Kinetic oscillations in the catalytic CO oxidation on Pt(100): Periodic

perturbations

R.J. Schwankner,® M. Eiswirth, P. Mdller, and K. Wetzl
Institut fir Physikalische Chemie, Universitat Miinchen, 8 Miinchen 2, Federal Republic of Germany

G. Ertl

Fritz-Haber-Institut der Max Planck-Gesellschaft, 1 Berlin 33, Federal Republic of Germany
(Received 23 December 1986; accepted 17 March 1987)

Periodic modulations of oxygen pressure or temperature were applied in the catalytic oxidation
of CO on a Pt(100) surface under isothermal, low pressure conditions. Transitions from
aperiodic autonomous oscillations to regular phase-locked behavior could be observed.
Computer simulations using a stochastic cellular automaton model yielded qualitatively
similar results. The spatial distribution in both experiment and simulation varies essentially in
phase over the whole surface area under the influence of the periodic perturbation, while wave
propagation in the autonomous system causes more irregular overall behavior.

. INTRODUCTION

The occurrence of self-sustained (autonomous) kinetic
oscillations during the catalytic oxidation of CO at well-de-
fined Pt(100) single crystal surfaces and under isothermal
low-pressure conditions has been investigated in detail dur-
ing the past years.'™ These oscillations are coupled with ad-
sorbate induced structural transformations of the topmost
layer of platinum atoms, whereby the two phases (1X 1 and
“hex”) exhibit different adsorptive and hence catalytic
properties. Wave-like propagation of these transformations
across the macroscopic surface area was found to be respon-
sible for spatial self-organization. While the conditions
(Pcos Po,» T) under which autonomous oscillations occur
can be established quite reproducibly,® their temporal struc-
ture is usually irregular.

The influence of periodic variations of the external pa-
rameters on the behavior of homogeneous chemical oscilla-
tors has already been extensively studied, both in experiment
and theory.'®! As an example we mention the occurrence
of “chemical resonance” with a damped BZ oscillator.'* The
present paper describes the results of a first exploratory
study of such effects with a heterogeneously catalyzed reac-
tion. Experiments were performed in which the operation
parameters p, and 7, respectively, were periodically dis-
turbed without leaving the respective existence region for
autonomous oscillations. In parallel, a recently developed
stochastic simulation model for the oscillations, based on the
cellular automaton technique,’® was applied. These comput-
er simulations were found to reproduce the features of the
experimental observations qualitatively well.

Il. EXPERIMENTAL

The experiments were performed with a standard UHV
system as described previously.®® The cylindrical Pt single
crystal (7 mm diam, 1 mm thickness) was spot-welded
between two parallel tantalum wires which permitted resis-
tive heating. The temperature of the sample was measured
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by a Chromel-Alumel thermocouple spotwelded to its rear
and was feedback-regulated.

Gases of the highest commercially available purity
(Linde) were used; CO was further purified over oxisorb
(Messer Griesheim). A feedback-controlled gas inlet system
(Fig. 1) served to keep the total pressure constant to within
0.1% which was continuously monitored by an ionization
gauge (Varian).

Since under typical oscillation conditions pog is about
one order of magnitude smaller than p,_, small amplitude
modulation of po would be hard to control. Thus only the
parameters p,_and T were periodically varied. Modulation
of the temperature causes simultaneous changes of all acti-
vated elementary processes (desorption, reaction, diffusion,
and surface phase transition) which prevents straightfor-
ward interpretation of the system response, while variation
of a partial pressure affects primarily the rate of adsorption
of the species in question.

Po, was modulated by feeding an external signal to the
control unit (Fig. 1) which was produced by an RC gener-
ator with sinusoidal, triangular, and sawtooth output, re-
spectively, or taken from a microcomputer via IEEE bus and
a CI-412 interface (MKS). Pressure modulation with fre-
quencies up to about 0.3 s~! could be produced in this way.
At even higher frequencies, the amplitude as recorded by the
ionization gauge decreased, and there was an increasing
phase shift between external pressure and the pressure inside
the vacuum system.

