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Kinetic oscillations in the NO + CO reaction on Pt(100): Experiments 
and mathematical modeling 

Th. Fink, J.-P. Dath,a) R. Imbihl, and G. Ertl 
Fritz Haber Institut der Max Planck GesellschaJt, Faradayweg 4-6, D IOOO Berlin 33, Germany 

(Received 26 November 1990; accepted 15 April 1991) 

The reaction of NO and CO on Pt(100) exhibits two branches of steady state production ofN2 
and CO2 and the occurrence of kinetic oscillations. This system was studied under steady flow 
conditions in the 10 - 6 mbar total pressure range using low-energy electron diffraction
(LEED), work function measurement, and mass spectrometry for determination of the 
reaction rate. These studies revealed that kinetic oscillations can only be initiated from one of 
the two stable reaction branches. Two separate existence regions were detected in which the 
oscillation.s are always damped. Oscillations can be very reproducibly excited by slight 
decreases III temperature. The 1 X l;=hex phase transition of the surface structure was 
observed to take place only in one of the two regions of reaction rate oscillations. Its influence 
seems to be of minor relevance to the mechanism of oscillations as oscillations in one region 
occur on the surface that maintains a 1 X 1 structure. The experiments were modeled by a set of 
coupled differential equations based on knowledge about the elementary reaction steps. The 
model calculations reproduced the steady states of the reaction as well as the occurrence of 
kinetic oscillations in different ranges in excellent agreement with experimental observation. In 
the model, the phase transition also has no relevance for the oscillation mechanism. The 
occurrence of oscillations can be rationalized in terms of a periodic sequence of autocatalytic 
"surf~ce explosions" and the restoration of an adsorbate-covered surface. The damping, 
expenmentally observed, is attributed to insufficient spatial coupling between different regions 
of the surface. 

I. INTRODUCTION 

Kinetic oscillations in the catalytic oxidation of CO, 
first discovered with polycrystalline Pt as the catalyst, 1.2 
have been studied extensively in the past decade on various 
Pt single crystal surfaces in the low pressure range 
(10- 6-10- 3 mbar).3,4 Using surface sensitive techniques, 
the mechanism of kinetic oscillations was found to be cou
pled to periodic structural transformations of the surface , 
namely, the CO-induced 1 X 1;= 1 X 2 and 1 X l;=hex phase 
transition on pte 110) and pte 1(0), respectively. Besides an 
experimental verification of the relevance of these phase 
changes to the mechanism, a variety of new and interesting 
phenomena were discovered in these studies. These included 
transitions to chaos, chemical waves, the formation of Tur
ing structures and of complex spatiotemporal patterns.3,4 

While quite a number of heterogeneously catalyzed re
actions exhibit kinetic oscillations under appropriate condi
tions, the only reaction system which so far has been investi
gated in single crystal studies, apart from the CO + O2 
reaction, is the system pte l(0)INO + CO-+C02 

+ 1/2 N2). Kinetic oscillations in this system were discov
ered by Singh-Boparai and KingS at extremely low pressure 
in the 10 - 9 mbar range, and were later systematically stud
ied by Schwartz and Schmidt6

,7 in the pressure range from 
10 - 8 to 10 - S mbar. Kinetic oscillations in the NO + CO 
reaction were also found with polycrystalline Pt in the 10 - 4 

.) Laboratoire de Chimie Inorganique et Analytique, Faculte des Sciences, 
Universite de l'Etat a Mons, 23, Avenue Maistriau, B 7000 Mons, Bel
gium. 

mbar region by Lintz et al.8
,9 Using Fourier transform in

frared (FTIR) spectroscopy and supported Pt and Pd as 
catalysts, these investigations were extended to atmospheric 
pressure conditions by Schuth and Wicke. 10 

Although some suggestions have been presented for the 
mechanism involved, in none of these studies were the ex
perimental results conclusive enough to support a detailed 
mechanistic picture for kinetic oscillations. Since it has been 
shown that the 1 X l;=hex phase transition is the driving 
force for kinetic oscillations in the low pressure CO + O2 
reaction on Pt(100),II,12 the primary aim of the present 
study has been to determine experimentally the role of the 
phase transition in the NO + CO reaction. The study of ki
netic oscillations was complemented by an investigation of 
the so-called "surface explosion." In this process, coad
sorbed NO and CO react to form extremely narrow tempera
tureprogrammedreaction (TPR) peaksofN2 and CO2 [full 
width at half-maximum (FWHM) - 2-3 K]. 13,14 However, 
the origin of the "explosive" product formation had not been 
clarified unambiguously. 

It was found that the kinetic oscillations and the surface 
explosion occur in about the same temperature region and 
are closely related via the autocatalytic behavior of the sur
face reaction. The autocatalytic reaction mechanism of the 
NO + CO reaction is responsible for the sharpness of the 
TPR product peaks in the surface explosion and it is also the 
main driving force for kinetic oscillations under stationary 
conditions. These conclusions were confirmed by a math
ematical model based on a set of coupled differential equa
tions (DE's). With this model, both the surface explosion 
and the kinetic oscillations could be reproduced successfully 
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using experimentally determined values for the rate laws and 
reaction-process parameters. In this paper, the experimental 
results and the numerical simulation of kinetic oscillations 
are presented. Results concerning the surface explosion are 
published elsewhere. 15.16 

II. EXPERIMENTAL 

Experiments were performed in a standard stainless 
steel ultra high-vacuum (DRY) system. A base pressure of 
2 X 10 - \0 mbar was achieved by using a combination of a 
turbo-molecular pump (360 t'/s), an ion getter pump (180 
t'/s) , and a titanium sublimation pump. Sample surface 
characteristics were studied using a piezoelectric driven Kel
vin probe17 for work function measurement and a four-grid 
rear-view low-energy electron diffraction (LEED) optics 
(Omicron). Quantitative information about structural 
changes was obtained by monitoring LEED spot intensities 
in real time using a video-LEED system described else
where. ls For residual gas analysis in temperature pro
grammed desorption (TPD) experiments and in reaction 
rate measurements, two quadrupole mass spectrometers 
were available (Balzers QMG lIlA and Leybold Q-lOO). 
One of them could be differentially pumped so that investi
gations at higher pressures were possible. 

The sample was a pte 100) single crystal of dimensions 
7 X 7 Xl mm. It had been oriented to the (100) direction 
within ± OS and had been mechanically and electrochemi
cally polished. The crystal was mounted on an L-shaped 
DRY manipulator allowing translations in three directions 
and rotations around a vertical and a horizontal axis. It was 
heated resistively by current passing through two Ta support 
wires spot welded to its upper and lower edges. The tempera
ture of the sample was measured by a Ni/NiCr thermocou
ple spotwelded to its backface. A signal from this thermo
couple was also used as feedback input for the heating 
control unit. In addition, this controller produced the linear 
temperature ramp in the hysteresis experiments, as well as 
the periodic modulation of the sample temperature in forc
ing experiments. 

The sample was cleaned by repeated cycles of heating in 
oxygen (T - 900 K, Po, - 2 X 10 - 6 mbar), sputtering with 
Ar ions (T-800 K, UA = 800 Y, PAr-4X 10- 5 mbar) , 
and annealing in DRY up to 1100 K. For the experiments, 
gases of the highest commercially available purity were 
used-4.7 for CO, 2.8 for NO (both Linde), 5.0 for O2, and 
5.0 for Ar (both Messer-Griesheim). For steady state mea
surements and for experiments on kinetic oscillations, the 
DRY system was used as a constant flow reactor. The pres
sures of the reactants NO and CO were kept constant using 
two feedback-stabilized regulation systems for the pressures 
on the input side of the leak valves leading to the DRY 
chamber. 19 Each of these control systems consisted of a bar
atron pressure transducer (MKS 122 A), a magnetic valve 
(MKS 248 A), and also a turbomolecular pump (50 t'/s) for 
differential pumping through a needle valve. Thus the CO 
pressure in the main chamber could be kept constant over a 
long time to within 0.1 %, while some drift inpNo was inevi
table due to adsorption of NO at the walls of the DRY 
chamber. 

III. EXPERIMENTAL RESULTS 

A. Stationary reaction branches and conditions 
for kinetic oscillations 

Kinetic oscillations in the system pte lOO)/NO + CO 
cannot be established by simply adjusting the partial pres
sures of PNO and Peo with the sample fixed at a given tem
perature. Rather, a procedure in which the sample has to be 
first heated up in the CO + NO mixture above the tempera
ture at which oscillations occur, and then cooled down 
again, is required. The reason for this, at first sight, peculiar 
behavior is the existence of two stable stationary branches of 
the reaction rate. This is illustrated in Fig. 1. Kinetic oscilla
tions can only be obtained on the branch associated with a 
lowering of the temperature. They exist in two temperature 
regions of about equal width, but separated by a gap of -15 
K. 

