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The collective, global behavior of a heterogeneous catalytic system depends on the effective communica-
tion of local reactivity variations to distant points in the system. One particularly efficient mode of com-
munication occurs via partial pressure fluctuations in the gas-phase above the reactive surface. Although
gas-phase communication has been implicated in a number of heterogeneous systems, the details of this
coupling mechanism are lacking due to experimental difficulties in addressing local variations in surface
and gas-phase activity simultaneously. Here, we take advantage of a spatially distributed system of iso-
lated chemical oscillators to investigate the details of gas-phase communication in the 10�3 mbar range.
Characterization of local gas-phase oscillations, in parallel with kinetic oscillations on the surface, pro-
vides a novel description of the surface/gas-phase interaction under reaction conditions. This analysis
further allows for a quantitative estimate of the effective gas-phase coupling length scale observed in sur-
face imaging experiments.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Spatial coupling, which involves the communication of local
reactivity to regions elsewhere in a system, underlies the funda-
mental behavior of many chemical systems over a wide range of
operating conditions. Coupling in heterogeneous catalytic systems
may occur through a combination of modes depending on the spe-
cific reaction conditions. At high gas-phase pressures (>1 mbar),
coupling can be achieved when heat generated by an exothermic
chemical reaction is transmitted through the catalyst itself to an-
other location, perpetuating the surface reaction [1–3]. At lower
pressures, heat released due to reaction may not be sufficient to
transmit local reactivity variations through the catalyst and ther-
mal coupling becomes less effective. Under such conditions, adsor-
bate diffusion on the catalyst surface provides relatively short
range spatial coupling (�102 lm), through the formation of travel-
ing chemical waves. A third coupling mode, present in both high
and low pressure situations, is gas-phase coupling, where local
reaction rate variations are communicated via fluctuations in the
partial pressure of reactants in the gas-phase above the surface.
This relatively rapid, long-range coupling mechanism has been
used to explain globally synchronized oscillations on single crystal
surfaces under vacuum [4–6], coupling of individual grains on
polycrystalline catalysts [7,8], and dynamic behavior on supported
catalysts at elevated pressures [3,9,10]. A particularly impressive
ll rights reserved.
demonstration of the efficiency of gas-phase coupling was found
in the development and synchronization of standing waves during
CO oxidation on Pt(1 1 0) [11,12]. In general, the effects of gas-
phase coupling in heterogeneous systems may be described as
analogous to those of mixing in a CSTR system, in the sense that
each action produces a uniform, spatially coupled system.

While these studies clearly established the presence of a gas-
phase coupling pathway, the details of this mechanism have yet
to be resolved. Generally, under high vacuum conditions, local
reaction rate variations are assumed to affect the entire system
instantaneously and uniformly [6,13,14]. In other words, the mean
free path between molecular collisions is taken to be large enough
that the system can be considered well-mixed, where any local ki-
netic activity is entrained by global reactor dynamics. While this
description may be true far from the surface, this model fails near
the surface which effectively behaves both as a sink and source of
molecular species. In this work, we apply ellipsomicroscopy for
surface imaging (EMSI) in parallel with scanning quadrupole mass
spectrometry (SQMS) to investigate the gas-phase environment
near the surface under dynamic reaction conditions. Utilizing CO
oxidation on polycrystalline Pt as a model system, we show that
the gas-phase near the surface is not uniformly mixed and that
coupling between individual catalyst grains, by way of gas-phase
communication, can be restricted by concentration gradients exist-
ing at the surface. Also, by defining the spatial limits of the concen-
tration gradients above single catalyst grains with SQMS, we
provide a quantitative estimate for the gas-phase coupling length
scale in support of the qualitative, visual estimate provided by
our EMSI data.
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Fig. 1. Experimental setup consisting of a reaction chamber and an adjoining analysis chamber (black) used for scanning quadrupole mass spectrometer studies.

