production of N, and NH3 on the Rh(1 1 1) and Rh(5 3 3)
surfaces. Finally, on Ir(1 1 0) the rates of N, and NHj;
displayed oscillations exactly in counter-phase [4].

The analysis of the phase shifts between the products
provides additional information on the reaction mechanism
and helps in the development of possible mathematical
models. Mathematical modeling revealed that in the case of
Pt(1 0 0) an autocatalytic increase in the number of vacant
sites needed for NO dissociation on Pt(1 0 0)-(1 x 1) [5] or
the (1 x 1) < hex surface phase transition of Pt(1 0 0) [6,7]
are the essential steps in the oscillation mechanism and are
responsible for the in-phase oscillations of N, and NH;j
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production rates. The results of simulations for Rh(1 1 1),
Rh(5 3 3) and Ir(1 1 0) showed that for these single crystal
planes the key elements of the oscillatory mechanism
responsible for the phase shift between N, and NHj
production rates are periodic transitions between N- and O-
rich surfaces due to the lateral interactions in the adsorbed
layer. In this case, the phase shift between the N, and NH;
production rates are due to repulsive interactions between
N.gs and O,qs, poisoning of the surface for dissociative
adsorption of hydrogen by N,4 and accumulation of O,q,
that blocks NO dissociation.

Recently, oscillatory behaviour was discovered for the
N,O + H; reaction over the Ir(1 1 0) single crystal surface
[8]. The reaction products are N, and H,O. N,O oscillates in
counter-phase with N, and the maximum in H,O formation
is ““delayed” compared to the maximum in N, formation [8].
A change of the reducing component from hydrogen to CO
reveals even more interesting and puzzling properties of
oscillations. It was discovered that not only the products N,
and CO, oscillate nearly in counter-phase, but also the
reactants N,O and CO produce counter-phase oscillations
[9]. To our knowledge, this is the first observation of a phase
shift between the two reactants participating in one
oscillating reaction. Earlier, counter-phase oscillations
between the reactants CH, and NO have been detected
for the oxidation of a mixture of CH4+ NO over titania-
supported Pd catalysts [10]. However, in this case two
reactions of methane oxidation, namely CH4+ O, and
CH,4 + NO proceed simultaneously and oscillatory beha-
viour originates due to periodic oxidation and reduction of
Pd. Counter-phase oscillations originate, because NO
reduction to N, by CHy is the dominant reaction on the
reduced phase, whereas on the oxidized phase the direct
oxidation of methane prevails.

The goals of the present study are: (1) the analysis of the
possible causes of oscillations during the N,O + H, and
N>,O + CO reactions over the Ir(1 10) surface, (2) the
development of mathematical models that can describe the
experimentally observed oscillatory behaviour in these
systems and (3) to explain the origin of the phase shifts
between the oscillations in reactant concentrations, as well
as the phase shifts between the oscillations in reaction
products.

2. Experimental observations

Reactions were performed in a UHV system (Leybold
Heraeus) equipped with facilities for LEED, AES and a
differentially pumped (60 L/s) quadrupole mass spectro-
meter (UTI 100 C). The system was pumped by a turbo
molecular pump (170 L/s) and an ion pump (150 L/s). The
base pressure was always better than 2 x 10~ '° mbar. The
crystal was cleaned by repetitive cycles of heating in an
oxygen or hydrogen atmosphere, Ar* ion sputtering
(p(Ar) =1 x 107> mbar, incident energy = 1.5kV) and

flashing in UHV to 1400 K. The Ar" ion sputtering and
flashing treatments were repeated at the beginning of each
series of experiments and the surface cleanliness was
checked by AES and LEED.

TDS measurements were performed by heating a sample
with an adsorbed layer with a constant heating rate of 25 K/s.
The desorbing species were monitored by a differentially
pumped quadrupole mass spectrometer (QMS).

During the reactions, the crystal was turned in front of a
small opening, which gave access to the QMS chamber.
Reactions were performed in the flow mode using a
turbomolecular pump.