A second characteristic feature of the oscillations is that 
they do not arise spontaneously, but have to be excited by an 
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FIG. 1. Hysteresis in reaction rate, work function, and LEED-beam intensi
ty of the hex structure as the temperature is slowly varied in a cycle, while 
constant NO and CO pressures are maintained. For comparison, the hex 
intensity that has been measured in pure CO at T = 500 K and which is 
almost identical with the hex intensity of the clean reconstructed surface 
has been marked in the diagram. Apart from some sharp spikes around 400 
K which are reproducible, but transient, the curves represent true steady 
states. Also indicated are the regions where kinetic oscillations have been 
observed. 
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FIG. 2. An example of kinetic oscillations. They can be started by slightly 
decreasing the temperature and die out after several periods. 

initial step down in temperature of a few Kelvin. A typical 
experimental situation showing the stimulation of kinetic 
oscillations is depicted in Fig. 2. After each temperature 
step, the oscillation amplitude decays rapidly within a small 
number of cycles. The same damping of kinetic oscillations 
has also been observed by Schmidt et al.6

,7 This is seen in the 
time series published in their reports. They, however, attrib
uted the damping of the oscillations to a progressive conta
mination of the surface. Contamination as a possible expla
nation for the damping can be ruled out in our studies for the 
following reasons: 

Experiments carried out on different days demonstrated 
that the oscillation frequency is reproducible to within a few 
percent and even the damping characteristics remain ap
proximately the same. Moreover, by applying an external 
small temperature modulation ( > 1 K), the damped oscilla
tions can be turned into sustained oscillations. These experi
ments, which were very reproducible, were extended to a 
systematic study of the response behavior of the system to 
periodic and aperiodic perturbations. Results are summar
ized in a separate paper.20 Since the properties of the oscilla
tions depend onpco, PNO' and temperature in a reproduc
ible way, the damping cannot be caused by chemical 
contaminants. It has to be intrinsic in nature. 

Before investigating the properties of the oscillations in 
more detail, the origin of the hysteresis in the reaction rate 
visible in Fig. I shall be discussed. The existence of multiple 
branches of the reaction rate is important for an understand
ing of the oscillations themselves. Apart from some transient 
fine structures, the two branches of the reaction rate shown 
in Fig. I are both stable above - 400 K and therefore mark a 
true hysteresis. Kinetic effects come into play, however, in 
the region below -400 K, where the branch exhibiting the 
lower reaction rate is the only stable one. 

The hysteresis in the reaction rate is associated with a 
hysteresis in the surface structure with the high rate (heat
ing) branch belonging to the 1 X 1 surface, while the less 
acti ve (cooling) branch is connected to the hex surface. The 

phase transition in Fig. 1 was monitored by following the 
intensity of the LEED (~,O) beam belonging to the hex 
phase. The hysteresis in the surface structure shown in Fig. 1 
is not very different from the effects observed with each of 
the gases alone. CO or NO adsorption at low temperature 
causes a lifting of the hex reconstruction, while desorption at 
a higher temperature leads to the reappearance of the hex 
structure. 16,18 

The connection between the 1 X l~hex phase transition 
and the existence of two different catalytic activities is con
sistent with the finding that only the 1 X 1 surface is active 
for NO dissociation. The reconstructed surface is quite un
reactive for this process. 16

,21 This picture is somewhat too 
simple, however, as it is inconsistent with the experimental 
experience in two respects. First, one notes that the hystere
sis in the reaction rate in Fig. 1 also extends to the tempera
ture range beyond 520 K where the surface is reconstructed 
in both branches. Second, the reaction rate on the cooling 
branch in Fig. 1 is much too high to be caused solely by the 
inactive hex phase. These discrepancies can be explained in 
the following way. 

The relatively high level of catalytic activity on the re
constructed surface can be attributed to structural defects as 
these are known to facilitate the dissociation ofNO.22 Struc
tural defects are created in the 1 X I~hex phase transition, 
since the mass transport of - 20% of the surface atoms asso
ciated with this transition will necessarily cause structural 
imperfections. Their removal requires annealing to high 
temperature and thus causes the existence of a hysteresis in a 
temperature cycle. The two branches of the reaction rate in 
this hysteresis are both associated with a hex surface, but 
with a different degree of structural perfection. The com
parison of the hex intensity in Fig. 1 with the hex intensity in 
pure CO demonstrates that the intensity ofthe hex surface in 
NO + CO remains considerably below the intensity level 
reached in either pure NO or CO. This difference can only be 
caused by the surface reaction itself which apparently 
creates additional surface defects besides the defects formed 
as a result of the I X I~hex phase transition. 

Although the existence of structural defects is impor
tant for an understanding of the behavior of the surface reac
tion above 500 K, their role appears to be of minor impor
tance for the kinetic oscillations. These occur at lower 
temperature around T - 400 K and their existence appears 
to be related to two other phenomena which are found in the 
same temperature range. First, one notes sharp spikes in the 
reaction rate in this temperature range. These are reminis
cent of the so-called surface explosion. The explosive CO2 

formation evidently takes place also under stationary condi
tions, and since the two existence regions for kinetic oscilla
tions are located in the same temperature region as that for 
the explosive reaction, a close connection between both phe
nomena appears to be obvious. 

Second, the two existence ranges for kinetic oscillations 
in Fig. 1 are located in the vicinity of the CO/NO-induced 
hex~l X 1 phase transition. The adsorbate-induced 
1 X l~hex phase transition has been discussed extensively 
for the system pte lOO)/CO, where it has been shown to be 
controlled by critical adsorbate coverages. IS Under condi-
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tions of adsorption/desorption equilibrium, one observes a 
hysteresis associated with the 1 X l~hex phase transition, 
since the adsorption energy of CO is - 10 kcal/mol higher 
on the 1 X 1 than on the hex phase. A quite similar behavior 
to that for CO has been found in the NO-induced 1 X l~hex 
phase transition. 16 The questions are therefore: how does the 
surface reaction influence the 1 X l~hex phase transition 
and what role does the phase transition play in the oscillation 
mechanism? 

In order to answer the first part of this question, !l.¢
hysteresis measurements with each of the pure gases and 
with reaction mixtures of PNO/PCO = 1:1 and PNo/Peo 
= 2: 1 were carried out. The results are displayed in Fig. 3. 

The reference level in these measurements is the clean hex 
surface. CO adsorbed on the 1 X 1 phase causes a maximum 
!l.¢ increase of -200mV [Fig. 3(a)], while NO molecularly 
adsorbed on the 1 X 1 surface results in a !l.¢ decrease of - 50 
m V below the level of the clean hex surface. The large !l.¢ 
increase of - 300 m V that is observed upon heating Pt ( 1(0) 
in an atmosphere of pure NO is due to the dissociation of 
NO. This takes place on the 1 X 1 phase above - 380 K [Fig. 
3(d) ].16 The nitrogen atoms so formed recombine and de
sorb quite rapidly (surface residence time < 1 sat 400 K) 
after dissociation. 16 This leaves only atomic oxygen on the 
surface and the oxygen accumulation is monitored by the 
rise in !l.¢. Only in the caseofPt( lOO)/CO is the width of the 
!l.¢ hysteresis identical with the width in the hysteresis of the 
1 X l~hex phase transition [Fig. 3 (a)]. In the 
Pt( lOO)INO system, the hysteresis in the surface structure 
is almost the same as with CO, but this similarity is masked 
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200 ~ PNO=O 
- Peo =3-1O-7mbar 

o ---- .... --,.-..:>-------
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FIG. 3. Hysteresis in the work function during slow cyclic temperature 
variation for the pure gases (a) CO and (d) NO and also for two different 
mixtures [(b) and (c)]. With a (c) NO:CO ratio of2:1, kinetic oscillations 
can be obtained in the marked regions. The zero level of all curves corre
sponds to the clean adsorbate-free surface with hexagonal reconstruction. 

in the !l.¢ measurements by the additional effect of NO disso
ciation [Fig. 3 (d)]. 

Kinetic oscillations in the NO + CO reaction on 
Pt( 1(0) were obtained for PNo/Peo ratios between 4:3 and 
3:1. With apNO/PeO ratio of 1:1 (which is just outside the 
oscillatory range), the resulting !l.¢ hysteresis in Fig. 3 (b) is 
almost identical to that in pure CO. A small downward shift 
in temperature can be ascribed to the influence of the surface 
reaction which reduces the CO coverage on the 1 X 1 phase. 

Increasing the PNo/Peo ratio to 2: 1, a value inside the 
oscillatory region, leads to a sharp drop in the !l.¢ heating 
curve at - 420 K followed by a relative maximum at - 500 
K [Fig. 3 (c) ]. The formation of the relative !l.¢ maximum 
at - 500 K is characteristic for situations where PNO / Peo is 
inside the oscillatory range of 4:3 <PNO / Peo < 3: 1. Its ap
pearance is due to the formation of an oxygen covered 1 X 1 
phase above 400 K which, upon further heating, is trans
formed into the almost adsorbate-free hex phase at T> 520 
K. Apparently the PNo/Peo ratio has to be high enough to 
allow the buildup of an 0 adlayer as a necessary prerequisite 
for the development of kinetic oscillations. The LEED inten
sities in Fig. 1 indicate that the formation of the oxygen
covered 1 X 1 surface goes along parallel with the creation of 
hex islands above 400 K. This is apparently a consequence of 
the removal of the molecular CO/NO adsorbate. The 
mechanistic step which leads to the 0 adlayer is clearly the 
dissociation of NO on the 1 X 1 surface. This can be seen 
from the similar slopes of the !l.¢ heating curves with pure 
NO [Fig. 3(d)] and withPNo/Peo = 2:1 [Fig. 3(c)] in the 
temperature range between 400 and 500 K. 

