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The NO + H, reaction on Pt(100): steady state and oscillatory kinetics
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The reaction of NO + H, on Pt(100) was studied in the 10~% mbar range between 300 and 800 K with mass spectrometry,
work-function measurements, and video LEED. Both muitiple steady states and kinetic oscillations were found. The principal
reaction products were N,, H,O and NH3, and the activity and selectivity of the reaction were seen to depend on the partial
pressure ratio PH,/PNos ON the surface temperature, and on the degree of surface reconstruction. Whereas the 1 X 1 surface of Pt
was active for both N, and NH; formation, a well-annealed hex phase exhibited a low catalytic activity. The occurrence of defects
during the 1X 1 = hex transition was shown to lead to enhanced N, formation. At low py,/pno ratios, N, formation was favored
while for large py,/Pno ratios, NH; production was enhanced. Kinetic oscillations, as determined from variations in the N,, H,0

and work-function signals, were found between 430 and 445 K.

1. Introduction

The catalytic reduction of NO with either CO
or H, is of considerable practical importance due
to the pollution effects of NO in air [1]. More-
over, these reactions exhibit interesting dynami-
cal behavior such as multiple steady states and
kinetic oscillations. The latter were detected in
the NO + CO reaction first on polycrystalline Pt
and then on a Pt(100) single-crystal surface where
they were studied in the 10~7 to 10> mbar range
[2-5]. The single-crystal study led to the formula-
tion of a mathematical model which reproduced
the experimental results quite accurately [5]. The
motivation to study the NO + H, reaction on
Pt(100) is that coadsorbed NO and H, exhibit the
same “‘explosive” product formation upon heat-
ing that also has been observed with coadsorbed
NO and CO on Pt(100) [6,7]. This similarity sug-
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gested that the NO + H, reaction on Pt(100)
would be a suitable candidate for detecting oscil-
latory behavior.

Sustained kinetic oscillations in the NO + H,
reaction on Pt(100) have been, in fact, detected,
as has been shown in a preliminary report [8].
The oscillatory behavior in the NO + H, reaction
is found in that region of parameter space where
multiple steady states associated with the 1 X1
= hex phase transition of the Pt(100) surface
structure occur. This phase transition influences
not only the dissociation probability of NO and
hence the catalytic activity, but also the selectivity
of the reaction to either N, and H,O or NH,
and H,0.

In this paper, a detailed report is presented on
the experimental results of the steady state and
oscillatory behavior of the NO + H, reaction on
Pt(100). The experimental work is complemented
by a numerical study, currently in progress, of a
set of coupled differential equations derived from
a consideration of the reaction mechanism. A
discussion of the oscillation mechanism, which to
a great extent relies on the results of the simula-
tions, will be presented in a forthcoming paper
together with the results of the simulations.

0039-6028 /92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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2. Experimental

The experiments were performed in a stand-
ard UHV chamber evacuated by a combination of
a turbomolecular pump (360 ¢/s), an ion getter
pump (180 7/s), and a titanium sublimation pump
down to a base pressure of p <2 x 10~ 'Y mbar.
The system was equipped with two mass spec-
trometers (Balzers OMGI111A and Leybold Q-
100) with one of them differentially pumped, a
piezo-driven Kelvin probe for work-function
measurements, and a 4-grid rear-view LEED op-
tics (Omicron) with a video system for quantita-
tive LEED intensity measurements.

The sample was a Pt(100) single crystal of
7 X 7 X 1 mm which had been oriented to +0.5°
by Laue diffraction. The crystal was heated resis-
tively through two Ta support wires spot-welded
to the upper and lower edges of the sample. The
temperature of the crystal was measured by a
Ni/NiCr thermocouple and kept constant within

+ 0.1 K by a PID controller which also was capa-
ble of producing a linear temperature ramp.

The sample surface was cleaned by oxygen
treatment at 900 K and p, =2Xx10"° mbar,
and sputtering with Ar™ ions at 760 K followed
by annealing to 1050 K. For the experiments,
gases with the highest commercial purity avail-
able were used (NO (2.8), H, (5.0), and D, (2.7)).
All partial pressures given in this work have been
corrected for differences in the ion gauge sensi-
tivity, S, using S,;. /Sy, = 0.46 for H, and S,/
Sy, =127 for NO. =

