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The exploration of pattern formation by reaction-diffusion systems in complex bounded domains has
begun only recently. While theoretical and numerical information points to a strong interaction between
patterns and boundaries, experiments are rare and for heterogeneous catalytic reactions practically
nonexistent. By constructing (using microlithography) catalytic surfaces of arbitrary shape and size, we
are able to study this interaction for the catalytic oxidation of CO on Pt(110). Experiments along these
lines shed light on issues such as anisotropic diffusion and the behavior of individual defects. In addi-
tion, certain geometries give rise to patterns that have not been observed on the untreated catalyst and
bring to light surface mechanisms that have no analog in homogeneous reaction-diffusion systems. Sim-
ple domains of controlled size constitute paradigms that make the comparisons between theory and ex-
periment more fruitful, as we demonstrate through modeling and simulation of such examples. This ap-
proach opens the way for systematically probing certain aspects of pattern formation unique to hetero-

geneous catalysis.

PACS number(s): 05.40.+j, 82.20.Mj, 82.65.Jv

I. INTRODUCTION

Nonlinear reaction-diffusion systems are capable of
spontaneously forming a wealth of spatiotemporal pat-
terns [1,2], ranging from Turing patterns [3-5], spiral
waves and target patterns [6-9] to ‘“‘chemical tur-
bulence” [10,11] and labyrinthine patterns [12—15]. The
size and the shape of the domain are important factors in
these systems, as they are in essentially every nonlinear
pattern forming system (e.g., in Rayleigh-Bénard convec-
tion and other hydrodynamic instabilities; see [2] and
references therein). The ratio of the geometric domain
size to some intrinsic system length scale plays a central
role in the theoretical study of instability and pattern for-
mation. It becomes a crucial factor away from asymptot-
ic (very large or very small) limiting values, when the
geometric domain size is comparable to the spontaneous
pattern wavelength that would be formed in an unbound-
ed medium.

In this paper a study of the interaction of domain
(boundary) geometry with spontaneous pattern formation
in heterogeneous catalysis is presented. Microlithogra-
phy was used to create a variety of reacting domains of
controlled size and shape on polycrystalline Pt and on
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Pt(110) single crystals. In these microdesigned domains,
we studied pattern formation during the isothermal, cata-
lytic oxidation of carbon monoxide at low pressures (less
than 1073 mbar).

In the absence of boundaries, solitary pulses, spiral
waves, and target patterns [16—21] with typical size on
the order of several micrometers are observed in this
strictly two-dimensional (2D) system, in accordance with
established 2D reaction-diffusion phenomenology (see,
e.g., [1]). In addition, standing waves of complex struc-
ture, “turbulence,” and other patterns are found on the
untreated crystal [9,17], which are presumably due to
surface physical and chemical mechanisms beyond tradi-
tional reaction-diffusion models. The study of mesoscop-
ic spatiotemporal variations in this size range for metal
catalyst surfaces, such as Pt, has been made possible
through the application of spatially resolved surface
analysis techniques such as photoemission electron mi-
croscopy in the late 1980s [22]. In a typical crystal sam-
ple of 1 cm? area, many patterns and many surface de-
fects (e.g., scratches and dislocations) interact dynamical-
ly at any moment.

From a modeler’s point of view, it is desirable to sys-
tematically study the behavior as its complexity gradually
increases. This can be done by controlling the ratio of
natural and imposed length scales, as is routinely done in
fluid mechanics (e.g., experiments in thermal convection
at various container sizes). The addition of boundaries
enables us to study the influence of various geometries on
different aspects of the pattern formation: (a) elucidation
of individual components of the dynamics, e.g., by isolat-
ing and studying the behavior of a single traveling pulse
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or a single surface defect; (b) controlled study of the in-
teraction between patterns and boundary conditions, such
as the bouncing of fronts off walls, or the formation of
periodic waves within a regular lattice of obstructions;
and (c) discovery of phenomena that have not been ob-
served on the unbounded surface.

Despite the importance of the interaction of boun-
daries with reaction-diffusion patterns, there have been
few experimental attempts in this direction. Reaction-
diffusion patterns in simple domains have been investigat-
ed in the homogeneous Belousov-Zhabotinsky (BZ) reac-
tion [in a ring and a 1D (Couette) reactor] [23,24] and in
nonisothermal catalytic reactions (e.g., catalytic oxida-
tion of H, on Ni rings, ribbons and disks [25-27], and
NH; oxidation on Pt wires [28]). Early experiments on
interactions between reaction-diffusion patterns and inac-
tive domains in the BZ reaction were described by Linde
and co-workers [29,30]. A recent paper by Zhabotinsky,
Eager, and Epstein [31] explores reflection and refraction
of fronts at an interface between two reacting media. The
interaction of traveling pulses with sudden expansions of
their bounding domains was recently reported by Toth,
Gaspar, and Showalter [32]. Zuburtikudis and Saltsburg
[33] used nanofabrication techniques to study finite ( ~ 10
nm) size effects in the rate of ethane hydrogenolysis;
mesoscopic-scale diffusion does not play a role at this
essentially “small cluster regime” and the fundamental
reason for these size effects lies more in changes in basic
chemistry.

On the other hand, a number of computational papers
has appeared [34-38] for pattern formation in compli-
cated domains, which model phenomena that range from
the interaction of a spiral wave with domain walls to the
“diffraction” of pulses passing through orifices. The im-
portance of boundaries on the formation of spiral waves
is underlined by recent experimental results [39], which
provide evidence that wave trains encountering domain
corners may lead to spiral wave formation. In a recent
publication we introduced an approach to studying the
effects of boundaries on pattern formation for hetero-
geneous catalytic reactions [40]. Here we present a more
extensive report, along with initial modeling and simula-
tion results for pattern formation during CO oxidation in
complex-geometry catalytic Pt domains.

This paper is organized as follows. We start with a
brief description of the fabrication of the catalyst and the
experimental procedure. Experimental observations are
then presented, starting with comparatively large
domains, where the interaction of pattern formation and
geometry is not very pronounced, and proceeding to-
wards domains in which this interaction becomes
stronger. We also present a number of cases where phe-
nomena not yet described by current reaction-diffusion
modeling are observed. The experimental results are fol-
lowed by a numerical simulation of two nontrivial
geometries: a quasi-one-dimensional ring, around which
a single pulse travels, and a regular grid of inert obstruc-
tions interacting with concentration waves. The results
are summarized and some open questions posed by this
work are presented along with a brief description of
current efforts towards answering them.

II. EXPERIMENT

The experiments were performed on a polycrystalline
platinum foil and on a Pt(110) single crystal, which have
also been used in previous investigations [20,21]. An
80-100-nm-thick titanium layer (see Fig. 1) was deposit-
ed on the Pt surface and microscopic regions of bare Pt
were created by hydrogen fluoride solution etching
through the titanium using a negative photo resist pro-
cess. The sample was transferred into an UHV chamber
and the surface was cleaned by standard procedures.
Throughout the reaction its temperature was kept con-
stant to within 0.1 K. An inert thin layer of titanium ox-
ide formed on the surface of the Ti mask.

The evolution of spatial patterns was followed with a
photoemission electron microscopic (PEEM) [22]. This
instrument combines high temporal (25 ms, limited by
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FIG. 1. Photographs of the treated Pt surfaces: (a) dumbell-
and three-lobed dumbell-shaped domains on the polycrystalline
sample (the picture size is 800X 800 um? and the dark lines are
the grains boundaries) and (b) hexagonal domain on the Pt(110)
single crystal surface (the picture size is 225X225 pm?. (c)
shows a depth profile across a domain boundary. The titanium
layer is to the left, the pure Pt surface to the right.
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the video frequency) and spatial (0.2 um) resolution with
a field of view of up to 800 um. The contrast in the
PEEM images stems from local differences in the work
function caused by the different adsorbates and adsorbate
coverages. In the PEEM pictures, oxygen-covered re-
gions of the catalyst appear dark, while CO-rich areas ap-
pear lighter gray. The data were recorded on S-VHS
videotapes and digitized for further image processing.

