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A novel spatiotemporal perturbation method for nonlinear surface reactions is
reported, thus allowing the creation of new spatially localized structures. Forcing was
achieved by dosing reactant gases through a capillary positioned near the catalyst sur-
face, providing control over the local surface coverage and reaction rate. The emer-
gence of localized concentration patterns and oscillations in an otherwise stable sys-
tem is attributed to a local modification of the catalytic properties of the surface due
to external forcing. Based on the spatial orientation, the temporal and thermal stability
of the modified surface, as well as the affinity of CO toward the perturbed surface,
subsurface O is proposed as a possible source of the observed localized patterning
and surface memory effect. © 2008 American Institute of Chemical Engineers AIChE J, 55:

172-179, 2009
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Introduction

Forcing of nonlinear systems is a subject of rapidly
increasing interest, because of the potential to not only gen-
erate but also control and exploit complex dynamic behavior.
Forcing of chemical systems has been demonstrated by a
variety of methods in both homogeneous and heterogeneous
systems.l_5

In catalytic systems that exhibit rich spatiotemporal com-
plexity, such as CO oxidation on platinum, external global
temporal forcing was shown to lead to different oscillations
and spatiotemporal patterns than those which occur in
unforced systems.' Examples include the bounding of chemi-
cal waves on micropatterned catalysts,6 the creation and
destruction of chemical waves by local perturbation of the
catalyst temperature,’ and the use of IR thermography to
observe changes in the rate of CO oxidation for local pertur-
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bations by bursts of CO released near a catalyst surface.®’
Our experiments demonstrate the ability to locally perturb
the gas-phase composition near a heterogeneous catalyst sur-
face with reactants such as O,, H,, and CO to induce unique
spatiotemporal behavior. The resulting spatially localized
structures have not previously been observed in the unforced
system under similar conditions.

Spatiotemporal pattern formation on single crystal surfaces
occurs due to nonlinear feedback. In vacuum, such nonlinear
phenomena are isothermal and driven by the kinetics of sur-
face processes. Oscillations and pattern formation during CO
oxidation on Pt(100) were explained by the adsorbate-
induced surface reconstruction, where the surface switches
between a highly reactive oxygen-covered state a less reac-
tive CO-poisoned state.'*1? At low coverages, the surface
atoms of Pt(100) rearrange into a quasi-hexagonal (hex)
reconstruction.'*'* On this phase, the adsorption probability
of O, is around 1073, as compared to almost one for co.'“V
Above a critical coverage of CO and/or oxygen on the hex
surface, the reconstruction is lifted to a 1 X 1 surface
arrangement,lg_20 which causes an increase in the adsorption
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Figure 1. Experimental setup including imaging ellip-
someter (EMSI) and local gas dosing equip-
ment used to externally perturb the surface
reaction.

EMSI provides a spatially resolved, greyscale image, where
the contrast of the image is due to the presence of different
adsorbates. The local gas doser consists of a capillary fas-
tened to a %4’ tube, all of which is mounted on an xyz
stage. The doser is fed with reactant through a differen-
tially pumped inlet. A pulse valve located at the end of the
capillary allows for control over the frequency of the
applied perturbation.

probability of O, to approximately 0.1.'*"'® Coupling of this
feedback mechanism with surface diffusion of adsorbed mol-
ecules gives rise to self-sustained pattern formation.'**

Experimental

All experiments were conducted on a Pt(100) single crystal
catalyst under continuous flow conditions within a stainless
steel UHV chamber containing reactants at constant pressure.
The chamber was equipped with an ion gun for sample
cleaning and a quadrupole mass spectrometer (Hiden HAL-
201) used for monitoring reaction products. The sample was
mounted in the chamber on an x-y-z manipulator by means
of two Ta wires spot welded to the back of the sample. The
sample could be heated resistively by passing current through
the Ta wires, and a type-K thermocouple, also spot welded
to the back of the sample, was used to monitor sample tem-
perature. Prior to experiments, a clean surface was prepared
with repeated cycles of annealing to 1,200 K, Ar ion sputter-
ing under 0.013 Pa Ar, and oxidation at 950 K and 1.3 X
10~* Pa O,. The catalyst surface was observed continuously
using ellipsomicroscopy for surface imaging (EMSI), a real-
time imaging technique sensitive to the presence of different
adsorbates.” Figure 1 outlines the components of the ellipso-
microscope. A fiber optic was used to direct light emitted
from a 5 W Ar ion laser toward the sample surface. Before
impinging on the surface, the light was passed through a
Glan-Thompson polarizer to linearly polarize the incident
light. Upon reflection from the surface, the now elliptically
polarized light was passed through a //4-plate returning the
light to a linear polarization state. The linearly polarized
light was then analyzed by a second polarizer before reach-
ing the CCD camera. The instrument was calibrated to the
null position, designated by the minimum in signal intensity,
while the surface was O-covered. Adsorption of CO to the
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surface then locally altered the polarization state of the
reflected light such that it was no longer compensated for by
the optics, resulting in contrast in the final image. For these
studies, CO-covered regions of the surface appear darker
relative to areas of adsorbed oxygen.

