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The nucleation of spiral waves at a surface defect during catalytic CO oxidation on Pt�110� has been studied
with a low energy electron microscope system. It is found that reaction fronts originate from a boundary layer
between the defect and the surrounding Pt�110� area. The findings are corroborated by numerical simulations
within a realistic reaction-diffusion model of the surface reaction.
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Rotating spiral waves are frequently observed in reaction-
diffusion �RD� systems including the well-known Belousov-
Zhabotinskii �BZ� �1,2� reaction, aggregation of slime molds
�3�, catalytic CO oxidation �4–8�, cardiac tissue �9�, intra-
cellular calcium dynamics in frog eggs �10�, and glycolytic
activity in extracts of yeast cells �11�. In some of these sys-
tems, rotating spiral waves appear to emerge spontaneously
from an initially homogeneous spatial state. However, al-
ready the early experiments with the excitable BZ reaction
demonstrated that a perturbation is required in an excitable
system. This perturbation can either be provided by hetero-
geneous nucleation at an impurity or surface scratch or by
external stimulation with a silver wire or laser beam. El-
ementary considerations yield the size of a critical nucleus
�8,12�. Recently, the nucleus for formation of a double spiral
has been stabilized in experiment and computed in a model
using control techniques �13�. Little is known yet about the
dynamics involved in the heterogeneous nucleation of spiral
waves.

In this article we investigate the nucleation of spirals in
catalytic CO oxidation on a Pt�110� surface by means of low
energy electron microscopy �LEEM�. Spirals are found to
nucleate near large surface defects. The decisive role is
played by a thin boundary layer around the defect which
initiates all nucleation events. We illustrate events of suc-
cessful and failed nucleation by experiments and numerical
simulations with a realistic reaction-diffusion model of cata-
lytic CO oxidation.

Catalytic CO oxidation proceeds via a Langmuir-
Hinshelwood �LH� mechanism, that is, both molecules have
to adsorb, CO as molecule and O2 dissociatively, before they
can react to form CO2 which rapidly desorbs from the sur-
face. A dense CO adlayer poisons the reaction and therefore
two states exist in the kinetics—an inactive state where the
surface is CO covered and an active state where the CO

coverage is very low. Coupling the LH scheme to the CO-
induced 1�1�1�2 surface phase transition of Pt�110�
makes the system excitable. Here, we study the reaction in a
parameter range where the reaction is bistable but where
both states are unstable with respect to a perturbation by
diffusion �4,5,7�. As shown before, excitation of pulses and
spiral waves is possible in this regime of “dynamic bistabil-
ity” �7�. With our LEEM instrument we can obtain a resolu-
tion of about 150 Å �14,15� which is about one to two orders
of magnitude better than that of the previous photoemission
electron microscope �PEEM� studies of this system �4,5�. We
chose an electron energy close to zero so that the instrument
is operated at the boundary to mirror electron microscopy
�MEM� �17�. Contrast in the MEM mode is based on work
function differences as well as on surface topography. In the
LEEM mode the reflectivity of the surface determines the
contrast. The reaction is studied under low pressure condi-
tions in the 10−5 mbar range and therefore practically iso-
thermal.

The LEEM/MEM frame in Fig. 1�a� displays two surface
defects imaged as dark areas and in the following we restrict
ourselves to the larger one of the two defects. The smaller
defect is also active but under different conditions. Under the
specific energy chosen here the two stable states of the sur-
face, CO covered and oxygen covered, are imaged as bright
and dark areas, respectively �15�. The bright halo of approxi-
mately 30 �m diameter which asymmetrically surrounds the
large defect is due to electrical charging, thus demonstrating
that the “defect” is actually an electrically insulating impu-
rity. Slight distortions in the shape of the defect seen in some
of the images are due to this electrical charging and not
caused by an actual size change. A plausible explanation
consistent with the described facts is that the defect is a
diamond particle which remained on the surface after polish-
ing with diamond paste �16�. The diamond surface itself is
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practically inert but we can assume that mechanical stress
exerted by the diamond particle has led to the strong struc-
tural distortion of the adjacent Pt layer or even made it amor-
phous, thus creating the boundary layer which shows up
�Fig. 1� as bright ring of 1–2 �m thickness surrounding the
defect �18�.

When we adjust pCO/ pO2
conditions just below the thresh-

old for ignition of a CO wave, we observe a bright boundary
layer nearly completely surrounding the defect as shown in
Fig. 1�a�. We also note bright circular spots of 1–1.5 �m
diameter at the perimeter of the defect. These bright spots
nucleate spontaneously at the boundary layer. They typically
travel over only a short distance, merge with other bright
spots or the bright part of the boundary layer, and, most
importantly, they excite chemical waves in the surrounding
medium. We can associate the traveling bright spots with
bound CO pulses because they cannot leave the perimeter of
the defect.