T was periodically changed with sinusoidal forcing
characteristic by coupling the frequency generator with the
temperature controller.'® Frequency span (up to 0.05s~ " at
3 K amplitude) was limited by the cooling rate of the sample
under operation conditions.

Temporal oscillations were monitored through contin-
uous work function (A@) measurement by a Kelvin probe.
The Ag signal and the modulated parameter (i.e., the read-
out of the ionization gauge or of the temperature control
unit) were recorded with a dual channel chart recorder per-
mitting easy identification of the kind of entrainment and of
the phase shift. The Ag signal was also digitized using a
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FIG. 1. Schematic diagram of the gas inlet system.

Keithley (196 A) multimeter and read into a microcom-
puter (Commodore 8296 D). Frequency analysis could thus
be achieved by the usual fast Fourier transform technique.'®

LEED investigations at oxygen partial pressures of up
to about 10~ * Torr became possible by the use of a thoriated
Ir filament.'”'® Laterally resolved information about the dy-
namics of surface structural transformation was obtained by
the previously described scanning LEED technique.® The
spatial resolution is about 1 mm as determined by the diame-
ter of the LEED beam. A two-dimensional scan (“frame”)
over the whole surface area was recorded within 10 s with a
data acquisition rate of 10 s~'. Up to 42 frames could be
recorded and stored without interruption, thus providing
the opportunity to study several subsequent oscillation cy-
cles.
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FIG. 2. A typical time series for autonomous oscillations (a) and the corre-
sponding power spectrum (b).
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FIG. 3. Transient behavior of the Ag oscillations after switching on a peri-
odic modulation of the O, pressure. The inset shows the time lag Az between
the maxima of A response and p, which reaches a constant value after
about 15 periods (“phase locking”).

Ill. RESULTS
A. Work function response

Measurements of the variation of the work function
(Ag) with the Kelvin probe reflect the integral behavior of
the whole surface area (~35 mm?). Ag is essentially gov-
erned by the oxygen coverage and parallels the rate of CO,
formation.®

In all measurements the conditions (pco, Do, T) were
first adjusted within the range of autonomous oscillations
which were usually aperiodic. A typical example is repro-
duced in Fig. 2 together with its frequency spectrum.

In afirst set of experiments the O, pressure was periodi-
cally modulated whereby the p, amplitude was never so
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FIG. 4. Typical time series and corresponding power spectra for three dif-
ferent modulation frequencies as marked by arrows: (a) Harmonic entrain-
ment, v, = V.. (b) Alternating big and small oscillations. (c) Irregular
response. po, = 7.8 107* Torr, p,,, = 8.3 107 Torr, T =520 K.
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FIG. 5. A plot of the kind of response vs modulation frequency of p,,, (top)
and T (bottom). (Conditions as in Fig. 4.)

large as to leave the existence range for autonomous oscilla-
tions. As can be seen from Fig. 3, switching on the modula-
tion forces the oscillations to become periodic after an induc-
tion period of typically about ten forcing cycles, and the time
lag Az between p, and A maxima becomes constant
(“phase-locking’) as shown in the inset of this figure. If, on
the other hand, the Po, modulation was switched off, the
system returned again within about five cycles to aperiodic
behavior. Variation of the modulation frequency v,,.q4 at
constant amplitude (Apo, /po, = 0.07) caused the system to
respond with the same main frequency, v, = v,, .4, and with
all amplitudes of similar magnitude [ harmonic entrainment,
Fig. 4(a) ], but above a critical perturbing frequency the re-
sponse consisted of alternating big and small oscillations
[ period-doubled behavior, Fig. 4(b) ], leading to increased
Fourier coefficients at } and 3 v,,,4. At still higher frequen-
cies, the response became irregular without any apparent
order in the distribution of amplitudes and with some peaks
missing completely [Fig. 4(c)]. There was, however, still a
constant phase shift of the maxima. The power spectrum
showed additional bands at }, 3, and § v,,,,4. The frequency
bands in which the described types of response occurred are
indicated in Fig. 5.

