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Target patterns, rotating spiral waves and solitary pulses have been found in the NO1H2 reaction
under nonoscillatory conditions, i.e., when the system was an excitable medium. Using
photoelectron emission microscopy~PEEM! as spatially resolving method the parameter
dependence of the front velocities, the width of the pulses and the rotational period of the spiral
waves were studied for fixedpNO51.831026 mbar in aT- range 520–620 K. The front velocities
were strongly anisotropic with the degree of anisotropy depending on thepH2, T parameters. Under
reaction conditions close to the highpH2 boundary for pattern formation, gas-phase coupling
becomes efficient, thus, oscillations in the N2 production rate can be observed. ©1996 American
Institute of Physics.@S0021-9606~96!01230-5#

I. INTRODUCTION

Spatiotemporal pattern formation on single crystal sur-
faces has been studied under well-defined low pressure con-
ditions ~p,1023 mbar! for a number of reactions involving
catalytic CO oxidation and catalytic NO reduction.1–3 Al-
though mathematical models for chemical waves in isotropic
media can be easily formulated for simple activator-inhibitor
systems, the development of a realistic model for a surface
reaction is a much more difficult task. One of the principle
difficulties one faces in the simulations is to take surface
diffusion of adsorbed particles properly into account since
adsorbate–adsorbate interactions and adsorbate-induced re-
constructions will make both, the magnitude of the diffusion
coefficient as well as the anisotropy coverage dependent.4,5

One system which, on one hand, is rather complex with
respect to the mechanism, but, on the other hand, offers a
particularly rich variety of chemical wave patterns is cata-
lytic NO reduction with H2 on Rh~110!. In this system, be-
sides the usual elliptically shaped wave patterns, rectangu-
larly shaped target patterns and traveling wave fragments
have been found.6–8 The unusual shape of the wave patterns
has been attributed to a state-dependent anisotropy of surface
diffusion caused by the presence of different types of
adsorbate-induced reconstructions in this system.7,9 The ex-
istence range for chemical wave patterns has been mapped
out in parameter space andin situ low energy electron dif-
fraction ~LEED! experiments verified the existence of differ-
ent reconstruction geometries under reaction conditions.10

Although simulations based on a general model could
reproduce qualitatively the observed effects, no detailed
mechanistic model and, hence, no realistic mathematical
model has yet been developed.7–9 The aim of this investiga-

tion was to study the parameter dependence and the anisot-
ropy of front propagation quantitatively in order to be able to
develop such a realistic model. In the course of this investi-
gation, it was also discovered that by choosing certain reac-
tion parameters, the system which usually under the condi-
tions of pattern formation exhibits a stationary reaction rate
can turn into an oscillatory system displaying sustained rate
oscillations. This transition is attributed to gas-phase cou-
pling causing synchronization of the reacting surface.

II. EXPERIMENT

The experiments have been conducted in a standard
UHV system~ca. 80 l vol! which under reaction conditions
was operated as a continuous flow reactor~effective pumping
rate '100 l/s!. The system was equipped with LEED, an
Auger electron spectrometer, a differentially pumped quad-
rupole mass spectrometer~QMS!, and a photoelectron emis-
sion microscope~PEEM! as spatially resolving method.
PEEM which is sensitive to local work function variations
allows one to image the reacting surface with a lateral reso-
lution of'1 mm and the temporal resolution of video frames
~50 ms!.11 The Rh~110! single crystal~diam'7 mm! which
was polished with diamond paste down to 0.03mm was the
same as used in previous experiments.7,8 Before measure-
ments, the crystal surface was cleaned by a combination of
Ar ion sputtering at 800 K~2 kV, 2.5 mA, 30–45 min!,
annealing to 1470 K, oxygen treatment at 1070 K
(pO25131026 mbar, 5 min! followed by a second annealing
to 1470 K. Gases~purity H2 5.3, NO 2.5! were introduced
via leak valves. A feedback-stabilized gas inlet system en-
sured that the partial pressures could be kept constant within
,0.5%. All partial pressures given in this report have been
corrected by the relative ionization probabilitiesS/SN2 being
0.45 for H2 and 1.2 for NO.

a!Present address: Center for Nonlinear Dynamics, University of Texas,
Austin, Texas 78712.
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III. RESULTS