III. RESULTS AND DISCUSSION

A quick summary of the types of spatiotemporal pat-
terns observed for CO oxidation on the Pt(110) surface is
presented in Fig. 2, in the form of a qualitative two-
parameter diagram [20,41], which shows the existence of
various patterns at constant p02=4.0>< 10~* mbar as a

function of the temperature and the CO partial pressure.
A generic scenario of pattern formation was found at this
constant po, for temperatures between 400 and 500 K:

upon an increase of the CO pressure, first elliptic CO
fronts appear on the otherwise oxygen-covered surface.
This leads eventually to CO-covered surface regions, on
which, in turn, oxygen fronts are frequently observed.
Such behavior is termed front multiplicity or dynamic bi-
stability [42-44]. In the regime where fronts are ob-
served, oxygen fronts are always faster than CO fronts
and tend to catch up with and annihilate the latter. A
further increase of CO pressure leads to a less pro-
nounced difference in the velocities of CO and O fronts
and to the formation of incipient stable pulses (which can
be regarded as bound states, composed of the two front
solutions) and eventually to spiral waves. This transition
between fronts and spiral waves is well understood both
in the experimental and the reaction-diffusion modeling
context [45]. The spiral wave regime terminates at some
upper value of the CO pressure and the surface becomes
predominantly CO covered.

Using standard reaction-diffusion terminology [1], we
can state that in the CO oxidation on Pt(110) spiral waves
exist both under bistable and excitable conditions. Based
on the absence of fronts (indicative of bistability) at the
CO-covered upper left-hand part of Fig. 2, we argue that
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FIG. 2. Two-parameter diagram for constant p02=4.0

X 10™* mbar. The pictograms stand for spirals, coexisting CO
and O fronts, and solitary flat waves (adapted from [20]).

the boundary between excitability and bistability lies
somewhere in the spiral region (for additional evidence
consult [20,41]). Quasi-one-dimensional patterns (flat sol-
itary waves, marked by parallel bars just above the spiral
waves in the figure) are formed at sufficiently high tem-
peratures (T > 480 K, upper right-hand corner of the dia-
gram); this would correspond to the “low-excitability”
limit. These waves propagate only along the [001] crystal
axis, thus emphasizing the anisotropy of the Pt(110) sur-
face. The diagram in Fig. 2 does not capture the region
above 540 K, where phenomena such as standing waves
and turbulencelike behavior are seen [9,17], which are
not yet fully understood in terms of basic reaction-
diffusion models of CO oxidation. It is believed that, in
this regime, additional transport processes (gas phase
coupling [46]) and different absorption states (subsurface
oxygen [47,48]) play a crucial role, thus requiring an ex-
tension of present models of the reaction.

A. Large domains

We started by confirming that in sufficiently large
domains (e.g., 500X 500 um?) the surface indeed repro-
duces the patterns observed on the macroscopic crystal,
as well as in polycrystalline samples with grain sizes of a
few hundred micrometers [21]. Figure 3 shows the ab-
breviation FHI for the Fritz-Haber-Institut [Fig. 3(a)]
and the Princeton ‘“‘shield” [Fig. 3(b)]. These are com-
paratively large domains (the overall diameter is ~350
pm).

The surrounding Ti-covered surface is inactive and
shows no pattern formation. In the shield one can see
spiral waves of different wavelengths developing. The
formation of spiral waves is frequently observed and has
been well investigated on the Pt(110) surface [20,49]. In
the narrow (20 pm width) channels at the sides of the
sign, reaction-diffusion pulses propagate. This highlights
one of the advantages of the microstructured geometrical
domains we are using: by making one of the two dimen-
sions of the domain small (here, by using narrow, quasi-
one-dimensional channels), we can study the effect of
dimensionality on certain instabilities and patterns
[44,50]. In this case, two-dimensional spirals become
wave trains in the narrow channels.

A similar picture appears on the FHI sign. In this case
we point out the coexistence of multiple “states” under
the same operating conditions: while the F and the I are
uniformly covered, the H shows the formation of spirals
turning into wave trains in its long, straight channels.
Worth noting are the effects of diffusion anisotropy both
in the shape of the fronts and especially in the way they
go around corners; notice how the fronts detach from the
left vertical and into the horizontal bar of the H; the
fronts follow a small scratch at the top of the left leg of
the H.

Figure 4 contains another sequence in the Princeton
shield that demonstrates both the transition from two to
one dimensional, but also some boundary effects. In the
narrow channels of the Princeton shield an oxygen front
approaches a CO front and they form a stable pulse. The
formation of pulses from interacting fronts in bi-
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stable systems has been predicted (e.g., by Rinzel and
Terman [51]), but had so far not been directly seen in an
experiment. The so formed pulse, upon exiting the chan-
nel [see the arrow in Fig. 4(g)], tries initially to remain
normal to both boundaries. Because, however, spirals are
not yet stable in two dimensions, it detaches from the
left-hand-side boundary (the one with the abrupt corner)
and shrinks and disappears following the right-hand-side
boundary. This indicates a parameter regime where
pulses are stable, but spirals are not. Such a regime
would be very difficult to detect on an open catalyst sur-
face.

The dynamics of the interaction between two rival
spirals in a large domain are shown in Fig. 5. The
scenario starts with three spirals coexisting at the top of
the shield: the one on the left has a longer rotation
period and wavelength, while the ones on the right are
separated by a scratch (marked in the figure). The lower

(a)

(b)

FIG. 3. Examples of large domain patterns: (a) three letter-
shaped domains at pco=5.0X10"° mbar, Po,=4.0X 1074

mbar, and T=440 K. While the middle one exhibits spiral and
periodic wave trains, the left and the right domains are uniform-
ly covered. Spiral cores are marked by arrows, while the loca-
tion of a scratch is highlighted with a dashed black line. (b)
shows a domain in the shape of the Princeton shield with
several spiral waves (their tips are marked by arrows) and a
large scratch (also marked by a dashed black line). The condi-
tions are pco=3.15X10"° mbar, p02=4.0><10'4 mbar, and

T=446 K. Both the letters and the Princeton shield are 350
pum high.

FIG. 4. A sequence in the Princeton shield at conditions in
the regime where fronts dominate on the open surface
(pco=3.05X10"° mbar, Po, =4.0X10"* mbar, and T=446
K). A pair of fronts, marked by the white arrow, forms a pulse
in the small channel at the right-hand side of the shield. Upon
exiting this channel, the pulse dies by shrinking. The time inter-
val between the pictures is 15 s for frames a-g and 4 s between
frames g and k. The size of the shield is the same as in Fig. 3(b).

of these two right-hand-side spirals communicates
through parallel waves with the domain of the fatter one
on the left, which is pinned at a defect; eventually the
latter is taken over and the location of the pinning of the
left-hand side spiral’s core is indicated by the imperfec-
tion (see the arrow) in Fig. 5(b). This picture is in com-
plete agreement with the observations and simulations of
spiral competition by Nettesheim et al. [20] and Bir
et al. [49].

Figure 5(c) shows the pattern after an increase in CO
pressure. The lower of the two right-hand-side spirals
tried to take on a larger core size. Its tip then ran into
the boundary and the spiral was destroyed. Lacking this
competition, the left-hand-side spiral pinned to the large

FIG. 5. Subsequent stages of interaction of spirals with each
other and with the boundaries in the Princeton shield. The con-
ditions are identical to Fig. 3(b), except that pco=3.10X 1077
mbar in (a) and (b). A slight change of pcg to 3.15X 107 ° mbar
happens between (b) and (c) and causes the death of the lower
spiral of the right-hand-side pair. Again, the scratch is marked
with a dashed black line in (a).
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defect reappears [Fig. 5(d)]. The last picture also demon-
strates that the right-hand-side spiral pair in Figs. 5(a)
and 5(b) was separated by the large scratch: in Fig. 5(d)
the waves from the upper right remaining spiral do not
penetrate the lower right region. While there is more to
this spiral competition scenario in the shield, and while
the boundaries of these large domains do interact
significantly with the fate of the concentration waves and
the ultimate observable picture, they do not play an ac-
tive role in the basic pattern selection as long as the
spirals’ center of rotation is sufficiently far away from the
boundary.