The phase shift § depends on both the amplitude and the
frequency of the perturbation. Figure 6 shows how at fixed
Vmoa the phase shift increases with modulation amplitude
and finally reaches a saturation value. It should be men-
tioned that in this case for 4,,.4 < 1% the response was
aperiodic, between 2% and 4% it consisted of alternating big
and small oscillations, and for 4,4 >4%, harmonic en-
trainment took place. If, on the other hand, the amplitude is
kept constant, variation of the modulation frequency leads
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FIG. 6. Phase shift § vs amplitude of the p,, modulation at constant fre-
quency.
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FIG. 7. Phase shift § as a function of perturbation frequency v,,.4 at con-
stant amplitudes: (a) Experiment: Modulation of O, pressure with condi-
tions as indicated in Fig. 4. (b) Experiment: Modulation of temperature
with conditions as indicated in Fig. 4. (c) Computer simulations. Arbitrary
frequency v/,.4-

to a continuous change of 6 as reproduced in Fig. 7(a) from
0 to nearly #. This behavior is reminescent of a classical
resonance effect. It should, however, be reminded that our
system exhibits autonomous sustained oscillations in the ab-
sence of an external periodic perturbation instead of tran-
sient damped oscillations as characteristic of a genuine reso-
nance effect. As a consequence, the amplitude response of
the present system shows hardly any indication of a reso-
nance effect, albeit the mean amplitude decreases substan-
tially at higher modulation frequencies. It should be noted,
on the other hand, that the system switches to period-dou-
bled behavior around 6 = 7/2.

The autonomous oscillations frequently consist of a fair-
ly rapid increase of A followed by a slower decay which can
be associated with the mechanism of the oscillations”®: Ad-
sorbed CO is autocatalytically removed from the surface and
intermediately replaced by O,, (steep A rise), and in sub-
sequent slower steps the transformation of the surface struc-
ture and buildup of the CO coverage takes place (A@ drops).
This general tendency is also reflected in a series of measure-
ments in which the temporal shape of the periodic pressure
perturbation was altered (Fig. 8). As can be seen from Fig.
8(a), a sinusoidal p,, modulation caused the oscillations to
become rather symmetric, but they still tend to increase
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FIG. 8. Influence of the shape of the periodic perturbation on the temporal
response of the system.

more steeply than to decay. With a sawtooth modulation of
the type indicated in Fig. 8(b) (keeping frequency and mod-
ulation constant) the response became more asymmetric in
the outlined sense. If, however, the shape of the sawtooth is
reversed (i.e., slow increase and rapid decrease) as in Fig.
8(c), the response exhibits a typical shoulder in the decreas-
ing branch, but the Ag increase is still steep. These results
are only intended to demonstrate that even the curve shape
of the external modulation is affecting the response of the
system, but will not be discussed further.

Periodic variation of temperature instead of oxygen par-
tial pressure led to qualitatively the same phenomena. How-
ever, when varying the perturbing frequency with a constant
amplitude of 3 K, the transitions to period-doubled and ir-
regular behavior and the increase of phase shift occurred at
lower v,,,q than when modulating oxygen pressure (Figs. 5
and 7). This is attributed to the fact that a 3 K change in
temperature causes a bigger change in (at least) one elemen-
tary step than a 7% change in p,,_, thus exhibiting a higher
perturbing amplitude.

B. LEED investigations

The temporal oscillations had been found to be associat-
ed with a periodic transformation of the surface structure
from the hex to the ¢2 X 2-1 X 1 phase and back? which can
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FIG. 9. (a) Ap time series under the influence of periodic p,, modulation.
The arrows mark the maximum values of p,,_ . (b) Corresponding variation
of the intensity of a half-order LEED spot.

be studied by LEED. The LEED beam probes about 0.5
mm? of the surface area and the scanning technique®® yields
temporally as well as spatially resolved information. In the
present study only the ¢2X2-1X1 phase was monitored
through analysing the intensity of one of the half-order
beams in the LEED pattern which reflects the density of
adsorbed CO molecules.

