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A comparative study of the N,O—CO and N,O—H, reactions on the
Ir(110) surface with emphasis on the oscillatory behavior
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The N,O—-CO reaction has been studied on the Ir(110) surface in the temperature range from 300 up to 800 K and compared with the
N,O-H, reaction on the same surface. At temperatures up to 550 K (depending on the N,O/reducing gas ratio), the reaction with H, is faster
due to CO inhibition of the reduction of N,O by CO. Isothermal sustained oscillations in rate were found in the temperature range from 373
to 377K, for very low CO/N,O ratios. The reaction products are N, and CO,. Interestingly, the reactant N, O oscillates in an almost counter-
phase with the other reactant, CO. The period is around 60s; also, highly correlated, synchronous events were found in regular time intervals.
A model for the rate oscillations involves periodic transitions between a CO-rich (inactive) and a CO-poor (active) surface. In contrast, the
rate oscillations for the N,O—H, reaction are related to periodic transitions between O-rich and O-poor surfaces.
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iridium.

1. Introduction

Nitrous oxide is an important greenhouse gas and it
participates in cyclic reactions that lead to ozone destruc-
tion [1-4]. As a continuation of our earlier research on
NO adsorption and reaction, we started a project
focused on a better understanding of the N,O—metal
interaction. In this project the adsorption and reactions
of N,O are studied on various noble metal surfaces. A
previous paper dealt with the N,O—H, reaction on the
Ir(110) surface [5]. Both the N,O—-CO and N,O-H,
reactions are of importance in automotive catalytic
converters, since N,O is a side or intermediate product
in NO reduction [6—10]. The N,O that is formed can
undergo further reaction with CO, H, or hydrocarbons
to produce the desired products: N,, CO,, and H,O.
With CO, NO reduction may involve three reactions
[6,8,9]:

CO+NO — IN, +CO, (1)
CO +2NO — N,O + CO, 2)

Reactions (1) and (2) are the most well studied, and a
number of studies have been published on the N,O-CO
reaction, mainly on Pt, Pd, and Rh supported on alumina
[6-10]. Sadhankar er al. described a model for the
reaction on alumina-supported Pt that incorporates the
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(1 x 1) < hex surface phase transformation of Pt(100)
[7,9]. The model is based on a reaction mechanism consist-
ing of three elementary steps, namely, the reversible
adsorption of CO, the irreversible dissociative adsorption
of N,O to form adsorbed oxygen and gaseous N,, and the
reaction of adsorbed carbon monoxide and adsorbed
atomic oxygen to produce gaseous CO,.

To the best of our knowledge no work has been
reported before for the N,O—CO reaction on Ir surfaces.
In the present paper the reduction of N,O by CO on the
Ir(110) surface will be compared to that by H,. Previous
papers dealt already with the adsorption of N,O [5], H,
and CO [11] on this same surface.

2. Experimental

Experiments were performed in an ultra-high vacuum
(UHV) system equipped with facilities for LEED, AES,
and a differentially pumped quadrupole mass spectrom-
eter. The system was pumped by a turbo molecular pump
and an ion pump. The base pressure was always better
than 2 x 107! mbar. The gases were dosed by means
of three leak valves from the dosing system into the
main chamber.

The Ir sample was cut from an Ir single crystal by
spark erosion to within 0.5° of the desired direction
and polished down to a grain size of 1 yum. The crystal
was spotwelded to a Ta support and could be heated
resistively up to 1400 K. The temperature was measured
using a Pt—Pt/Rh thermocouple, which was spotwelded
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to the back of the crystal. The crystal was cleaned by
multiple heating cycles in an oxygen or hydrogen
atmosphere, Ar" ion bombardment, and flashing in
UHV to 1400K. The Ar" ion sputtering and flashing
treatments were repeated at the beginning of each
series of experiments and the surface cleanliness and
structure were checked by AES and LEED.

During the reactions, the crystal was turned in front of
a small opening which gave access to the quadrupole
mass spectrometer (QMS) chamber. Reactions were per-
formed 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 and CO to N, of 1.0 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 labeled CO ('*CO from Sigma Aldrich) was
required to distinguish them. To make reading easier it
will be further referred to in the text simply as CO.

Further details of experimental procedures
described elsewhere [5].
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Figure 1. Heating and cooling cycles performed in a flow of 1 x 10~ mbar
N,O, for several CO/N,O ratios (R), at a heating rate of 20 K/min. Change
in pressure of mass 44 (N,O) is shown. The maximum conversion of N,O
varied from 25% (for R = 0.12) to 13% (R = 10).