Fig. 2. EMSI snapshots of uncoupled (b–d) and coupled (e–g) oscillations on
catalyst grains 1 and 2 (a). The grains appear light-gray when O-covered and dark-
gray when CO covered (pO2

= 2.4 � 10�3 mbar, pCO = 2.9 � 10�4 mbar, and
T = 534 K).
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2. Experimental

A fundamental difficulty in addressing spatially localized activ-
ity is the selection of a model catalytic system which is able to pro-
vide meaningful results of broad relevance. Even more difficult,
from a surface science perspective, is the problem of correlating lo-
cal gas-phase variations above the surface to local kinetic activity
on the surface. We address the former by using a polycrystalline
foil catalyst, which can be considered representative of supported
catalysts used industrially while still allowing for fundamental sur-
face science studies [2,15]. In this way, the polycrystalline surface
provides an experimental platform that is relevant across the spec-
trum of catalyst materials, from relatively basic single crystal sur-
faces to supported nanoparticle catalysts. The polycrystalline
surface was prepared by annealing a Pt foil (Alfa Aesar, 99.997%)
in N2 to 1373 K for 12 h. Naturally, the polycrystalline surface
contains a distribution of catalyst grains of varying crystallo-
graphic orientation and reactivity. Therefore, under particular
reaction conditions, some grains existed in a stable, high-reactive,
O-covered state, while other grains quickly poisoned to a
CO-covered state. A smaller number of grains also exhibited self-
sustained oscillations between the O and CO-covered states. Be-
cause kinetic activity on each grain was contained by the grain
boundaries, with no observed diffusion coupling across these
boundaries, the polycrystalline surface represented a spatially dis-
tributed system of isolated chemical oscillators, where gas-phase
coupling was the only possible mode of communication between
oscillators. These discrete oscillators were located on the surface
using EMSI, an optical technique which allows for the detection
of different adsorbates due to local differences in the optical prop-
erties of the surface [16]. A schematic of the entire experimental
setup is shown in Fig. 1. The setup consisted of two adjoining vac-
uum chambers, denoted the reaction chamber and analysis cham-
ber (black), which served as the SQMS, in Fig. 1. The reaction
chamber contained the catalyst and reactant gasses and was sur-
rounded by the equipment used for EMSI experiments. An Ar ion
laser was used to generate the monochromatic light needed for
EMSI, which was directed toward the surface by an optical fiber.
The laser light was linearly polarized using a Glan–Thompson pola-
rizer (P) before entering the reaction chamber. Upon reflection
from the surface, the light became elliptically polarized and exited
the reaction chamber toward a quarter-wave retarder (C), which
returned the light to a linear polarization state which was then
analyzed using a second polarizer (A). The final image is captured
by a CCD camera and is recorded and stored on a DVR hard drive.

The key component of the SQMS setup consisted of a tapered
glass capillary that was attached at the end of a probe which
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extended from the analysis chamber into the reaction chamber. A
50-lm orifice at the tip of the capillary enabled local sampling of
the gas-phase environment in the reaction chamber at any point
of interest around the reactive surface. The SQMS was attached
to the reaction chamber through a xyz stage that allowed for the
SQMS sampling probe to be positioned at various locations around
the catalyst surface. In all experiments, an inert tracer species, Ar,
was co-fed to the reactor along with reactants and was continu-
ously monitored with the SQMS. Before quantification, all MS spec-
tra were normalized to the Ar tracer concentration. This procedure
allowed for experimental artifacts such as MS drift and mass trans-
port restrictions caused by the proximity of the SQMS probe to the
surface to be accounted for.
3. Results and discussion

Fig. 2a shows a raw EMSI image of the polycrystalline surface
for reference. In this image, several grains, separated by dark grain
boundaries, up to several hundred microns in size are visible. The
grains labeled 1 and 2 in the image exhibited self-sustained oscil-
lations under global reaction conditions of pO2

= 2.4 � 10�3 mbar
and pCO = 2.9 � 10�4 mbar, at a surface temperature of 534 K.
Fig. 1b–d show grains 1 and 2 oscillating, out of phase, between
an O-covered (light-gray) and CO-covered (dark-gray) state with
periods ranging from 90 to 180 s. This behavior is also illustrated
graphically in Fig. 3, which plots the EMSI image intensity on
grains 1 (upper curve) and 2 (lower curve) over the course of
several oscillatory cycles on each grain at the beginning of the
experiment. During the out of phase oscillations, the global CO2

signal in the reaction chamber also remained relatively constant
(see bottom panel of Fig. 5). This is due to the fact that the global
CO2 signal results from the superposition of the individual reaction
rates for each of the oscillating grains. Therefore, while the grains
continued to oscillate independently, local variations in the reac-
tion rate on each grain were averaged out to generate a constant
global signal.

