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Abstract. Fingering instabilities arising from local perturbations to planar
reaction fronts in the CO oxidation reaction on Pt(100) are presented. CO
oxidation represents a heterogeneous nonlinear system with the necessary kinetic
and diffusive transport properties to support the development of fingered wave
fronts. External forcing was utilized to create CO wave fronts on an otherwise
monostable, O-covered surface, which, upon destabilization, gave rise to fingers
of adsorbed CO extending into the O adlayer ahead of the reaction front. Finger
spreading and tip-splitting were observed as the finger pattern evolved towards an
intrinsic wavelength, independent of the length of the reaction front, calculated to
be approximately 40 um. Our data also show the presence of a shielding process,
where at wavelengths less than twice the observed intrinsic value, additional
fingers were created on the reaction front through a tip-splitting bifurcation of an
existing finger. At wavelengths greater than twice the intrinsic value, additional
fingers formed in the troughs between adjacent fingers, apparently unaffected by
the presence of the larger surrounding fingers.
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1. Introduction

Instabilities on planar interfaces separating two phases in nonlinear systems have the potential
to grow into large perturbations characterized by cellular structures, or fingers, extending from
the interface. Such finger patterns have been observed in numerous systems with distinct
physical backgrounds. Many experimental and theoretical studies have focused on the onset
and growth of finger structures in Hele—Shaw cells, where a less viscous fluid displaces a fluid
of higher viscosity [1]-[3]. Depending on the physical properties of the fluids involved and
the orientation of the experimental cell, a variety of patterned wave fronts can develop over
a range of length scales due to finger shielding, spreading, and tip-splitting. Cellular fronts
have also been documented in the directional solidification of alloys, where crystalline fingers
grew into the liquid phase ahead of the eutectic interface according to scaling laws similar
to those governing the growth of viscous fingers in the Hele—Shaw system [4]. Nonlinear
reaction—diffusion systems may also produce interfacial patterns, provided the system involves
the right combination of reaction kinetics and diffusive transport [5, 6]. The chemical reaction
must involve an autocatalytic step where the formation of a particular species enhances its own
rate of production. Also, the mobility of key species within the reaction medium must differ
sufficiently. A reactant which diffuses faster than the autocatalytic species will act to destabilize
a perturbed planar wave front, whereas rapid diffusion of the autocatalytic species tends to
restore the planar geometry.

Here we investigate the destabilization of reaction fronts due to diffusive instabilities in
the heterogeneous catalytic reaction of CO and O, on Pt(100). The CO oxidation reaction
is well known to proceed via Langmuir—Hinshelwood type kinetics and satisfies the criteria
listed above for the destabilization and growth of perturbations on a reaction interface [7]. The
system exhibits bistability, and can exist in a highly-reactive, oxygen covered state, or a CO
poisoned state where the catalytic activity is low due to blocking of O, adsorption sites by
adsorbed CO [8]-[10]. The feedback mechanism, which allows the system to alternate between
these two kinetic branches giving rise to rate oscillations and spatio-temporal patterns, is a
periodic restructuring of the Pt surface atoms between a 1 x 1 and a quasi-hexagonal (hex)
orientation [11, 12]. Autocatalysis is supplied through the dissociative adsorption of oxygen
on the surface, where each O adatom goes on to react with an adsorbed CO molecule to form
two CO; species. The CO, quickly desorbs from the surface leaving behind two open adsorption
sites in exchange of the original single site. In the presence of excess gas-phase O,, this doubling
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Figure 1. Diagram of experimental setup including EMSI components and local
gas doser used to locally perturb the surface reaction.

of adsorption sites leads to autocatalytic oxygen waves which propagate across the surface [13].
Lastly, due to a higher binding energy on Pt, O is less mobile on the surface compared to
adsorbed CO [14]. At the temperatures of interest in this study, the ratio of surface diffusion
coefficients for CO and O is of the order of 10'° [15], which is sufficient to amplify small
disturbances on the reaction front. The sections that follow discuss the development of these
disturbances into fingers of adsorbed CO, which grow perpendicular to the reaction front into
the O adlayer. The subsequent spreading and tip-splitting of the fingers is also reviewed as a
potential pathway for attaining a characteristic wavelength determined by the reaction—diffusion
properties of the CO oxidation system.