High purity gases (Messer Griesheim, purity: 99.5—
99.999%) were used without further purification. The
pressure readings of the ion gauge were corrected using
relative sensitivities for N,O, H, and CO to N, of 1.0, 0.46
and 1.05, respectively. Since some species have the same
mass (CO and N,—mass 28, N,O and CO,—mass 44), the
use of labelled CO ('*CO from Sigma-Aldrich) was
required to distinguish them. To make reading easier it
will be further referred in the text simply as CO. Further
details of experimental procedures have been described
elsewhere [8,9].

2.1. TDS experiments

The TDS studies revealed interesting features of N,O
decomposition on the Ir(1 1 0) single crystal surface. Fig. 1a
shows TDS experiments carried out after N,O exposure at
300 K. A single peak of mass 44 is observed around 425 K,
slightly shifting to lower temperatures with increasing N,O
exposure. Fig. 1b shows two main peaks for mass 28
approximately at 435 (o) and 492 K (3) whose intensities
decrease with increasing N,O exposure. The presence of two
desorption peaks for N, was also reported by other authors,
however at much lower temperatures [11]. The first peak was
attributed to decomposition of N,O weakly bound to the
clean surface and the second one to the decomposition of
N,O more tightly bound to the partially oxidised surface
[11]. It should be noted that mass 28 is both a cracking
fragment of N,O and the parent peak of N,. Hence, the 28
peaks at 435 K is for a small part due to N,O desorption. The
different variation of the 44 and 28 peaks with exposure
shows that the 28 peaks are mainly due to N, formation. It
was demonstrated that CO, and CO did not contribute to the
spectra shown in Fig. 1 [8].

The presented results show that N,O can dissociate on the
Ir(1 1 0) surface to N, and O,4. No mass 30 (NO) was
detected in TDS spectra. Surprisingly, N,O desorption has
been observed at temperatures higher than 300 K. The
intensities of the two desorption peaks for N, decreased with
increasing N,O exposure. Therefore, the influence of
oxygen pre-coverage on the character of the TDS spectra
has been studied.

Fig. 2a and b shows the TDS experiments after exposing
the sample to 2.5 L N,O at 300 K, on a surface pre-covered
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Fig. 1. TDS experiments carried out on the Ir(1 1 0) surface, after N,O exposure at 300 K, for mass 44 (a) and mass 28 (b), at a heating rate of 25 K/s.

with oxygen. There is a large increase in the peak of mass 44
(Fig. 2a) with increasing O, pre-coverage. To what concerns
mass 28 (Fig. 2b), the a peak originally present at lower
temperatures, without oxygen pre-coverage, disappears
when the surface is covered with oxygen. However, the 3
peak (also seen without oxygen pre-coverage) increases
greatly following a previous exposure to 0.05L O,. At
higher pre-coverage of oxygen, the [ peak intensity
decreases, disappearing following a 1 L pre-exposure of O,.

These results show that the adsorbed oxygen does
increase the rate of N,O desorption in the temperature range
around 450 K. Moreover, oxygen modifies the rate of N,O
decomposition in a very complicated manner. At small
oxygen pre-coverages acceleration of N,O decomposition
takes place, whereas at higher oxygen coverages inhibition
of this process is found.

2.2. Oscillatory behaviour during N,O + H, and
N>O + CO reactions over Ir(1 10)

Oscillatory behaviour has been observed at a N,O
pressure of 1 x 107 mbar in the temperature range between
460 and 464 K for the N,O + H, reaction and between 373
and 377 K for the N,O + CO reaction. For both systems,

oscillations were observed in a very narrow temperature
region and values of reductant/N,O ratio (R) shown in
Table 1.

As can be seen from Table 1 oscillations during
N>O + CO reaction can be observed at smaller values of
R and lower temperatures than for the N,O + H, reaction.
For both systems at higher temperatures, oscillations are
detected at smaller values of R. In both systems, oscillations
were obtained by slowly heating the crystal in N,O
(1 x 10°° mbar) with a very low amount of H, or CO
(H2/N,O ratio of approximately 0.4 and CO/N,0 ratio close
to 0.1) from room temperature to 800 K and subsequent
cooling to the temperature of the oscillatory region. Then,
the pressure of H, or CO was increased stepwise until
sustained oscillations in rate started.