After establishing forced oscillations the sample was
turned from the Kelvin probe to the LEED optics and after-
wards back again (in order to check reproducibility). Typi-
cal Ap and LEED intensity time series recorded in this way
are reproduced in Fig. 9. The arrows denote the intervals at
which p, reaches its periodic maximum values. These
marks coincide with the Ag increase ( = increase of oxygen
coverage) and with the decrease of the LEED intensity
( = removal of CO,,). This is in full agreement with the
mechanism underlying these processes. It is, however, not
trivial that the behavior averaged over the whole surface
area (probed by Ag) is in phase with the local properties
recorded by LEED—but this will become evident from the
spatially resolved LEED data.

Scanning LEED results showing the laterally resolved
distribution of the ¢2X2-1X1 intensity ( = CO,4 concen-
tration) taken every 10 s as “snapshots” are reproduced in
Figs. 10 and 11. Figure 10 reflects a typical situation found
with autonomous oscillations. Here spatial inhomogeneities
(reaction zones) start in irregular time intervals and usually
at the edges of the sample (but not always at the same place)
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FIG. 10. Scanning LEED data showing the spatial distribution of the half-
order spot intensity (reflecting the local CO coverage) during autonomous
oscillations. po, = 2.9X 10™* Torr, pco, = 2X 107 Torr, T'= 514 K. Each
frame is recorded within 10.4 s.

and then propagate wavelike across the whole surface area.
These data are qualitatively quite similar to those published
previously.>®

The situation becomes different under conditions of
harmonic entrainment (Fig. 11). It turns out that whenever
the O, pressure reaches its maximum a wave of CO,, remo-
val (= 0,4 uptake) starts in the region of the upper left
corner. These are the frames marked by a triangle in Fig. 11.
One frame (10 s) later the CO coverage has been reduced
substantially over the whole surface area which recovers
slowly and rather homogeneously over the subsequent 40—
50 s. In general, under the conditions of forced oscillations
the whole surface area becomes more homogeneous and all
parts of the surface tend to change their structure more or
less simultaneously as synchronized by the external pertur-
bation. As a consequence the spatially integrated behavior as
probed by Ap becomes more regular.

C. Computer simulations

Based on information about the elementary steps under-
lying the kinetic oscillations,>® recently a stochastic model
using the celluar automaton technique was developed and
successfully applied to simulate autonomous temporal oscil-

FIG. 11. Scanning LEED data during modulation of the O, pressure at
Vmod = 18.2 mHz with 8% amplitude. Other parameters as for Fig. 10.

TABLE I. Parameters used in computer simulations (for further explana-
tion see Ref. 9).

0O, adsorption 0.8

CO adsorption 0.1

Phase transition 1X 1 hex 0.07

CO desorption 1X 1 0.004 + 0.001 (25%)

CO desorption hex 0.04 + 0.01 (25%)

lations and spatial pattern formation.’ In this model a two-
dimensional lattice of 1560 (20X 78) points was used, where
each lattice point could exist in one of five different states,
namely empty hex or 1 X 1, CO-covered hex or 1 X 1, and O-
covered 1 X 1. These states can mutually transform into each
other by adsorption of CO or O,, desorption of CO, surface
reaction (i.e., CO, formation), and surface structural trans-
formation. Each of these steps has a finite probability to take
place during one cycle in which each of the lattice points was
interrogated in a random number sequence. The resulting
dynamical behavior is, of course, strongly dependent on the
choice of the input parameters. '

In order to simulate qualitatively the experimental con-
ditions, a sinusoidal variation of the CO desorption probabil-
ity was introduced. This is the elementary step exhibiting the
largest activation energy and hence temperature depen-
dency: Around 500 K, a temperature variation by 3 K (10)
K causes this quantity to change by 25% (60%). (Percent-
ages given as deviations of maximum and minimum from
average value.) No a priori spatial inhomogeneities (such as
trigger compartments) were assumed, similar to some of the
examples presented in Ref. 9. The input parameters are list-
ed in Table I and (without modulation) lead to autonomous
irregular behavior of the kind shown in Fig. 14 of Ref. 9.