2. Experimental

Experiments were carried out on a Pt(100) single crystal mounted in a stainless steel ultra-
high vacuum (UHV) chamber containing reactants at constant pressure. The sample was heated
resistively by passing current through two Ta wires spotwelded to the back of the sample.
A type-K thermocouple attached to the sample was used to monitor the sample temperature.
The Pt surface was cleaned by repeated cycles of annealing to 1200K, Ar ion sputtering
under 1 x 10~* Torr Ar, and oxidation at 950K and 1 x 107® Torr O,. The catalyst surface
was continuously analyzed using ellispomicroscopy for surface imaging (EMSI), which detects
different adsorbates based on local changes in the optical properties of the surface [16].
A schematic of the experimental setup is shown in figure 1. Light from a 5 W Ar ion laser was
transmitted via fiber optic cable to a Glan—Thompson polarizer (P) which linearly polarized the
laser light entering the UHV chamber. Following reflection from the surface, the elliptically
polarized light was passed through a A /4-plate and a second polarizer (A) before impinging on
a CCD camera which recorded the data to a digital video recorder (DVR). The ellipsometer was
configured such that CO-covered regions of the surface appear darker in relation to O-covered
areas.
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Figure 2. Fingering instability on a planar CO wave front. Figure 2(a) shows the
initial CO island created by locally perturbing an O-covered surface under global
reaction conditions of 403K and 4 x 10~* Torr O, with CO. Figures 2(b)—(e)
illustrate the onset and development of fingers of adsorbed CO extending out
into the unperturbed O adlayer.

External forcing was used to locally perturb the surface and create reaction fronts under
global reaction conditions which do not typically support the formation of spontaneous chemical
fronts. This was done by locally dosing gas onto the surface via a capillary tube positioned
500 um from the surface. A glass capillary with a square shaped internal channel with a
cross-sectional area of 2500 um? was used to promote the development of a square shaped
perturbation on the surface, thereby creating the necessary planar wave fronts which preceeded
the fingering instability. The local gas doser was mounted on an x—y—z manipulator for precision
movement and was supplied with reactant maintained at a desired pressure to control the
intensity of the surface perturbation.

The catalyst surface was characterized using a JEOL 7400f scanning electron microscope
(SEM). To ensure surface regions imaged with SEM were the same as those imaged using EMSI,
regions of interest were first located in the UHV reactor by measuring the distance between
the region and neighboring defects using the ellipsomicroscope to monitor the travel of the
sample. The sample was then transferred from the UHV reactor to the SEM where particular
defects were located with the SEM and the sample was positioned accordingly to reproduce the
orientation of the sample in the UHV reactor.

3. Diffusive instabilities on CO wave fronts

Prior to local perturbation, a stable O-covered surface was prepared at a catalyst temperature of
403 K with a global O, pressure of 4 x 10~* Torr. The local gas doser was positioned above the
EMSI field of view, and CO flowed through the capillary towards the surface. The relatively high
local concentration of CO in the gas phase reacted away adsorbed O in front of the capillary,
resulting in an island of adsorbed CO surrounded by the unperturbed O adlayer as shown in
figure 2(a). The square shape of the CO island reflects the geometry of the capillary channel used
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Figure 3. Space-time behavior of the CO fingers shown in figure 2. Each data
point denotes the position of the tip of the respective CO finger as the finger
pattern developed.

to control the molecular CO stream, and was maintained by the low surface temperature which
minimized surface diffusion. As the CO island grew and expanded into the O adlayer, defects on
the surface varied the local reaction—diffusion behavior of adsorbates, causing the planar front
on the right side of the island to become unstable. The initial stages of the instability are depicted
in figure 2(b), where four CO fingers, roughly 10 um in amplitude with a wavelength of 30 um,
have developed on the reaction front. The ever increasing length of the reaction front, due to the
expansion of the CO island, caused continuous rearrangement and spreading of the fingers along
the interface. This behavior is illustrated in figures 3 and 4, which show the spatial position of
the CO finger tips and the average wavelength (1,,,) of the fingers in time. The second data
set shown in figure 4, as denoted by the open circles, plots the average wavelength scaled by
the square of the reaction front length (L) measured from the tips of the two outermost fingers.
Shortly after the appearance of the fingering instability in figure 2(b), the second finger from
the top of the reaction front underwent a tip-splitting bifurcation, giving rise to a fifth finger
on the wave front decreasing A,, to 25 um. After an initial rearrangement period, the five CO
fingers were distributed along the reaction front as shown in figure 2(c), where the amplitude
of the fingers had grown to 60 um and A,, was now 36 um. At this point, the rate of finger
spreading decreased and remained constant for the following 10s. Near 90s, the spreading
rate again increased just before the center finger split, leaving six fingers on the reaction front
(figure 2(d)). Similar trends in the spreading and tip-splitting dynamics of the CO fingers can
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Figure 4. Evolution of the average finger wavelength (1,,,) (square data points)
and the scaled average wavelength of the finger pattern shown in figure 2. The
scaled wavelength is calculated as A,,, divided by the square of the reaction front
length (L), where L is measured as the distance between the two outermost CO
finger-tips.