Fig. 3 shows oscillations in the partial pressures of N,O,
H,0 and N, detected at 460 K for a N,O pressure of
1 x 107 mbar and a H,/N,O ratio of 1.2. As can be seen
from Fig. 3 the variations of N,O pressure are very small and
the product N, pressure oscillates in counter-phase with the
reactant N,O pressure. However, it is also noted that the
oscillations in H,O formation are ‘“‘delayed” compared to
the oscillations in rate of N, formation. Fig. 4 shows the
oscillatory behaviour of the N,O + CO reaction at 375 K for
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Fig. 2. TDS experiments carried out on the Ir(1 1 0) surface, after 2.5 L N,O exposure at 300 K, on a surface pre-covered with oxygen, for mass 44 (a) and mass

28 (b), at a heating rate of 25 K/s.

a CO/N,O ratio equal to 0.1. The product N, oscillates in
counter-phase with the reactant N,O and the CO, pressure
oscillates in counter-phase with the pressure of the other
reactant CO. The most striking result is that the pressure of
the reactant N,O oscillates in an almost counter-phase
relationship with the oscillations of the other reactant CO.
This results in nearly counter-phase oscillations of the N,
and CO, production rates.

Figs. 3 and 4 show that the shape and the character of
oscillations for various reactions are similar. In both
systems, the period of oscillations is approximately 60 s
in spite of different temperatures at which oscillations have
been detected.

Table 1
Comparison of the conditions of the oscillatory region for N,O + H, and
N,O + CO reactions

Oscillations in N,O + H, reaction Oscillations in N,O + CO reaction

R = H,/N,O Temperature (K) R = CO/N,O Temperature (K)
1.2 460 0.15 373
1.1 461 0.12 374
1 462 0.1 375
0.95 463 0.09 376
0.9 464 0.08 377

3. Discussion

There are some well-known feedback mechanisms,
which can lead to the appearance of reaction rate oscillations
under UHV conditions over single crystal surfaces. They
are: surface phase transitions and periodic oxidation—
reduction of the sub-surface catalyst layer [1,12]. In the
present case, the surface phase transition as the origin of
oscillations can be excluded. According to the literature data
the reconstruction of the Ir(1 1 0) single crystal surface is
lifted only by oxygen adsorption and only at temperatures
higher than 700 K [13]. In comparison with the Pt(1 1 0) and
Pd(1 1 0) surfaces, sub-surface oxygen on the Ir(110)
surface is much more tightly bound and rather unreactive.
Moreover, the initial sticking coefficient for oxygen is even
higher on the surface oxide of Ir(1 1 0) than on the clean
surface [13]. This explains, why no oscillations due to a
periodic oxidation—reduction of the sub-surface layer similar
to the Pd(1 1 0) single crystal surface have been detected
during CO oxidation over Ir(1 1 0) [14].

Recently, it was demonstrated for NO reduction that
lateral interactions in the adsorbed layer might be the origin
of oscillatory behaviour [15,16]. In the system under
investigation, the complicated variation of the TD spectra
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Fig. 3. Oscillations in the partial pressures of N,O, H,O and N, on the Ir(1 1 0) surface, at a N,O pressure of 1 x 10~¢ mbar. The temperature was 460 K and

the H,/N,O ratio was 1.2.

with the change of the amount of pre-adsorbed oxygen
points to the presence of lateral interactions. To understand
the character of the lateral interactions, which cause the
oscillatory behaviour of the N,O reduction reactions over
Ir(1 1 0) surface mathematical modeling was used.