External forcing of the surface reaction was achieved by
locally dosing reactants onto the catalytic surface through a
capillary having a 30 um inside diameter (Figure 1). The
capillary was mounted on an x-y-z translational stage and
connected to a pressure controlled, differentially pumped gas
inlet allowing for control over the intensity of the perturba-
tion applied to the surface. A pulse valve located near the
end of the capillary was used to regulate the forcing fre-
quency.

In order to better understand the effects of forcing using
the local gas dosing technique, it was necessary to character-
ize the relative flux of molecules within the molecular stream
produced by the capillary. To accomplish this, the stream
was locally sampled with a mass spectrometer using the ap-
paratus illustrated in Figure 2. The system consisted of two
adjacent vacuum chambers connected through a 10 um laser-
drilled orifice. The first chamber housed the local gas dosing
equipment discussed previously. On the opposite side of the
orifice, a second chamber included a mass spectrometer (SRS
RGA300) used to measure the number of molecules from the
stream which passed through the orifice into the second
chamber. Helium was used as the dosing gas and was main-
tained at a pressure of 120 Pa upstream of the capillary to
simulate the conditions of a typical forcing experiment. By
scanning the local gas doser in the plane perpendicular to the
orifice, the variation in the mass spectrometer signal provided
a spatially resolved measurement of the relative gas fluxes
experienced by the catalytic surface during local gas dosing.

Results and Discussion
Local O, dosing

For the unforced or globally perturbed CO oxidation sys-
tem, oscillations and patterns typically develop over the

Chamber 2

Chamber 1

Mass
Spectrometer

I:, S T capillary

XYZ Stage

To Pump To Pump

Gas Supply

Figure 2. System used to locally sample molecular
stream emitted from capillary using a mass
spectrometer.

A 10 pum orifice separates the local doser, housed in cham-
ber 1, from the mass spectrometer in the second chamber.
Scanning the doser in the xy plane perpendicular to the
orifice provided a spatially resolved representation of the
relative gas fluxes experienced by the surface during a
forcing experiment.
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entire catalytic surface in response to particular global condi-
tions. Utilizing local O, perturbations, however, discrete sur-
face regions were promoted from a monostable, low-reactive
state into a state of locally confined, self-sustained oscilla-
tions. A uniform surface was initially prepared by saturating
the surface with CO. The reaction conditions were then set
to po2 = 0.053 Pa, with pco/po2 = 0.025, and T = 510 K to
maintain a uniform, CO-poisoned state. A pulse of O, from
the microdoser was directed at the surface, and the high-local
concentration of O, resulted in the formation of an oxygen
island that expanded into the CO adlayer, as shown in Figure
3a, where the light grey regions correspond to oxygen cov-
ered surfaces and the dark grey denotes CO-covered areas.
Reaction with the surrounding adsorbed CO removed the
oxygen island from the surface, restoring the surface to the
original, CO-covered state. Approximately 30 s after the dis-
appearance of the induced oxygen island, however, an oxy-
gen front spontaneously appeared (Figure 3b). This front
spread across the area previously affected by the doser and
was removed by a CO front, until the oxygen covered area
had virtually disappeared again (Figure 3d). This sequence
repeated for periods lasting up to 15 min, demonstrating the
induction of self-sustained and locally constrained oscilla-
tions in an area surrounded by a monostable, CO-poisoned
surface without an ongoing external stimulus.