3. Results
3.1. Steady state behauvior
The adsorption of the reactants NO and H,

onto a Pt(100) surface has been the subject of a
number of quite extensive studies. To summarize
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Fig. 1. Hysteresis in the N,, NH;, and H,O production rates (a) and in the work function and 1x 1 and hex LEED beam

intensities (b) as the temperature is slowly varied in a cycle while constant NO and H,O partial pressures are maintained. The solid

bar indicates the temperature range in which oscillations were observed. The metastable part of the hysteresis is denoted by the

dashed line in the N, production curve. The heating and cooling rate was 0.83 K/s. The LEED measurements here and in all of
the following experiments were conducted at normal incidence with a beam energy of 56 eV.
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these results, NO adsorbs molecularly at 300 K
and causes the hex phase to transform to the
1 X1 phase. When an NO-covered surface is
heated above 380 K, the NO dissociates to ad-
sorbed atomic oxygen and atomic nitrogen [7,9-
13]. At approximately 400 K, atomic nitrogen
recombines to form N, which desorbs quite
rapidly (within ~ 1 s), thereby leaving atomic
oxygen on the surface [14). In contrast to the
behavior of NO, hydrogen adsorbs very slowly at
room temperature onto the hex phase. Below
~ 250 K, however, substantial hydrogen cover-
ages can be obtained quite rapidly which lead to
the removal of the hex reconstruction [15-17].
The most strongly bound adsorption state of hy-
drogen on Pt(100) desorbs with a peak maximum
temperature of 375 K in thermal desorption spec-
troscopy (TDS) [15,17].

Fig. 1 displays the hysteresis behavior observed
when the crystal is slowly heated to 700 K and
then cooled in a reaction mixture of NO and H,
at constant py_  and pyo. During the tempera-
ture cycle, the rates of production of N, (mass
28), H,O (mass 18) and NH ; (mass 17, corrected
for the amount of H,O produced) and the varia-
tions in the work function and in the LEED
intensities have been followed to measure the
degree of reaction and the state of the surface.
The reaction rates reported in fig. 1a were calcu-
lated by taking into account the effective pump-
ing speed, the crystal dimensions, and the known
or measured cracking patterns and ionization
probabilities of the species involved. A rather
complex hysteresis in all of the measured quanti-
ties is observed.

In order to account for the features in fig. 1, it
is useful to consider the following set of elemen-
tary steps:

NO + = = NO,,, (R1)
H,+2+ =2H,,, (R2)
NO,; + * >N, + 0,4, (R3)
2N,y > N, + 2%, (R4)
O, t2H,, > H,0 + 3=, (RS)
Ny +3H, = NH; 4+3*, (R6)

NH,,, —> NH, + *, (R7)

where * denotes a free adsorption site.

The primary reaction products are N, (R4),
H,O (R5) and NH; (R6). All reaction intermedi-
ates in the formation of H,O and NH; have been
neglected, and it has been assumed that H,O
desorbs practically instantaneously after its for-
mation. A key step in the mechanism is the
dissociation of NO (R3), since this step is neces-
sary in order to form the atomic nitrogen and
oxygen needed for the subsequent formation of
N,, H,O and NH,. As demonstrated in previous
studies, N,O may also appear as a reaction prod-
uct in the NO + H, reaction on a Pt surface [18].
It amounts, however, to less than 10% of the
main products and therefore is not included here.

In the light of the above mechanism, the prin-
cipal features in the hysteresis in fig. 1 can be
readily understood. As the crystal is heated from
350 to 400 K, a high coverage of NO stabilizes the
1 X1 surface. The reaction rate is low, since
dissociation of NO requires vacant sites and
therefore cannot proceed at high adsorbate cov-
erages [7]. Above 400 K, the desorption of NO
and H, creates vacant sites and the reaction
accelerates rapidly as evidenced by the sharp rise
of the N, and H,O production rates. When a
higher heating rate of 1 K/s is used instead of
0.83 K /s used here, the maximum in the reaction
rate at 420 K transforms into a spike-like feature.
This narrow signal is reminiscent of the so-called
“surface explosion” of coadsorbed NO and H,,
which apparently also takes place under the reac-
tion conditions used here. If one writes down the
stoichiometric equations for NH; and N, forma-
tion in the following way:

NO +H, - iN, + H,0,
NO + 2.5H, —» NH, + H,0,

one realizes that the H,O production rate re-
flects the overall catalyst activity. This is qualita-
tively what is seen in fig. 1a.

In order to understand the appearance of the
remaining features in fig. la, it is necessary to
take into account the state of the surface as
monitored by the work function and the LEED
intensities. The A¢-trace in fig. 1b shows that the
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work function in the course of the hysteresis
always remains below the level of the clean hex
surface. The most prominent featurc in the A¢
trace in fig. 1b is the minimum in the work
function of ~ 700 mV below the level of the
clean hex phase. Both NH; and H,O adsorbed
on Pt surfaces are known to lead to large de-
creases of the work function of —3 and —1 V,
respectively [19,20]. In contrast to these large
work-function changes, molecularly adsorbed NO
only causes a maximum A¢ change of —50 mV
[7], while adsorbed hydrogen at temperatures
above 300 K leads to a maximum A¢ increase of
~ 100 mV (see fig. 4). Thus, the reaction prod-
ucts NH; and H,O and their intermediates are
the only candidates whose presence could ac-
count for such a strong A¢ decrease. Since TDS
studies [21,22] reveal that H,O desorbs from
Pt(100) at T <200 K, while NH; exhibits a
strongly bound adsorption state which desorbs
between 300 and 500 K, the A¢-drop in fig. 1b
can be assigned to adsorbed NH ;.