B. Dynamics of an isolated defect

The catalytic surface, even though it is a polished sin-
gle crystal, can be quite nonuniform. In addition to
atomic scale lattice defects such as steps and terraces,
there also exist mesoscopic defects (very often scratches
and other imperfections) at a scale that dramatically in-
teracts with spatiotemporal pattern formation. A simple
way of rationalizing these defects is as inhomogeneities of
the surface: locations with different properties, i.e., loca-
tions where the effective parameter values are different
from those of the surrounding surface. It is thus possible,
for example, to talk of a small, predominantly CO-
covered defect on an otherwise oxygen-covered surface
and vice versa. Under certain (excitable) conditions, such
a defect might be able to emit concentration waves of CO
(O) into the O-covered (CO-covered) surface. A second
possibility (in reaction-diffusion terminology) is given by
an oscillatory defect in an otherwise excitable surface.
Defects can provide nucleation sites for fronts and pulses
and pinning sites for spiral waves and may often act as
pacemakers for the remaining surface.

Because we can construct small reactive regions, it is
often possible to isolate a single surface defect and study
its intrinsic dynamics and their interplay with pattern
formation. It is also possible to study small regions that
apparently do not contain defects and thus elucidate the
inherent chemical dynamics of the surface. Figure 6
shows the persistent oscillations of a small (20X20 pm?)
square: they consist of a periodic firing, originating at a

FIG. 6. Pulselike CO waves on a 20X20 um? square. The
conditions are pco=1.3X10"* mbar, p02=4.0><10“" mbar,

and T=570 K. The time interval between pictures is 0.2 s.

location in the upper left of the square. To a first level of
description, an elliptic white (CO) front starts at that lo-
cation, followed by a dark (oxygen) front; this implies the
existence of an unresolvable and thus unobservable defect
at this location. The fronts propagate over the surface,
which then uniformly returns to its previous state until
the defect fires again. Figure 7 confirms the periodicity
of the phenomenon: the rate of firing remains essentially
constant in time for fixed operating conditions.

Closer inspection of additional data indicates some-
thing more interesting about the nature of the oscillation
in small oxygen-covered domains. Apparently each firing
consists of two steps: first comes a fast, light front, which
starts at the defect and quickly covers the free surface;
this is followed by a slower, darker front (the one we first
identified), which starts at the same defect and also cov-
ers the surface; the cycle is repeated after some time.

This two-step version of front firing has been con-
sistently observed in many different geometries and for
several different operating conditions. Figure 8 shows its
occurrence in a circular geometry. There exists also an
interesting variation on the same theme in some of the
data: the two fronts, which still occur in the same order,
can originate at different locations in the geometry. Fi-
nally, it is worth noting that under some conditions it is
possible for the second front to start before the first one
has exited the domain. Under such conditions, the two
fronts may catch up with each other forming a pulse. It
should be mentioned that while the whole sequence of
waves presented in Fig. 8 lasts only a few seconds, the
time to the next firing event is much longer (=17 s).

A careful study of the rate of firing vs operating condi-

time [s]

T T I [ I [ [ [ I
0O 2 4 6 8 10 12 14 16

number of oscillation periods

FIG. 7. Number of CO pulse induced oscillations on the
square in Fig. 6 (and identical conditions) as a function of time.
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tions shows that (at a constant temperature of 488 K) the
period of the oscillation increases dramatically from 7 to
71 s as the CO pressure decreases from 1 to 0.9X 1074
mbar. For CO pressures below the latter value, the firing
of the defects stopped and the small domain remained
permanently in an oxygen covered state. This type of in-
formation might be interpreted as a variation of the re-
fractory time (i.e., the minimum time between two pulses)
in an excitable (oxygen-covered) medium upon a CO pres-
sure change.

We constructed a two-dimensional array of several
hundred 10X 10 um? separate reacting squares in order
to obtain some statistics on the dynamics of comparable
domains; in this experimental regime the coupling be-
tween these domains through the gas phase is believed to
be very weak. We observed that, for poo=2.0X10"*
mbar, Po, =6.0X 10™* mbar, and T'=560 K, the squares

are oscillating with periods varying between 1 and 2 s. It
is tempting to assume that the rate of oscillations of each
square depends on the size (or type) of the defect(s) con-
tained in the square, possibly on the number of such de-
fects. In this case, the observed behavior is more driven
by the existence of active defects rather than by the
geometry and size of the reacting domain per se. It has
been a general observation that, in these experiments, a
larger domain is more likely to exhibit patterns than a
small one. In light of the above observations, a likely
reason for this is simple probability: the larger a domain,
the more likely it is to contain an active defect that can
initiate front motions.

C. One-dimensional patterns

By constructing domains with one dimension that is
small relative to the characteristic pattern size, it is possi-

FIG. 8. A two-step event of fronts [a light
one in (a) is followed by a dark one in (g)] in a
circular geometry with diameter 60 um. The
control parameters are pco =9.8X 10~° mbar,
Po,=4.0X 10~* mbar, and T=488 K. The

time interval between frames is 0.25 s.

ble to constrain the patterns to be effectively one dimen-
sional. Figure 9 shows, in a sequence of snapshots, the
progression of a single CO pulse in a ring (7.5 um thick-
ness, 40 um outer diameter). This is a paradigm of
reaction-diffusion patterns in an anisotropic medium: the
shape and the speed of the pulse change depending on its
angle with respect to the crystallographic axes. The ratio
of the wave speeds along the different crystal orientations
of the surface is roughly 1:2, implying a ratio of 1:4 be-
tween diffusion coefficients (since the wave speed is pro-
portional to the square root of the diffusion coefficient).
This ratio is also reflected by the evolution of the pulse
length (shown in Fig. 10). The axis for faster diffusion is
indicated by the arrow in Fig. 10(b). Notice that the cur-
vatures of the leading edge and the trailing edge of the
pulse are different. The pulse travels around in about 40
s and it persisted for CO partial pressure changes of up to
5%. This pulse was stable for many minutes. The small
defect indicated by the arrow in Fig. 9(d) has no
significant influence on the pulse. The light inner circle
in Fig. 9 is predominantly CO-covered Pt, separated from
the ring we described above by 5 um of Ti. The overall
micropattern was composed of several concentric rings,
the next one of which is partly visible in the figure, also
uniformly covered by CO.

This case shows how a simple controlled geometry iso-
lates a canonical pattern: a single traveling pulse. In ad-
dition, it brings to light the anisotropy, one of the unique
aspects of reactions on single crystal surfaces. A simula-
tion of this phenomenon is presented below in Sec. IV. In
experiments on larger rings, we have found that transient
pulses will break as they curve around the ring, especially
at the transition from slow to fast diffusion: apparently
the CO pulses detach from one of the two boundaries and
subsequently die or become islands of CO attached to the

FIG. 9. Isolated CO pulse on a ring at
T=469 K, pco=1.3X10"* mbar, and
Po,=4.0X 10™* mbar. The time interval be-

tween frames is 5 s. The white arrow in (b)
marks the fast diffusion direction.
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FIG. 10. Variation of the length of the pulse in Fig. 9 with
time during roughly 80% of a full rotation.

other boundary, interacting with subsequent traveling
pulses.

In uniform simple excitable or bistable media (with
only the activator diffusing), a front, once formed, does
not change direction. Nevertheless, in our experiments
we repeatedly observed cases where fronts did reverse
their direction either in the interior of an apparently uni-
form domain or at a boundary (scratch). Figure 11 shows
a domain composed of a number of channels placed
parallel to each other. A scratch transects the upper set
of channels and CO fronts initiate (and remain pinned) at
both sides of that scratch. These CO fronts move in an
apparently undecided fashion back and forth in the chan-
nels, changing directions for no apparent reason, and
sometimes returning all the way back to the scratch
where they originated. When, however, they grow long
enough to reach the opposite boundary of the channel,
they never again retreat and a predominantly CO-covered
steady state prevails.