Upon a slight increase of pCO one of the bound CO pulses
ignites a CO front in the surrounding medium spreading out
from the defect as shown in Fig. 1�b�. The anisotropy of
front propagation reflects the troughlike structure of the
Pt�110� substrate with CO diffusion being fast along the
�110�-oriented troughs and slow perpendicular to them �19�.
Depending on whether such a nucleation leads to a stable
spiral wave as shown in Figs. 1�c� and 1�d� or whether the
excitation remains bound to the vicinity of the defect and
soon dies away, we distinguish between a supercritical and a
subcritical nucleation.

A supercritical nucleation is displayed in Fig. 2 showing
the different stages in the development of the stable spiral
wave displayed in Figs. 1�c� and 1�d�. After nucleation of a

CO front �Fig. 1�b�� an oxygen front nucleates inside the CO
covered area at the 2 o’clock position �1 s�. This front ex-
pands asymmetrically so that it reaches the left edge of the
CO covered area earlier than the right edge �3 s�. Simulta-
neously a CO front expands also on the bottom part of the
defect and expands there rapidly �1 s and 3 s�. The left upper
part of the CO front now loses contact with the defect
�8.25 s, A� while the oxygen front has advanced to the bot-
tom of the defect forming an enlarging area �8.25 s and
11.5 s�. A pulse rotating around the defect is created. In the
following the CO covered area expands at the expense of the
oxygen covered surface area so that at the end the stable
oxygen spiral wave displayed in Figs. 1�c� and 1�d� results.

In order to transform a symmetrically growing CO front
into a rotating spiral wave, symmetry breaking has to occur.
The asymmetric growth of a front shown in Figs. 1 and 2 is
one option but another possible mechanism is demonstrated
in Fig. 3. After nucleation of a CO front �0 s� a bound CO
pulse moves towards the front of the expanding CO area �not
shown here�. The collision of the CO front with the pulse
consisting of a CO front and an oxygen back front annihi-
lates the two CO fronts in the collision area �1.25 s�. The
oxygen back front combines with the remaining large CO
front to a new pulse rotating clockwise around the defect.
This pulse is not stable. The back front of the pulse advanc-
ing faster than the forefront catches up with the forefront so
that the pulse is finally extinguished as shown in Fig. 3 �5 s
and 11 s�. In this last sequence, which we may call subcriti-
cal nucleation, pCO has been slightly reduced compared to
the supercritical nucleation displayed in Figs. 1 and 2.

The model of the catalytic CO oxidation on Pt�110� we
study here is the simplified version introduced in Ref. �20�. It
is similar to the well-known Barkley model �21� as well as to

FIG. 1. Nucleation of a spiral wave at a surface defect.
Experimental conditions: T=402 K, pCO�7�10−6 mbar, pO2

=2
�10−5 mbar, E=0 eV. Field of view: 64�64 �m2. �a� Two surface
defects �dark� under conditions close to nucleation of a CO front.
The inset shows the bound CO pulses on an enlarged scale. �b�
Nucleation of a CO front at the defect in �a� �t=0 s�. �c� and �d�
Two stages in the rotation of a stable pinned spiral wave with a
rotational period of 29.5 s.

FIG. 2. Supercritical nucleation of a CO pulse at defect. The
initial situation at t=0 s is given by Fig. 1�b�, the final state by Figs.
1�c� and 1�d�. At point A the CO front breaks and loses contact
with the defect. Experimental conditions: T=402 K, pCO�7
�10−6 mbar, pO2

=2�10−5 mbar, E=0 eV. Field of view: 64
�64 �m2.
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the FitzHugh-Nagumo equations which represent a standard
model for excitable and bistable media �12�. This model of
CO oxidation has been employed in the study of transitions
from fronts to spirals under bistable conditions �7�. It is a
two-component reaction-diffusion system in the bistable re-
gime, describing the dynamics of the CO/O coverage u and
the surface structure w. The equations read in dimensionless
units