Two typical examples of how a 25% periodic variation
of the CO desorption probability affects the temporal re-
sponse are reproduced together with the associated power
spectra in Figs. 12 and 13. Increasing the modulation fre-
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FIG. 12. Computer simulation with periodic modulation of the CO desorp-
tion probability (b) leading to harmonic entrainment as can be seen from
the power spectrum (c). (a) Temporal variation of CO-1X 1 and O-1X 1.
The modulation frequency, v/, ., = 59 a.u. is marked by an arrow in (c).
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FIG. 13. Similar data as in Fig. 13, except that the modulation frequency
Vimoa = 118 a.u. now is twice the main frequency of the time series.

quency v;,.q caused the computer model to respond with
main frequencies v, = v;,,4 and then v, = 1v/ 4, similar to
the experimental situation.

Towards higher modulation frequenciés it often turned
out that each CO desorption maximum initiated a propagat-
ing O,, wave, but every second wave died soon because the
time interval was too short to reestablish a high enough CO
coverage. This effect shows up in the temporal behavior of
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the CO coverage integrated over the whole surface area as a
peak with large amplitude followed by a small one or just asa
shoulder. It becomes clearly evident from inspection of the
time evolution of the spatial pattern as recorded on video
tape (which can unfortunately not be published in the usual
way). A typical set of these spatial patterns is reproduced in
Fig. 14: In Fig. 14(a), two O waves are formed simulta-
neously near the center and at the lower right part which
shortly afterwards affect a large part of the surface [Fig.
14(b) ]. Somewhat later, [Fig. 14(c)] another wave forms
near the left-hand side which cannot propagate very far be-
cause it can only react with sites being present-in the CO-
1X 1 state, but it disappears soon and a surfacé predomi-
nantly covered by CO is reestablished [Fig. 14(d)].

The experimental phase shifts between periodic pertur-
bation and the response of the system had been reproduced
in Figs. 7(a) and 7(b). Again the computer simulations
yield a qualitatively similar result as can be seen from Fig.
7(c): The latter data were obtained with the use of an in-
creased CO desorption probability. (60%, corresponding to
about 10 K temperature modulation), since otherwise the
statistical fluctuations were too large.

IV. DISCUSSION

Autonomous oscillations in the catalytic CO oxidation
at a Pt(100) surface are usually rather irregular and their
shapes were never quite reproducible. (This contrasts with
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FIG. 14. Computer simulations of the spatial distributions at various times of the modulated oscillations. X = CO-1X1; + = CO-hex; blank = empty
hex; $ = empty 1X 1; O = O-1X 1. The large encircled area in (c), which is essentially covered by hex and O-1X 1, blocks an oxygen wave starting on the

adjacent empty 1 X 1 sites at the left edge.
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the recently investigated Pt(110) surface.'®) Occasionally,
periodic oscillations occur which are, however, usually only
stable over a limited number of periods.® Spatially resolved
experiments by using the scanning LEED technique demon-
strated that these regular oscillations resulted from waves of
surface phase transformation emanating repeatedly near the
same edge of the sample and propagating across the whole
surface area.® Such a wave might most probably start from
that location which had most time to recover (i.e., from
where the previous one had started), but due to statistical
fluctuations the onset of the reaction may also be triggered at
other patches and in different time intervals. This then leads
to aperiodic behavior.

Quite similar effects were observed with the computer
simulations of the autonomous oscillations if the surface was
assumed to be uniform.® Only with certain sets of input pa-
rameters (determining the relative speed of propagation of
the reaction front, reestablishment of CO coverage and CO
desorption probability) did such a uniform system undergo
self-organization into large-amplitude regular oscillations
for which again an oxygen wave started in periodic intervals
near the same location of the lattice.