A. Chemical wave patterns

Chemical wave patterns were initiated in a typical pro-
cedure by first raisingpH2 up to 131024 mbar which caused
the whole area imaged in PEEM to become uniformly white.
pH2 was then rapidly decreased to a fixed value. This first
transformed the imaged surface into a uniformly dark area,
after a waiting period of'10–30 s, before white bands
started to nucleate at some defects and spread out. Examples
of the target patterns which are formed in this way are dis-
played in Fig. 1. The white area in these images correspond-
ing to a low work function has been assigned to the bare or
nitrogen covered surface while the dark area representing a
high work function has been associated with a predominantly
oxygen covered surface. The patterns are anisotropic with
the long axis oriented in the@11̄0# direction and it was shown
before that the shape and the anisotropy of the wave patterns
vary with the experimental parameters.6,8,10 The moving
white bands in the PEEM images represent traveling pulses
in an excitable medium and in the following the parameter
dependence of the shape and the velocity of the pulses is
investigated.

As demonstrated by the PEEM images in Fig. 1, with
increasing hydrogen partial pressure, the width and the
brightness of the traveling pulses increase quite strongly.
Profile cuts through the PEEM images displayed in Fig. 2
show that first the effect of apH2 increase is relatively small,
but above a certain threshold which for the chosenpNO, T
conditions lies around 1.631025 mbar, the width and the
height of the pulses grow drastically withpH2. In addition,
one notes that at the highestpH2 the profiles develop a pla-
teau and a shoulder at the leading edge.

With increasingpH2 the pulse velocity,v, increases but
as a consequence of the anisotropy of the surface, the pulse
velocity is strongly anisotropic. This is illustrated by Fig. 3
showing the dependence of the pulse velocity onpH2 for the
two main crystallographic directions of Rh~110!. In order to
avoid dispersion effects which would have distorted the de-

pendence ofv on experimental parameters, the velocityv
was measured here and in the following diagrams always at a
sufficiently large wavelength, i.e., under conditions where
subsequent pulses do not interact. As expected from the ge-
ometry of the unreconstructed surface the fronts advance
more rapidly in the@11̄0# direction, i.e., along the direction
of the ~110! troughs than perpendicular to the troughs.

Furthermore, one notes that the front velocity along the
@001#-direction exhibits only a small dependence onpH2
while the velocity along@11̄0#, v @1 1̄0# increases steeply with
pH2. We define as a measure,p, for the anisotropy of front
propagation, simply, the ratio of the velocities along the
crystallographic directions,v @1 1̄0# /v @001# , with p51 repre-
senting the isotropic case. Figure 3 then evidently demon-
strates that the anisotropy is not constant but depends on the
experimental parameters.

The dependence of the pulse velocity on the temperature
is shown in Fig. 4 for the two main crystallographic direc-
tions. Qualitatively the dependence on temperature looks

FIG. 1. PEEM images demonstrating changes in width of traveling pulses as
pH2 is varied with pNO and T being kept constant atT5560 K and
pNO51.831026 mbar.pH2 in @1025 mbar#: 1.76 ~a!, 1.67 ~b!, 1.25 ~c!, 0.9
~d!, 0.5 ~e!.

FIG. 2. PEEM intensity profiles showing the changes in the shape and in the
width of an individual pulse aspH2 is varied. The profiles were taken along
the @11̈0# direction from the PEEM images displayed in Fig. 1. They show
chemical waves moving from right to left.

FIG. 3. Dependence of the pulse velocity,v, on pH2 for the two main
crystallographic directions of Rh~110!.
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rather similar to the one onpH2 but in contrast to thepH2
dependence the ratiov @1 1̄0# /v @001# almost does not change
with temperature, i.e., the anistoropy remains constant. The
qualitative picture which results from Fig. 4 is, however,
only correct ifpH2 is sufficiently large. If one investigates the
T dependence ofv under conditions of lowpH2 and higher
temperature, i.e., when rectangularly shaped target patterns
are seen, the dependence displayed in Fig. 5~b! is observed.
Here, the anisotropy approaches 1 at the highT boundary for
pattern formation. The corresponding PEEM images which
are reproduced in Fig. 5~a! demonstrate that the change in
anisotropy corresponds to a transition from rectangular pat-
terns at lowT to almost square-shaped target patterns at
high T.