A similar configuration is shown in Fig. 12: a sequence
of nested circular arcs as formed by a set of rings tran-
sected by an almost diametrical scratch; this scratch is
visible as a horizontal dark line at the top of the panels.
As the sequence of images shows, fronts are formed in
one of these arcs at the boundary scratch and they subse-

quently travel back and forth, reversing themselves into
oxygen fronts at a defect visible around the “seven
o’clock” position in the arc. A related observation in the
same geometry is shown in Fig. 13: the right front re-
cedes from the defect towards the boundary [an oxygen
front, marked with a black arrow in Fig. 13(b)] as the left
front (CO, marked with a light arrow) travels from the
boundary towards the defect.

While in the latter example front reversal can be attri-
buted to the presence of a defect, in the case of parallel
channels above, front reversal “for no apparent reason”
is an interesting phenomenon, because it is not a priori
clear how it can arise from the interplay between reaction
and diffusion on a homogeneous surface under constant
external conditions. A potential explanation is that the
reaction was operated at conditions close to a so-called
front bifurcation, where small, otherwise unimportant
fluctuations in surface properties or external conditions
might trigger a transition from a CO front branch to an
oxygen front branch, as was stipulated in recent theoreti-
cal investigations with the FitzHugh-Nagumo model
[14,15]. In the case of reversal at scratch and/or defect
boundaries, it is not known whether simple reaction-
diffusion systems are capable of reproducing the
phenomenon for some choice of altered kinetics and/or
boundary conditions representative of the scratch.

A related quasi-one-dimensional pattern is shown in
Fig. 14. In this “synchrotron” a pulse traveling down the
inlet splits into two pulses traveling in opposite directions
in the ring. Usually, the two pulses annihilate upon col-
lision. Here their behavior is different: as they reach the
other side of the ring, they run into a defect (a scratch)
growing back from both sides towards the entrance of the
ring. The existence of a CO front argues for bistability
under these conditions. This defect-induced change in
the interaction of pulses bears some similarity to the soli-
tonlike behavior of pulses on the excitable, CO-covered
surface [52]. The narrowness of the channels, as stated at
the beginning, plays an important role in making these
phenomena observable. As we will see below, large chan-
nels and curvatures result in strong two-dimensional
effects that can destroy quasi-one-dimensional pulses.

Another typical interaction of a quasi-one-dimensional
phenomenon with a boundary is shown in Fig. 15. A CO

FIG. 11. Waves moving in small channels of
different length and orientation at pgo
=2.3X107° mbar, Po,=4.0X 10~ * mbar, and
T=420 K. The channel width is 20 um and
the time interval between pictures is 2 min.
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pulse is interrupted by running into a solid object (the
parallelogram at the top of the Princeton shield; it travels
around it on both sides and tries to remain normal to its
boundary on both sides. When the (opposite-traveling)
fronts meet on the back of the obstruction, they pinch off
in a cusp, which becomes gradually smoother, and the
pulse practically heals itself. This healing process can be
used to measure the diffusion coefficient in the medium
(see [41,53]).

Figure 16 shows the interaction of a front with a sud-
den expansion. The spiral in the first frame died through
interaction with the boundary due to a change in operat-
ing conditions. The 100-um-diam circle surface was
completely covered by CO and a CO front entered and
slowly moved up the bottleneck connected with the circle
[Fig. 16(b)]. This CO front eventually reaches the scratch
[marked by an arrow in Fig. 16(a)]; upon reaching it, it
immediately reverts in a dark oxygen front, which swiftly
moves in the reverse direction down the bottleneck. This
oxygen front exits the small channel and eventually fills
the circular bottle. In this case, the oxygen front appears
elliptic in shape [Figs. 16(e) and 16(f)]. Depending on
the orientation of dumbbell-shaped domains we con-
structed, pulses traveling through the neck connecting
two circular regions may exit this neck completely paral-
lel or they may curve significantly to elliptic shapes.

The passage of a pulse through a door is shown in the
sequence of Fig. 17. The geometry consists of two hexag-
onal domains coupled through an opening on their com-
mon side. The CO pulse originates in the bottom of the
right-hand hexagon, it approaches the opening, and it
goes through it. It then turns around following the lower

FIG. 12. Front oscillation in a ring seg-
ment. Propagating CO fronts are marked by
white arrows, oxygen fronts by black ones.
The fronts are reflected at the boundaries and
at the defect in the segment (visible as a black
dot at the seven o’clock position). The condi-
tions are pco=1.15X10"* mbar, Po,=4.0
X 10™* mbar, and T=511 K. The time inter-
val between pictures is =2 s and the radius of
the ring is 50 pm.

part of the boundary, thus creating the beginning of a
swirl: the original front continues moving upwards,
while its edge has started to move downward. By being
normal to the boundary on both sides, it eventually
breaks into two antiparallel pulses, one traveling towards
the top and one towards the bottom of the left-hand hex-
agon.

D. Effect of a grid of inert islands

This section deals with an attempt at a geometry incor-
porating a large number of features: a catalytic domain
where the boundaries participate more actively in pattern
selection. We deposited on the surface a regular grid of
inert titanium pillars; this grid is a square array of ~ 10-
pm-wide Ti “islands” with a lattice constant of ~20 um.
The experiments on the grid were initiated at low CO
pressures with a completely oxygen covered surface.
Upon an increase of pg, the system enters the parameter
regime where coexisting fronts are observed (compare
with Fig. 2). Pattern formation then starts with CO
fronts, initiated at a scratch that divides the lattice into
two subdomains. At a somewhat higher value of CO
pressure, these fronts and the oxygen fronts following
them start to form stable pulses and spiral waves of CO
on an oxygen-covered (black) background. The spirals
that first appear tend to be pinned to the islands of the in-
ert lattice. An example is shown in Fig. 18.

There is another reason for including this sequence: it
shows a spiral wave that alternatively rotates counter-
clockwise and clockwise. In the sequence, one wave is
pinned to the circle marked with the cross and is turning

FIG. 13. Same geometry and conditions as
in Fig. 12. Now the bouncing mode is no
longer symmetric around the defect, i.e., the
fronts on the left- and the right-hand sides of
the ring segment are out of phase. The time
interval between pictures is =2 s.
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FIG. 14. A CO pulse moves into a synchro-
tonlike geometry and splits in two. The result-
ing pulses collide in the ring and are reversed
at a defect marked by an arrow in frame f.
The reversed waves are CO fronts. The con-
trol parameters are pco=4.6X10"° mbar,
Po,=4.0X 10~* mbar, and T=470 K. The

picture size is 150X 150 um? and the time in-
terval between frames is roughly 20 s.

FIG. 15. A CO pulse (white) moving from
left to right in the upper part of the Princeton
shield is interrupted by a square obstruction.
The conditions are pco=4.44X10"° mbar,
poz=4.0><10_4 mbar, and T=447 K. The

time interval between frames is 5 s and the
height of the shield is 350 um.

FIG. 16. After the spiral in (a) died due to a
change in CO pressure, a CO front moves
down the narrow channel and is finally
blocked by a scratch marked by an arrow in
(a). Finally, an oxygen front originates from
the same defect, propagates inward, and fills
the circular domain. The conditions are
DPco=3.6X10"° mbar, Po, =4.0X10"* mbar,

and T=432 K. The diameter of the circle is
100 pm.
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counterclockwise. In Fig. 18(c) one end of the front hits
the next Ti spot and, as can be seen in Fig. 18(d), sticks to
it. Now the front is pinned to both Ti circles and starts
to turn clockwise at the top one, although it is still turn-
ing counterclockwise at the lower, initial pinning point.
In Fig. 18(g) the front finally tears apart and there remain
two spirals with different rotational direction, pinned on
different Ti islands. Note that through this process, a
wavelength is produced that is comparable to the lattice
spacing.