The oscillations were always spatially restricted to the sur-
face region initially affected by the microdoser, with the ma-
jority of oscillations occurring approximately every 50 s. The
period of oscillation varied irregularly from 35 to 120 s for
global conditions ranging from pco/poz = 0.025 at the onset
of self-sustained oscillations, to pco/poz = 0.018, where the
surface verged on transition to a high-reactive, oxygen cov-
ered state. A decrease in CO concentration did, however,

(b}

() (d)

Figure 3. Initiation of locally confined oscillations.

(a) shows an oxygen island created on a monostable, CO-
poisoned surface following an oxygen pulse from the micro-
doser, and (b)—(d) shows the subsequent appearance and
reaction of a spontaneously formed oxygen front. T =
510 K, po2 = 0.053 Pa, pco/po2 = 0.025.
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Table 1. Chemical Front Speed Observed During Spatially
Restricted Oscillations

Front Speed

Pco/Po2 CO (um/s) O (um/s)
0.025 10 + 1 90 + 10
0.018 2+1 200 * 40

slow observed CO front speeds from 10 to 2 um/s, while the
oxygen front speed approximately doubled from 90 to 200
pm/s. This trend, which is summarized in Table 1, is similar
to that observed for chemical fronts in the unforced system
for comparable pressures, and is attributed to the different
mechanisms promoting CO and oxygen wave propagation.24
The slower moving CO fronts are preceded by a low cover-
age, reconstructed hex fringe, upon which CO preferentially
adsorbs due to a higher sticking probability. Adsorbed CO
then diffuses and reacts with oxygen remaining on and ahead
of the hex fringe to advance the CO front. In contrast, oxy-
gen waves trail a fringe where the adsorbate coverages do
not fall below the critical value necessary for the surface
reconstruction to take place. Therefore, both O, and CO will
readily adsorb on the 1 X 1 fringe, and, only in the presence
of excess gas-phase O,, can an autocatalytic oxygen wave
form and propagate. Ultimately, this trend in front speed
resulted in oscillations that became more relaxed in shape for
decreased CO concentrations. Figure 4 includes space-time
diagrams, which illustrate this behavior by plotting image in-
tensity along the line segment AB (Figure 4a) as a function
of time for gas-phase conditions of pco/por = 0.025 (Figure
4b), and pco/por = 0.018 (Figure 4c). At pco/por = 0.025,
the faster moving CO fronts were able to react away the
adsorbed O island before another oscillation cycle began.
Reduction of the CO concentration to pco/po. = 0.018
slowed the velocity of the propagating CO fronts, resulting
in a slower decay to a low-reactive state followed by a fast
transition to a high-reactive, oxygen covered surface before
the O island could be completely reacted away.

Local H, dosing

Given the complexity of the seemingly “simple” bimolec-
ular CO/O, system, the study of systems involving more
than two reactant species is far from trivial. For example, the
complex behavior of the catalytic CO oxidation reaction on
Pt is further complicated by the introduction of H,. For CO
oxidation on Pt/SiO, catalysts, for example, a small amount
of H, added to the gas phase caused a transition from sus-
tained oscillatory behavior to a highly reactive steady state.”
It was suggested that this behavior was the result of a non-
uniform distribution of adsorbates on the catalyst surface. H,
dissociatively adsorbs on Pt(100), lifting the reconstruc-
tion,"®2® and was found to significantly modify the structure
of the catalyst surface, pointing to the importance of H,-
induced defects on the Pt(100) surface.’®?” Direct local
dosing of H, onto the catalytic surface can assist in the eluci-
dation of nonlinear phenomena in such complex nonlinear
reaction systems.

January 2009 Vol. 55, No. 1 AIChE Journal



1] 10 o 0 4 21} 60
Time (5]

(a) (b)

pco/poz = 0.025

pPco/poz = 0.018

B0 @ 0o

Figure 4. Space-time diagrams showing the influence of global CO concentration on the locally confined oscilla-

tions.

(b) and (c) plot the intensity over time along line segment AB (see (a)) for decreasing CO concentration. At pco/por = 0.025, CO is able
to completely react away the adsorbed oxygen island before the appearance of another oscillation. For pco/po. = 0.018, the decreased
supply of CO to the reaction front slowed the propagation of the CO waves, resulting in a slower relaxation to the low-reactive state.
Light grey regions correspond to oxygen covered regions and dark grey denotes CO covered areas. The length of segment AB in (a) is 1.1

mm. T = 510 K, po, = 0.053 Pa.