Pulses in catalytic surface reactions are typically trig-
gered by structural defects.1,2 If these trigger centers have
strongly different firing frequencies, one obtains PEEM im-
ages like the one reproduced in Fig. 6 showing a target pat-
tern with a high firing frequency on the right half and several
target patterns with low firing frequencies on the left half.
Due to annihilation of colliding wave fronts the target pattern
with the high firing frequency will finally displace the other
target patterns. In Fig. 6, the waves which are created by the
fast firing trigger center~right half! propagate much slower
than the waves initiated by the low-frequency trigger centers.
The corresponding dispersion relation is displayed in Fig. 7
for the two main crystallographic directions. The diagram
more or less reflects the fact that a slowing down results if
the wavelength of the patterns becomes so small that each
pulse runs into the refractory tail of the preceding pulse. In
Fig. 7, both directions exhibit similar dispersion behavior but
the curve for the@11̄0# direction is clearly shifted to larger
wavelengths as compared to the@001# curve.

In the NO1H2 reaction on Rh~110! target patterns were
the dominant type of wave patterns and rotating spiral waves
were only rarely seen.6,7 In areas with a large number of
structural defects, many spirals could be observed, but these

spirals which were pinned to structural defects could usually
not develop more than two to three windings. Well-
developed spirals could, in some cases, be initiated in a pa-
rameter range in which the chemical wave patterns exhibited
a rectangular shape.7 An example of such a rectangular spiral
wave is displayed in Fig. 8~a!. For such spirals the depen-
dence of the rotational frequency onpH2 was investigated

FIG. 4. Dependence of the pulse velocity,v, on temperature for the two
main crystallographic directions of Rh~110!.

FIG. 5. Influence of temperature on the shape of the chemical wave patterns
in a parameter range where rectangularly shaped patterns can be found~a!
PEEM images showing target patterns at different temperatures. Experimen-
tal conditions: frame No. 1, T5560 K, pNO51.831026 mbar,
pH255.031026 mbar; frame No. 2,T5600 K, pNO51.631026 mbar,
pH256.931026 mbar; frame No. 3,T5620 K, pNO51.831026 mbar,
pH255.031026 mbar. The diameter of the imaged area is 400mm for
frames Nos. 1 and 3 and 470mm for frame No. 2.~b! Dependence of the
anisotropy of front propagation on temperature in a parameter range where
rectangularly shaped patterns are observed.

FIG. 6. Displacement of a target patterns with low firing frequencies by a
target pattern with a high firing frequency. Experimental conditions:T5560
K, pNO51.831026 mbar,pH2'131025 bar.
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and the results are reproduced in Fig. 8~b!. For low pH2, the
rotational frequency increases roughly linearly withpH2 until
the frequency starts to level off atpH2;831026 mbar.

B. Rate oscillations

Rate oscillations can occur in a pattern forming surface
reaction if either the length scale of the patterns is compa-
rable to the dimensions of the surface or if a global coupling
mode is present which synchronizes the local oscillators at
different parts of the surface.1,2 A global coupling mode is
provided by the small partial pressure variations of the
educts which arise in an oscillatory system due to mass bal-
ance in the reaction. This mode can become effective if the
surface reaction is sensitive enough to small amplitude varia-
tions of the educt partial pressures.

If reaction conditions are chosen which are well inside
the parameter range for pattern formation in the
Rh~110!/NO1H2 system, no rate oscillations can be ob-
served. Only damped oscillations can be initiated by a sud-
den synchronizing parameter change but these oscillations
die away within a small number of cycles as demonstrated
by the LEED intensity oscillations displayed in Fig. 9. If,
however, reaction conditions are adjusted close to the high
pH2 boundary for pattern formation, then sustained rate os-
cillations develop. The oscillations in the N2 production rate
and the concomitant small changes inpNO which are respon-
sible for synchronizing the surface reaction are displayed in
Fig. 10.