A further increase in CO pressure led to the appear-
ance of unpinned, free spirals inside the grid [see the left
arrow in Fig. 19(a)]. These spirals had considerably
shorter wavelength (10 um) and period. In contrast to
the pinned spirals, these spirals start to fill the entire grid
with the pulses they emit. Figure 19 shows four succes-
sive snapshots of the interaction of such a family of
pulses with the inert grid. Locally, one can see the begin-
nings of multiarmed spirals pinned on the Ti islands [no-
tice the four-armed spiral marked with the right arrow in
Fig. 19(a)]. As a rotating arms of the spirals encounter

FIG. 17. A pulse starts at the bottom of the
right hexagon and moves through the opening
into the left hexagon. The parameters
are pco=1.08X10"* mbar, Po,=4.0% 1074
mbar, and T=489 K. The height of the hexa-

gons is 100 um and the time interval between
framesis 1.5 s.

the rows of Ti islands, the lattice tends to slow down and
flatten the pulses by forcing them to become short arcs
connected at cusps. Such a pulse [see the one in between
the arrows in Fig. 19(a)] while moving parallel to the grid
deforms and heals itself between successive rows of ob-
structions.

In all these pictures, the average distance between
fronts appears somehow commensurate to the lattice
spacing; as a matter of fact, one can extract a roughly 2:1
ratio in the horizontal direction and a comparable ratio
in the vertical direction. It should be noted that the grid
axes are not aligned with (they actually are at an approxi-
mately 45° angle to) the principal axes of diffusion of the
crystal. This phenomenon of average spatiotemporal res-
onance between the front spacing and the grid has been
repeatedly observed and is probably caused by the sub-
stantial delay in the propagation of waves between grid
points. It appears that various degrees of order on a
grid-covered domain are associated with various types of
spirals: pinned spirals, with one up to four arms, and
“free” spirals, which do not rotate around one of the grid

FIG. 18. The pinned spiral rotates counter-
clockwise around a grid element (marked with
a cross) and becomes attached to a second ele-
ment, where it rotates clockwise. The condi-
tions are pco=2.4X10"° mbar, Po,=4.0
X 10™* mbar, and T=425 K. The distance be-
tween the grid elements is 20 um.
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elements (but might be associated with some other, un-
resolved defect). This is one of the subjects we consider
in the simulation section below. It is worth noting that
under certain conditions the grid plays apparently no role
in the pattern formation. Such a case is shown in Fig. 20,
where solitary oxygen pulses travel without apparent in-
teraction with the grid; the normal to these pulses
denotes the direction of slow diffusion along the crystal
(the [001] axis), thus showing the relative orientation of
the crystal and the grid.

E. Effects of subsurface oxygen

Under certain conditions, very bright regions have
been observed by the PEEM. These regions have a work
function approximately 1 eV smaller than that of the
pure surface and have been interpreted as a new
“species”: oxygen that has penetrated the surface layer,
so-called subsurface oxygen [47,48,54].

Figure 21 shows a CO front propagating upwards to-
wards the Ti boundary of a Pt circle (a CO front appears
as the boundary between the light gray and the dark,
oxygen-rich areas, and propagates into the oxygen rich
region). Subsurface oxygen (bright) appears first in Fig.
21(c), starting as a thin line at the CO front boundary,
and is possibly formed from the surface oxygen between
the front and the wall. When the remaining oxygen
covered area becomes smaller, its work function de-
creases even more. This might be due to a higher concen-
tration of subsurface oxygen [Figs. 21(d) and 21(e)]. Fi-
nally, it rebounds, emitting a dark oxygen front consist-
ing of chemisorbed surface oxygen [Figs. 21(f) and 21(g)].
An interesting quirk of the crystal made this a periodic
phenomenon: the downward moving front bounces off an
oblique scratch transecting the domain near the position
of the front in Fig. 21(h). So the oxygen front turns again
into a CO front and the procedure repeats itself stably

FIG. 19. Wave pattern in the grid created
by a free spiral (left arrow) and a multiarmed
spiral (right arrow). The conditions are
Pco=2.4X107° mbar, Po, =4.0X10"* mbar,

and T=425 K. The distance between the grid
elements is 20 um and the time between two
frames is 30 s.

(b)

FIG. 20. Examples of solitary-wave-like patterns in the grid.
The conditions for both pictures are pco=9.7X 107> mbar,
Po,=4.0X 10~ * mbar, and T=485 K.
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with a period of ~2 min. This periodic production and
removal of subsurface oxygen was observed for many
minutes under fixed conditions. The conversion of chem-
isorbed oxygen atoms with a high work function to the
subsurface species is also visible in the corresponding in-
tensity profiles (Fig. 22), taken along the white arrow
marked in Fig. 21(a). In this case, the gray scale level of
the clean surface in the arbitrary units of Fig. 22 is ap-
proximately equal to 21, that of chemisorbed oxygen is
10, and that of CO is around 19. Subsurface oxygen has a
maximum level of 25, much brighter than the clean sur-
face. On untreated samples, subsurface oxygen is often
formed when two, opposite-moving CO fronts “squeeze”
the oxygen-covered surface between them; on the micros-
tructured crystal only a single CO front moving towards
a wall boundary is seen to cause this effect. In many in-
stances, the neighborhood of inert Ti boundaries appears
to assist the formation of subsurface oxygen; we saw am-
ple evidence of this in the Ti grid as well as close to
domain corners.

Figure 23 shows another example, where the bright
species (i.e., subsurface oxygen) was flickering around a
defect like a candle flame, exhibiting a stable period of
about 2 s. The rest of the surface was homogeneously
covered with CO and no dark oxygen waves were ob-
served. We have also observed bright species pulses,
formed at the interface between two CO colliding fronts
in a circular arc.

These examples are cases where artificial boundaries al-
low us to isolate, observe, and explore a new step in the
mechanism of CO oxidation, the formation of subsurface
oxygen. Subsurface oxygen has been already proposed in
1982 as a possible mechanism for kinetic oscillations in
the CO oxidation at atmospheric pressures by Sales,
Turner, and Maples [55]; however, it has not yet been in-
cluded in models for the CO oxidation on Pt single crys-
tal surfaces under low pressure conditions; nevertheless,
for certain conditions, it may play a significant role in the
nature of the instabilities and patterns found in this reac-
tion.

IV. THEORY

To put the experimental results in perspective, we
present here a brief discussion of the current state of the
theory for the CO oxidation reaction on Pt. It proceeds
via a Langmuir-Hinshelwood mechanism [56,57]:

FIG. 21. “Bouncing” of fronts in a circular
domain. The bright areas at the top of (d) and
(e) indicate the formation of subsurface oxy-
gen. The control parameters are pco=2.4
X105 mbar, Po,=4.0X 107* mbar, and
T=457 K. The diameter of the circular
domain is 100 ym.

Cogas+ * = COad )
O3,0asT2% —20,, ,
CO, 1+ 0,4—CO, ot 2% ,

where * denotes an unoccupied site on the surface and
the subscripts ad (gas) represent the adsorbed (gaseous)
form of CO and oxygen.

In addition, the clean Pt(110) surface reconstructs in
the 1X2 “missing row” structure, which is lifted at
sufficiently high concentrations of adsorbed CO [58].
Based on experimental evidence about the individual re-
action steps, a model for the temporal behavior was
developed in terms of a set of ordinary differential equa-
tions, which reproduces well much of the experimental
observations such as bistability and the onset of kinetic
oscillations of the overall reaction rate, depending on the
external control parameters [59-62].