We cannot exclude the possibility that NH or
NH, species exist on the surface and therefore
the assignment to molecularly adsorbed NH; is
only tentative. This assignment is substantiated,
however, by the proximity of the A¢ minimum
with the peak at 7 =490 K in the NH; hysteresis
in fig. 1a. The differences in peak location stems
from the fact that the decrease in A¢ reflects the
formation of NH; on the surface whereas the
mass spectrometer measures the enhanced NH,
desorption rate as the temperature is increased.
If one assumes an average dipole moment p, = 2.0
D for adsorbed NH;, an NH; coverage 8y, =
0.06 can be estimated at the A¢ minimum [19].

From previous investigations, it is known that
only the 1 X 1 phase is active in NO dissociation
while the hex phase exhibits a rather low effi-
ciency for NO dissociation [6,7,9]. One would
therefore expect that the overall catalytic activity
in the NO + H, reaction, as monitored by H,O
formation, would decrease upon heating as the
1 x 1 phase transforms into the less active hex
phase. Upon comparison of the LEED intensity
curves in fig. 1b with the H,O hysteresis in fig.
la, it can be seen that the decrease in the overall
catalytic activity above 500 K indeed coincides

with the formation of the hex phase. The hystere-
sis in the surface structure, which is monitored by
the intensity of the hex beam in fig. 1b, is very
similar to that observed when the crystal is heated
and cooled in pure NO [7]. Apparently, an ad-
sorption / desorption equilibrium of NO controls
the phase transition in both directions with only a
small influence of H, in the gas atmosphere.

The occurrence of the phase transition has a
pronounced effect on the relative amounts of N,
and NH, produced. Referring again to figs. 1a
and 1b, it can be seen that as the temperature is
increased above 450 K, the increase in production
of N, coincides with the formation of the hex
phase whereas NH; production is seen to de-
crease. Upon further heating, the catalyst activity
approaches zero for all three reaction products as
a consequence of negligible NO dissociation on
the hex phase. As the sample is cooled in the
NO/H, atmosphere, the hex phase persists until
420 K at which point the hex — 1 X 1 phase tran-
sition occurs. In the temperature region immedi-
ately after the phase transition, the catalyst is
seen to produce predominantly N, whereas at
temperatures well below the phase transition, the
catalyst returns to its adsorbate-covered state with
negligible activity.

The comparison between figs. la and 1b
demonstrates that the 1 X 1 — hex phase transi-
tion modifies the selectivity of the reaction from
preferential NH; production on the 1 X 1 phase
to preferential N, formation on the hex phase.
The high level of N, production in the latter case
is not due to the hex phase itself, but can be
attributed to the presence of structural defects.
Experimental evidence for the existence of struc-
tural defects is provided by the following. When
the previous experiment is repeated with a maxi-
mum temperature of 550 K instead of 700 K, one
obtains the hysteresis curves which are displayed
in fig. 2. The main difference in the hysteresis
behavior with respect to the previous experiment
is that during the cooling branch, the hex phase is
now associated with a rather high level of N,
production as compared to the lower level of N,
production in fig. la.

Upon comparison of figs. 1 and 2, it can be
seen that although the surface reconstructs to the
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hex phase 1n both cases, it exhibits a very differ-
ent level in catalytic activity depending on the
maximum temperature used in the heating cycle.
The LEED measurements in fig. 1b demonstrate
that annealing to 750 K improves the maximum
level of the hex intensity as compared with the
LEED measurements in fig. 2b. Evidently, heat-
ing the sample up to 550 K is not sufficient to
produce a well-ordered hex phase. The difference
in catalytic activity can thus be ascribed to struc-
tural defects on the hex phase, which from previ-
ous investigations are known to facilitate the dis-
sociation of NO [5,23,24]. These structural de-
fects inevitably form during the 1 X 1 — hex phase
transition, since the substrate phases differ by
~ 20% in their density of surface atoms.

The time-dependence of the concentration of
structural defects has been monitored in the fol-
lowing way. A temperature hysteresis was con-
ducted in a NO + H, mixture and the heating
schedule was stopped and held at 7=550 K. It
was then observed that the N, production rate
does not remain stationary but returns within
minutes from the upper rate branch to the lower

rate branch. The hysteresis observed at this tem-
perature is therefore not a true hysteresis but
rather is caused by kinetic effects, e.g., by the
presence of structural defects which require some
time for their annealing. Of the two rate branches
depicted in fig. 1a, the metastable part is marked
by a dashed line in the ry, trace. The rest repre-
sents in fact a true hysteresis as has been verified
by stopping the heating schedule at various points
of the temperature cycle and observing a constant
rate.