One novel result of these investigations is the creation of
CO islands under reaction conditions via local H, dosing.
Figure 5 shows an example of this process, where the
sequence of numbers on the 20 s frame indicates the order in
which the islands were created. The chamber was backfilled
with O, and CO, with the doser positioned 500 um from the
catalyst surface. The catalyst surface was monostable and ox-
ygen covered at the reaction conditions chosen. H, was then
allowed to flow through the capillary, causing an area
approximately 100 pum in diameter to be cleared of oxygen
by reaction with hydrogen to form water. Both H, and water
have low-energies of desorption, as compared to oxygen,
such that coverage of these species is expected to be low at
the temperatures of interest.'>'?%° The local dosing of H,
and its reaction to form water creates a nearly adsorbate-free
area that can reconstruct to the hex phase. This area of the
surface is then rapidly covered by CO, which adsorbs from
the gas phase. This local CO poisoning is observed for CO
concentrations as low as pco/po> ~ 0.010.

In Figure 5, H, was dosed onto the surface for approxi-
mately 2 s until the CO poisoning was observed. Following
this, the doser was turned off and moved to another area of
the surface where the process was repeated. The CO-pois-
oned areas are observed as dark circles in the EMSI images.
As shown in the images, multiple CO islands were prepared
by this method. When the H, doser was turned off, the sur-
face, based on the behavior of the unperturbed reaction sys-
tem, should have returned to the stable oxygen-covered state.
In this example, all but one of the CO islands persisted on
the surface, even growing for as long as 15 min, before being
removed by a propagating oxygen wave initiated at the
boundary of the island. The growth velocity of the islands,
as shown in Figure 6, was between 0.1 to 2 um/s, and
increases with increasing CO concentration in the gas phase.
The front velocities were a factor of 2-5 lower than in the
case of an unperturbed reaction, however, in the unperturbed
system, fronts were only observed for CO/O, ratios about 5
times higher than in the experiments reported here.
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The growth of the CO islands on Pt(100) is consistent
with the adsorbate-induced reconstruction model. The interior
of the CO-poisoned islands is covered by a densely-packed
CO adlayer, therefore oxygen cannot adsorb in high enough
concentrations to generate wavefronts. On the edges of the
island, the overall surface coverage is low due to the reaction
of CO and oxygen, and the surface can reconstruct to the
hex phase. As a result, adsorption on the edge of the CO
island is dominated by CO, increasing the size of the island.
The propagation of the CO islands is maintained by the reac-

Figure 5. CO islands grow while surrounded by a
monostable, chemisorbed oxygen phase.

Each island is prepared by dosing H, over the surface for
~2 s. After the appearance of the CO island, the H, per-
turbation is turned off and moved to a different location
above the surface. T = 466 K, po, = 0.013 Pa, pco/por =
0.024.
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Figure 6. Propagation of CO islands as a function of
gas phase composition under low pco condi-
tions.

Po> = 0.013 Pa, T = 473 K.

tion of CO with oxygen, the diffusion of CO across the cata-
lyst surface, and the continuous adsorption of CO from the
gas phase.

Surface modification due to external forcing

The appearance of spatially localized patterns on surface
regions affected by external forcing implies that the catalytic
properties of that particular region have been locally modi-
fied. These modifications facilitate patterning under condi-
tions where such structures are not observed on unforced
regions of the surface. Further evidence of local surface
modification is shown in Figure 7, with the selective adsorp-
tion of CO to an O-covered surface following a local CO
perturbation from the doser. Beginning with an oxygen cov-
ered surface maintained at 413 K with 0.013 Pa O,, CO was
locally dosed onto the surface to form an island of adsorbed
CO surrounded by the O adlayer (Figure 7a). After 70 s, the
local CO perturbation was removed and the affected surface
region recovered to an O-covered state as shown in Figure
7b. At this point, 0.0013 Pa of CO was added to the gas
phase to induce a transition from the O-covered state to a
CO-poisoned state, with CO initially adsorbing on the perim-
eter of the perturbed surface region to produce a ring shaped
pattern (Figure 7c). Figure 7d shows the final state of the
surface, which at these conditions, is now completely CO-
covered. Image intensity profiles, given in Figure 8, taken
along the white line segment overlaid on Figure 7d, precisely
show the location of the surface memory effect. The
decreased image intensity values centered at 175 and 475 um
on the brightness profile taken at 140 s clearly show prefer-
ential CO adsorption taking place at the edges of the region
previously occupied by the CO island at time zero in the
sequence. This perimeter corresponds to the region of the
surface where adsorbed CO was able to react with the O-
adlayer. Based on this observation, it appears that reaction
between adsorbates is a necessary step in the development of
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the surface memory effect. This claim is supported by the
fact that a similar memory effect was observed following
local H,, NH3, and O, perturbations to a monostable surface
at temperatures ranging from 413 to 503 K, while perturba-
tion of the surface with chemically inert gases, such as Ar
and He, failed to induce any memory effect.

