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1. Introduction

Characterization of catalysts focusses on the identification of an "active
site" responsible for accelerating desirable chemical reactions. The
identification, characterization, and selective modification of such sites is
fundamental to the development of structure-function relationships.
Unfortunately, this goal is far from realized in nearly all catalysts, and
particularly in catalysts comprised of small supported metal particles. X-ray
absorption spectroscopy (XAS) has had a dramatic effect on our understanding
of supported metal particles in their resting state. Information on changes
in the electronic structure of the active species is often available through
near edge structure and information on particle composition, size, etc. can
typically be extracted from the extended fine structure. However, the
performance of a catalyst can not be assessed from such simple resting state
measurements. Numerous factors affect performance, and an appreciation for
the chemical consequences of these additional factors must be developed as we
strive to develop a comprehensive understanding of operating catalysts. Among
the factors which influence catalyst performance are the exact catalyst
composition, including the support and any modifiers; particle size; catalyst
finishing and pretreatment conditions; pressure, composition, and temperature
of the operating environment; time. Gaining an understanding of how the
structure of a catalytic site can change with such an array of variables
requires that we begin to develop measurement methods which are effective
under chemically dynamic conditions.

Ideally, it should be possible to obtain a full X-ray absorption spectrum of
each element thought to have a causal relationship with observed catalyst
properties. From these spectra, we can optimally extract only a relatively
limited amount of information which we must then piece together with
information derived from other characterization methods and intuition to
arrive at a hypothetical structure of the operating catalyst. Important
chemical contacts or bonds can be extracted from observed backscattering
amplitudes and phase shifts. Similarly, bond lengths or distances among
components can be extracted. However, as the number of contacting
constituents increases, our ability to extract reliable information decreases.
Also, there remain unresolved questions as to exactly what types of peripheral
neighbors one can expect to detect by XAS. This is particularly true when
atom pairs may only be separated by a few A but not bonded to one another.
Also related to the chemical structure of the active site are the relative
coordinations of atoms about one another which can also be extracted from the
fine structure data. Information about crystallinity, homogeneity, and
general disorder can be obtained from the Debye-Waller factor. Finally,
through analogy with known compounds, the electronic structure of the active
atoms can be inferred from near edge absorption features.
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Clearly, we are faced with reconstructing a complex system from a very limited
amount of information. The challenge to the experimentalist is further
heightened by the practical considerations of a chemically dynamic
environment. Reactors in which reasonable samples in a meaningful form can be
exposed to reactive gases under appropriate reaction conditions (pressure,
temperature, flow rates) while still remaining compatible with the constraints
of X-ray absorption measurements are a clear requirement. The already
constrained XAS information is further diluted through thermal motion of
correlated atoms at elevated temperatures. This is potentially amplified by
reconstruction or reorganization of the active centers as reactive gases
adsorb, react, and again desorb. Sample homogeneity will also likely be
affected as reactant/product concentrations vary throughout the sample.
Adding to these difficulties is the potentially different time scales of the
chemical reactions and the time required to obtain meaningful data.

With such a list of caveats, it is not surprising that the number of
experiments reported under chemically dynamic conditions is limited.
Nevertheless, simple chemical interactions have been investigated for some
time, and interest in using XAS to characterize these interactions appears to
be growing. Also, there is slow progress being made in conducting XAS
measurements on catalysts under operating conditions. In an effort to point
out the value of examining catalysts under such chemically dynamic conditions,
I will present several examples beginning with relatively simple effects of
single adsorbates, through the action of surface reactions, on to full
operating conditions, with a final description of a system allowing
measurements under "real time" continuous conditions.

2. Examples of Measurements Under Chemically Dynamic Conditions

The Effects of CO Adsorption

In situ infrared spectroscopic (IR) measurements following adsorption of CO
onto ultra-dispersed Rh/7-Al203 catalysts had been shown to produce Rh-(CO)2
species which were characterized as isolated species. This interpretation
suggested that either the Rh was initially present as isolated atoms or that
the action of CO on ultra-small Rh particles led to the disruption of the
particles with the production of the species observed by IR. In the early
1980s, Koningsberger, Prins, and co-workers applied XAS to investigate this
question1-2. Examination of the freshly prepared ultra-dispersed Rh/7-Al203
catalyst clearly revealed the presence of small metallic Rh crystallites.
Thus, the notion that individual Rh atoms might be present initially was
clearly demonstrated to be incorrect. Upon exposure of the catalyst to CO at
100 kPa at room temperature, a distinct change in the EXAFS is observed. The
characteristic oscillations at values of k > 5 A'1 are sharply reduced in
amplitude, suggesting the loss of Rh-Rh correlations. These initial
qualitative assessments were indeed borne out by a detailed quantitative
analysis. Severe disruption of the ultra-small Rh particles had indeed taken
place, with new features due to the C and 0 atoms of adsorbed CO. Even at
room temperature, CO was shown able to break up the Rh particles. This
disruption allowed for a consistent interpretation of the end product, the
geminal dlcarbonyl species observed by IR.