What is also remarkable in this context is the level of the 
work function that is associated with the hex phase under 
reaction conditions. As can be seen from Fig. 3 (c) the work 
function is -100 mV above the level of the clean surface 
even at high temperature (T - 700 K). The only stable ad
sorbate on the surface in this temperature range is oxygen. 
Since the maximum !l.¢ value of 600 m V occurs for an oxy
gen coverage of 0.6, one can easily calculate from the !l.¢ 
value of about 100 m Va stationary oxygen coverage of about 
0.1. This small amount of oxygen remaining permanently on 
the surface enables the surface reaction to continue even at 
high temperature and explains the relatively high reaction 
rate on the cooling branch of the hysteresis. With pure NO, 
such an offset in the !l.¢ level with respect to the clean recon
structed surface is not observed. We attribute this difference 
to defects which are only produced in the NO + CO reaction 
and which enhance NO decomposition. Therefore no signifi
cant stationary oxygen concentration is found if the hex 
phase is kept at high temperature in a NO atmosphere. The 
incomplete reconstruction in the LEED hysteresis (Fig. 1) 
can be attributed to such defects, e.g., 1 X 1 areas on the 
surface that are stabilized by adsorbed oxygen. 

When the hex phase is cooled down in the pure gases, 
CO adsorption lifts the hex reconstruction below 430 K. 
This is indicated by the rise of !l.¢ [Fig. 3 (a) ]. With pure 
NO, the sample has to be cooled further to -410 K for the 
NO-induced lifting of the hex reconstruction to occur. Com
pletion of this process is signaled by the beginning of a !l.¢ 
decrease l6 [Fig. 3(d)]. It is evident that the NO/CO-in-
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duced lifting of the hex reconstruction has to be an essential 
step in the mechanism of the kinetic oscillations. This can 
also be seen from the proximity of the two existence regions 
to the corresponding transition points in the CO and NO 
hysteresis. It is quite noteworthy that the separation of the 
two existence regions of - 15 K is about the same as the 
temperature difference between the CO- and the NO-in
duced lifting of the hex reconstruction. 

The high temperature limit for kinetic oscillations coin
cides with the beginning of the CO-ind uced lifting of the hex 
reconstruction. The upper temperature region (region I) for 
kinetic oscillations is characterized by the condition that 
only CO, and not NO adsorption can lift the hex reconstruc
tion. The LEED data in Fig. 1 demonstrate that the recon
struction is only partially lifted in this range. The upper 
boundary of the lower existence region for kinetic oscilla
tions (region II) is characterized by the condition that both 
NO and CO can lift the hex reconstruction. How these dif
ferent conditions lead to different LEED behavior during 
the kinetic oscillations will be shown in Sec. IIIC, where the 
results of in situ LEED measurements will be discussed. 

For a characterization of the kinetics of the NO + CO 
reaction on pte loo),Peo in addition to the temperature, has 
also been varied in a cycle while following the reaction rate 
and the work function changes. The results displayed in Fig. 
4 show that a hysteresis is observed with a cycle time of 10 
min. This hysteresis disappears, however, if the variation of 
Peo is carried out sufficiently slow. In contrast to the real 
hysteresis which exists if the temperature is varied, only a 
single stable branch of the reaction is encountered upon vari
ation of Pco. The rate curve in Fig. 4 exhibits a sharp maxi
mum at PNO / Peo - 1: 1. The asymmetry in the flanks of the 
rate maximum demonstrates that the CO adlayer that forms 
at high Peo is more efficient in inhibiting the surface reaction 
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T = 410K 

P
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FIG. 4. Hysteresis in the work function and reaction rate upon cyclic vari
ation of the CO pressure, while PNO and the sample temperature are kept 
constant. The two branches of the reaction coalesce as the cycle time is in
creased. Thus the hysteresis is only a kinetic phenomenon. 

than is the NO adlayer that exists at low Peo, respectively. 
The rate maximum appears to be correlated with equal cov
erages of NO and CO judging from the corresponding t:.¢ 
level in Fig. 4. 

The large hysteresis effects which are obtained with a 
cycle time of 10 min demonstrate that at 410 K the reaction 
approaches its stationary value very slowly. The slowness of 
this process cannot be attributed to the surface reaction 
which can still be explosive at T -400 K, but is due to a 
replacement process in which the more stable adlayer CO 
completely replaces the other adsorbate. Withpeo/PNo > I, 
for instance, one usually obtains a CO-covered surface as the 
stable final state at T = 410 K. Such effects might result 
from the competitive adsorption/desorption processes 
between the two gases. 

B. Amplitude and frequency of the oscillations 

Kinetic oscillations in the system Pt ( 100) NO + CO do 
not evolve spontaneously, but have to be stimulated by an 
initial small temperature step (t:.n as illustrated by Fig. 2. 
The initial amplitude of the oscillations which are excited in 
this way is proportional to the magnitude of t:. T. This rela
tionship is demonstrated by the results in Fig. 5. There the 
temperature step was realized by rapidly cooling the sample 
from varying initial temperatures to the same final tempera
ture of T = 393 K. The initial amplitude of the rate oscilla
tions is quite high in these experiments and amounts to about 
20% of the difference between the two rate branches (see 
Fig. 1) for a t:. T of 5 K. The method of stimulating kinetic 
oscillations by a fast parameter change is only successful for 
temperature variations. Sudden changes in the partial pres
sures result in a simple relaxation behavior. 

Examples of oscillations in the reaction rate and in t:.¢ 
are displayed in Fig. 6 for the two existence regions. Oscilla
tions with a measurable variation of t:.¢ are only found in the 
lower existence region (region II) where the maximum b.¢ 
amplitUde is - 50 m V. In the upper temperature region (re-
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FIG. 5. Influence of the magnitUde of the starting temperature step on the 
amplitude of kinetic oscillations. The final temperature T f of the sample 
was kept constant, while the starting value was varied. 
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FIG. 6. Examples of kinetic oscillations in 
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gion I), the adsorbate coverages are apparently very low, 
since A¢ exhibits an almost constant value there. The same 
conclusions were also drawn by Schmidt et al. who per
formed measurements with Auger electron spectroscopy.6,7 
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FIG. 7. Dependence of oscillation period on sample temperature. Most data 
in region I have been obtained for a PNO :Peo ratio of 4:3 and for a corre
sponding ratio of 2: I in region II. The total pressures were 7 X 10 - 7 mbar 
(4:3) and 9X 10- 7 mbar (2:1). 

2 4 

The oscillations are mostly of sinusoidal shape, but re
laxation like oscillations are observed as well, After excita
tion, the oscillations in A¢ and in the reaction rate in region 
II start with an initial phase difference of 180°, but within the 
following cycle, the phase difference changes to 90° and then 
remains constant. This relationship between the rate and the 
A¢ oscillations is very reproducible and holds for the exis
tence region II. 

Experiments with varyingpNolpco ratios showed that 
the period of the oscillations is very insensitive to variations 
in PNolpco, but reacts sensitively to a change in tempera
ture. This behavior is shown in Fig. 7, where the oscillation 
period has been plotted as a function of temperature for two 
different PNolpco ratios 4:3 and 2:1 in the two existence 
regions for kinetic oscillations. One notes that neither the 
existence regions nor the oscillation periods exhibit a pro
nounced dependence on the PNolpco ratio. 

For both regions, the dependence of the oscillation peri
od on temperature is qualitatively similar. When the respec
tive region is reached for the high temperature side, oscilla
tions start with fairly small periods which continuously 
increase with decreases in T. They eventually tend toward 
infinity as the lower boundary of the existence region is ap
proached. Although these effects are partly masked by the 
damped character of the oscillations, they suggest the occur
rence of homoclinic bifurcations. This interpretation is sup
ported by the results of the mathematical modeling given 
below. 

C. LEED observations during kinetic oscillations 

With the system Pt( l(0)/CO + O2, it has been possible 
to verify directly the participation of the 1 X l~hex phase 
transition in the kinetic oscillation mechanism by demon
strating that the oscillations in the reaction rate are accom
panied by periodic variations in the LEED intensity of the 
hex structure. 12 Such in situ measurements were also carried 
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FIG. 8. Changes in surface structure during kinetic oscillations as monitored by video LEED. (a) Region I: Changes in hex structure intensity occur in 
parallel to the reaction rate oscillations indicating the participation of the hex;;:: I X I phase transition in the oscillation mechanism. (b) Region II: The LEED 
intensity of hex structure beams is always zero; hence the phase transition hex;;::1 X I is not involved in the mechanism of oscillations. 

out with the present system during kinetic oscillations. The 
results displayed in Fig. 8, reveal a qualitatively different 
picture for each of the two existence regions. In region I, at 
higher temperature, the system behaves similarly to 
Pt( lOO)/CO + O2, The oscillations in the reaction rate are 
accompanied by corresponding oscillations in the LEED in
tensities such that the maxima in the reaction rate coincide 
with the maxima in the hex intensity. As demonstrated by 
the small modulation of the hex intensity in Fig. 8(a), how
ever, only a small fraction of the surface undergoes the 
1 X l~hex phase transition, while the rest remains in the hex 
state all the time. The small amplitude of the hex intensity 
oscillations is consistent with the amplitude of the rate oscil
lations which is, likewise, relatively small and with the small 
coverage variations indicated by the tl¢ measurements. 