be seen in figure 2(b) for the subsequent formation of a seventh (figure 2(e)) and eighth finger
(figure 2(f)) on the reaction front.

The observed spreading and periodic splitting of the CO fingers as the reaction front
lengthened suggests that these two processes are interdependent. The formation of additional
fingers on the reaction front following a tip-splitting bifurcation temporarily contributed to the
lengthening of the front due to finger spreading. Likewise, the continuously increasing length of
the reaction front as the CO island expanded also acted to spread the fingers along the reaction
front. Eventually, two fingers on either side of a given finger (e.g. fingers 2 and 4 in the five finger
region) surpassed a critical spacing from the center finger, at which point the middle finger split
and the spreading process was repeated. In figure 4, A looks to be somewhat influenced by
L initially, but, due to the unique presence of a continuously growing reaction front, begins
to approach a constant, intrinsic value independent of L. Based on the decay of the scaled
wavelength in figure 4, this intrinsic wavelength is calculated to be on the order of 40 um and
represents the spacing the fingers would exhibit in the case of an infinite reaction front length.
Such intrinsic length scales are common to diffusive systems which exhibit spatially modulated
patterning, such as those arising from a Turing type bifurcation [17, 18], and are completely
determined by the reaction—diffusion properties of the system [6, 19].

4. Destabilization of the reaction front

Local perturbations are crucial in the initial destabilization of the planar interface. The intensity
as well as the length scale of the perturbation determines whether the local disturbance will
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Figure 5. SEM images of the Pt surface where fingering instabilities were
observed. Figure 5(a) shows the surface to consist of many long parallel
plateaus, corresponding to the lighter regions of the image, separated by narrow
valleys. Figure 5(b) provides a higher magnification image of the plateau surface
morphology.

develop or decay without impacting the dynamics of the system [19]-[21]. Local perturbations
can be present in the form of random heterogeneities in the experimental apparatus [22],
which locally alter the dynamic behavior of key species, or, in the case of theoretical
studies, applied through the addition of random noise or a particular wave form on the
interface [6, 23]. In heterogeneous catalytic systems, local perturbations to the system are
often the result of heterogeneities or defects in the arrangement of surface atoms. Such
variations in the structure of the catalytic surface will modify the way in which reactants
adsorb, diffuse and react on the surface, thereby influencing the overall dynamic behavior of the
system [24, 25].

To better understand the role of the catalyst surface in the development of the fingering
instability, the single crystal surface was analyzed using scanning electron microscopy. The
SEM images, included in figure 5, demonstrate that the surface consists of plateau features
(lighter contrasting regions), approximately 250 nm wide, separated by parallel running valleys
(darker contrasting regions) approximately 50nm in width. The alignment of the plateaus
on the surface is parallel to the growth direction of the fingers shown in figure 2, however,
the length scale of this surface morphology is clearly beneath that of the observed finger
structures. For instance, the second CO finger from the top of the seven fingered front in
figure 2(e) had a full-width half-maximum (FWHM) value of 30 um and a baseline width of
the order of 50 um. Therefore, this finger perturbation spans around 200 plateau structures at
its baseline. From this comparison, it can be concluded that the contribution of this surface
morphology to the formation of patterned fronts is limited to the initial perturbation of the
planar reaction front. Precisely how the reaction front is destabilized by the plateau morphology
is not clear at this time. Although, based on the affinity of O, towards surface defects and
step edges [26], it is possible that an enhanced O presence at the edges of each plateau
offsets the rapid diffusion of CO across the interior region of the plateau. These two opposing
processes could lead to a modulation of the reaction front, which in turn, due to the nature
of the surface reaction, could result in the growth of finger structures parallel to the surface
plateaus.
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Figure 6. Images detailing the tip-splitting of a CO finger (6(a)—(c)) and
the subsequent formation of an additional finger in the trough between two
fingers (6d)). Global reaction conditions: 7 = 433 K, po, = 5 x 10~ Torr.