Analysis of the properties of oscillations demonstrates
that the oscillatory behaviour observed is very similar for
the N,O + H, and N>O + CO reactions. In both cases, the
temperature of the appearance of oscillations decreases
with an increase of the reductant/N,O ratio (R). The
shape and period of oscillations in both systems are also
very similar. These data might indicate that the main
origin of the oscillatory behaviour is the same in both
cases.

3.1. Mathematical model of rate oscillations for the
N>O + H, reaction

The reaction mechanism of the N,O + H, reaction
includes adsorption/desorption of N,O, and the dissociation
steps of H, and N,O. According to TDS studies [8], the
reaction products N, and H,0, produced at 7 > 400 K,

N>

Pressure (a.u.)

desorb immediately after their formation on the catalyst
surface.

k
N2Ogy) + [M] & [M — N2O,

ko
Hyg +2[M] & 2[M — H, 0

k
[M — N>O] = Ny + [M — 0],
k.
[M — O] + 2[M — H] = H,0,) + 3[M].

Mathematical modeling has been done on a macroscopic
level and is based on the standard mean field approximation.
To develop the mathematical model in its simplest form the
following assumptions are made:

(1) H, and N,O adsorption proceed on separate sub-lattices
of surface adsorption centres;

(2) the variations of the gas phase partial pressures py,o and
pu, are very small during the reaction.

Following the proposed reaction mechanism, one arrives
at a set of three coupled ordinary differential equations

Time, min

Fig. 4. Oscillations in the partial pressures of N,O, N,, CO and CO,, on the Ir(1 1 0) surface at a N,O pressure of 1 x 10~ mbar and 375 K. CO/N,O ratio was

0.1.
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(ODE), describing the temporal variation of average surface
coverages of N,O (x), O (y) and H (2):

xl = kle20(1 — X — y) — k_lx - k3x,
Y = ksx — kayZ’, ) 2
Z =kopu,(1 = 2)° — ko2 — kaye’;

where p,o and py, are the partial pressures of N>O and H,.

At any positive values of the rate constants k;, where
i==1, £2, 3, 4, and k> py, #k_,, the system (2) has two
stationary solutions. One of these solutions belongs to
physical domain x >0,y >0, x+y<land 0 <z< 1. At
reasonable values of k;, the physical stationary solution is
stable whereas the unphysical one is unstable and numerical
analysis of the system (2) does not reveal any limit cycle
solutions. To obtain oscillations the lateral interactions in the
adsorbed layer were introduced in the model. The non-
ideality of the adsorbed layer was accounted for through the
dimensionless parameters of lateral interactions e; ,, ¢; , and
e; ., where i denotes the number of the step. The rate
constants k; are supposed to be expressed in the following
form:

E; T
ki = ki0 exp [ — R_lT] X exp {70 (ei,xx +eiyy + emz) ,

3)

with 7o =460 K. On the basis of the TD spectra shown in
Figs. 1 and 2 it was supposed that due to lateral interactions
adsorbed oxygen accelerates the rate of N,O desorption and
the rate of N,O dissociation, i.e. e_, ,, e3, > 0. The bifurca-
tion analysis based on the path-following technique demon-
strated that the critical parameter for oscillations is e3,.
Fig. 5 shows the dependence of the stationary solution of the
system (2) belonging to the physical domain versus the
parameter e ,. Black circles depict locations of the Andro-
nov—Hopf bifurcations points h; at e3, =9.935, and h, at
e3, = 10.958. Between the points h; and h, the stable limit
cycle solution of the system (2) exists. The path-following
technique also demonstrated that parameter e_ , practically
does not affect the location and the length of the e3,
oscillatory interval at least for —5 <e_;, <35.

The values of reaction stages constants are given in
Table 2. The impingement rates of the gases given by the
constants k; and k, have been calculated for 7= T, = 460 K
with kinetic gas theory using literature data for the initial
sticking coefficients sq. The literature data give sy = 0.97 for
hydrogen adsorption and sy = 0.95 for oxygen adsorption.