The influence of the H, partial pressure on
the activity and selectivity of the reaction on the
two surface phases has also been examined. As
depicted in fig. 3, the partial pressures of the
products N,, H,O and NH; were followed by
varying py;, at pyo=1.1X107° mbar. The full
line represents the rate curves for a surface heated
to T=445 K whereas the dashed curves were
recorded after the sample had been first heated
in an NO/H, mixture to 550 K and then cooled
to 445 K. The full line therefore represents the
reaction taking place on a 1 X 1 surface, while the
dashed line displays the reaction kinetics occur-
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Fig. 2. Same as in fig. 1 but in this case the maximum temperature in the hysteresis is 550 K instead of 700 K as in fig. 1.



162 M. Slinko et al. / The NO + H, reaction on Pt(100)

PH1001 /NG + H,
Pyo=1-1x107mbar
T =LL5K

QMS intensity la.u]
o
T

0 3 % 24
Py, 1105 mbar]

Fig. 3. Dependence of the N,, NH;, and H,0 production
rates on the H, partial pressure and on the surface structure.
The solid line indicates the intensities measured for a surface
heated in an NO/H, to 445 K thereby producing a 1x1
surface whereas the dashed line shows the intensities for a
surface heated to 550 K and then cooled to 445 K in an
NO/H, mixture thus producing a partially reconstructed
surface.

ring on a hex surface with a large amount of
defects, i.e., on a partially reconstructed surface.
First, one can clearly distinguish between two
different regions in the kinetics of the reaction.
At low py , the production of H,O and N, rises
extremely steeply with increasing p,; , while NH;
production remains low. As py, is further in-
creased, the production of N, goes through a
maximum, while the NH; production rate contin-
ues to increase. These results demonstrate that
NH ; formation is the preferred reaction product
when py_ /pyo is large, whereas N, production
predominates when Pu,/Pno 18 small. The role
of the structural sensitivity of the reaction is also
apparent in fig. 3 when one compares the rates of
N, and NH, production on the 1 x 1 surface (full

curve) and on the hex surface with defects (dashed
curve). On the hex surface with defects, the N,
production rate remains high even when H, is in
excess, whereas N, production decreases quite
strongly on the 1 X 1 surface when hydrogen is in
excess.

The influence of surface structure on the se-
lectivity of the reaction can be understood quite
simply if one considers the different adsorption
properties of hydrogen on the 1x 1 and hex
phases. Fig. 4 displays the hysteresis in A¢ and in
the LEED intensities which are observed when a
Pt(100) surface is slowly heated and cooled in an
H, atmosphere at constant p,_. The hysteresis in
the hydrogen coverage, which is monitored here
by A¢, is associated with a hysteresis in the
surface structure caused by the hydrogen-induced
lifting of the hex reconstruction. Starting at high
temperature, which corresponds to the surface in
the hex state with a negligible hydrogen coverage,
one observes little change in A¢ upon cooling.
At temperatures below 250 K, however, the ad-
sorption of hydrogen leads to a hydrogen-covered
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Fig. 4. Hysteresis in the adsorption /desorption equilibrium of

H, on Pt(100). The work function and the 1x1 and hex

LEED beam intensities were recorded as the temperature is

slowly varied in a cycle while maintaining a constant H,
pressure.
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1 X 1 phase and heating above 400 K is necessary
in order to restore the clean hex phase. At this
temperature, almost all of the hydrogen from the
1 x 1 phase is desorbed.

The hysteresis observed here with H, on
Pt(100) is completely analogous to the systems
P1(100)/CO, Pt(100)/NO and Pt(100)/0, in
which the adsorbates also lead to a lifting of the
hex reconstruction [7,25,26]. The origin of the
hysteresis can very likely be explained in the same
way as has been proposed for Pt(100) /CO, where
the lower adsorption energy of CO on the hex
phase as compared to the 1 X 1 phase has been
shown to be the main thermodynamical driving
force [25]. Some details in the A¢ behavior seem
to be noteworthy. Hydrogen adsorption causes a
lowering of A¢ below 300 K, but the high-tem-
perature adsorption state which remains on the
1 x 1 surface after heating beyond 300 K gives
rise to an increase in the work function by ~ 100
mV. Apparently, different adsorption states with
opposite dipole moments occur in the system
Pt(100)/H, [17]. The state which is relevant un-
der the conditions here is clearly the high tem-
perature state associated with an increase of the
work function.

The selectivity behavior of the reaction to ei-
ther N, or NH; which has been observed in figs.
1-3 for the 1 X 1 phase and for the well-annealed
hex phase can be compactly summarized by tak-
ing into account the availability of hydrogen on
the surface. When the hydrogen coverage on the
surface is high, NH,; formation is enhanced
whereas in the absence of hydrogen, only N, is
formed. The influence of the surface structure on
the N,/NH, product ratio can be explained in
light of the different adsorption properties of
hydrogen on the two surface phases. Since the
1 x 1 surface adsorbs hydrogen much more read-
ily than the hex phase, NH formation occurs on
this surface, whereas on the hex phase the limited
availability of hydrogen makes NH, production
less favorable.