5. Analysis of finger-tip splitting

Although the fingers presented in figure 2 are easily resolved with EMSI, many of the tip-
splitting events in this experiment take place at the lower spatial resolution limit of the
ellipsomicroscope, making it difficult to study the bifurcation in detail. As such, we present an
analysis of the tip-splitting of larger fingers, such as that shown in figure 6(a), which presumably
are representative of bifurcations occurring on smaller scales. The finger shown in figure 6(a)
developed on a reaction boundary which was initiated by locally perturbing an O-covered
surface at 433 K under 5 x 10~* Torr O, with CO. This particular finger grew to a maximum
amplitude of 100 um with a FWHM of 80 um. The initial splitting of the finger began with the
formation of an oxygen wave just to the right of the finger centerline. The O wave then traveled
into the surface region occupied by the CO finger, reacting away adsorbed CO and leaving
the surface in an O-covered state (figure 6(b)). Remarkably, the oxygen wave only removed
CO from the interior region of the CO finger, leaving behind two CO fingers on either side
of the now O-covered surface region. The amplitude of the two newly formed CO fingers is
similar to that of the original single finger, however, the fingers are significantly sharper having
FWHM values of the order of 25 um, which is near the FWHM values of the fingers presented
in figure 2. The O wave continued to propagate and divide the CO finger until the supply of CO
to the reaction front halted the advancing O wave. As shown in figure 6(c), this stopping point
is consistent with the location of the CO/O interface elsewhere on the CO island. The two CO
fingers shown in figure 6(c) were separated by a distance of 70 um, and slowly migrated to a
distance of 80 um over the next 40 s (figure 6(d)). Once the wavelength reached 80 um, a third
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finger was observed growing in at the trough between the two CO fingers. The growth of this
additional finger is significant as, aside from the initial front destabilization, additional fingers
were normally created on the reaction front as a result of the tip-splitting of existing fingers.
Here, the selective growth of an additional finger in the trough position again implicates the
existence of an intrinsic pattern wavelength near 40 um. For systems where A < A, as is the
case for the front shown in figure 2, tip-splitting is the dominant mechanism for the formation
of additional fingers as existing fingers on an already crowed reaction front shield the growth
of new smaller fingers attempting to form in the trough between adjacent fingers. Alternatively,
when A > 2*A., a relation previously found to be significant in the dynamics of fingered fronts
elsewhere [3, 27], shielding is no longer a factor and smaller fingers are able to develop in
between larger adjacent fingers as illustrated in figure 6(d).

6. Conclusions

Fingering instabilities on planar CO fronts in the oxidation of CO on Pt(100) were examined.
To the best of our knowledge, this is the first observation of such behavior in a heterogeneous
reaction—diffusion system. The onset and development of the fingering instability is attributed to
the particular reaction—diffusion properties of the surface reaction paired with the use of external
forcing to create reaction fronts under otherwise monostable global reaction conditions. Local
reaction rate perturbations to CO wave fronts, provided by a catalyst surface morphology made
up of parallel plateau structures, destabilized the propagating reaction fronts leading to fingers
of adsorbed CO which extended into the O adlayer ahead of the wave front. Finger spreading
and tip-splitting were observed as a means of attaining an intrinsic finger wavelength, calculated
to be on the order of 40 um for relatively large reaction fronts. Additional analysis of the finger
tip-splitting bifurcation suggests shielding is dominant when the spacing between fingers is less
than the intrinsic value, with smaller fingers collapsing into larger finger structures on the front.
For finger wavelengths twice the intrinsic value, additional fingers were observed developing
in the trough between existing fingers, apparently unaffected by their presence. Currently,
computational studies which combine physically realistic reaction—diffusion parameters with
the observed surface morphology are underway to provide additional insight into the dynamics
of the observed fingering instability.
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