1.0
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0.8 ‘——‘_\'x‘__—
b N,O
Q
g
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o H
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E H
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@ 024 ‘/’/
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Fig. 5. Bifurcation diagram of the physical stationary solution of system (2)
in dependence on the parameter e3 , at rate constants values given in Table 2.
Solid lines—stable solution and dotted lines—unstable solutions.

No data is available in the literature concerning the
parameters for N,O desorption and dissociation rates. The
frequency factors and values of activation energies of these
steps are estimated by fitting the experimental data. As
unknown parameters remain the ones of lateral interactions
e_1, and ez, They are also estimated by fitting the
boundaries of the oscillatory region, obtained in the
experimental study. The values of these parameters were
found to be e_; , =4 and ez, = 10.

The results of the bifurcation analysis at the chosen
values of parameters are presented in Fig. 6. They show the
phase diagram of the system (2) in the plane (pn,,T). The
solid line denotes the line of the Andronov—Hopf bifurcation
and the dashed line represents the line of a saddle-node
bifurcation. The grey area shows the region of oscillations.
As can be seen from this figure, the temperature region
where oscillatory solutions originate is rather narrow. This
fact is in excellent agreement with the experimental
observations.

Fig. 7 displays oscillatory behaviour of the coverage of
the adsorbed species, obtained as a result of mathematical
modeling. The period of oscillations and the conditions of
their appearance closely coincide with the experimental
data. Fig. 8 shows oscillations in the production rate of HO
and in the rate of N,O decomposition. The last value
coincides with the rate of N, formation, because following
experimental data N, molecules desorb immediately after
their formation on the catalyst surface.

Table 2
Pre-exponential factors and activation energies of various steps of the reaction mechanism (1) used in the simulations
k ky k_y ky ko ks kq
ko* 6.2 x 10* 10" 5.0 x 10% 2.58 x 10° 9.69 x 10% 3.04 x 10°
E [kal/mol] 0 35000 12348 23000 52250 15000
k° 0.062 0.001 0.014 0.003 0.014 0.225
2 Dimension of k; and k; is (s mbar)~', dimension of k; for i=—1, =2, 3 and 4 is s~

" The value of the constant at pn,0 = 107° mbar, pu, = 1.2 x 107 mbar and 7= 460 K.
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Fig. 6. The phase diagram of model (2) at pn,0 = 107% mbar. The grey
area shows the region of oscillations.

As in the experiment the oscillations in H,O formation
are ‘““delayed” compared to the oscillations in rate of N,
formation. The mechanism of oscillations may be presented
as follows: starting with the clean surface, hydrogen
immediately occupies all sites on its sub-lattice and the
concentration of N,O on the other type of surface increases.
Due to the dissociation of N,O the concentration of adsorbed
oxygen increases. Oxygen accelerates N,O dissociation and
the N,O surface concentration drastically decreases while
the O coverage increases in an autocatalytic way. However,
due to the reaction with hydrogen the concentration of
surface oxygen starts to decrease. The decrease of the
oxygen concentration causes an increase of the N,O surface
concentration. As a result of this process the rate of N,O
dissociation again increases, leading to an increase of the
surface concentration of oxygen. Oxygen again begins to
accelerate the N,O dissociation rate and the cycle of
oscillations starts again.

Following this mechanism hydrogen has a minor role in
the appearance of oscillations. Its task is only to modify the
surface oxygen concentration and, hence, it affects the rate
of N,O dissociation. Therefore, the same mechanism may

1.0
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o
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T T T . . |
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Fig. 7. Oscillatory behaviour of surface coverages at pn,0 = 10~ mbar,
pu, = 1.2 x 1075 mbar and T = 460 K.
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Fig. 8. Rates of N,O decomposition and H,O formation at the same
conditions as in Fig. 7.

be valid for the oscillatory behaviour of the N,O + CO
reaction.

3.2. Mathematical model of rate oscillations for the
N>O + CO reaction

The mechanism of the N,O + CO reaction may be
formulated in a way similar to the mechanism (1) for the
N,O + H, reaction. It contains adsorption, desorption of
N,0, CO and the N,O dissociation steps:

ky

NZO(g) + [M] 15?1 [M — NzO},

ka
COg + M) M - O, "

k3
[M - N20] = Nz(g) + [M - O],
k.
[M — O] + [M — CO] = COyq) +2[M].