3.2. Kinetic oscillations

Kinetic oscillations in the NO + H, reaction
on Pt(100) have been observed by heating the
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Fig. 5. Hysteresis in the work function and in the N, intensity
during the temperature cycles used for establishing kinetic
oscillations. The solid bar indicates the temperature range in
which oscillations were observed. Oscillations were found on
the cooling branch of the hysteresis when the sample was
cooled sufficiently rapidly so that the reaction remained on
the metastable upper branch of the N, production rate (path
AC) or when the cooling was sufficiently slow so that the
reaction proceeded along the lower rate branch of the kinetics
(path ABC, i.c., along the dotted line). The vertical bar C
denotes the maximum amplitude of the oscillations. The
shaded bar denotes the region where the reaction exhibits a
high temperature sensitivity (see fig. 9).

sample to 550 K in an NO/H, atmosphere fol-
lowed by slowly decreasing the temperature. The
values of the N, production rate and work func-
tion during this type of heating schedule are
shown in fig. 5. In a rather narrow temperature
region between 430 to 445 K width, oscillations in
the reaction rate were observed. As indicated by
the solid bars in figs. 1, 2 and 5, the temperature
region in which oscillations have been obtained
coincides with the lifting of the hex reconstruc-
tion and with the beginning of a steep drop in A¢
monitoring the formation of a stationary NH,
coverage on the surface.
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The appearance of kinetic oscillations at a
constant temperature is a slow process. As de-
picted in fig. 6, an induction period of 20 min
exists before stable, large amplitude oscillations
develop. The length of the induction period de-
pends on the cooling rate from the maximum
temperature in the hysteresis to the temperature
at which oscillations occur. For a cooling rate of
0.11 K /s, the induction period may last only two
to three minutes, but when the sample is cooled
more rapidly at 0.5 K/s, the induction period
increases to roughly 30 min. A continuous slow
downward shift in A¢ of ~ 100 mV per hour is
observed, even after seemingly stable large-ampli-
tude oscillations in the N, production rate are
achieved. It may well be that this shift is just due
to a slow increase in the NH, coverage as a
consequence of an enhanced NH; background
pressure during the course of an experiment.

In all experiments, kinetic oscillations were
only found to occur on the cooling branch of the
hysteresis. In one type of experiment, the sample
was first heated to 550 K and then cooled. For
this type of temperature cycle, the N, intensity
upon cooling followed the metastable high rate
branch as indicated by path AC in fig. 5. This is,
however, not the only pathway which leads to
kinetic oscillations. In a second type of experi-
ment, the temperature was first heated to 550 K
and then held at this temperature to anneal de-
fects before cooling. The N, intensity for this
type of heating schedule followed the trajectory
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Fig. 6. Temporal variations in the work function and N,
intensity after the temperature was lowered to 444 K. Oscilla-
tions are seen to occur after an induction period.
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Fig. 7. Temporal variations in the work function and in the

H,O and N, production rates during oscillations. A constant
phase relationship between the signals is seen.

along the low rate branch as indicated by the
dashed line in fig. 5. The properties of the oscilla-
tions which are obtained in this manner exhibit
no notable differences to those of the previous
procedure. Apparently, the initial level of surface
defects on the hex phase has no detectable influ-
ence on the oscillatory properties of the system.
The temporal variation of A¢ and of the reac-
tion products N, and H,O during kinetic oscilla-
tions are shown in fig. 7. Both N, and H,O are
seen to oscillate in phase whereas the A¢ signal
is shifted by 180° relative to the N, and H,O
signals. The variations in A¢ can be attributed to
either changes in atomic oxygen coverage or to
changes in NH; coverage. The observation that
the oscillations in A¢ always take place with the
average value being below the A¢ level of the
clean hex phase indicates that the periodic varia-
tions occur in the presence of a finite NH ; cover-
age. From the changes in A¢, it can be estimated
that the changes in NH, coverage during the
course of oscillations are less than 1% of a mono-
layer and thus the variations in ry,, in the gas
phase may well be below the detection limit.
The fact that kinetic oscillations in the NO +
H, reaction occur only under conditions of a
partially reconstructed Pt(100) surface might indi-
cate that the 1 X 1 = hex phase transition plays a
role in the mechanism of oscillations as has been
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shown for Pt(100)/CO + O, [27]. In order to
determine if this were the case, in situ LEED
experiments were conducted. In none of these
experiments were the oscillations in the reaction
rate accompanied by periodic variations of the
hex or 1 X 1 intensities. A typical example of such
an experiment is displayed in fig. 8. Neither the
regular oscillations nor the Ilarge amplitude
changes in N, initiated by small temperature
decreases caused any notable effect on the inten-
sities of the integral or fractional order beams.
Even though low beam currents of 0.10 wA have
been used in the experiments, it might be possi-
ble that beam damaging effects prevent the de-
tection of oscillatory structural changes. This
could happen if the electron beam suppresses
locally the oscillations, while they continue in the
surface area which is not hit by the electron
beam.