This situation changes quite pronouncedly if the system
is subject to a periodic modulation of oxygen pressure or
temperature. Now the oscillations are much more regular,
although the phase shift and particularly the amplitude still
did not become perfectly constant. The scanning LEED ex-
periments showed that the reactive removal of adsorbed CO
started near the O, pressure maximum and affected the
whole surface area within 10s. The wave-like propagation of
this effect is no longer very pronounced, and after this short
interval the whole surface apparently varies its state quite in
phase. This is certainly caused by the fact that now the whole
area is strongly coupled to the periodic variation of the con-
trol parameter, while in the absence of this perturbation, the
occurrence of regular oscillations depends on a rather fragile
coupling across the surface area.

The computer simulations agree quite well with this pic-
ture. In the case of harmonic entrainment with large forcing
amplitude wave propagation was largely suppressed, but the
reactive removal of CO started at about the same time (max-

-imum of desorption probability) at variousplaces. This gave
rise to only local inhomogeneities, while the system as a
whole stayed essentially in phase.

Obviously, the fluctuations inherent to the autonomous
oscillations of the present system (either due to limited sta-
bility of the experimental setup or due to the stochastic na-
ture of the elementary steps) are responsible for their usually
irregular shapes. Periodic external perturbations are, how-
ever, able to cause a more regular behavior by affecting the
whole surface area simultaneously.

The phenomenon of entrainment (i.e., synchroniza-
tion) of an autonomously oscillating system by an external
periodic perturbation has already been studied in detail with
homogeneous chemical reactions as well as with appropriate
mathematical models. ' Usually entrainment, associated
with phase-locking, occurs over a finite range of the forcing
frequency v,,.,4 which is called an entrainment band, and
Vmoa 18 Telated with the main frequency of the response v,

through
/2

= Vmod =Vrs

k

where / and k are integers, and the ratio / /k is called the
order of entrainment.

The experimental results summarized in Fig. 5 show
harmonic entrainment and its breakdown towards high
Vmod - In the computer simulations, there is evidence for har-
monic as well as 1 subharmonic entrainment in accordance
with the mentioned concepts. A full exploration would re-
quire the determination of the so-called phase diagram in
which the behavior of the system is studied under the influ-
ence of varying perturbation frequency as well as amplitude.
Such a phase diagram was for example evaluated theoretical-
ly for the periodically forced Brusselator model*® and exhib-
its regions of harmonic, subharmonic, and superharmonic
entrainment as well as quasiperiodic domains and chaotic
response. Systematic experimental investigation of these ef-
fects appears more feasible in future work with the Pt(110)
surface which exhibits much more regular behavior of the
autonomous oscillations than the Pt(100) surface used in
the present study, which was of more exploratory character.
In any case the results demonstrate clearly the transferabi-
lity of the concepts for forced nonlinear oscillations.

V. SUMMARY

Periodic modulation of a control parameter (oxygen
partial pressure or temperature) causes forced oscillations in
the catalytic CO oxidation over Pt(100) as probed by work
function (Ag) and LEED measurements. The experimen-
tally observed features could be qualitatively well repro-
duced by computer simulations.

Autonomous oscillations are usually rather irregular
and are synchronized across the probed surface area by
propagating waves of structural transformation. By con-
trast, periodic modulation of adsorption/desorption rates
via po, or T causes the oscillations to become regular
through phase-locking between perturbation and response
typically within about 10 cycles. The structural transforma-
tion of the surface structure occurs now essentially in phase
over the whole surface area.

The phase shift between perturbation and system re-
sponse varies between 0 and 7 with increasing modulation
frequency v,,,q in a similar way as a (damped) forced linear
oscillator. Harmonic entrainment, however, is restricted to
certain ranges of v,,.4. At higher v,, .4 the system tends to
period doubling (i.e., subharmonic entrainment) and finally
exhibits irregular behavior. These effects are qualitatively in
line with the general experience with forced nonlinear oscil-
lations.
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