However, there is an essential difference between the
N,O + CO and N,O + H, reactions over Ir(1 1 0). Whereas
there is no inhibition effect of the N,O + H, reaction by
hydrogen, CO inhibits the N,O + CO reaction when present
in higher concentrations [9]. The inhibitory effect originates
due to the competition for free adsorption sites and the
competitive adsorption was introduced in the mathematical
model.

The dynamic behaviour of the surface coverage can be
described by the following system of differential equations,
corresponding to mechanism (4):

X =kipnyo(l —x—y—2) —k_1x — kax,
Y = kax — kayz, (5)
7 =kypco(l —x—y—2z) — k_oz — kuyz,

where x denotes the N,O coverage, y the O coverage and z is
the CO coverage.

The amplitude of oscillations of the N,O partial pressure
was larger for the N,O + CO reaction than for the N,O + H,
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reaction in spite of the lower temperatures at which
oscillations were detected. Therefore, equation (5) was
completed with equation (6), describing the dynamic
behaviour of N,O and CO partial pressures.

, F
Pr0 = (3 ) (Pr:0 = Pa:0)
—o(prnyoki(1 —x—y —z) —k_1x),
, F
Pco =\ (Pco — pco)

—o(pcoka(l —x —y —2) —k_»2);

(6)

with Pn,0, Pco—N>0 and CO inlet partial pressures, p,o.
pco—N,0 and CO pressures in the reactor, V—the reactor
volume, FF—the pumping rate. o = (SN,RT)/V, where N, and
S stands for the adsorption capacity and the catalyst surface
area, respectively.

The variations of the N, and CO, partial pressures were
simulated by the following differential equations:

, F
N =y ) P + oksx,

2 (7
/
Pco, = — (> pco, + okayz,

Vv

where py, and pco, are the partial pressures of the products
N, and CO,, respectively.

Table 3 shows the values of parameters, which are known
from the experimental data and were used in the simulations.
The pre-factors and activation energies of the stages of the
reaction mechanism (4) used in the simulations are given in
Table 4. The impingement rate of CO given by the constant
k> has been calculated for T =Ty = 375 K with the kinetic
gas theory using literature data for the initial sticking
coefficient so=1 [17]. The values of pre-factors and
activation energies of CO desorption and CO surface
oxidation are in agreement with reactive thermal measure-
ments of Taylor et al. [17].

Similar to the model (2) the system (5) has two stationary
solutions: first solution is X; = {0, 1, 0} and second solution
can be expressed in the form X, = {x;, y5, 22}, ¥2 = y»(k),
x» = a(kK)(1—y,) and z, = b(K)x,, where k is vector of rate
constants k;, i = £1, £2, 3 and 4. The solution X, is stable if
it belongs to the physical domain 0<xyz<1,
x+y+2z<1, and unstable otherwise. Under variation of
parameters k; the solution X, leaves (or enters) the physical
domain at the point X, = X; with stability exchange between
X, and X,. Numerical analysis of system (5) did not reveal

Table 3

Parameters of the experimental study used in the calculations

F, pumping rate (cm’/s) 42500
V, volume of the reactor (cm?) 40000
S, Ir(1 1 0) surface area (cm3) 0.56

N, the adsorption capacity (mol/cm?) 1.67 x 107°

any limit cycle solutions at reasonable values of the
constants k;. Therefore, to simulate reaction rate oscillations
lateral interactions must be considered. As in the previous
case, here the lateral interactions are incorporated into the
model via equation (3) with 7, =375 K.