While adsorption at room temperature was able to disrupt most of the Rh
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particles, some Rh-Rh correlation remained. Adsorption at 523 K however, led
to complete loss of the residual Rh-Rh correlation, suggesting complete
disruption of the particles. Exactly how far removed from one another the Rh
atoms are after such a disruption is unfortunately not available from the
EXAFS result. Once the correlations are lost, we lose all information about
the mutual interactions of the surface species. However, upon exposing the
disrupted catalyst to H2 at 523 K, not only did Rh particles reform, but
reformed with sizes much greater than were initially present. This, sintering
of the particles took place, even under thermally mild conditions. These
results clearly demonstrate how chemically dynamic conditions can lead to
states of a catalyst not produced by simple preparative procedures.

In an interesting follow-up to the work of Koningsberger and Prins, Johnston
et al.3 recently reported results for a Rh/7-Al2O3 catalyst under a combined
H2/CO gas mixture typical of those used in Fishcer-Tropsch synthesis. As a
control, they initially checked the effects of CO alone, and obtained results
in agreement with those of Koningsberger, Prins and co-workers. However, upon
exposing the catalyst to the mixed gas stream at 373 K, only metallic Rh
particles are observed. Under the conditions used, catalytic conversion of
the gases was not taking place. However, it is interesting to note that the
simultaneous presence of CO and H2 appears to prevent the particle disruption
induced by CO alone.

Prompted by the effects of CO on highly dispersed Rh catalysts (which are
observed for other supports in addition to 7-Al2O3), Sachtler and co-workers
investigated the influence of CO on the structure of ultra-small Pd particles
in a Y-zeolite matrix11. As for the freshly prepared Rh catalysts discussed
above, the fresh Pd/Y-zeolite catalyst exhibited EXAFS characteristic of very
small Pd particles. However, following exposure to 100 kPa of CO at room
temperature, unambiguous evidence for considerable particle growth is
observed. Previous IR results on this system had led to the suggestion that a
Pd,3 carbonyl cluster is formed following the CO treatment. While the EXAFS
can not confirm this result, an increase in particle nuclearity is
unambiguously observed. Unlike the CO/Rh case, no evidence for C and 0
coordination was reported. This may be due to only weak CO adsorption in this
system, resulting in proportionately low CO/Pd coverage following the He purge
prior to EXAFS measurements. Clearly, measurements in a fully in situ
experiment would contribute to our understanding of the behavior of Pd under
these chemically dynamic conditions.

Titration of Adsorbed 0 by H2 on Highly Dispersed Pt/Y-Al,0,

Exposure of highly dispersed precious metal catalysts to O2 at room
temperature is known to result in surfaces covered with chemisorbed 0 atoms.
Further, the metallic character of the particles, demonstrated by strong metal
atom pair correlations is disrupted somewhat. These findings are in some ways
similar to the action of CO on highly dispersed Rh catalysts, where both
metal-adsorbate and metal-metal coordination are detectable by EXAFS. This is
demonstrated for a 0.38% Pt/7-Al2O3 catalyst following a one minute exposure to
air at room temperature in Figure 1. Prior to air exposure, the phase and
amplitude corrected transform exhibits a single peak characteristic of Pt-Pt
nearest neighbor interactions. Following air exposure, the Pt-Pt intensity is
reduced and a shoulder at shorter distance can be identified as Pt-0
coordination. Similar results were reported previously for Pt/SiO2 catalysts

5.
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Removal of these chemisorbed 0 atoms by H2 is one basis for making dispersion
determinations. Following brief exposure of the 0 covered catalyst to a H,
stream, still at room temperature, not only is the 0 removed, but the metal
particles undergo an apparent severe reorganization6. This is shown in Figure
2 where the Fourier transforms of the initially prepared and room temperature
titrated EXAFS measurements are shown. Following titration, not only has the
nearest neighbor Pt-Pt correlation increased, but clear evidence for more
distant coordination shells is also seen.