The seemingly obvious conclusion that the kinetic oscil
lations in the NO + CO reaction are linked to the I X I~hex 
phase transition does no longer hold for region II, however 
[Fig. 8(b)]. The kinetic oscillations here proceed on a sur
face which does not exhibit any intensity in the position of 
the hex beams. The surface remains in the I X 1 state all the 
time. The large oscillations in the intensity of the integral 
order beams can be attributed simply to variations in the 
adsorbate coverages. This is in agreement with the work 

function measurements in Fig. 6 which likewise indicate 
considerable coverage changes. 

As discussed above, kinetic oscillations in the upper 
temperature range proceed under conditions where only CO 
adsorption, but not NO adsorption, can lift the reconstruc
tion. This condition leads to a surface which is largely recon
structed. The surface reaction between CO and NO appar
ently keeps the CO + NO coverage low and thereby 
preventing the complete lifting of the hex reconstruction. 
The small variations in the hex intensity which are observed 
in region I have to be ascribed to changes in CO and NO 
coverages which modulate the size of the 1 X 1 area. This 
may happen in a cycle whereby CO adsorption causes the 
formation of I X I islands which then relax back into the hex 
structure as NO coadsorbs and reacts off with the CO. 

The condition that both NO and CO can lift the hex 
reconstruction is evidently responsible for the complete dis
appearance of the hex structure in the lower temperature 
region of kinetic oscillations. Since oscillations in this region 
arise on a surface which remains entirely in a I X I state, it is 
clear that the 1 X I~hex phase transition cannot be essential 
for kinetic oscillations. It is rather unlikely that two different 
mechanisms for kinetic oscillations exist within one system. 
Therefore the primary aim below will be to look for a mecha-
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nism that is not based primarily on the I X l:;,=hex phase 
transition. This mechanism will be outlined in the following 
section where a mathematical model for the NO + CO reac
tion on Pte 1(0) is presented. 

IV. MATHEMATICAL MODELING 

A. The model 

The model of the surface reaction that is presented here 
for explaining kinetic oscillations is identical to that which 
had been successfully employed in a previous modeling of 
the explosive product formation observed in TPR experi
ments with coadsorbed CO and NO on Pte 1(0).16 For a 
consistent modeling of the NO + CO reaction on Pte 1(0), it 
is required that the surface explosion as well as the kinetic 
oscillations be reproduced with the same set of differential 
equations (DE's) using the same values for the rate param
eters. 

We assume that the surface reaction between NO and 
CO proceeds via the dissociation of adsorbed NO and formu
late the individual reaction steps as follows: 

CO+ * l::; COad , 

NO+ * l::; NOad , 

(Rl ) 

(R2) 

NOad + * -> Nad + Oad' (R3) 

2Nad -> N2 + 2*, (R4) 

COad + Oad -> CO2 + 2* (R5) 

(* denotes a free adsorption site). The formation of N 20 
from adsorbed NO and N as a side product of the NO + CO 
reaction has been investigated by several authors on poly
crystalline Pt under various conditions. At low pressure, 
N20 production was never found to be more than a few per
cent of the main reaction products CO2 and N2.23,24It is also 
known that adsorbed N20 is stable only below room tem
perature.25,26 Therefore a large influence ofN20 on the main 
r~action, e.g., in removing NOad or in blocking adsorption 
SItes, can be ruled out and N20 can be neglected in our reac
tion scheme. 

The rate-limiting step in the sequence above is the disso
ciation of NO. According to reaction (R3), this requires a 
free adsorption site. Since the number of vacant adsorption 
sites increases in the subsequent reaction steps (R4) and 
(R5 ), the kinetics of the surface reaction described by steps 
(R3), (R4), and (R5) exhibit an autocatalytic behavior 

NOad + COad + * -> CO2 + 1/2 N2 + 3*. 

(R3 + 0.5·R4 + R5) 

The autocatalysis which is provided by the vacant site 
requirement for NO dissociation has been shown to be pri
marily responsible for the explosive surface reaction between 
coadsorbed NO and CO. 15,16 

The 1 X l:;,=hex phase transition influences the surface 
reaction only indirectly in that it leads to the formation of 
mixed 1 X I-NO/CO islands within which the surface reac
tion proceeds. Since the local coverage in the 1 X I islands of 
about 0.5 is independent of the COINO exposure up to the 
complete lifting of the hex reconstruction at Oeo N = 0.5 
the position and the sharpness of the autocatalyti~ CO2 and 

N2 product peaks are found to be independent of the total 
coverage (up to 0 = 0.5). This is what was observed in the 
experiment. 13-16 

The driving force for the formation of mixed 1 X 1 is
lands is the gain in adsorption energy that results from such a 
formation. The adsorption energy on the 1 X I phase has 
been shown to be substantially higher than on the hex phase 
for both gases. 16,18 Experimentally, the formation of mixed 
I X I-NO/CO islands has been deduced from the results of 
vibratio~al spectroscopy which showed that the stretching 
frequencIes for CO and NO were lower in their coadsorbed 
state than for each adsorbate alone. 13 

In our model, the surface reaction between NO and CO 
is therefore completely restricted to the 1 X 1 area. The hex 
phase is assumed to be inactive for NO dissociation. The 
1 X I:;,=hex phase transition only regulates the proportion of 
the surface area that is active. The mechanism, the kinetics, 
and the energetics of the adsorbate-induced I X I:;,=hex 
phase transition are well known from previous investiga
tions.16.18.27,28 The phase transition in both directions is con
trolled by critical adsorbate coverages. The hex reconstruc
tion is lifted as soon as the coverage exceeds a critical value 
and a relaxation of the 1 X 1 surface into the reconstructed 
hex state takes place as the adsorbate coverage drops below a 
second lower critical limit. 

The starting point of the mathematical treatment was a 
set of coupled DE's developed originally to describe kinetic 
oscillations which occur in the system PtC l(0)/CO + O2 as 
consequence of the 1 X l:;,=hex phase transition.' I This sys
tem of DE's had to be modified to the reaction sequence 
( R 1 ) - C R5) in order to include the dissociation ofN 0 which 
now supplies the atomic oxygen needed for CO oxidation. 
The influence of NO on the phase transition and the adsorp
tion/desorption behavior of NO on the two surface phases 
are treated in the same way as for CO. Furthermore, we 
assume that the kinetic oscillations proceed under isother
mal conditions on a spatially homogeneous surface. We ne
glect the influence of small variations in PNO and Peo due to 
mass balance in the reaction and set the partial pressures of 
the reactants as being constant. 

Starting with the pte l(0)/CO + O2 model, one arrives 
first at a set of six coupled DE's which describe the variation 
of the CO and NO coverages on the two surface phases 
( OIXI ohex OIXI Ohex) h h . co, co' NO , NO' t e c ange III the oxygen cover-
age on the 1 X I phase (0:;'), and the fraction of the sur
face which is present as 1 X 1 phase (0, x I) with 
o I x I + 0hex = 1. The adsorbate coverages in the equations 
all refer to the total number of sites (hex + 1 XI) and have 
to be divided by 0 I X I in order to obtain the local coverages in 
the 1 X 1 islands. 

dO'X' (OIXI OIXI) co co NO 
~=kIPeoO,x, 1--

0
----

0
-- -k20b"6' 

'XI Ixi 

(I) 

(II) 
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d(}IXI ((}IXI (}IXI) (}IXI(}IXI 
NO _ k () 1 co NO _ k () I X I + k () () hex _ k NO empty -d-- - JilNO Ixi - -()-- - -()-- 6 NO 7 IXI NO g () , 
t IXI IXI IXI 

(III) 

d() ~ec!) hex hex 
-- = k JilNO (}hex - k9() NO - k7 (}1 X I () NO, 

dt 
(IV) 

(}IXI (}IXI 
if B 26 I + B lfc/ > 0 and co () + NO > () !~! 

Ixi 
if Co( I and (}I x I >(}def(}hex 
otherwise, 

(VI) 

where 

and 

[( 
(}IXI+(}IXI (}IXI) Ixi NO co 0 

(}empty = max (}IXI - inh -~, 
() CO,NO () 0 

() free] def , 

with 

(}~:[= maX[«(}def(}IXI _(}~XI), 0]. 

The influence of chemisorbed nitrogen has been com
pletely neglected here, since it has been demonstrated in a 
previous calculation with an extended set of DE's that the 
presence of atomic nitrogen has only a small influence on the 
surface reaction. 16 Above room temperature, the nitrogen 
atoms formed by dissociation of NO recombine and desorb 
practically instantaneously. 