For the N,O + H; system, the crucial feedback mechan-
ism for the appearance of oscillations is the acceleration of
N,O decomposition by adsorbed oxygen. However, for
N,O + CO this feedback mechanism turns out to be
necessary but not a sufficient condition for the generation
of the oscillatory behaviour. The essential difference
between the models (2) and (5) is the difference in the
adsorption of reducing agents. CO occupies the same
adsorption centres as N,O, while H, molecules adsorb on
separate sub-lattice of adsorption centres. It was found that
the rate oscillations in model (5) could arise if in addition to
the acceleration of N,O decomposition by adsorbed oxygen,
CO adsorption is inhibited by adsorbed N,O. Fig. 9 shows
the bifurcation diagram of stationary solutions with respect
to the variation of the parameter e, under fixed values of
other parameters. When the parameter e, , decreases from
zero at the point e, ~ —0.320 a saddle-node bifurcation
takes place and in addition to the stationary solutions X; and
X, a new pair of stationary solutions are emerged in the
physical domain. One of the new solutions is stable and the
other one is unstable. Soon with further decreasing of e, , at
point e, .~ —0.327 the supercritical Andronov—Hopf
bifurcation happens on the stable solution and stable limit
cycle solution is established that vanishes at the second
Andronov-Hopf bifurcation at e, , ~ —3.158.

From literature data it is known that for the CO + O,
reaction CO can inhibit the CO, production rate [13].
Therefore, this type of lateral interactions was also included
in the model. Another very important parameter for the
simulation of the phase shift between the two reactants CO
and N,O is the parameter e, ,. It was demonstrated that the
value of the phase shift between pn,o and pco oscillations
mainly depends on the value of this parameter. Fig. 10
demonstrates the projections of the phase trajectory of
systems (5) and (6) in plane ( pn,0., Pco) for different values

Table 4

Pre-exponential factors and activation energies of the reaction mechanism (4) used in the simulations

k ky k_y ky ko ks ky

ko? 7.64 x 10* 1.42 x 10" 2.20 x 10° 2.58 x 10° 1.00 x 10'8 3.00 x 10°

E [kal/mol] 0 25000 0 28000 36000 12000

K° 7.64 x 10* 3.73 x 10°* 2.20 x 10° 1.21 x 1077 1.01 x 10~° 3.01 x 107"
2 Dimension of k; and k; is (s mbar)~', dimension of k; for i=—1, =2, 3 and 4 is s~

® The value of the constant at Pnyo = 1079 mbar, Pco=1.3 x 1077 and T=375 K.
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Fig. 9. Bifurcation diagram of the stationary state solutions of the system
(5) in dependence of parameter e, . at ez, = 10 and values of rate constants
given in Table 4. Solid lines—stable solution and dotted lines—unstable
solutions.

of e; . The best description of the experimental data was
obtained for e; , = 6. The final set of values of dimensional
parameters of lateral interactions is presented in Table 5.

Fig. 11 shows the stationary solutions of systems (5) and
(6) in dependence on T with the parameters from Tables 3-5.
The bifurcation diagram shows that the stable limit cycle
solution arises at T}, and exists at temperatures 7 < T, until it
collides with the unstable solution X; (not shown) and
disappears at T =~ 300 K. The rate of CO, production in the
unsteady state together with the amplitude of the rate
oscillations are shown in Fig. 12.

As can be seen from Fig. 12, the temperature region of
oscillations in the model is larger than in the experimental
study. However, the amplitude and period of oscillations
depend greatly upon the temperature. At low temperatures
the amplitude of oscillations diminishes and the period of
oscillations increases. Fig. 13 demonstrates that at low
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Pnzo [mbar]

Fig. 10. The dependence of the phase shift between oscillations of pn,o and
Pco pressures upon parameter e .
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Table 5
Dimensionless parameters of lateral interactions, which were used in the
simulations
Stage 1 e ,=6 N,O activates N,O adsorption
Stage 2 er=—7 N,O inhibits the adsorption of CO
Stage 3 e3, =15 N,O activates N,O decomposition
Stage 3 e, =10 O activates N,O decomposition
Stage 4 ey, =3 CO inhibits the CO + O reaction
Stage 4 e4,=1 O activates the CO + O reaction
1.0
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E
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Fig. 11. The stationary solutions of models (5) and (6) vs. temperature 7.
Solid lines denote the stable solutions and dashed lines denote the unstable
solutions. The black squares at 7}, =384 K mark the Andronov-Hopf
bifurcation point.

temperatures the period of simulated oscillations may be as
long as one hour. Small amplitude oscillations with such
large period can be hardly detected in experimental studies.