These results are suggestive of the sintering observed in the Rh/7-Al2O3 case
following removal of CO by H2. However, elevated temperatures were required
in the Rh case. Also, this particle reorganization appears to be reversible.
Upon heating the titrated catalyst to 500°C in only a H2 stream, the EXAFS
returns to that of the fresh catalyst. Higher shells disappear and. the
nearest neighbor signal again diminishes. Rather than particle sintering,
these results are suggestive of order-disorder transformations, probably
driven by metal-support interactions and the very high surface free energy of
very small metal particles. By sacrificing order in the metal particle, the
Pt atoms may increase their contact with the support, thus lowering their
degree of coordinative unsaturation. Upon exposure to 02, stronger
chemisorption bonds are formed, weakening the interaction with the substrate.
Following titration, the particles remain covered with H atoms. However, upon
heating, the adsorbed atoms can desorb and sufficient thermal energy is
available to allow the atoms within the particle to again establish contacts
with the support. Unfortunately, attempts to detect the metal atom-support
contacts have thus far been unfruitful.

These observations of particle reorganization have potential impact on
questions concerning the nature of reactive sites on highly dispersed metal
catalysts. If changes in particle morphology occur under reaction conditions,
in effect creating the important site only in the presence of the reactants,
then no amount of characterization under static conditions will reveal these
critical structures.

ljOj under Reaction Conditions: CO Oxidation

Thus far, examples have dealt with the effects of individual adsorbates or
stoichiometric reactions on the properties of supported metal catalysts.
However, under full catalytic operation, the catalyst is simultaneously
exposed to multiple gases. Also, while single step reaction measurements
allow one to cool the sample after each step so as to improve the EXAFS signal
quality, most relevant catalytic processes require temperatures above ambient.
We have recently been investigating the properties of Pt particles engaged in
the oxidation of CO to C02 by 02 under fully in situ conditions

7. Surface
sensitivity is afforded through small particles demonstrated by a dispersion
of 85%.

It is instructive to compare the structure of the catalyst under several
reference conditions, as shown in Figure 3, with other previous measurements.
As received, the catalyst is under ambient conditions and has been exposed to
air for several years. The EXAFS and Fourier transforms under these
conditions bears little similarity to a reduced catalyst exposed briefly to
02. Rather, the dominant signal is due to Pt-0 coordination. Essentially no
evidence remains for Pt-Pt correlations. These results are again similar to
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the observations following CO adsorption on Rh. However, the absence of Pt-Pt
correlation does not coincide with complete disruption of the small particles.
This is demonstrated by TEM observations which reveal a multitude of particles
with diameters between 9 and 15A. Thus, the absence of Pt-Pt features appears
more likely due to a broad distribution of Pt-Pt distances and poor
correlation of Pt-Pt positions, effectively quenching the EXAFS and limiting
the amount of information we can derive.

Following treatment in H2, measurement at 100°C clearly reveals the re-
establishment of metallic Pt particles. Similarly, treatment of either an as
received catalyst with only a CO/He stream at elevated temperature or exposing
a Hj treated catalyst to this stream results in a catalyst state with EXAFS
which differs little from the simple reduced state. This is despite the fact
that CO must now completely cover the catalyst particles. Note that neither
particle disruption nor particle growth takes place on these catalysts under
these CO containing atmospheres. Finally, if the reduced catalyst is treated
in a stream of O2/He at 200°C, a catalyst state essentially indistinguishable
from the as received state results.

With these reference measurements as guides, we can now turn our attention to
measurements made during actual catalyst operation. Despite the simplicity of
the reaction, much has yet to be learned about the microscopic details which
control net reaction rates. A wide range of C0/02 ratios was examined while
trying to keep the net CO conversion level around 30%, so as to not deplete
all of the reactants. This required changing both the 0: concentration and
temperature while holding the CO flow rate constant. Roughly speaking,
kinetic analyses of CO oxidation by 02 indicate a first order dependence in 02
partial pressure and an inhibitory negative first order dependence on CO.
This would suggest that CO covers the catalyst surface and that the rate of
reaction is controlled by the ease with which O2 can get onto the surface. IR
measurements are generally in agreement with such a description. Thus, we
might anticipate a mixture of metallic looking and 0 covered Pt particles.

Results of the in situ measurements under full operating conditions are shown
in Figure 4. By comparing with the reference states of the catalyst, it
appears that under most of the conditions employed, the Pt surface is covered
by 0. This is revealed in EXAFS and Fourier transforms which are quite
similar to those obtained on the as received catalyst or following treatment
in 02 only. Only when the CO/O2 ratio becomes strictly stoichiometric does the
catalyst exhibit CO covered Pt particle EXAFS. However, the interpretation of
these results may not be so simple and transparent. Just as in the case of
the as received catalyst or following 02 treatment, the quantitative fit of
the observable EXAFS to Pt-0 coordination is not satisfactory. Poor fit
quality, low coordination number, and high disorder factors are found for all
of these measurements. As noted above, this may be indicative of "hidden" Pt-
Pt coordination which the structure of the particles prevents us from
revealing by EXAFS. Clearly, further work in this emerging area will need to
be done to resolve these questions. Nevertheless, these initial results are
encouraging in that they demonstrate that meaningful measurements can be made
under moderately severe operating conditions.