After 40 min of out of phase oscillations, the oscillations on
grains 1 and 2 became effectively coupled, as shown in Fig. 1e–f,
Fig. 3. Representative EMSI image intensity profile d
oscillating in phase within one to two seconds of each other on a
regular basis. The transition to the coupled state can clearly be
seen by comparison with Figs. 3 and 4, which now shows multiple,
synchronized oscillations on each of the two grains over a 700-s
time period. Additionally, once coupling between grains 1 and 2,
and presumably other oscillating grains outside of the EMSI image,
was achieved, global gas-phase CO2 oscillations with a period of
120 s were detected in the reactor (top panel of Fig. 5). It also
worth noting that even during the time period where the system
exhibited predominantly coupled behavior, there were still in-
stances where individual grains exhibited activity independent of
the global state. For example, one such occurrence can be seen at
t = 2600 s in Fig. 4, where an oscillation cycle on grain 2 was ob-
served approximately 50 s before the following cycle on grain 1.
This type of behavior occurred somewhat infrequently, for exam-
ple only one such discrepancy can be seen out of a total of nine
oscillation cycles recorded in Fig. 4 but could possibly account
for multi-peaked oscillations observed in the gas-phase, such as
that at t = 8150 s in Fig. 5.

The fact that grains 1 and 2, separated by only 500 lm, repeat-
edly exhibited uncoupled behavior for extended periods of time is
significant. This delay suggests that, while synchronization be-
tween the grains eventually developed over time, communication
through the gas-phase was limited. This result was unexpected gi-
ven the mean free path between molecular collisions, calculated
from the kinetic theory of gasses, was on the order of 3 cm at these
conditions. This theoretical estimate of the mean free path was
longer than the dimension of the entire catalyst sample
(1 � 1 cm2), and several orders of magnitude larger than the dis-
tance between grains 1 and 2. Therefore, under the typical assump-
tion of a large mean free path relative to the system of interest, i.e.,
well-mixed conditions, coupling between these oscillators would
be expected to be instantaneous, which was clearly not the case.

To better understand the apparent time delay for coupling, the
SQMS was used to locally sample the gas-phase directly above
grain 1 during the initial 40-min time period in which the grains
remained uncoupled. In doing so, the contribution of local rate
variations on the surface could be resolved in the gas-phase
near the surface. Fig. 6 illustrates the local change in oscillation
uring uncoupled oscillations on grains 1 and 2.
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amplitude for CO at various distances normal to the surface, along
the z axis (see Fig. 6 inset). The dataset in Fig. 6 terminates at an
amplitude of 0.04 a.u., which represents a conservative estimate
of the SQMS noise level. Most notably, the attenuation of the oscil-
latory CO signal in Fig. 6 implies that kinetic variations on the sur-
face do not affect the entire gas-phase uniformly. Gas-phase
regions within 800 lm of the surface are significantly affected by
activity on the surface, while the gas-phase CO concentration be-
yond this point appears to be unaffected by the surface oscillations.
Fig. 5. Global CO2 mass spectrometer signal during the uncoupled (bottom panel) and co
from the surface.

Fig. 4. Representative EMSI image intensity profile d
Additional insight into the attenuated oscillatory CO signal can
also be gained by examining local gas-phase behavior near the sur-
face under steady state, non-oscillatory conditions. Fig. 7 shows
the local CO and Ar tracer concentration as a function of SQMS dis-
tance normal to the surface. Under steady state conditions, both
the CO and Ar signals decreased as the SQMS approached the sur-
face, although the change in CO concentration was more dramatic
than that of Ar. This is due to the fact that CO adsorbs and subse-
quently reacts with O on the surface, in contrast to Ar that does not
upled (top panel) periods. Global scans were taken by locating the SQMS orifice 5 cm

uring uncoupled oscillations on grains 1 and 2.
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adsorb at these surface temperatures. Subsequently, the variation
in the Ar signal represents only limitations associated with the
transport of molecules into the confined space between the surface
and the SQMS probe. Based on the Ar tracer data from Fig. 7, it is
clear that the SQMS probe had no significant affect on reactant
transport to the surface for the sampling locations of z P 50 lm
used in the present work. Therefore, the CO concentration gradient
detected within 200 lm from the surface under steady state reac-
tion conditions is due entirely to surface-related processes (i.e.,
Fig. 7. CO and Ar concentrations for various SQMS probe distances normal to the

Fig. 6. Local CO oscillation amplitude due to kinetic oscilla
adsorption, reaction). This conclusion is further supported by the
findings of Roos et al. [17], who reported similar concentration gra-
dients normal to a Pt catalyst also during CO oxidation. The de-
tected gradients may be the result of relatively frequent
molecular collisions in the gas-phase, or possibly, the superposi-
tion of various directed flows of CO to the surface according to a
cos(h) relation (h being the angle between the surface normal
and the specific angular adsorption channel). Irrespective of the
source, the detection of concentration gradients identifies a system
reactive surface (pO2
= 1.3 � 10�3 mbar, pAr = 7.9 � 10�5 mbar, and T = 522 K).

tions on grain 1 at various distances from the surface.