From the apparent dependence on the surface reaction and
the spatial orientation of the memory effect, an explanation
for the observed behavior could be based on a perimeter of
clean, reconstructed hex surface remaining from the reaction
between the doser-induced CO island and the O-adlayer.
With the addition of CO globally to the gas-phase, CO could
then selectively adsorb to these hex patches to form the ring
pattern. This is unlikely though, as the memory effect has
been observed after the surface has been exposed to 240,000
L of O,, which is much greater than the minimum O, expo-
sure of 600 L shown previously to lift the hex reconstruc-
tion."> Therefore, over the range of experimental conditions
used to generate the memory effect, the entire surface should
exist in a 1 X 1 configuration at the time of global CO addi-
tion to the reactor, with no localized hex heterogeneities
present to cause the memory effect.

An annular shaped molecular stream, that is, a stream of
higher molecular flux on the perimeter of the stream in rela-
tion to the center, produced by the capillary may also be
eliminated as the source of the ring-shaped surface modifica-
tion. Figure 9 shows a contour map and corresponding cross-

(b)

(c) (d)

Figure 7. lllustration of memory effect due to local gas
dosing.

(a) CO is locally dosed onto an oxygen saturated surface
maintained at 413 K with po, = 0.013 Pa. After the doser
is removed in (b), the affected surface returns to the O-cov-
ered state, with the exception of the center region, which
still shows some signs of CO-poisoning, (c) shows the pref-
erential adsorption of CO to the perimeter of the affected
region, as the surface transitions to the CO-poisoned state,
and (d) with the addition of 0.0013 Pa CO to the gas phase.
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Figure 8. Brightness profile along line segment over-
laid in Figure 7d at various time intervals.

The profiles show the location of the ring structure (140 s)
in relation to doser-induced CO island (0 s) when CO was
added globally to the reactor.

section of the relative gas flux within a He molecular stream
emitted from a 30 um capillary. The capillary was positioned
at 400 um from the sampling orifice to provide a spatially
resolved approximation of the reactant flux experienced by
the surface during a typical forcing experiment. As expected,
the molecular flux through the orifice was highest at the cen-
ter of the stream and decreased radially toward the edge of
the stream. The profile proves the surface modification is not
influenced by the geometry of the molecular stream emitted
from the capillary, but rather a result of physicochemical
process taking place on the catalytic surface once the local
surface reaction is initiated. Such processes could include
surface faceting®®>' or the formation of a subsurface oxygen
species at the CO/O reaction boundary previously identified
at comparable reaction conditions using photoemission elec-
tron microscopy (PEEM).*? In the case of local H, dosing,
for example, it has been shown that the adsorption and de-
sorption of H, produces long lasting defects on the surface.*®
Such defects may account for local differences in the adsorp-
tion probability of CO resulting in the creation of ring pat-
terns and the CO islands mentioned previously.