120



Real Time XAS Measurements

Even when operating under chemically dynamic conditions, most catalysts face a
steady stream of reactants converting to products at some fixed temperature.
The dynamics of the system are embodied in the chemical conversions which take
place on very short time scales distributed throughout the catalyst bed.
However, some chemical systems have an intrinsic temporal element which the
steady-state measurements described thus far can not address. For example,
conditions can be established which will cause the oxidation of CO to undergo
oscillatory behavior with periods ranging from less than one second to
minutes. In order to probe whether catalyst changes during such oscillatory
oxidation are cause or effect, it would be ideal to obtain a full EXAFS
spectrum on a time scale shorter than the chemical oscillation period.
Similarly, when catalysts are treated during their preparation, rejuvenation,
or as they respond to changes in operating conditions, fully time resolved
chemical and structural information would potentially provide greater insight
into how the microscopic changes affect a catalyst's macroscopic properties.

Development of beamlines capable of providing this type of information has
been in progress for some time*. These time resolved XAS instruments are
based on the combined dispersive and focussing properties of bent
monochromator crystals. By using a triangularly shaped, thin single crystal,
an optical element of appropriate curvature can be produced by holding the
long side of the triangle fixed while pushing behind the point. A broad white
X-ray beam striking the surface of such a bent crystal encounters a slowly
changing angle of incidence causing diffraction of slightly different energies
at each point along the crystal. These individual rays come to somewhat of a
focus where the sample is placed. After the focus, the linear dispersion of
wavelengths is converted to an energy spectrum by using a digital detector
with finely divided spatial resolution which translates into spectral
resolution. By gating the collection system at fixed intervals, complete
spectra can be obtained with variable time resolution down to the cycle time
of the electronic collection system.

Currently operating systems are limited to a total energy range of roughly
400 eV which makes their applicability to systems requiring full EXAFS scans
limited. However, they are ideally suited to examining XANES of systems
undergoing oxidation state changes or changes in morphology which are
reflected in electronic structure changes. With a time resolution on the
order of several ms, spectra can be collected quite rapidly and changes to
catalyst properties mapped out as reactions proceed. While a full EXAFS
spectrum would be required for any sort of semi-quantitative analysis,
qualitative information may still be available from changes to the EXAFS
observable at lower energies. For example, in the oscillatory CO oxidation
case, the change from 0 covered surfaces to metallic particles is clearly
revealed by the presence or absence of a well defined cleft at roughly 50 eV
above the edge. This type of fingerprint could be followed as the operating
conditions are adjusted to give oscillatory conversions with varying
amplitudes and time scales. Whereas we are currently limited to averaging
over these periods, more profound structural or chemical variations in the
catalyst particles may be revealed as both reactor and operating conditions
are adjusted to more explicitly probe such temporal changes during operation.
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Changes in electronic properties of catalytically active atoms may be only
subtly revealed by changes in the XANES region of the spectrum. Shifts in
edge position can be determined with very high precision, roughly 10 meV,
which exceeds our current ability to interpret. However, even without
rigorous identification of the structures, either physical or electronic,
which give rise to specific spectral changes, it may be possible to
qualitatively correlate such observations with changes in catalyst operating
characteristics. While far from ideal, such correlations are at the heart of
current practice in catalyst development and may open new insights into how
one system differs from another under the demanding conditions of actual
operation.

3. Conclusions

Attempts to correlate simple static measurements with catalyst properties
under demanding operating conditions may not be fruitful as revealed by the
often dramatic changes in metallic particles when exposed to even the most
benign environments containing active gases. Conclusions based on exposures
to single reaction components may not hold when the full complement of
reactants are present. The rigor with which chemical and structural
information can be obtained under chemically dynamic conditions is compromised
by the explicit violation of underpinning assumptions in making quantitative
EXAFS analyses. However, the compromise of rigor in favor of qualitative
correlation under the more realistic conditions strongly favors the latter.
Chemically dynamic environments reveal properties of supported metal catalysts
which are not detected by simple static measurements, thus enhancing our
overall understanding of these complex systems. Finally, development of new
sources and new approaches to making XAS measurements should allow catalyst
scientists to more closely tailor their reactors and measurements to obtain
specific information under ever more realistic operating conditions. The
ambiguity in interpretation, limited rigor, and increased complexity in the
composite experimental arrangement are outweighed by the new insights
obtainable only under such demanding conditions.
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EXAFS of the 3%Pt/Alumina Catalyst
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