For the adsorption of NO and CO on the two surface 
phases (k I ), simply Langmuirian kinetics was applied as
suming that sites are blocked only by adsorbed CO and NO, 
but not by adsorbed oxygen. For CO/NO adsorption onto 
the hex phase, any coverage dependence of the adsorption 
rate has been neglected. This is because the coverages on this 
phase are very small. For all adsorption parameters, the 
same constant kl has been used. This is reasonable as the 
initial sticking coefficient has been shown to be close to one 
for both gases and for both surface phases. 16,18,21 The desorp
tion parameters (k2 , k5' k6' k9) contain the energetics of 
CO/NO desorption on the two surface phases. The higher 
adsorption energy of CO and NO on the I X I phase leads to 
a correspondingly smaller desorption rate (see Table I). 
Consequently, the equilibrium coverages of CO and NO on 
the I X 1 phase are substantially higher than on the hex 
phase. 

In our model, both the NO dissociation and the surface 
reaction to form CO2 are entirely restricted to the 1 X I 
phase. According to reaction step (R3), the rate of NO dis
sociation in the term containing kg is set proportional to the 
NO coverage (}:.tol and to the concentration of vacant I X I 
sites () ;~;ty. Since we know from experiment the coverages 
at which the dissociation of NO is completely inhibited, the 
vacant site concentration () ~~~ty can be calculated for given 

adsorbate coverages. The inhibition coverages which had 
been used are () ~~,NO ::::;0.5 for adsorbed CO and NO and 
() ~h::::;O.4 for adsorbed oxygen,I6 

The hysteresis data displayed in Fig. I have shown that 
even the reconstructed surface exhibits a considerable level 
of catalytic activity. This effect has been attributed to struc
tural defects which because of their strong influence on the 
reaction have also been included in our model. A certain 
fraction of the surface (}def' is assumed to be in a quasi
"I Xl" state which does not participate in the 1 X 1 ..... hex 
phase transition and which, therefore, remains active all the 
time. In addition, a higher catalytic activity in NO dissocia
tion is assigned to those defect sites which lie in I X I areas by 
considering them as additional vacant sites. In the DE's, 
these defects influence the catalytic activity via the calcula
tional scheme for () !~;ty . 

For reasons of internal consistency, the oxygen which is 
formed through the dissociation of NO at defect sites had to 
be assumed to remain fixed, thereby blocking these sites for 
the further dissociation of NO. The number of free defect 
sites is termed as () ~:[ in the formulas. This means that the 
defect sites become active only below a certain oxygen cover
age. This coverage is equal to the saturation oxygen coverage 
of the defect sites. We further assume that the defect sites are 
homogeneously distributed over the entire surface. The frac
tion of the defects that is located in the 1 X I area and is 
contributing only to the surface reaction in our model is then 
equal to () def . () I X I' The contribution of all other defects 
which are located in the reconstructed area is neglected for 
NO dissociation and in the surface reaction. These local re
action centers are isolated and have no influence on the reac
tion in the I X I islands. 

The treatment of the adsorbate-induced I X I~hex 
phase transition is identical to that of the mathematical mod
el used for kinetic oscillations in the Pt( l()()/CO + O2 sys
tem. II Since both gases NO and CO exhibit the same behav
ior with respect to the phase transition, no differentiation 
has been made in the mathematical model in their influence 
towards the phase transition. 

The lifting of the hex reconstruction proceeds through 
the growth of 1 X I-NO/CO islands. Here also structural 
defects play an important role, since they act as nucleation 
centers for the hex ..... I X I phase transition. In this process, 
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TABLE I. Temperature-dependent parameters used for the simulation of the NO + CO reaction on pte 100). 

Description Parameter E*(kcallmol) 

CO desorption I X I k2 37.5 (0=0) 
36.4 (0 = 0.3) 
34.5 (0=0.5) 

CO desorption hex k, 27.5 
NO desorption I X I k6 37.0(0=0) 

35.9 (0= 0.3) 
34.0 (0 = 0.5) 

NO desorption hex k9 26.0 
NO dissociation kK 28.5 
CO.d + Oad reaction k4 14.0 
Phase transition I X I - hex k", 25 
NO/CO trapping on I X I k 3 , k7 8.0 

only defects in the hex area are involved and therefore their 
number is 0def'Ohex' Starting from such quasi-"1 X I" de
fects, islands of NO/CO will form by trapping CO and NO 
from the surrounding hex area. These 1 X 1 islands then 
grow proportionally to the number of trapped NO/CO mol
ecules. Thus the hex ..... 1 X 1 phase transition proceeds via 
1 X I-NO/CO islands. These just grow in size while main
taining a constant local coverage 0 !r~! of -0.5. Only after 
the complete lifting of the hex reconstruction at 0 b3 1 

+ O!:ol = 0.5 can the local coverage in the 1 X I-NO/CO 
islands exceed 0.5. The unidirectional diffusion of CO/NO 
adsorbed on the hex phase to 1 X 1 areas proceeds in the so
called "trapping" terms (k3, k7 ), where the number of 
trapped molecules is set proportional to the 1 X 1 area 01 x 1 
and to the number of CO/NO molecules adsorbed on the hex 
phase. 

The phase transition in the direction 1 Xl ..... hex pro
ceeds as soon as the adsorbate coverage falls below the criti
cal level that is necessary to stabilize the 1 X 1 phase. Since all 
three adsorbates CO, NO, and oxygen stabilize the I X 1 
phase, one has to calculate'their combined influence on the 
1 X 1 ..... hex phase transition by taking their different critical 
coverages into account. These are O~~,NO ;::::0.3 for CO and 
NO and O~rit;::::O.4 for oxygen, respectively.18,29 With c de
noting the 1 X 1 area stabilized by adsorbate, the metastable 
1 X 1 area that is able to reconstruct is then equal to I-c. In 
contrast to the CO/NO-induced hex ..... 1 X 1 phase transi-

v(s - I) Value at 400 K References 

1.0x 10 14 3.1 X 10- 7 18 
1.0 X 10 14 1.2 X 10- 6 

1.0X 10 14 1.4 X 10-' 
4.0X 10 12 3.7 X 10- 3 18 
1.7 X 1014 1.0 X 10- 6 31 
1.7XI0 14 4.0 X 10- 6 

1.7XI014 4.4 XIO-' 
4.0X 10 12 2.4 X 10- 2 16 
2.0X 10" 0.52 16 
2.0X 10K 4.4 32 
2.5 X 1010 5.3 X 10- 4 27,28 
2.2X 10< 0.93 II 

tion, which is only weakly activated and even proceeds at 
100 K, the transition in the direction 1 X l ..... hex (k lO ) is 
strongly activated by about 25 kcallmol. 27,28,30 

The constants used in the simulation are summarized in 
Tables I and II. With very few exceptions, all parameters 
were taken directly from experimental data. The exceptions 
could be approximated by fitting the simulated curves to 
experimental data. Since repulsive interactions between ad
sorbed CO/NO molecules lead to a strong enhancement of 
CO/NO desorption at higher coverages, the coverage depen
dence of the adsorption energies of these two gases had to be 
taken into account in order to keep the simulation as realistic 
as possible. 18.33.34 In Sec. IVD, it will be shown that this is a 
necessary condition for the occurrence of kinetic oscilla
tions. Using experimental data which have been determined 
for Pt( IOO)/CO, the coverage dependence of the adsorption 
energy Ead CO) can be approximated by a quadratic expres
sion 

EadCO) = EadCO) -kll·02. 

From TDS data of coadsorbed NO and CO on Pt C 111 ), it is 
known that the repulsive interactions between molecules in 
pure CO and pure NO islands and in the mixed NO/CO 
phase are not identical. 34 It is, however, quite difficult to take 
these differences into account. We therefore treat them as 
identical in the model. This simplification can be expected to 
cause only some deviations with respect to the quantitative 

TABLE II. Temperature-independent parameters used for the simulation of the NO + CO reaction on 
Pt(IOO). 

Description 

NO/CO adsorption: 
Fit parameter 
for E~o,co (0) 

Inhibition coverages 
for NO dissociation 
Critical coverages for 
phase transition I X I - hex 
Critical NO + CO coverage 
for I X I island growth 
Amount of surface defects 

Parameter 

kl 

kll 

(J~~.NO 
e~h 

Berg.NO 
Bent 

0 

O!:a! 

Oder 

Value References 

2.21 X 10' ML mbar - I S - I Calculated 

24kcallmol This work 
0.61 This work 
0.399 16 
0.3 18 
0.4 29 
0.5 18 

0.0001 This work 
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behavior of the model, but it will not change its principle 
features. The coverage dependence of the adsorption ener
gies for CO and NO can be fitted with the same fit parameter 
k 12 • The coverage () then denotes a combined local coverage 
according to 

() IXI+()IXI 
() = NO eo 

()I x 1 

B. Simulation with the realistic model 

As a first test of the model, a simulation of the hysteresis 
effects observed in adsorption/desorption equilibrium was 
carried out. This hysteresis occurs upon cyclic variation of 
the sample temperature while maintaining an atmosphere of 
pure CO or NO. The temperature gap between the two exis
tence regions for kinetic oscillations coincides with the sepa
ration in transition temperatures for the CO- and NO-in
duced lifting of the hex reconstruction. This remarkable 
occurrence suggests that the hysteresis effects are of decisive 
importance for the kinetic oscillations. Evidently therefore, 
the parameters which determine the hysteresis behavior for 
the pure gases first have to be determined as precisely as 
possible before one can start to simulate the reaction between 
the two gases. 