3. Results and discussion
3.1. Heating and cooling cycles

Heating and cooling cycles from 300 to 800 K per-
formed in a flow of N,O at a pressure of
1 x 10 ®mbar, in the absence and presence of CO,
showed that in the former case there was almost no
decomposition of N,O in the steady state. In the presence
of CO, evidence of reaction was found in the temperature
range between 450 and 700 K, as shown in figure 1. The
higher the ratio CO/N,O, the higher the temperature at
which the reaction starts. For example, at R = 0.25,
N,O reaction starts at 450 K and for R = 10, tempera-
tures higher than 500 K are needed for N,O reduction.

For comparison, figure 2 shows similar experiments
performed for the N,O-H, reaction. Increasing the
H,/N,O ratio above the stoichiometric ratio of 1 did
not enhance the reaction rate significantly [5]. The
N,O-H, reaction starts at much lower temperature
than the N,O—-CO reaction. For example, for a reduc-
tant/N,O ratio (R) of unity, at 470 K, the N,O conver-
sion is almost zero when CO is used as a reducing gas
and it is around 50% of its maximum value when
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Figure 2. Heating and cooling cycles performed in a flow of 1 x 107 mbar
N, O, for several Hy/N,O ratios (R), at a heating rate of 20 K/min. Change
in pressure of mass 44 (N,O) is shown. The maximum conversion of N,O
varied from 4% (R = 0) to 20% (R = 10).
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Figure 3. Heating and cooling cycles performed in a flow of 1 x 10~ mbar
N,O, for several CO/N,O ratios (R), at a heating rate of 20 K/min. Change
in pressure for mass 29 (**CO) is shown.

hydrogen is used. For higher values of R, the differences
are much larger. For R = 10, around 525K, the N,O
conversion is still almost zero with CO, and with H, it
is close to its maximal value.

Figure 3 also shows that the higher the ratio, the
higher the temperature at which CO starts to be
converted. Figure 4 shows a typical example of the N,
evolution during heating and cooling cycles performed
for the N,O—CO reaction. There is a sharp increase of
the N, pressure when the reaction starts to take place.
The same is observed for the CO, evolution (figure 5).
The higher the CO/N,O ratio the higher the temperature
at which the products start to be formed and the
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Figure 4. Heating and cooling cycle performed in a flow of 1 x 107 mbar
N,O, for a CO/N,O ratio of 0.5, at a heating rate of 20 K/min. Change in
pressure for mass 28 (N,) is shown.
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Figure 5. Heating and cooling cycles performed in a flow of 1 x 10~ mbar
N,O, for several CO/N,O ratios (R), at a heating rate of 20 K/min. Change
in pressure for mass 45 ('*CO,) is shown.

higher the conversion in the higher temperature range
(~700 K).

N, and CO, are the only products found. Hence, the
results can be interpreted in terms of the following
mechanism, also proposed by other authors [7,9]:

NZO(g) - N2(g) + Oads (4)
Co(g) - Coads (5)
Coads + Oads - COZ(g) (6)

Step (1) is accepted by several authors, since it is agreed
that while oxygen remains adsorbed on the surfaces, N,
desorbs [5,18-20].

The effect of the CO/N,O ratios on the temperature at
which the reaction starts and the fact that the reaction
with H,, in the temperature range 450—500 K, is faster
for similar reductant gas/N,O ratios, suggest that CO
inhibits the reaction when present in higher concen-
trations. This observation is in agreement with results
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Figure 6. Oscillations in the partial pressures of N,O, N,, CO, and CO,, on the Ir(110) surface, at an N, O pressure of 1 x 107 mbar. The temperature was

kept constant at 373K and the CO/N,O ratio was 0.15. Graph (a) shows the first 15 min of oscillations. Graph (b) shows the entire time series with the
repeating patterns highlighted. These are superimposed in graph (c).
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reported for the N,O—CO reaction over Rh catalysts [6].
McCabe and Wong [6] reported for the reaction over Rh,
a reaction order of —1 in CO and +0.65 in N,O at tem-
peratures between 564 and 583 K. AES experiments car-
ried out during heating and cooling cycles show the
presence of CO on the surface until around 500 K. No
build-up of other (N or O) species was observed. CO
inhibition at low temperatures is well documented for
the reaction of O,-CO on Pt, Pd and Ir surfaces [12—
15]. In the higher temperature range (~700K) high CO
pressures favor the N,O conversion. This observation
suggests that it is the CO concentration on the surface
that determines the reaction rate and not the N,O
decomposition to O,4, and N, (step (4)).