If the surface is faceted or subsurface O is formed as a
result of local gas dosing, it would be difficult to identify
which structure in particular is causing the memory effect
based entirely on the location of the selective CO adsorption
alone. It is possible that either structure is produced along
the CO/O reaction boundary. However, one distinguishing
feature of the two structures is the temperature at which each
can be removed from the surface. Falta et al. showed that by
heating the surface to 500 K, any faceting or buckling of the
Pt surface caused by a surface reaction is relaxed and the
smooth surface is restored.’! In contrast, if the memory
effect were caused by a subsurface oxygen phase, the mem-
ory effect would remain intact well above temperatures
approaching 500 K, on account that subsurface oxygen does
not desorb from the surface until 720 K.*? Additionally, CO
is known to adsorb preferentially to Pt surface regions con-
taining subsurface O relative to Pt-1 X 1 regions with O
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chemisorbed on the surface.*? Therefore, if a subsurface O
phase was formed at the reaction boundary between the
doser-induced CO island and the O adlayer, it could result in
the selective adsorption of CO in the ring geometry. Based
on the difference in thermal stability between the two pro-
posed structures, we performed experiments which probed
the stability of the modified surface in order better under-
stand the source of the observed memory effect. In these
experiments, the modified surface was prepared using the
local forcing procedure described previously, with one altera-
tion. Following the removal of the local CO perturbation, but
prior to global CO addition to the reactor, the surface was
heated at a rate of 3 K/s in 0.013 Pa of O, to temperatures
up to 588 K in an attempt to remove the memory effect from
the surface. After the surface was cooled down the original
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Figure 9. Profiles of molecular flux through a 10 yum
orifice from a stream emitted from a 30 um
capillary.

(b) is a cross section of the contour plot in (a) taken at X
= —25 um. The plots show the 4 AMU mass spectrometer
signal at various probe positions within the stream. He

was the dosing gas, maintained at 120 Pa upstream of the
capillary.
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Ring initiation time is defined as the time elapsed
between local doser removal and global CO addition to
the reactor. All ring patterns were created by dosing CO
onto an O-covered surface at 438 K and 0.013 Pa global
O,. The doser was then removed and the surface was
heated in 0.013 Pa O, at a rate of 3 K/s. The surface was
allowed to cool to 438 K, where 0.0013 Pa CO was
added globally to produce the ring formation.

forcing temperature of 438 K, 0.0013 Pa of CO was added
globally to the reactor to initiate a ring pattern similar to that
shown in Figure 7c. The time delay between global CO addi-
tion and the first observation of the adsorbed CO ring pat-
tern, defined as the ring initiation time, was used as a relative
measure of the extent to which the catalytic properties of the
surface remained modified after surface heating. The effects
of annealing on the surface memory effect are presented in
Figure 10. The ring initiation time for a surface which was
not annealed was found to be approximately 1.5 s. With
increased annealing temperature, this value increased by up
to a factor of five for a maximum annealing temperature of
588 K. The increase in ring initiation time is critical as it
points out the thermal sensitivity of the modified surface. As
the maximum annealing temperature increased, the longer
times required to observe the ring pattern indicate that the
properties of the modified surface are approaching those of
the unforced surface. In other words, the memory effect is
slowly being erased from the surface with increasing temper-
ature. Also, the fact that preferential CO adsorption was
observed after the surface was annealed to temperatures
greater than 500 K suggests that surface faceting is not likely
the cause of the memory effect. However, subsurface O
remains a plausible source for the observed memory effect.
While it has not been explicitly identified here, subsurface O
cannot be disregarded as the source of the memory effect,
given the relative stability and spatial arrangement of the sur-
face memory identified through the selective adsorption of
CO to the perturbed surface region.

Conclusions

The formation of locally confined oscillations and adsorb-
ate islands are examples of novel complex behavior in sur-
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face reactions. These phenomena can only be observed when
a nonlinear system, such as CO oxidation on Pt, is subjected
to external forcing. The perturbation of the system allows
access to the high-reactive rate branch at conditions where
only a low-reactive state is typically observed, providing a
potential pathway to the operation of catalysts in nonequili-
brium regimes, with the prospective for novel and improved
performance.

The creation of spatially confined adsorbate structures is
attributed to a local modification of the catalytic surface
properties due to external forcing. The properties of the
modified surface have been systematically studied through
the preferential adsorption of CO to surface regions subjected
to local perturbation. Data regarding the modified surface
suggests a thermally and temporally stable phase formed
only in the presence of the surface reaction, such as subsur-
face O or a faceted surface. The geometric orientation, iden-
tified using EMSI, and the affinity of adsorbing species to-
ward the modified surface region further suggest the possibil-
ity of a subsurface oxygen phase created at the forcing site.
In order to discriminate between these two reaction-induced
effects, modifications to the experimental setup are currently
underway to incorporate PEEM to explicitly identify any
subsurface oxygen species generated during the forcing
process.
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