The results of fitting the simulated hysteresis loops of 
pte l()()/CO and pte l(0)/NO to the experimental curves, 
published in previous work, 16.18 are displayed in Fig. 9. The 
processes which are important for the hysteresis are the dif
ferent adsorption/desorption equilibria on the two surface 
phases (k l , k2' ks, k6' k9); the unidirectional diffusion of the 
adsorbate from the hex to the I X 1 phase in the "trapping" 
terms (k3, k7) and the kinetics of the 1 X I---hex phase tran
sition (klO' ()~.NO)' For the pte l(0)/CO system, all pa
rameters were known from experiment with the exception of 
the trapping constant k3• This constant had to be determined 
by a fitting procedure. For pte l(0)INO, the desorption pa
rameters for the hex phase, in addition to the trapping con
stant k7' had also not been determined experimentally. The 
same trapping constant was chosen for this system as for CO, 
but for the adsorption energy of NO on the hex phase a lower 
value was taken than for CO (see Table I). In this way, the 
hex -+ 1 X 1 transition temperature in pure NO could be shift
ed downward by 15 K with respect to the corresponding 
transition temperature for CO. This is what is found from 
experimental evidence. 16 

Next a simulation of the hysteresis in reaction rate, ob
served under stationary conditions in the presence of both 
gases, was carried out. The partial pressures PNO and Peo 

were held constant, while the sample temperature was varied 
in a cycle. The simulated rate curve is displayed in Fig. 10. 
This exhibits a broad hysteresis region which is associated 
with a similar hysteresis in the surface structure. The experi
mental results in Fig. 1 show, in principle, the same behav
ior. Furthermore, as one takes a closer look, one realizes that 
not only the gross features, but also many of the finer details 
are reproduced in the simulation. These will be discussed 
below, together with the kinetic oscillations which also ap
pear during the temperature scans. 

Starting at low temperature in Fig. 10, the reaction is 
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FIG. 9. Model calculation of hysteresis effects in adsorp
tion/desorption equilibrium with the pure gases CO and NO upon cyclic 
temperature variation. (a) CO: The CO coverage on 1 X 1 ( ~ work func
tion) and the amount of hex reconstructed surface show the same hysteresis 
behavior as observed experimentally [cf. Fig. 3(a) and Ref. 16]. (b) NO: 
The oxygen atoms formed by NO dissociation are removed by thermal de
sorption. Second order kinetics with an activation energy of 52.1 kcallmol 
and a frequency factor of 3 X 1014 

S - 1 were assumed. Displayed are the'NO 
and the oxygen coverages ( ~ work function) and on the I X I phase, the 
changes in surface structure. The broad hysteresis in the hex reconstruction 
is due to atomic oxygen which stabilizes I X I areas until the desorption 
temperature for oxygen is reached [cf. Fig. 3 (d) and Ref. 16]. 

inhibited due to high adsorbate coverages, but upon heating, 
the reaction sets in producing a sharp spike in the reaction 
rate at 420 K. With increasing temperature, the rate remains 
at a high level, as the oxygen coverage rises continuously. 
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400 

Pt (100) I NO + CO 

PNO =4 x 1O-7mbar 

Peo = 3 x 10-7mbar 13 = 0.1 K/s 
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FIG. 10. Model calculation of hysteresis effects in CO2 production, oxygen 
coverage ( ~ tJ.,p for T> 400 K) and the fraction of the surface that is pres
ent in the hex structure. The corresponding experimental data are displayed 
in Fig.!. 

During this time the surface remains in a 1 X 1 state, but at 
620 K, the 1 X 1 -+ hex phase transition occurs. Simulta
neously the oxygen coverage and the reaction rate drop to a 
value close to zero. During the cooling period, the surface 
maintains the inactive hex state down to - 480 K, where CO 
adsorption initiates the hex -+ I X 1 phase transition. This 
causes the reaction rate to rise again to a high level. Finally, 
below 410 K, a high adsorbate coverage inhibits the surface 
reaction. 

There are several significant differences in the simula
tion in comparison with the experiment. These are, however, 
mainly quantitative in nature. The most pronounced differ
ence is clearly the much wider hysteresis found for the 
1 X l~hex transition of the simulation. This discrepancy is 
due to the fact that oxygen desorption was not included in 
the DE's in an effort to limit their complexity. At intermedi
ate heating rates, in thermal desorption spectra following 
pure NO exposures, oxygen recombines and desorbs 
between 600 and 700 K.16 Under nearly isothermal condi
tions, as in the simulation, O2 desorption should occur at 
lower temperatures. This reduces the coverage and enables 
the 1 X l-+hex phase transition to occur at a lower tempera
ture. Qualitatively, the behavior of the model is correct. As 
in the experiment, a high oxygen coverage is obtained in the 
heating part of the hysteresis cycle. This is indicated by the 
relative !l.¢ maximum at - 500 K in Fig. 1. 

The second major difference between simulation and ex
periment is that in the simulation, the catalytic activity al
most ceases with the formation of the hex structure. In the 
experiment, on the other hand, the CO2 production rate is 
still appreciably high on the reconstructed surface. This dif
ference is due to the fact that our model neglects the contri-

bution to the reaction from isolated defect centers on the hex 
phase. In this respect, it takes into account only the defects 
located on the 1 X 1 surface area. Therefore the hex phase 
does not contribute to the CO2 production in our model. 

As the PtC 1(0) surface is cooled down in CO/NO, one 
observes the same stepwise lifting of the hex reconstruction 
that is displayed in the experimental LEED curve in Fig. 1. 
Most importantly, one also finds in the simulation kinetic 
oscillations occurring for the most part only in the cooling 
part of the temperature cycle. The exception to this is in 
region III, which is explained in detail below. The amplitUde 
of the oscillations is indicated in Fig. 11. This figure repre
sents the steady states in an expanded section of the cooling 
branch of the hysteresis cycle of Fig. 10. 

In Fig. 11, one can distinguish among three distinct exis
tence regions for kinetic oscillations. These are denoted by I, 
II, and III. Their separation is due to the stepwise lifting of 
the hex reconstruction in the cooling part ofthe temperature 
cycle. In region I, the conditions for the phase transition are 
such that only CO adsorption, but not NO adsorption, can 
lift the hex reconstruction. As found in the experiment, the 
hex reconstruction is only partially removed in this region, 
while the surface remains largely in the hex state. As the 
temperature is decreased further, one enters the region 
where both NO and CO can lift the hex reconstruction. In 
agreement with the experimental situation, one observes 
here the complete removal of the hex reconstruction. The 
oscillatory region II is located at the beginning of the com
plete lifting of the hex reconstruction, while the oscillations 
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in region III proceed on a fully 1 X 1 surface. Since oscilla
tions in regions I and II take place on a partially reconstruct
ed surface, it is clear that these regions can only be reached 
when the system moves along the upper branch of the hyster
esis from the fully hex structure, i.e., in the cooling direction. 
Oscillations in region III are always obtained in the calcula
tions when temperature and pressure were chosen properly. 
They are independent of starting conditions which demon
strate that in region III there are no hysteresis phenomena. 

The plot displayed in Fig. 11 represents a bifurcation 
diagram with the steady state values of the oscillation ampli
tudes outlined. Examples of sustained kinetic oscillations 
which exist in the regions I, II, and III are displayed in Fig. 
12. Besides the regions of sustained oscillations, there exist 
parameter regions where the reaction approaches the sta
tionary value of the reaction rate via damped oscillations. 
These regions are denoted by lea) and III(a) in Fig. 11 and 
correspond to a stable focus in phase space located in the 
vicinity of the oscillatory regions. 

As demonstrated by the example shown in Fig. 12(a), 
the simulated oscillations in region I are associated with pe
riodic structural transformation via the 1 X l~hex phase 
transition. Hence they obviously correspond to the experi
mental oscillations in the upper existence range in Fig. 1 
(region I). As shown by the experimental results in Fig. 8, 
the oscillations proceed on a surface that is largely recon
structed, and which has a rather low adsorbate coverage. 
The same behavior is found with the simulated oscillations. 
The oscillation waveforms are quite different from sinusoi
dal in shape. They are more of the relaxation type. 

The simulated oscillations in region III [Fig. 12 (c) ] 
evidently correspond to the experimental oscillations in the 
lower temperature experimental region (region II in Fig. 1). 
This conclusion follows from the fact that they proceed on a 
surface which remains entirely in a 1 X 1 state all the time. 
These oscillations are associated with relatively large varia
tions in the adsorbate coverage. They also have correspond
ingly large amplitudes in rate oscillations. Thus the simula
tion reproduces both existence regions for kinetic 
oscillations. All essential features of the experimental find
ings, in particular, the role of the 1 X l~hex phase transi
tion, are also found in the results of the simulation. 