A characteristic of the reaction in the vicinity
of the region for oscillations is the extreme sensi-
tivity of the reaction rate to small temperature
changes. As shown in fig. 9, a temperature de-
crease of 4 K causes large excursions in the N,
production rate and in the value of A¢. Interest-
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Fig. 8. Temporal variations in the N, production rate and in
the 1 X1 and hex LEED beam intensities during oscillations.
The arrows indicate the times at which the temperature was
decreased by 0.5 K.
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Fig. 9. Effect of small temperature changes on the N, produc-

tion rate and on the work function in the region where the

reaction responds extremely sensitively to temperature varia-

tions. This temperature range is indicated by the shaded bar
in fig. 5.

ingly, the level of N, production seen in fig. 9 is
restored soon after the temperature jump whereas
A¢ attains a lower value. The temperature range
over which this temperature sensitivity has been
observed is indicated by the shaded bar in fig. 5.

A tentative explanation for this sensitivity is
the following. From fig. 5, one notes that in the
temperature region where oscillations are ob-
served, high levels of N, production occur. In this
same temperature region, the occurrence of the
hex — 1 X 1 phase transition is not seen to no-
ticeably change the amount of N, produced. If
the primary effect of the small decrease in tem-
perature is to further the NO-induced lifting of
the hex reconstruction, the change in the relative
amounts of substrate phases might not be associ-
ated with any notable difference in r,. The only
difference will be that the increase in the 1 X 1
area enhances NH; production and thus causes a
lower A¢ level, which is exactly what is observed
in fig. 9.

In fig. 10 is displayed a series of oscillation
patterns for selected values of the temperature.
Near the upper T boundary, oscillations have a
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Pt (100) /NO +H2
Prno =11 x 10 mbar
Py, =1 x 10> mbar
441K
WA lsomv
T  a39k
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———p
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Fig. 10. Oscillation wave forms in the work-function change
for selected temperatures within the existence region for
oscillations.

small amplitude and a period of ~ 5 to 20 s. For
intermediate temperatures, both the amplitude
and the period of the oscillations becomes larger.
Towards the lower T boundary, the period of the
oscillations becomes very large, while the ampli-
tude remains constant. This behavior at lower
temperature is characteristic of a so-called homo-
clinic bifurcation in which the period goes to-
wards infinity at the bifurcation whereas the am-
plitude of the oscillations collapses in a discontin-
uous transition beyond the bifurcation point.
The magnitude of the oscillation period at
different temperatures is depicted in fig. 11 for
two different values of py_ with py being kept
the same. One notes that the existence range for
oscillations is shifted 10 K towards higher tem-
perature when py; is increased by a factor of 3.
The same diagram shows that an increase in Pu,
at constant temperature and constant pyg leads
to longer oscillation periods. The plot in fig. i1
also shows that large changes in py, do not
significantly alter the way in which the oscillation
period depends on temperature. The oscillations
were also found to be stable over a wide range of
hydrogen pressures. After having been first estab-
lished at the conditions of pyo=1.1Xx10"°

mbar, py. = 1X 107> mbar and 7 = 440 K, oscil-
lations were stable for changes in the hydrogen
pressure between 4 X 107% and 3 X 107> mbar,
i.e., for py_ /pno ratios between 4:1 and 30: 1.

The temperature dependence of the oscillation
amplitude of A¢ is shown in fig. 12 for different
values of py;. As seen in fig. 12, the oscillations
start with a small amplitude in A¢ at the high T
boundary and then grow continuously with de-
creasing temperature until the oscillations disap-
pear in a sharp transition at the low T boundary.
This kind of behavior is consistent with a Hopf
bifurcation at the high 7' boundary and a homo-
clinic bifurcation at the low T boundary. For the
lowest py /pPno value used in this study, the
amplitude of A¢ is quite small. In a rather broad
range of intermediate py /Py values, the maxi-
mum amplitude of the A¢-oscillations is practi-
cally independent of Py, a8 shown in fig. 12 for
Py, =56%x107° mbar and p, =1.0x107"°
mbar. .

Pt(100)/NO + Hj
Pro = 1.1x10mbar
Py, ® 28 <10 %mbar
400k * 1.0 %10 °mbar
300
a
o
2
[ -
[+1]
a
§ 200+
s
=
1}
(=]
100+
\d
(4
0 1 L L L
430 435 440 445
TIK])

Fig. 11. Temperature dependence of the oscillation period for
two H, partial pressures.
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Pt(100) / NO + H2
Pug= 11 x 10" mbar
. -6
so0k Py =2.8 x 10" °mbar
*5.6 x10 8 mbar

501~ * 1.0 x10 % mbar

Ay amplitude [mV]
=~
1=
I

30
20—
10
0 1 1 [l 1 I
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Fig. 12. Temperature dependence of the oscillation amplitude
as measured via the work-function change for several H,
partial pressures.