�u

�t
= −

1

�
u�u − 1��u −

b + w

a
� + Dx�x

2u + Dy�y
2u ,

�w

�t
= f�u� − w ,

f�u� = �0, 0 � u � 0.6

1 − 31.25�u − 0.4��u − 1�2, 0.6 � u � 1

1, 1 � u .
� �1�

Here, the special form of f�u� is taken from the experimental
dependence of the surface structure on the CO coverage. The
quantity � stands for the ratio of time scales of the surface
reaction and surface restructuring, while a depends mostly
on the surface temperature �assuming typical pressures in the
range of 10−5 to 10−4 mbar�. For a detailed discussion of the
model, see Refs. �20,21�. Here we chose �=0.025 and a
=1.8 throughout to take into account the observed bistability.
The parameter b expresses whether CO or oxygen prevails
on the surface; it becomes larger for increasing the partial
CO pressure pCO. Dx and Dy are the diffusion constant in x
and y direction, respectively. Here, we chose Dx=1 and Dy
�Dx. The experimentally observed anisotropy has generally
a ratio of 4:1. Note that the anisotropy is neither sufficient
nor crucial to yield spiral waves in the model.

To mimic the experimental situation, we consider a disk
of diameter L=128 with no-flux boundary conditions �22�.
The existence of a boundary layer favoring CO adsorption
was described by setting the constant b=0.46 in a three-
space-units-wide range around a defect of diameter Ld=32.
The defect itself was assumed to be inert. First, we chose an
initial condition comparable to the experiment in Fig. 3 at t
=3 s; on the right side of the defect a CO front nucleates,
while on the left side a pulselike CO patch is present �see
Fig. 4�. The collision of these objects reverses the upper part
of the CO front and eventually gives rise to a spiral. The
spiral in Fig. 4�d� is reminiscent of the experimentally ob-
served spiral wave in Fig. 1�d�.

Decreasing the parameter b �pCO� leads eventually to the
experimentally observed transition from the supercritical to
the subcritical regime. In simulations without the boundary
layer, the spiral starts to unpin from the defect below a
threshold of bcr,1=0.406 �see Fig. 5�. Below a second critical
value bcr,2=0.385 pulses in one dimension become unstable
via annihilation; compare this to Ref. �20�. Thus, the bound-
ary layer stabilizes the pinning of the spiral to the defect and
prevents the unpinning and retraction of the spiral.

Figure 6 shows a second important effect of the boundary
layer. First, we have initiated a pulse in the boundary layer
�similar to the experiment in Fig. 1�a��. Then, the value of b
in the bulk �corresponding to the partial CO pressure pCO� is
slowly increased. If we cross again bcr,1, the pulse starts to
proliferate a CO arm into the surroundings of the defect and
finally a rotating spiral is seen �Fig. 6�. This represents an
alternative nucleation route which, of course, works only due
to the presence of the boundary layer. So far, this behavior
has not been seen in experiment.

FIG. 3. Subcritical nucleation of a CO pulse at a defect.
The point where the bound CO pulse and the CO front collided has
been marked as A. Experimental conditions: T=402 K, pCO=7
�10−6 mbar, pO2

=2�10−5 mbar, E=0 eV.

FIG. 4. �Color online� Simulation of the supercritical regime
with boundary layer from an initial condition similar to the experi-
mental situation in Fig. 3 at t=3 s. Red �blue� corresponds to u
=0 �u=1� and a CO coverage of 0.95 �0.2� monolayers. The first
three pictures show the initial dynamics of a CO pulse and CO front
growing out of the boundary layer. Time between snapshots is 12 s.
The last picture shows the system at a later state. Parameters are
Dy=0.25, bbulk=0.425.
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In conclusion, we have shown that the dynamics in the
boundary layer around a surface defect plays a crucial role in
the nucleation of spiral waves. Depending on the control
parameter, excitations either remain localized at the interface
or they propagate into the surrounding area giving rise to the
nucleation of fronts or pulses. Additional symmetry breaking
by heterogeneities in the boundary layer or by collision with
a bound CO pulse can transform an initially symmetrically

growing CO front into a rotating spiral wave. Scenarios simi-
lar to those found here are expected in other catalytic reac-
tions where impurities have modified the reactivity of their
surroundings either through mechanical stress or through a
chemical change.
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FIG. 5. �Color online� Simulation of the transition from super-to
subcritical regime by reducing pCO in the absence of a boundary
layer. This leads to a detachment of the wave front from the defect.
Color coding as in Fig. 4. Time between snapshots is 9 s and Dy

=1, bnew=0.406, bold=0.407.

FIG. 6. �Color online� Simulation of the transition from sub-to
supercritical regime by increasing pCO with bound CO pulse �ar-
row� in the boundary layer. Color coding as in Fig. 4. Time between
snapshots is 24 s and Dy=0.25, bbulk

new =0.425, bbulk
old =0.38.
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