In order to describe the formation and the properties
of spatiotemporal patterns, this model was extended into
a set of partial differential equations by including surface
diffusion of adsorbed CO (which exhibits much higher
mobility than adsorbed oxygen atoms). Here we start
with a simplified two-variable version of this model [49],
which reads in dimensionless units

grayscale[arb.units]

o 40 80

location [um]

FIG. 22. Intensity profiles for Figs. 21(a)-21(d); shown is the
image brightness along the white line in Fig. 21(a).
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ou_co 1 _

3 Viu + eu(l wlu—ug(w)l, (1)
dw _ _

Y flu)—w , (2)

where u is a measure of the surface coverage, w the sur-
face structure, and u,,(w)=(w+b)/a. Note that u =0
corresponds to a CO (O) coverage of 0.65 (0.001) ML and
that u =1 represents 0.2 ML CO (0.25 ML O) on the Pt
surface. One space (time) unit in Eq. (1) [(2)] is for the ex-
perimental conditions presented above of the order of 1
pm (1 s). The interested reader might consult [49] for a
detailed description of the scaling procedure. The func-
tion f(u) gives the dependence of the surface structure
on the amount of CO coverage and was fitted from exper-
imental data [61]. The model calculations here are car-
ried out under excitable conditions, for which f(u) is
taken to be

0 ifu<i
flu)=1{1—6.75u(u—1)* if 1<u =<1 3)
1 ifu>1.

Equations (1)-(3) resemble a generic model of excit-
able media introduced by Barkley and his co-workers
[63,64] for fast efficient numerical simulation in the excit-
able regime. A specific difference from Barkley’s model
can be seen in the form of f(u). The standard choice
f(u)=u, used in many models of excitable media [8], is
here replaced by a more complicated form, which can be
interpreted as a delayed inhibitor w production. This de-
lay leads to phenomena such as spiral breakup and
backfiring of solitary pulses [65], which had not been
found in classical excitable media. The simulations here
are carried out in the range of conditions where an ex-
tended surface shows stable spirals and pulses. The pa-
rameter values (a =0.84,6=0.025, and b=0.07) were
adapted to typical experiment conditions (7=450 K,
Po,=4.0X107* mbar, and pco=4.3X107> mbar; see

also [20,49]).

Another specific property of the Pt(110) surface is the
anisotropic diffusion, which to a first approximation is
captured by a symmetric, positive-definite diffusion ten-
sor. For an anisotropic system, the diffusion term must
be slightly modified; the Laplacian term in Eq. (1) is re-
placed by

FIG. 23. Flamelike behavior of subsurface
oxygen (white) on a CO-covered surface (dark
gray). The conditions are pco=7.9X107°
mbar, p()2=4.0><10"4 mbar, and T=522 K.

The picture size is 50X 45 pm?.

V-D-Vu ,

where D is a symmetric positive-definite constant
diffusivity tensor. We consider the simple case

D, 0
0 D,

1 O

D= 0 0.25

>

where D, and D, are diffusion coefficients in the x and y
directions, respectively. On an open surface this anisot-
ropy is usually scaled out by a suitable stretching of the
spatial coordinate, thus recovering equations of the form
(1) and (2). The typical ratio between the length scales is
1:2, implying a 1:4 ratio D, /D, of the diffusion constants
(the diagonal entries in the diffusion coefficient tensor,
corresponding to diffusion rates along the crystal princi-
pal axes). For systems with nontrivial boundary
geometries, this procedure no longer applies, since the
appropriate length transformation would also change the
shape of the boundary and thus the problem.

Here we present simulations confined to a few of those
experimental situations that exhibit a decisive influence
of the boundary conditions on the pattern formation,
namely, the circulating pulse in a quasi-one-dimensional
circular ring and the interaction of waves with the inert
grid (cf. Figs. 9, 18, and 19). The simulations of the ring
were carried out with a finite difference version of the an-
isotropic Laplacian in polar coordinates, exploiting the
natural symmetry of the problem. The computational
scheme was supplemented by periodic boundary condi-
tions in the angular direction and by zero-flux conditions
in the radial direction. They can in principle also be done
(and were done for Barkley’s model) in a Cartesian square
grid, but this requires special treatment of the boundary
layer and limits the time step due to the irregular small
distances (compared to the grid constant) between the
outer grid points and the boundary [66].

The numerical results of a rotating pulse in a ring,
which are displayed in Fig. 24, clearly show a strong
influence of the anisotropy of the diffusion, in accordance
with the experimental observations. Note that the ring
used in the simulation has a considerably smaller diame-
ter than the one in the experiment of Fig. 9, thus allowing
for higher numerical accuracy through finer spatial and
temporal resolution. However, simulations with larger
rings revealed essentially the same qualitative features as
described below. The front accelerates and curves when
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r——' fast

slow

FIG. 24. Simulation of a pulse in a ring with model equations
(1)=(3) under excitable conditions (a=0.84, b=0.07, and
€=0.025). The width of the ring is 1.5 space units, the inner
(outer) radius is 3.0 (4.5). We used 30 mesh points in the radial
direction and 400 mesh points in the angular direction. The
time interval between pictures is 0.66. One space unit corre-
sponds to 1.2 um and a time unit to 2 s for 7=450 K.

its path aligns with the fast diffusion direction and it
slows down when moving along the slow diffusion direc-
tion. When the pulse moves fast, there is a considerable
difference between the curvatures of the front and the
back of the pulse. It is interesting to consider the relative
motion of the inner versus the outer contact of the pulse
with the domain walls. While the inner end of the pulse,
which has to travel an overall shorter distance, precedes
the outer end as the circular arc curves from the faster
towards the slower diffusion direction, the outer end of
the pulse accelerates and even overtakes it when the path
curves from the slower to the faster diffusion direction.

The effect, although less pronounced, occurred also in
the experiments. In contrast, it was absent in simulations
with isotropic diffusion. It can be traced back to the in-
terplay of the circular boundary and the anisotropic
diffusion: Consider that the inner end of the pulse (the
one attached to the inner boundary) is more advanced
when it enters the slow propagation direction; the normal
to the pulse at its outer boundary still points towards the
faster diffusion direction. Thus the outer end will ac-
celerate, temporarily become faster, and will be able to
catch up or possibly overtake the inner end. In the next
arc segment (when the domain curves from the slower to
the faster direction) the effect will be reversed. Note that
the orientation of the inner and the outer ends of the
pulse (which are different for the front and the back of
the pulse) are affected by the zero-flux condition at the
boundary.

To quantify the described phenomenon, we extracted
the wave velocity of the pulse during its rotation at
different positions of the ring, namely, at its inner and
outer boundaries. This was achieved by dividing the
whole ring in 40 segments and detecting the entry and the
exit of the pulse into each segment. In the case of a medi-
um with isotropic diffusion, the angular velocity is in-
dependent of the rotation angle; the absolute linear veloc-
ity is, naturally, proportional to the radial distance from
the center of the ring. This behavior can be rationalized
by the curvature dependence of the wave velocity in ex-
citable media [67]

c(K)=c(0)—D,K ,

i.e., different parts of the pulse travel with different veloc-
ities ¢(K) due to a variation in curvature (K); D, is the
diffusion coefficient locally normal to the wave. It should
be kept in mind that the above relation is valid only for
weakly curved fronts (here for a sufficiently larger inner
radius of the ring) and media with dominant activator
diffusion (here CO diffusion). The results for the pulse in
a ring with isotropic diffusion indicated negative (positive)
curvature of the wave at the outer (inner) boundary (con-
sistent with the pulse’s constant shape and the linear dis-
tances the two ends have to travel). The velocities for a
pulse rotating in a ring with anisotropic diffusion strongly
depend on the local angle of its position with the princi-
pal diffusion axes as shown in Fig. 25. For a periodic
geometry such as the ring, speed variations are, of course,
locked to the rotation of the pulse. Here the difference in
traveling distance for different parts of the pulse were ad-
ditionally compensated for by a further mechanism: the
variation (during a revolution) of the velocity at the outer
boundary was much smaller than that at the inner bound-
ary. Thus the average velocity at the outer edge was con-
siderably higher. As described above, this can be ex-
plained by taking into account the orientation of the fore-
front of the pulse towards the principal axes of diffusion
in addition to the curvature effects already present in iso-
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FIG. 25. Variation of the velocity of the pulse shown in Fig.
24 during two full rotations of the pulse. The full, dashed, and
dotted lines represent the velocity at the outer boundary, in the
middle of the ring, and at the inner boundary, respectively. A
velocity unit corresponds to 0.6 ums™!, a time unit to 2 s.
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tropic systems. An interesting feature of Fig. 25 is the
“double hump” oscillation of the speed of the outer end
of the pulse forefront, which signals the overtaking of the
inner by the outer end of the wave front.