At points marked by arrows in Fig. 10, PEEM images
were taken showing at which stages in the pattern forming
process synchronization occurs. The PEEM images dis-
played in Fig. 11 demonstrate that the sharp rise in the reac-
tion rate in Fig. 10 is associated with the development of a
target pattern which then is extinguished at the rate maxi-
mum. The fast time scale in these relaxation-type oscillations
is, therefore, connected with a transition via pattern forma-
tion which transforms the homogeneously dark area@Fig.
11~a!# to a homogeneously white area@Fig. 11~f!#. A slow
relaxation process then leads back from the white area@Fig.
11~f!# to the dark area@Fig. 11~i!#. In contrast to the fast rise
of the reaction rate, the relaxation process is not associated
with pattern formation. The remaining weakly visible pat-

FIG. 7. Dispersion relation for pulse propagation along the two main crys-
tallographic directions of Rh~110!.

FIG. 8. Dependence of the rotational frequency of a rectangularly shaped
spiral wave onpH2. ~a! PEEM image of a rectangular spiral wave. Experi-
mental conditions:T5560 K, pNO51.831026 mbar,pH255.031026 mbar.
~b! Dependence of the rotational frequency of spiral waves onpH2.

FIG. 9. Damped oscillations in the LEED intensities of thec~234!-N,O and
the ~231!-N structure initiated by a sharppH2 decrease from 131024 mbar
to 2.131025 mbar.
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terns which are seen in Figs. 11~f! and 11~g! are not dynamic
and can be attributed to a memory effect of the surface, i.e.,
they are reminiscence of the patterns formed in steps a–e.
These patterns are probably caused by structural changes of
the surface which were not completely removed in the sub-
sequent development.

The positive feedback which has to exist between the
partial pressure variations and the surface reaction in order to
allow for synchronization can be constructed in a very
simple way. First, it is important to note that an increase in
the reaction rate will lead to a decrease of both,pNO and
pH2. Since, however, hydrogen is in excess by about one
order of magnitude, the relative variation inpH2 is small and
it is sufficient to consider the changes inpNO solely.

The data in Figs. 10 and 11 demonstrate that the rate
minimum is associated with a uniform dark area correspond-
ing to an oxygen covered surface whereas the uniform bright
area at the rate maximum can be associated with a nitrogen
covered/bare Rh~110! surface.10 Starting with the unreactive
surface at Fig. 11~a!, the spreading of the white bands will
cause the reaction rate to increase and consequently the ratio
pNO/pH2 will become smaller. This leads to increase in the
front velocity ~see Fig. 3! and, furthermore, it initiates the
nucleation of waves as can be seen clearly in Fig. 11~d!.
Hence, the reactive area will grow and the concomitant fur-
ther decrease ofpNO/pH2 establishes the positive feedback
which leads to a rapid transformation of the whole surface.

IV. DISCUSSION

A. Pattern formation

Front propagation in the NO1H2 reaction on Rh sur-
faces has been investigated in several field electron micros-
copy~FEM! studies by Nieuwenhuyset al..12,13In FEM very
regular spatiotemporal patterns with near atomically sharp
interfaces were observed which reflect the different reactivi-
ties of the various orientations on the Rh field emitter tip. So
far, for the FEM experiments or for the chemical waves in
Rh~110!/NO1H2 an experimentally proven oscillation/
excitation mechanism does not exist. For the latter system, a
large number of single crystal studies have been conducted
focusing on the adsorbate-induced reconstructions which oc-
cur under the influence of adsorbates such as oxygen and
nitrogen.14–18 These studies essentially demonstrate that the
system Rh~110!/N,O exhibits an enormous structural vari-
ability and, consequently, it is rather difficult to understand
the detailed interplay between the surface reaction and
adsorbate-induced substrate changes.

Although the excitation mechanism for the pulses in
Rh~110!/NO1H2 has not yet been established, there is little
doubt that the cause for the formation of the primary reaction
front lies in the inhibitory effect of a dense oxygen adlayer
on hydrogen adsorption.19 The mechanism explaining the
formation of the primary front, i.e., the leading front in a
pulse, can be sketched as follows. Starting with a fully oxy-
gen covered surface the adsorption of hydrogen will be com-
pletely blocked except at some structural defects. Hydrogen
adsorbing at these defects will diffuse to neighboring sites,
react with oxygen thus creating vacant sites. These sites will
allow more hydrogen to adsorb and react leading to an auto-
catalytic increase in the number of vacant sites. The auto-
catalytic reaction in connection with the diffusion of atomic
hydrogen, therefore, creates a propagating reaction front
similar to the mechanism which is causing a reaction front in
the reactive removal of a CO adlayer in catalytic CO
oxidation.1,2