An interesting relationship is obtained by com-
paring the amplitudes of the oscillations of A¢
and ry, at different temperatures. As can be seen
from fig. 13, the temperature dependence of the
amplitudes for A¢ and N, do not vary in the
same way. Large oscillations in N, production are
found at the upper T boundary, while large am-
plitudes in the A¢ oscillations are located at the
lower T" boundary. This relationship suggests that

Pt (100} /NO+Hz
Pno=t1x 105mbar

Pry= 1% 1075mbar

S0

= —
3

£ Lo} 3
Q -—
S <
= 30r 2
g 2
° 20f 5
g — =

10

ot 1 1 1 1 10

430 435 440 445
TiK]

Fig. 13. Differences in the temperature dependence of the
oscillation amplitude as measured through the work-function
change and the N, production rate.

Pt (100)
Pno =11x108mbar
5
o Py, Pp, * 1 x 10 "mbar
o5 150r
g . DZ
Q
=% xH
< 100+ 2
2
§ X\e
T S0f
%3]
(s}
0E ! 1

1 1
432 436 440 444
T (K]
Fig. 14. Comparison of the temperature dependence of the
oscillation period for NO/H, and NO/D, mixtures demon-
strating the absence of an isotope effect.

the selectivity for the reaction changes as the
temperature is lowered from preferential N, pro-
duction at high temperature to a more enhanced
NH; production at lower temperature. The com-
petition between the two different channels might,
in fact, be an essential part of the oscillation
mechanism itself.

Experiments were also conducted in which D,
was used in the reaction mixture in place of H,.
The results of these experiments, which are dis-
played in fig. 14, show that neither the period of
the oscillations nor the existence range is influ-
enced by any H/D isotopic effect. Such an effect
might be expected if either the surface diffusion
of hydrogen or the addition of atomic hydrogen
in forming water and ammonia would play an
important role in the rate-determining step of the
kinetic oscillations [28].

4. Discussion

To date, only a few studies have reported on
the NO + H, reaction on Pt surfaces [1,18,29-31].
The principal observations made in these studies
with respect to the parameter dependence of the
different production rates for N,, H,O and NH,
are all consistent with the results obtained here.
Studies that have been performed at low pressure
(< 107° mbar) with Pt(111) and polycrystalline Pt
have demonstrated that N, is the main reaction
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product at low py;,, while NH; is preferentially
formed in excess H, [18,29].

In addition to the H, pressure dependence,
the surface structure is also seen to influence the
selectivity of the reaction. Both N, and NH, are
formed on the 1 X 1 phase, whereas primarily
only N, is formed on the hex phase. This struc-
tural dependence is closely related to the hydro-
gen concentration discussed above, since the 1 X 1
phase adsorbs hydrogen much more rapidly than
does the hex phase.

Although the oscillations in the NO + H, re-
action on Pt(100) appear to involve a rather com-
plex mechanism, a comparison with the oscilla-
tions in the NO + CO reaction on the same sur-
face reveals a number of close similarities [4,5]. In
both systems, the oscillations occur in the 10~°
mbar total pressure range between 400 and 450 K
and the existence ranges are 10-15 K wide. This
is the same temperature region in which the
“surface explosion” has also been seen to occur.
This phenomenon is clearly the most remarkable
property both systems have in common. In the
case of NO + CO, it was demonstrated by a
mathematical model that the “surface explosion”
is, In fact, an essential part of the oscillation
mechanism for the NO + CO reaction on Pt(100)
[5]. Aside from these more general considera-
tions, kinetic oscillations exist in both cases on
the cooling branch of the rate hysteresis and they
cannot be initiated at constant temperature by
varying the partial pressures. The oscillations in
both cases were seen to exhibit a rather high
sensitivity to small temperature changes and a
relatively small sensitivity to partial pressure vari-
ations.

There exist, however, a number of pronounced
differences in the oscillatory behavior of the two
systems. The most prominent one is clearly the
fact that the NO + H, reaction exhibits sustained
oscillations whereas the amplitude of the oscilla-
tions in the NO + CO reaction always decay after
an initial excitation. The damping effect observed
in the NO + CO oscillations was not attributed to
a particular mechanistic step, but rather to an
insufficient synchronization of the different local
oscillators on the surface [5]. Spatially resolved
measurements with a photoemission electron mi-

croscope (PEEM) confirmed this interpretation
for the NO + CO reaction, since they demon-
strated that after an initial excitation, a transition
from a regular to a chaotic spatiotemporal pat-
tern occurs [32]. The regular spatiotemporal pat-
tern reflects a system oscillating synchronously on
a large length scale whereas the small-scale
chaotic patterns are evidence of local oscillators
out of phase whose integrated effects exhibit no
oscillations. Since the NO + H, reaction exhibits
sustained oscillations, the coupling of the local
oscillators in this system must be much stronger
than for the NO + CO reaction. Modulation ex-
periments in which the NO pressure was sinu-
soidally varied showed that amplitude variations
of 3% of the NO pressure lead to harmonic
entrainment. Thus, gas-phase coupling is likely
the source of synchronicity in the NO + H, sys-
tem and causes sustained oscillations. To verify
this, spatially resolved surface measurements with
PEEM are planned for the near future.