The analysis of the dynamic behaviour of the system has
been done with the help of equations (5)—(7). The
oscillations of N,O, CO, N, and CO, partial pressures are
shown in Fig. 14. Similarly, to the experimental data the N,O
partial pressure oscillates in anti-phase with the N, partial
pressure and the CO partial pressure oscillates in anti-phase

0.05

0.04+ 4 \

0.034

0.02+

0.01- o

Rate of CO, Production [ml/s]

300 320 340 360 380 400 420
Temperature T [K]

Fig. 12. The dashed line shows the rate of CO, production vs. the
temperature. Dotted line indicates the amplitude of rate oscillations.
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Fig. 13. The dependence of the period of limit cycle oscillations upon the
temperature.

with the CO, partial pressure. Moreover, the results of the
simulation demonstrate that, as in the experimental results,
the reactants N,O and CO produce nearly anti-phase
oscillations.

The mechanism of reaction rate oscillations during
N,O + CO reaction is similar to the oscillatory mechanism
in N,O+ H, system. The main feedback generating
oscillations operates via the acceleration of N,O decom-
position by surface oxygen. However, the larger phase shift
between oscillations of CO, and N, production rates in
comparison with the N,O + H, system originates due to the
more complicated character of lateral interactions in the
adsorbed layer. CO and N,O adsorb on the same free sites
and N,O inhibits the process of CO adsorption.

Fig. 15 demonstrates the dynamic behaviour of surface
coverages during CO + N,O reaction. It shows that the
maximum of the rate of N, production coincides with the
minimum of N,O coverage and maximum of O coverage.
Here, the rate of CO adsorption and CO coverage approach
their maximum values. Due to the inhibition of the CO + O
reaction rate by CO, the maximum in CO coverage coincides
with the minimum in the CO, production rate. Therefore,
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Fig. 14. Oscillations of N,O, N,, CO and CO, partial pressures at
T=375K.
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Fig. 15. Oscillatory behaviour of N,O, CO and O surface coverages at
375 K.

both N, and CO, products will produce anti-phase
oscillations. The phase shift between oscillations of N,O
and CO coverage is the result of anti-phase oscillations of
N,O and CO partial pressures. They originate due to the
acceleration of N,O decomposition by adsorbed oxygen,
inhibition of CO adsorption by adsorbed N,O molecules and
inhibition of the CO + O reaction by adsorbed CO.

4. Conclusions

Two realistic mathematical models were developed
which can reproduce almost quantitatively the region of
existence and properties of the experimentally observed
oscillatory behaviour of the N,O+ H, and N,O + CO
reactions over the Ir(1 1 0) single crystal surface. It was
shown that lateral interactions in the adlayer might be the
origin of the observed oscillatory behaviour. In both systems
the main feedback mechanism, generating oscillations
operates via the acceleration of N,O decomposition by
oxygen. TDS studies demonstrated that such non-linear
properties of the system could be detected only in a small
region of N,O and O coverages. This might be the
explanation for the very narrow region of reactant partial
pressures and temperature where oscillatory regimes were
detected.

The main difference between oscillations in both systems
is the value of the phase shift between oscillations of the
partial pressures of the two products. Whereas the oscillation
maximum for H,O is only ‘“delayed” compared to the
maximum of N, oscillation, nearly anti-phase oscillations in
the N, and CO, production rates were observed. The result
of mathematical modeling shows that the larger phase shift
of oscillations of CO, and N, production rates in comparison
with the H,O and N, production rates originate due to a more
complicated character of lateral interactions in the adsorbed
layer. In comparison to the N,O + H; system, CO and N,O
adsorb on the same free sites and N,O inhibits CO
adsorption.
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