Some instabilities can be observed in the N,O pressure
between 370 and 400K (figures 1, 3, 4), which were
thought to be related with the onset of rate oscillations
in that temperature range. It was reported before that
similar irregularities in rate during heating and cooling
cycles can be linked to the onset of oscillations for the
NO-H, [16,17] and N,O—H, [5] reactions.

3.2. Oscillations in rate

In the temperature range between 373 and 377K,
sustained oscillations in rate were observed at an N,O
pressure of the order of 1 x 10~ mbar, using very low
CO/N,O0 ratios (close to 0.1) as shown in figures 6 and
7. The oscillations were triggered by slowly heating the
crystal in the presence of N,O (1 x 107® mbar) with a
very low amount of CO added, the smallest possible to
be read by the ion gauge (resulting in a CO/N,O ratio
of approximately 0.05), from room temperature to
800 K and then subsequent cooling down to a tempera-
ture between 370 and 390K (the range where irregulari-
ties in the rate of the reaction were detected for the
heating and cooling cycles as shown in figures 1, 3, 4).
Then the pressure of CO was increased stepwise until
sustained oscillations in rate started.

Figures 6 and 7 show the oscillations at 373 and
375K, respectively. The reaction products were N, and
CO; as expected. The period of oscillations is approxi-
mately 60s, just as in rate oscillations reported for the
N,0O-H, reaction on the same surface [5]. As expected,
the rate of N, formation oscillates in counter-phase
with that of the reactant N,O. Compared to the N,O
pressure, CO, was formed in low amounts because the
relative pressure of CO was very low. CO, pressure
oscillates in counter-phase with that of CO. Figures
6(a) and 7(a) show the oscillations in closer detail (the
first 15 min). Figures 6(b) and 7(b) show the entire time
series where oscillations were found at 373 and 375K,
respectively. The highlighted parts are highly correlated
in time with an autocorrelation greater than 99%.
These repeating patterns occur at exactly the same time
for all observed masses, hence they are synchronous as
figures 6(b) and 7(b) show. These repeating patterns

are superimposed in figures 6(c) and 7(c), thus showing
the in-phase and counter-phase relationships. It is
shown that the time frames themselves are spaced in
regular time intervals (as shown in the figures). This
confirms the periodic nature of the patterns and the
signal itself. The signal of each mass in the superimposed
patterns has a distinctly different shape. Hence, a linear
relationship (e.g., the correlation function) is not suffi-
cient to describe the relation between the observed
masses. Note that the pressure of the reactant N,O
oscillates in an almost counter-phase with that of the
other reactant CO. These repeating patterns were also
observed in the N,O—H, reaction.

AES measurements were also carried out during the
rate oscillations, as was done with the N,O—H, experi-
ments [5]. For that purpose, the rate oscillations were
started and the crystal was moved from the MS opening
to the CMA opening. Measurement of a full AES
spectrum takes about 2.5min, which is insufficient to
follow the evolution of the C/CO,4, peak intensity
(around 272¢V) during one oscillation cycle (of 1 min).
However, by monitoring the spectra during the oscilla-
tions, it was found that the O-coverage remains low
during the oscillations and that the CO-concentration
varies between a minimum and a maximum value with
the rate oscillations. Hence, a clear relationship between
the CO surface coverage and the oscillatory behavior is
established, which is shown figure 8, where the CO57; v/
Irs, .y intensity versus time is plotted. This demonstrates
that there are periodic transitions between a CO-rich
(inactive) and a CO-poor (active) surface during the
oscillations. The specific form of an oscillation cycle
for the N,O—CO reaction, as illustrated in figure 9, is
used to propose some relevant steps in the oscillation
mechanism:

1. The CO coverage becomes low, the surface is in its
active state, the rate of N,O conversion is high, and
the removal of O,y by CO,q4s (step (6)) is slower
than its formation (step (4)).

2. N,O decomposition is maximal and CO is efficiently
removed by O, .

3. CO adsorption becomes faster than its removal by
O,4s- As a result, CO build-up starts and it also
inhibits reaction (4), so the N,O conversion drops.

4. O,y 1s efficiently removed by CO,4, to CO,. The rate
of CO, production and the rate of CO adsorption are
maximum. The N,O conversion and the O,y concen-
tration are low.