The close similarities in the oscillatory behav-
ior between the NO + CO and the NO + H, re-
actions suggest that the oscillation mechanism
might be the same in both systems. If this is the
case, one should also observe oscillations in the
NO + H, reaction on a surface which is entirely
in a 1 x 1 state, since the oscillation mechanism
for the NO + CO reaction did not involve the
1 X 1 = hex phase transition. The absence of os-
cillations in the NO + H, system on an entircly
1 X 1 surface can be explained if one examines
the chemical differences between the two reac-
tion systems more closely. While the products
CO, and N, in the CO + NO reaction arc almost
immediately released into the gas phase after
formation and therefore cannot block adsorption
sites, the NH; which is produced in the NO + H,
reaction desorbs relatively slowly and may accu-
mulate on the surface. Therefore it appears plau-
sible that kinetic oscillations in the NO + H,
reaction require a largely reconstructed surface
simply because a pure 1 x 1 substrate would lead
to a poisoning of the surface reaction duc to its
high NH, production rate.

Although all of the details of the oscillation
mechanism in the NO +H, system are not
known, the experimental evidence available
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clearly suggests that the essential step is the same
as for the NO + CO reaction, namely, the auto-
catalytic behavior of the surface reaction which
leads to the occurrence of a so-called “surface
explosion”. The step in the reaction which causes
the “surface explosion” is the dissociation of NO
which requires a vacant site in order to proceed.
Starting with a high adsorbate coverage, the reac-
tion accelerates very rapidly once vacant sites are
created:

R3 + 0.5R4 + RS:
NO,, +2H,, + * = H,0 + }N, + 4.

The bare surface created by the “surface explo-
sion” will, under reaction conditions, soon be
covered with adsorbate again. In this way, a peri-
odic sequence of “surface explosions” and refor-
mation of a mixed adsorbate layer may constitute
the oscillatory mechanism.

The formation of NH; in the NO + H, reac-
tion brings an additional complication into the
discussion of the oscillation mechanism. NO re-
acts with NH, on a Pt surface and this reaction
has been shown to exhibit oscillatory behavior
[34.35]. The possibility therefore exists that it is in
fact not the reaction between NO and H, which
produces kinetic oscillations, but rather the reac-
tion between NO and the reaction product NH,.
Experiments which are currently underway show
that oscillations do indeed occur in the NO +
NH reaction on Pt(100) in the 10~° mbar range
between 420 and 440 K [33]. Since NH, will
probably only react with NO via complete dissoci-
ation into N4 and H_,, the reaction sequence R3
to RS and hence the autocatalysis provided by
these steps will still be valid. The question re-
mains, however, as to how effective NH, will be
in inhibiting the surface reaction and whether
intermediates NH , (x = 1, 2) have to be incorpo-
rated into the mechanism. If these intermediates
are long-lived, their formation and decay could
play the role of a slow buffer step in the oscilla-
tion mechanism. In order to determine if the
NO + NH, reaction is the decisive factor in lead-
ing to oscillations in the NO + H, system, a de-
tailed analysis of the NO + NH, reaction is in
progress.

5. Conclusions

The reaction of NO + H, on Pt(100) has been
shown to lead to the principal products of N,,
NH,; and H,0. Whereas reaction on the 1 X1
surface yields large amounts of both N, and
NH,, a well-annealed hex phase has low activity.
The stationary branches of the reaction exhibit a
rather complex hysteresis that is associated with
the 1 X 1= hex phase transition of the Pt(100)
substrate. When the 1 X 1 — hex reconstruction
is incomplete, i.e., when a large number of de-
fects exist on the surface, then the overall cat-
alytic is still high, but NH; formation is sup-
pressed in favor of N, production. The selectivity
of the reaction as given by the product ratio
NH,/N, is determined by the hydrogen adsorp-
tion rate. Accordingly, the rate of NH, formation
is high when the surface is a 1 X 1 state and also
when the partial pressure ratio Pu,/Pno is high.

Kinetic oscillations in the 10~ mbar range
between 430 and 445 K have been found in the
NO + H, reaction on Pt(100). The oscillations
could be followed in the N, and H,O production
rate and through the variations in the work func-
tion. The region of parameter space in which
oscillations occur coincides with the occurrence
of the hex —» 1 X 1 phase transition and a de-
crease in the work function which reflects the
onset of NH; formation. Since the temperature
range in which kinetic oscillations are found is
close to the temperature where “explosive” prod-
uct formation occurs in TPR experiments with
coadsorbed NO and H,, the autocatalytic reac-
tion step which causes the “surface explosions” is
very likely to play an essential role in the oscilla-
tion mechanism.
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