In the simulation, however, an additional existence re
gion (region II) for oscillations appeared which has no di
rect counterpart in the experiment. As demonstrated by the 
example displayed in Fig. 12(b), the oscillations in region II 
can be considered as an intermediate between the oscilla
tions in region I and the oscillations in region III. They pro
ceed on a partially reconstructed surface, but after an initial 
stepwise decrease, the hex area remains constant during the 
oscillations. Evidently the 1 X l~hex phase transition is not 
involved in the steady state oscillations which take place on 
this partially reconstructed surface. Since the separation 
between regions I and II is quite small, it might well be that 
they were not recognized as two distinctly separate regions 
in the experiment. This conclusion appears quite realistic 
keeping in mind that only measurements of the reaction rate 
have been used in most cases in determining the existence 
regions for kinetic oscillations. Only in a few cases were 
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LEEO measurements made in this regard. 
If one compares the existence regions of the simulated 

and of the experimental oscillations, one realizes that they 
agree very well with respect to their absolute positions in 
temperature. Even the separating gap of ~ 15 K is identical 
to that of the experiment. Only the widths of the simulated 
and experimental regions still differ from each other. In Fig. 
11, the temperature regions I and III are 3 and 8 K wide, 
respectively, while both existence regions in the experiment 
exhibit the same width of ~ 30 K. This discrepancy may at 
least be partially due to spatial inhomogeneities on the single 
crystal surface. According to the simulation results, these 
have a strong influence on kinetic oscillations and thus may 
cause a broadening of the existence regions. 

The time scales of the simulated oscillations is the same 
as that of the experimental oscillations with periods likewise 
ranging from a few seconds to several minutes or even long
er. Closer analysis of region III reveals a continuous increase 
of the oscillation period upon variation of the temperature 
from high to low values, where it tends toward infinity (Fig. 
13). This behavior is in complete agreement with the experi
mental findings shown in Fig. 7 (except for the fact that the 
experimental oscillations were damped). This behavior is 
characteristic of a homoclinic bifurcation as mentioned be
fore. Inspection of the bifurcation diagram of Fig. 11 indi
cates, on the other hand, that the onset of the oscillations at 
the high T boundary is associated with small amplitudes 
which continuously grow with decreasing temperature. 
Such a behavior is characteristic of a (supercritical) Hopf 
bifurcation. 

The results of the simulation demonstrate that the kinet
ic oscillations in the pte IOO)/NO + CO system can be mod
eled qualitatively and even semiquantitatively exceedingly 
well. There exists, however, a fundamental difference with 
respect to the experimental results as the simulated oscilla-
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tions are sustained, while the amplitude of the real oscilla
tions decays in time. The origin of this discrepancy will be 
addressed in the next section. 

c. Origin of the "damping" effect 

Within the framework of nonlinear dynamics, damped 
oscillations correspond to a stable focus. Such foci usually 
exist in the vicinity of a Hopfbifurcation. Therefore it might 
well be that the accessible Peo, PNO' T-parameter range in 
our experiments corresponds to a region in the bifurcation 
diagram where a stable focus exists, while the Hopfbifurca
tion points are reached only at high pressures. Although 
such an explanation, in which the damping is due to the 
inherent dynamics of the oscillations, cannot be excluded, a 
different picture will be presented here. This is based on the 
following considerations: 

In order to achieve measurable variations in the reaction 
rate, a synchronization mechanism for the local oscillators 
has to exist. Synchronization can be achieved via thermal 
coupling supplied by the reaction heat, via surface diffusion 
of a mobile adsorbate or via partial pressure changes in the 
gas phase that exist due to mass balance in the reaction. 35 

Under the low pressure conditions of the single crystal stud
ies here, only the latter two possibilities have to be taken into 
account. Temperature modulations are negligible. Gas 
phase coupling was found to be the dominant synchroniza
tion mode for the regular oscillations at high temperatures 
with the Pt ( 110) ICO + Oz system.35 The alternate case is 
represented by pte 100)/CO + Oz, where the coupling 
between the surface reaction and CO surface diffusion 
causes the formation of propagating reaction fronts of mac
roscopic size. 11

,12 

Scanning LEEO experiments (albeit with a rather low 
spatial resolution of 0.5 mm) could not detect propagating 
reaction fronts with the present system. Thus, a synchroni
zation mechanism via surface diffusion of CO or NO, analo
gous to that of the pte 100)/CO + O2 system, appears to be 
unlikely. A homogeneously oscillating surface could cer
tainly be expected if gas phase coupling would provide an 
effective synchronization mode, but this mechanism re
quires the surface reaction to be sensitive to small variations 
in the gas phase concentrations. Such a mechanism can be 
excluded, as it was found with forcing experiments (the re
sults of which are published separately) 20 that the modula
tion amplitude of PNO and Peo required for achieving en
trainment greatly exceeded the amplitude of the PNO and 
Peo variations in the autonomously oscillating system. 

Assuming the absence of an efficient synchronization 
mode, one can explain the damping effect in the following 
way: After the initial excitation by a small temperature step, 
all local oscillators start with the same phase. Due to inho
mogeneities on the crystal surface, however, the initial spa
tial phase coherence is soon lost and the local oscillators will 
finally oscillate with a random phase relationship. This will 
lead to a decaying amplitude for the (integrated) rate oscil
lations until a stationary state is reached. This picture is sup
ported by the experimental observation in Fig. 8 (b) that the 
oscillations in the reaction rate, which is an integral over the 
whole surface area, decay much faster than the LEEO inten-
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sity oscillations. The LEED measurements sample only a 
small part of the surface area. This behavior is exactly what 
one would expect if a progressive loss in spatial coherence is 
responsible for the decreasing oscillation amplitUde. 

The transition from damped oscillations at low pressure 
to sustained oscillations at high pressure can be explained as 
being due to the development of an efficient synchronization 
mechanism via the nonisothermality of the reaction at high 
pressure. At high pressure (p-l atm), temperature oscilla
tions of more than 20 K on supported Pt catalysts have been 
reported by SchUth and Wicke. This modulation of the sam
ple temperature will cause a very strong thermal coupling of 
different parts of a catalyst. 10 In the experiments of Adlhoch 
and Lintz8 at - 10 - 4 mbar, the sample temperature was 
only measured as an integral value using the electrical resis
tance of their polycrystalline Pt foil sample. The large sur
face of this sample makes it possible that in these experi
ments, local temperature variations may also have occurred. 
An estimation of the maximum heat production for their 
sample resulted in a value of 900 mW. This is much more 
than the radiation loss and hence could have influence upon 
the sample temperature. During kinetic oscillations with pe
riodic changes in heat production, our estimation leads to 
variations in the sample temperature of - 10 K amplitude. 

The feasibility of such a thermal coupling mechanism 
can be further demonstrated by forcing experiments. A tem
perature modulation of more than I K amplitude proved to 
be sufficient to tum the damped oscillations on Pt ( 100) into 
sustained oscillations.20 This gives additional support to the 
idea that the main difference between the simulated and the 
experimental oscillations produced at constant temperature 
is in fact the lack of an efficient spatial synchronization mode 
for the latter. 

D. The simplified model 

In both the experiment and in the simulation, it has been 
demonstrated that the 1 X l~hex phase transition is not cru
cial for the appearance of kinetic oscillations in the 
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NO + CO reaction. It is therefore justifiable to simplify the 
system of DE's by freezing the surface in a 1 X 1 state. The 
above system of six DE's can thus be reduced to only three 
DE's. 

dBco k B --= klfJco (1 - Bco - BNO ) - k2BCO - 4 BCO o. 
dt 

(I) 
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dOo 
-- = kS(JNO 0empty - k 40eo (Jo, 

dt 

where 

(
1- ONO + Oeo _~) 

O inh Oinh ' 
eO,NO 0 

(III) 

if (I _ ONO + (Jeo _ 00 );;;'0 
(J ~~,NO (J ~h 

0, otherwise. 

These equations utilize the same terms which were used 
in the realistic model to describe the adsorption/desorption 
of NO and CO on the I X I phase, the dissociation of NO and 
the surface reaction between Oad and COad . All terms in
volving the 1 X l~hex phase transition have been dropped. 
The influence of surface defects is likewise neglected, since 
the 1 X 1 area already exhibits a high level of catalytic activ
ity. The coverage dependence of the adsorption energies of 
CO and NO has been retained in the equations, since no 
oscillations could be obtained if these were held constant. 

The numerical integration of the simplified system of 
DE's yields kinetic oscillations which are depicted in Fig. 14. 
These oscillations are the same as obtained with the full sys
tem of six DE's in region III. For a description ofthe mecha
nism, in Fig. 14 one oscillation cycle is subdivided into five 
sections. The individual stages in the mechanism which are 
displayed schematically in Fig. 15 can then be described as 
follows: 

(I) Creation of vacant sites. We start with a mixed 
CO/NO adlayer, where the dissociation of NO and hence 
the surface reaction is inhibited due to a high adsorbate cov
erage. Initiated by CO/NO desorption, a few vacant sites are 
created so that NO can dissociate. 

(II) Autocatalytic reaction. The increase in the number 
of vacant sites by the surface reaction [steps (R3), (R4), 
and (R5)] allows more NO to dissociate, thus starting the 
autocatalytic reactive removal of the molecular CO/NO ad
layer. This step is identical to the so-called surface explosion 
in coadsorption experiments. 1S,16 

(III) Formation of an 0 adlayer. The autocatalytic reac
tion creates an almost bare surface where adsorbed NO can 
dissociate without inhibition. The nitrogen which is formed 
desorbs immediately, but oxygen accumulates leading to the 
formation of an 0 adlayer. In this step, the gas phase ratio of 
PNO :Peo > I plays an important role. 