The detailed behavior of the pulse depends on the ratio
between the inner and the outer radius of the ring bound-
ary. Suppose the inner ring shrinks to a smaller radius r;
(or the outer one grows). Then one expects a transition
to a spiral wave pattern at the limit r, —r; >>27r,. In
that case the rotating pulse “‘unwinds” to a spiral whose
core is pinned to the inner ring. The relation between a
rotating pulse and a pinned spiral remains an interesting
point to be studied further in experiments and model cal-
culations.

The second example we study through simulations is
the interaction of waves with an inert rectangular grid.
For computational simplicity we consider the grid to con-
sist of little squares instead of circles (the pattern on the
photolithography mask indeed consisted of squares,
which, however, became slightly rounded by the etching
process). In addition, the computational grid axes are
aligned with the diffusion principal axes; the experimen-
tal grid was not well aligned with the crystallographic
axes. The computations were done with the Cartesian
version of the Laplacian operator. To provide a suitably
complex initial condition, a state with many (~80)
spirals was created by a simulation of the unbounded sur-
face in the “turbulent” regime (€=0.075). The inert de-
fects (zero-flux boundaries) were subsequently introduced
and the actual simulations were performed at €=0.025,
where without the regular grid individual spirals would
persist and form a complex pattern with oscillatory dy-
namics. We also assumed a scratch at the upper horizon-
tal boundary with constant oxygen coverage, which acts
as a wave source upon the excitable, CO-rich state. The
grid has the ability to pin spirals and thus change the
overall dynamics. The degree of this change depends on
the lattice spacing as well as on the size of the grid ele-
ments (squares or circles). A typical scenario, which
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comes close to the experimental observations at 7'=425
K (Fig. 19), is shown in Fig. 26. Only a few of the start-
ing population of free spirals persist. Many of the others
got pinned and were eventually suppressed by the
higher-frequency free ones. This leads to a high degree of
coherence in the pattern.

If the lattice constant is substantially increased, the
influence of the grid on the pattern practically vanishes
[Fig. 27(a)]. This figure was obtained from the same ini-
tial condition as Fig. 26 after the same evolution time.
The same phenomenon occurs when the size of the grid
elements is made considerably smaller without changing
the lattice constant [Fig. 27(b)].

A higher density of grid points lead to a different pat-
tern [Fig. 27(c)]: here free spirals can no longer be sup-
ported in the narrow spacing between grid elements and
the grid is eventually filled by periodic waves both from a
pinned spiral and from the wave source at the top. Note
that the evolution time in this example was about ten
times longer than in the other cases. For completeness,
Fig. 27(d) gives the enlarged final state of the simulation
presented in Fig. 26, for comparison with the other pic-
tures.

To conclude, an inert grid is likely to alter pattern for-
mation by pinning one or more spiral arms to a single
grid element. The simulations reveal that with increasing
grid density and element size, the number of free spirals
decreases. Thus the coherence of the pattern will become
more pronounced. All in all, the introduction of a grid
provides for an extensive length of boundary per domain
area and thus enhances and selects patterns favored by
the existence of nearby boundaries (as opposed to open
surface patterns). This may result in dramatic differences
in pattern selection and we are in the process of investi-
gating the effects of both regular and random grids of
various symmetries, both inert and active (i.e., composed
of different metals, such as Au or Pd).

The model we used here has been capable of qualita-
tively reproducing several of the observed open surface

FIG. 26. Simulation of the evolution of
waves in a grid with Egs. (1)-(3), starting
from a “turbulent” initial condition containing
many spiral wave seeds. The conditions are
excitable (a=0.84, b=0.07, and €=0.025).
The time interval between frames is 3.93 and
the domain size is 100X 100. 256 X256 mesh
points are used for the integration. The grid
elements are squares with a side length of 2.74
and a lattice spacing of 5.94. One space unit
corresponds to 1.2 um and a time unit to 2 s
for T=450 K.
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phenomena such as solitary-type pulses, front propaga-
tion, and spiral patterns [49,52,68]. With the inclusion of
appropriate boundary conditions in the present work,
this model has also reproduced phenomena we have ob-
served on microstructured surfaces. It is, however, also
evident that a number of effects still have to be incor-
porated in the model. A fundamental issue is the
effective modeling of anisotropy. The diffusivity actually
depends on the surface state (degree of reconstruction as
well as surface local coverage) in a way that has been
demonstrated recently [69]. The speed and the shape of
the isolated pulse in a ring should provide an excellent
paradigm for quantitative comparison of theory and ex-
perimental results.

In addition, the formation of subsurface oxygen is not
yet contained in the model. The significance of this
species becomes clear in our experiments, particularly in
the examples of Sec. III E. In the meantime, experimen-
tal results about the formation of subsurface oxygen are
becoming available, which should provide the data neces-
sary to explain the formation mechanism [48]. Hence the
model might also be extended in order to reproduce the
observed bouncing and “flaming” motions described
above.

V. CONCLUSION AND HIGHLIGHTS

The construction of microstructured catalytic surfaces
enabled us to study catalytic reactions in domains of con-
trolled size and shape. This approach has allowed us to
examine individual elements of the surface dynamics. It
set the stage for a number of dynamic interactions be-

FIG. 27. Wave configurations for varying
lattice spacings and element sizes. The param-
eters and the initial conditions of the integra-
tion are identical to Fig. 26. The integration
time is 61.5 in (a), (b), and (d) and 615 in (c).
(a) The lattice spacing is 10.98 and the square
size is 2.74X2.74. (b) The lattice spacing is
5.94 and the square size is 1.18X1.18. (c) The
lattice spacing is 2.74 and the square size is
1.18 X 1.18. (d) The lattice spacing is 5.94 and
the square size is 5.94X5.94. One space unit
corresponds to 1.2 um and a time unit to 2 s
for T=450 K.

tween the domain geometry and the spontaneous pattern
formation. It also highlighted the interplay between crys-
tal anisotropy and boundary geometry. Finally, it re-
vealed a number of effects that had not been previously
observed in experiments nor predicted by modeling. The
setting developed here permits the systematic study of
pattern formation per se, as well as its interactions with
domain geometry. Simple prototype experiments should
motivate quantitative comparisons between kinetic model
building, simulations, and experimental work.

Here we used photolithography to pattern the surface.
In a similar spirit, a submonolayer coating of Au was
evaporated onto the surface through a mask and CO oxi-
dation on this modified surface has already revealed
promising initial results [70]. Photolithography has also
been used to construct active palladium boundaries on a
Pt(110) surface, since Pd also catalyzes the reaction.
Sputtering of the Pd “pillars” reduced them to monolayer
or submonolayer thickness domains surrounded by Pt,
over which the reactants could also diffuse. It is obvious
that a large class of inhomogeneous composite catalysts
with regular or irregular (but controlled) geometry can be
constructed with such techniques. Other microfabrica-
tion and nanofabrication techniques (such as ion beam
epitaxy) can be used for the same purpose. In particular,
we plan to create patterns not by building inert walls be-
tween them, but separating them with ditches plowed us-
ing an scanning-tunneling microscope head. These
ditches can be used to simulate the effect of scratches on
the surface, changing both its transport and reaction
properties. They can be made at prescribed angles to the
crystallographic axes and, depending on their size, they
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can provide a range of boundary conditions for the react-
ing domains. In the experiments we reported here, the
pacemakers for surface activity were often imperfections
and inhomogeneities (scratches, defects) of the surface.
The firing rate of these defects was observable and could
change with operating conditions, but could not be
changed at will. A promising research direction would
be to construct microscopic pacemakers (to begin with,
small localized heating elements) that would initiate
pulses and fronts based on controlled external stimuli.
The phenomena observed on the microdesigned cata-
lyst often were different from those obtained on the bare
catalyst at the same conditions and depended on the size
and the shape of the domain. This approach may provide
a systematic way to alter and possibly actively control the

overall properties (reaction rate, conversion, selectivity)
for some surface reactions.
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FIG. 1. Photographs of the treated Pt surfaces: (a) dumbell-
and three-lobed dumbell-shaped domains on the polycrystalline
sample (the picture size is 800X 800 um? and the dark lines are
the grains boundaries) and (b) hexagonal domain on the Pt(110)
single crystal surface (the picture size is 225X225 um?). (c)
shows a depth profile across a domain boundary. The titanium
layer is to the left, the pure Pt surface to the right.