For the N,O-H, reaction, AES measurements
showed that the O-concentration varied from zero to a
maximum value during the rate oscillations. Also
“oscillatory” behavior was found in the plot of the
Os10ev/Irssey intensity versus time [5]. A build-up of
atomic oxygen on the crystal surface, produced by
N,O decomposition, would result in a decrease in the
rate of N,O dissociation, until oxygen is released in the
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Figure 7. Oscillations in the partial pressures of N,O, N,, CO, and CO,, on the Ir(110) surface, at an N, O pressure of 1 x 107 mbar. The temperature was

kept constant at 375 K and the CO/N,O ratio was 0.1. Graph (a) shows the first 15 min of oscillations. Graph (b) shows the entire time series with the repeat-
ing patterns highlighted. These are superimposed in graph (c).
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Figure 8. The variation of the Cy7ev (ofadsorbed c0)/ITs4ev AES signal ratio at 460 K during rate oscillations (N,O pressure of 1 x 10~® mbar and CO/N,O
ratio of 0.11). Error bars are shown.

form of water [5]. These observations suggest that the
mechanism of oscillatory behavior is different for the
two reactions, due to the inhibitive effect of the reducing
gas in the N,O-CO reaction on the N,O dissociation.
For the N,O—H, reaction it is only a high concentration
of O, that inhibits N,O decomposition. For the N,O—
CO reaction such an oscillation in O,4, concentration
was not found. Here the CO,4, concentration shows
oscillatory behavior that masks the expected oscillation
in O,q4, concentration.

This mechanism explains the counter-phase relation-
ship found between oscillations for N,O and N, pres-
sures, and those of CO and CO,. It also considers the
inhibition of N,O decomposition caused by CO and
the described periodic transitions between a CO-rich
(inactive) and a CO-poor (active) surface. The low CO-
coverage would then correspond to the maxima of
N,O decomposition, that is, the maximum of N, and
minimum of N,O pressures, during the oscillations.

The purpose of this short discussion was to invoke
several possible steps that may be relevant for the

v
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Time (a.u.)

Figure 9. Specific form of an oscillation cycle for the N,O-CO reaction
(possible mechanism discussed in the text).

mechanism of oscillations in the N,O-CO and N,O-
H, reactions. Detailed studies, both experimental and
modeling, are needed for a complete understanding of
the oscillatory behavior of N,O reduction.

Interestingly, these results show that the pressure of
the reactant N,O oscillates in an almost counter-phase
with that of the other reactant CO. To the best of our
knowledge, this is the first time that a counter-phase
relationship has been reported for rate oscillations in
the reactant pressures. More research needs to be done
to further clarify this phenomenon.

The N,O conversion was less than 7% during the
oscillations. Most probably, rate oscillations for CO/
N,O reaction are only possible in large excess of N,O.
This is due to combined effects of the high sticking
probability of CO at these low temperatures, the rela-
tively low sticking probability of N,O (even on CO free
surfaces), and the large inhibitive effect of CO,4, on
N,O dissociation. The oscillations then occur only for
very low CO/N,O ratios and very low values of tempera-
ture, which is in contrast to the N,O—H, reaction that
had no inhibition by H,. In this case, the ratios where
oscillations were observed were close to unity [5].

The rate oscillations of the N,O—CO reaction are also
very sensitive to changes in the CO/N,O ratio or tem-
perature like those reported for the N,O—H, reaction
on the same surface [5]. Therefore the rate oscillations
could not be followed for extended periods of time
(maximum of 45min), because of small uncontrolled
changes in the partial pressures. However, in principle,
the oscillations are sustained. For temperatures just out
of the aforementioned range, small instabilities in the
rate were observed. These processes were found to be
triggered by small variations in temperature, like those
reported previously for the N,O-H, reaction on the
same surface [5].
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4. Conclusions

The reaction with H, is faster for temperatures up to
550K (depending on the N,O/reducing gas ratio), due to
CO inhibition of the decomposition of N,O. Oscillations
in rate were found between 373 and 377 K, for very low
CO/N,O0 ratios (close to 0.1). The reaction products were
N, and CO,. N, oscillates in anti-phase with reactant
N,O and CO in anti-phase with CO,. Synchronous
events, highly correlated in time, were found for all
masses in regular time intervals. A possible explanation
for the oscillations is proposed, based on periodic transi-
tions between a CO-rich (inactive) and a CO-poor
(active) surface. In contrast, the rate oscillations for the
N,0-H, reaction are related to periodic transitions
between O-rich and O-poor surfaces.
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