It has already been outlined before that the presence of
adsorbate-induced reconstructions with different substrate
geometries leads to a state-dependent diffusional
anisotropy.6–8 Such a complex anisotropy explains in prin-
ciple the origin of the rectangularly shaped patterns but it
remains of course to be shown what the actual values of the

FIG. 10. Sustained oscillations in the N2 production rate observed atT5550
K, pNO51.631026 mbar,pH252.031025 mbar. The diagram also displays
the variations inpNO which arise due to mass balance in the reaction system.
The arrows denote the time moments where the PEEM images shown in Fig.
11 were taken from the reacting surface.

FIG. 11. PEEM images showing the development of patterns and the influ-
ence of gas-phase coupling during rate oscillations. The images were taken
at the points marked by arrows in Fig. 10.
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diffusion constants are, to what degree the anisotropy is de-
termined by the geometric surface corrugation, and what role
adsorbate–adsorbate interactions play.

B. Rate oscillations

Rate oscillations in the catalytic reduction of NO with
hydrogen have been observed under low pressure conditions
~p,1023 mbar! on Pt~100!, Rh~110!, and on Rh~533!.20–24

Rate oscillations in the NO1H2 reaction on Rh~110! have
recently been found by Kruseet al., but these oscillations
occur at much higher temperature, at'900 K, than the os-
cillations presented here.24 For this reason, it is very likely
that a different mechanism is operating in the high tempera-
ture oscillations. In the oscillation studies periodic variations
in the production rate of N2, NH3, and N2O have been de-
tected. For the oscillations on Pt~100! a detailed mathemati-
cal model for the oscillations has been proposed based upon
the vacancy mechanism for NO dissociation.22 For the oscil-
lations on Rh surfaces, no detailed mechanism has been sug-
gested so far although the comparison of the oscillatoryT
range with N2 thermal desorption data clearly indicates that
the stability of the nitrogen adlayer has to play an essential
role in the mechanism.

In contrast to other oscillatory reactions on single crystal
surfaces, the oscillatory parameter range in the system
Rh~110!/NO1H2 is only a very small subset of the existence
range for pattern formation. This relation is a consequence of
the fact that gas-phase coupling only becomes effective near
the highpH2 boundary for pattern formation. The synchro-
nizing effect gas-phase of coupling can be traced back to a
positive feedback between the spreading of the reactive zone
and the concomitant variations inpNO. The efficiency of
gas-phase coupling is, of course, limited by the sensitivity of
the surface reaction to partial pressure changes, the experi-
mental parameters like flow rate and chamber volume which
determine the magnitude of these changes, and inhomogene-
ities of the sample surface. The narrowness of the existence
range for rate oscillations might, therefore, be strongly de-
pendent on experimental parameters.

The rate oscillations depicted in Fig. 10 are relaxation-
type oscillations and the comparison with the PEEM images
in Fig. 11 reveals that we can assign different surface pro-
cesses to the two time scales. The fast time scale can be
associated with a pattern formation and synchronization pro-
cess while the interpretation of the slow deactivation process
which proceeds spatially uniformly is not quite clear. It
could be caused by the formation or removal of a subsurface
oxygen species or be due to some other strongly activated
process. Evidence for subsurface oxygen formation has been
presented for Rh~210! and Rh~110! but the involvement of
this species into the oscillations in Rh~110!/NO1H2 remains
to be shown.25,26

V. CONCLUSIONS

The system Rh~110!/NO1H2 behaves as an excitable
medium in almost the entire parameter range for pattern for-
mation and only close to the highpH2 boundary of this ex-
istence range can oscillations in the reaction rate be ob-
served. Pulse propagation in this system is strongly
anisotropic, but the anisotropy is not constant but depends on
the experimental parameters. Pulse propagation exhibits the
characteristic features of an excitable medium as evidenced
by a strong dispersion of the front velocity vs the wave-
length. Rate oscillations of the relaxation-type have been ob-
served in the N2 production. The rate oscillations arise under
conditions when gas-phase coupling becomes effective lead-
ing to a synchronization of the reacting surface.
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