FIG. 11. Waves moving in small channels of
different length and orientation at pcg
=2.3X10"* mbar, Po, =4.0X10"* mbar, and
T'=420 K. The channel width is 20 pm and
the time interval between pictures is 2 min.



FIG. 12. Front oscillation in a ring seg-
ment. Propagating CO fronts are marked by
white arrows, oxygen fronts by black ones.
The fronts are reflected at the boundaries and
at the defect in the segment (visible as a black
dot at the seven o’clock position). The condi-
tions are pco=1.15X10"* mbar, Po,=4.0

X 10 * mbar, and T=511 K. The time inter-
val between pictures is =2 s and the radius of
the ring is 50 pm.



FIG. 13. Same geometry and conditions as
in Fig. 12. Now the bouncing mode is no
longer symmetric around the defect, i.e., the
fronts on the left- and the right-hand sides of
the ring segment are out of phase. The time
interval between pictures is =2 s.



FIG. 14. A CO pulse moves into a synchro-
tonlike geometry and splits in two. The result-
ing pulses collide in the ring and are reversed
at a defect marked by an arrow in frame f.
The reversed waves are CO fronts. The con-
trol parameters are poo=4.6X10"° mbar,
poz=4.0><10”1 mbar, and T=470 K. The

picture size is 150X 150 um* and the time in-
terval between frames is roughly 20 s.




FIG. 15. A CO pulse (white) moving from
left to right in the upper part of the Princeton
shield is interrupted by a square obstruction.
The conditions are pco=4.44X107° mbar,
p02:4.0X10“4 mbar, and T=447 K. The

time interval between frames is 5 s and the
height of the shield is 350 um.




FIG. 16. After the spiral in (a) died due to a
change in CO pressure, a CO front moves
down the narrow channel and is finally
blocked by a scratch marked by an arrow in
(a). Finally, an oxygen front originates from
the same defect, propagates inward, and fills
the circular domain. The conditions are
Pco=3.6X10"° mbar, p02:4.0x 10™* mbar,

and T=432 K. The diameter of the circle is
100 pm.



FIG. 17. A pulse starts at the bottom of the
right hexagon and moves through the opening
into the left hexagon. The parameters
are pco=1.08X10"* mbar, Po,=4.0X 1074

mbar, and T=489 K. The height of the hexa-
gons is 100 um and the time interval between
frames is 1.5 s.



FIG. 18. The pinned spiral rotates counter-
clockwise around a grid element (marked with
a cross) and becomes attached to a second ele-
ment, where it rotates clockwise. The condi-
tions are pco=2.4X107° mbar, Po, =4.0
X 10™* mbar, and T=425 K. The distance be-
tween the grid elements is 20 um.



FIG. 19. Wave pattern in the grid created
by a free spiral (left arrow) and a multiarmed
spiral (right arrow). The conditions are
Pco=2.4X107° mbar, po =4.0X 10"* mbar,

and T=425 K. The distance between the grid
elements is 20 pm and the time between two
frames is 30 s.
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FIG. 20. Examples of solitary-wave-like patterns in the grid.
The conditions for both pictures are pco=9.7X107° mbar,
Po, =4.0X 10”* mbar, and T=485 K.



FIG. 21. “Bouncing” of fronts in a circular
domain. The bright areas at the top of (d) and
(e) indicate the formation of subsurface oxy-
gen. The control parameters are pco=2.4
X107° mbar, Po,=4.0X 10°* mbar, and

T=457 K. The diameter of the circular
domain is 100 um.



FIG. 23. Flamelike behavior of subsurface
oxygen (white) on a CO-covered surface (dark
gray). The conditions are pco=7.9%107°
mbar, p02:4.0>< 10™* mbar, and T=522 K.

The picture size is 50X 45 um?.



FIG. 24. Simulation of a pulse in a ring with model equations
(1)-(3) under excitable conditions (¢=0.84, b=0.07, and
€=0.025). The width of the ring is 1.5 space units, the inner
(outer) radius is 3.0 (4.5). We used 30 mesh points in the radial
direction and 400 mesh points in the angular direction. The
time interval between pictures is 0.66. One space unit corre-
sponds to 1.2 um and a time unit to 2 s for T=450 K.
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FIG. 26. Simulation of the evolution of
waves in a grid with Egs. (1)-(3), starting
from a “turbulent™ initial condition containing
many spiral wave seeds. The conditions are
excitable (a=0.84, b=0.07, and €=0.025).
The time interval between frames is 3.93 and
the domain size is 100X 100. 256256 mesh
points are used for the integration. The grid
elements are squares with a side length of 2.74
and a lattice spacing of 5.94. One space unit
corresponds to 1.2 um and a time unit to 2 s
for T=450 K.



FIG. 27. Wave configurations for varying
lattice spacings and element sizes. The param-
eters and the initial conditions of the integra-
tion are identical to Fig. 26. The integration
time is 61.5 in (a), (b), and (d) and 615 in (c).
(a) The lattice spacing is 10.98 and the square
size is 2.74X2.74. (b) The lattice spacing is
5.94 and the square size is 1.18 X 1.18. (c) The
lattice spacing is 2.74 and the square size is
1.18 X 1.18. (d) The lattice spacing is 5.94 and
the square size is 5.94X5.94. One space unit
corresponds to 1.2 um and a time unit to 2 s
for T=450 K.



(a)

(b)

FIG. 3. Examples of large domain patterns: (a) three letter-
shaped domains at pco=25.0X10"° mbar, Po,=4.0X 107*

mbar, and T=440 K. While the middle one exhibits spiral and
periodic wave trains, the left and the right domains are uniform-
ly covered. Spiral cores are marked by arrows, while the loca-
tion of a scratch is highlighted with a dashed black line. (b)
shows a domain in the shape of the Princeton shield with
several spiral waves (their tips are marked by arrows) and a
large scratch (also marked by a dashed black line). The condi-
tions are pco=23.15X10"° mbar, p02=4.0><10"* mbar, and

T=446 K. Both the letters and the Princeton shield are 350
pm high.



FIG. 4. A sequence in the Princeton shield at conditions in
the regime where fronts dominate on the open surface
(Pco=3.05X10"° mbar, po =4.0X10"* mbar, and T=446
K). A pair of fronts, marked by the white arrow, forms a pulse
in the small channel at the right-hand side of the shield. Upon
exiting this channel, the pulse dies by shrinking. The time inter-
val between the pictures is 15 s for frames a —g and 4 s between
frames g and h. The size of the shield is the same as in Fig. 3(b).



FIG. 5. Subsequent stages of interaction of spirals with each
other and with the boundaries in the Princeton shield. The con-
ditions are identical to Fig. 3(b), except that pco=3.10X 103
mbar in (a) and (b). A slight change of pco to 3.15X 107* mbar
happens between (b) and (c) and causes the death of the lower
spiral of the right-hand-side pair. Again, the scratch is marked
with a dashed black line in (a).



FIG. 6. Pulselike CO waves on a 20X20 um® square. The
conditions are pco=1.3X10"* mbar, po =4.0X10"* mbar,

and T=570 K. The time interval between pictures is 0.2 s.



FIG. 8. A two-step event of fronts [a light
one in (a) is followed by a dark one in (g)] in a
circular geometry with diameter 60 um. The
control parameters are pco=9.8X107° mbar,
Po,=4.0X 107* mbar, and T=488 K. The

time interval between frames is 0.25 s.




FIG. 9. Isolated CO pulse on a ring at
T=469 K, pco=1.3X10"* mbar, and
p02=4.0>< 10"* mbar. The time interval be-

tween frames is 5 s. The white arrow in (b)
marks the fast diffusion direction.