Fig. 8. Local gas-phase CO oscillations due to kinetic oscillations on grain 1. Filled
data points mark locations where CO oscillations were detected with an amplitude
P0.04 a.u. (MS noise limit), open data points denote locations where oscillations
were not detected (pO2

= 2.4 � 10�3 mbar, pCO = 2.9 � 10�4 mbar, and T = 534 K).
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that is not uniformly mixed to within a certain distance of the reac-
tive surface. It follows that the established gradients could also ac-
count for the observed oscillatory signal attenuation (Fig. 6), and
ultimately, the delayed synchronization of individual oscillating
grains discussed previously.

The presence of concentration gradients normal to the catalyst
surface further suggests that there is a finite length scale associ-
ated with gas-phase communication, where oscillators located
within this particular distance are able to communicate effectively.
To directly identify this length scale, it was necessary to define the
spatial limits of local concentration oscillations in the gas-phase
due to a single oscillating catalyst grain. To accomplish this, several
points in the gas-phase above grain 1 were sampled with the
SQMS, again surveying for local gas-phase oscillations due to oscil-
lations on grain 1. Fig. 8 summarizes all sampling points, which fell
on the yz plane oriented above grain 1 as shown. The filled data
points indicate locations where gas-phase CO oscillations of ampli-
tude P0.04 a.u. were detected, while the open data points denote
locations where the oscillation amplitude fell below 0.04 a.u. and
could not be quantified. The filled points therefore define the cross
section of a cloud of oscillating CO concentration driven by oscilla-
tions on grain 1. This oscillating cloud expanded to 800 lm above
the surface and up to 250 lm away from the lower boundary of
grain 1 (located at y = �100 lm). The expanse of the cloud is of
particular interest, as the span of the cloud can have a significant
effect on the behavior of nearby oscillators. For example, the local
supply of CO in the gas-phase may be depleted due to activity on a
single grain up to 250 lm away from the CO supply, as shown in
Fig. 8. This means that isolated grains, separated by up to twice this
length, could be competing for the same finite, localized supply of
CO. Therefore, kinetic information, such as an oscillation cycle, on a
single grain may be communicated indirectly to distant grains
500 lm away by way of the shared CO supply. Obviously, the
expanse of the oscillatory reactant cloud, and therefore the cou-
pling dynamics, will depend on the relative size, reactivity, and
proximity of the oscillating catalyst grains. However, even the
small pressure variations (�4%) detected on the edges of the CO
cloud above grain 1 have been shown to dramatically affect surface
activity in global forcing experiments elsewhere [18,19] and would
therefore be expected to play a significant role in the dynamics of
this system.

4. Conclusions

In summary, we have used spatially isolated chemical oscilla-
tors in the form of catalyst grains on a polycrystalline Pt surface
as a model system for the study of gas-phase coupling. By correlat-
ing local gas-phase variations to kinetic oscillations on individual
grains, we were able to distinguish the gas-phase contribution of
single catalyst grains from the global reactor background. With this
capability, we demonstrated that the reaction environment near
the surface is not uniformly mixed, as is typically assumed under
vacuum reaction conditions, with concentration gradients extend-
ing several hundred microns into the gas-phase in a direction nor-
mal to the surface. By scanning the SQMS in 2-dimensions above a
single oscillating grain, we were able to quantify regions in the gas-
phase, or clouds, which were affected by the surface oscillations.
The detection of oscillating reactant clouds above the dynamic sur-
face ultimately provided a means of identifying an effective gas-
phase coupling length scale, which for the conditions used in these
studies (p � 10�3 mbar), was found to be approximately 500 lm.
This estimate is consistent with dynamic behavior observed during
in situ surface imaging experiments, where coupling between indi-
vidual catalyst grains separated by 500 lm was observed by means
of synchronized kinetic oscillations.
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