(IV) Replacement of Oad by NOad . With the oxygen 
coverage being high, the dissociation of NO becomes inhibit
ed, but CO from the gas phase can still adsorb and react to 
form CO2, The free adsorption sites which are thereby creat
ed by the reaction are preferentially populated by adsorbing 
NO. Thus the 0 adlayer is replaced by a NO adlayer. 

(V) Formation of a mixed NO ICO adlayer. With de
creasing oxygen coverage, the CO which adsorbs together 
with the NO is no longer removed by the surface reaction, 
but accumulates. This results in the buildup of a mixed 
NO/CO adlayer. 

The mechanism described above explains kinetic oscil
lations in the pte l00)/NO + CO system without the use of 

the I X I~hex phase transition. The oscillations in the reac
tion rate are caused here by a periodic change of the surface 
between a state with low catalytic activity, where a high ad
sorbate coverage inhibits the dissociation of NO and a state 
with high catalytic activity, where a low coverage permits 
the dissociation of NO to take place. 

There are two properties of the NO + CO system that 
keep it oscillating. First, the surface explosion (phase II) 
reduces the coverage within seconds by a factor of2. At this 
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point, the coverage dependence of the adsorption energies of 
NO and CO which is displayed in Fig. 16(a) comes into 
play. Due to the drop in coverage, these energies increase in a 
short time and make adsorption favorable over desorption. 
After reestablishing a NO/CO adlayer, the cycle can start 
again. What is amazing at first sight is why the system does 
not reach a stationary state. This becomes clear by looking at 
the time scale of the oscillations and by comparing it to the 
time that is needed to reach a steady state at a somewhat 
lower temperature outside the oscillation region. As demon
strated by Fig. 16(b), the time which is required to reach a 
steady state under these conditions is considerably larger 
than one oscillation period. Without coverage-dependent 
adsorption energies, however, steady state coverages are 
reached so fast that no oscillations occur. 

In order to explain the mechanism of kinetic oscillations 
which involve the 1 X l~hex phase transition (region I), no 
new principles have to be introduced. In addition to the 
mechanistic steps discussed above, one just has to consider 
the relaxation of the surface structure according to the vari
ation of the adsorbate coverages. Starting with dense 1 X 1-
NO/CO islands, the onset of the autocatalytic reaction will 
create adsorbate-free 1 X 1 areas which relax back into the 
hex structure. As soon as the oxygen coverage on the re
maining I X 1 area drops to a low enough level, CO is no 
longer consumed by the reaction, but its coverage increases 
due to trapped CO molecules from the surrounding hex area. 
The increase in CO coverage causes the 1 X 1 islands to grow, 
thus reversing the I X 1 -> hex phase transition that took 
place in the preceding step. Simultaneously, with the growth 
of 1 X I islands, coadsorption of NO will take place leading 
to the formation of mixed 1 X 1 NO/CO islands and the ini
tial situation is reached again. 

v. DISCUSSION 

The replacement of O2 by NO as oxidizing agent in the 
reaction of CO on Pt ( 100) leads to the occurrence of some 
new phenomena: surface explosion in coadsorption experi
ments and damped kinetic oscillations under continuous 
flow conditions. The latter do not necessarily require the 
participation of the 1 X l~hex phase transition as is the case 
with CO + O2, Moreover, the phenomenology of the oscilla
tions is quite different in both systems. The oscillations with 
NO + CO are always very regular and well reproducible, 
while the oscillations in the CO + O2 reaction are mostly 
irregular and difficult to reproduce. These differences 
between the two reaction systems are a consequence of the 
different degree of spatial organization. While the oscilla
tions in the NO + CO reaction appear to proceed spatially 
homogeneously on a macroscopic scale, the CO + O2 reac
tion exhibits a quite different behavior: Spatial inhomogene
ities and propagating chemical waves on a macroscopic scale 
have been detected. 12.36 

The reason for these differences lies obviously in the 
different adsorption properties of NO and O2 , In the case of 
oxygen, the adsorption probability on Pt( 100) depends 
strongly on the surface structure. The two phases hex and 
1 X I differ in the oxygen sticking coefficient by a factor of 
- 1000. The hex phase is quite inactive for oxygen adsorp-

tion. The active 1 X 1 phase, however, must first be prepared 
by the CO-induced hex -> 1 X 1 phase transition. In effect, 
this leads to the development of spatial inhomogeneities, 
since separate islands of CO and oxygen will be formed as a 
consequence of the different adsorption properties of the two 
surface phases. The surface reaction now has to proceed at 
the boundaries ofthe islands. This explains the occurrence of 
propagating reaction fronts in a hole-eating mechanism. 11,36 
By way of contrast, in most adsorption properties NO be
haves very similarly to CO. 16 As a consequence, both adsor
bates form mixed NO + CO islands13,16 and therefore the 
reaction is not limited to the boundaries of the islands, but 
may well proceed inside. In this way, one can understand 
that no reaction fronts of macroscopic size develop in the 
NO + CO reaction on Pt( 100). The question how the spa
tial self-organization proceeds on a mesoscopic and micro
scopic length scale still needs to be answered by experiment 
with a spatially resolving technique. Such experiments 
which are planned for the future are also necessary in order 
to decide whether the damping effect is in fact caused by a 
progressive loss of spatial coherence in the oscillations, or 
whether it is due to the dynamical properties of a local oscil
lator. 

As was shown in Sec. IV D, the autocatalysis in the sur
face reaction in combination with the coverage dependence 
of the desorption parameters for NO and CO is sufficient to 
produce kinetic oscillations; an involvement of periodic 
structural changes is not essential for the oscillating mecha
nism. It is then of course not clear why kinetic oscillations in 
the NO + CO reaction were only observed on Pt( 100), but 
not with other low-index orientations which have been in
vestigated as well, but the relevant surface property for the 
surface explosion as well as for the kinetic oscillations has 
been shown to be the dissociation efficiency of NO. This 
quantity depends sensitively on the surface structure. It is 
rather high for Pt(100) with a dissociation probability of 
- 60%, but roughly one order of magnitude lower on 
Pt( 110) with -10% and very low for Pt( 111), where it is in 
the order of a few percent. 37,38 Thus the autocatalysis mecha
nism outlined in Sec. IV D is suppressed for these orienta
tions and no kinetic oscillations can be expected. 

For most of the high-index Pt surfaces, the NO dissocia
tion probability is comparable to the (100) plane. The most 
active plane with respect to NO decomposition is the (410) 
orientation with -100% dissociation efficiency.37,38 On this 
plane also, a surface explosion in NO + CO coadsorption 
experiments was observed.26 Therefore Pt (410) might be a 
good candidate for exhibiting kinetic oscillations. 

Polycrystalline Pt is known to exhibit both surface ex
plosion and kinetic oscillations.8,39 In this case, most prob
ably (100) orientations in the texture of the polycrystalline 
materials are responsible for both phenomena, while the pre
dominant (111) orientations should be inactive. In experi
ments at high pressure, when the 1 X 1 structure is perma
nently stabilized by adsorbates and unavoidable impurities, 
the I X l~hex phase transition will no longer proceed. Since 
the simplified system of DE's does not require the presence 
of a phase transition, however, our model should be equally 
applicable to kinetic oscillations on poly crystalline Pt. 
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VI. CONCLUSIONS 

Steady states and the appearance of kinetic oscillations 
in the catalytic NO + CO reaction on Pt( 100) were investi
gated under continuous flow conditions in the 10 - 6 mbar 
range. Two stable branches of the reaction have been identi
fied. These are related to different structural composition of 
the surface. On one of these branches, kinetic oscillations 
were found in two temperature regions of about 30 K width. 
These regions were separated by a gap of -15 K. The oscil
lations were observed to be always damped. They could be 
excited by slightly decreasing the temperature. In the high
temperature region, video-LEED measurements revealed 
periodic changes in surface structure with low amplitude, 
while in the low-temperature region of oscillations, the oscil
lations take place on a surface that is completely in the 1 X 1 
structure. These results stimulated the search for a model 
that could explain the oscillations without involvement of a 
periodic 1 X l~hex phase transition. A set of coupled differ
ential equations describing the elementary steps of the reac
tion was able to model nearly all properties of the NO + CO 
reaction excellently. Besides explaining the so-called surface 
explosion on which we reported in an earlier paper,15 the 
model calculations yielded the steady states of the reaction 
as well as the occurrence of kinetic oscillations in three dif
ferent regions. Two of these regions were in complete agree
ment with experimental evidence, whereas the third region 
has not been identified in experiment. In the case that oscilla
tions take place on a pure 1 X 1 surface, the model reduces to 
only three DE's. In this simplified model, the oscillation 
mechanism can be seen as a periodic sequence of autocataly
tical surface explosions and restorations of the initial adsor
bate coverage. The damping of the oscillations in our experi
ments is attributed to insufficient thermal coupling caused 
by the small exothermicity of the reaction at low pressure. 
The existence of sustained oscillations on polycrystalline Pt 
on the other hand can be traced back to the nonisothermality 
of the reaction at high pressure (p> 10 - 4 mbar). 
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