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1. INTRODUCTION

X-ray absorption spectroscopy (XAS) is a powerful technique
that provides element-specific short-range structural informa-
tion. XAS probes the local order and, hence, can be applied to
structurally disordered and ordered solids, and to dispersed
species (e.g., small metal cluster). X-ray absorption spec-
troscopy in the hard X-ray regime (> 2.5 keV) can be per-
formed in-situ under reaction conditions with pressures and
temperatures larger than 1 bar and 293 K, respectively (see
preceding chapters and references therein). A large number of
elements from the Periodic Table, in particular, main group
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metals and transition metals, are accessible for in-situ XAS
studies at photon energies higher than 2.5 keV. Therefore,
XAS offers a high potential for the structure determination in
heterogeneous catalysis complementary to many standard
methods such as X-ray diffraction or Raman spectroscopy.
Because only a thin line separates in-situ XAS studies from
time-resolved XAS investigations, in the following chapter,
we focus on in-situ XAS investigations aiming, first, at under-
standing structural evolution under dynamic conditions and,
second, at revealing properties of the system studied not avail-
able from investigations under stationary conditions. In the lit-
erature cited in this chapter, not only was the local structure of
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a material studied under reaction conditions, but also were
characteristic properties of the reaction elucidated, such as re-
action intermediates or the kinetics of the reaction. This dis-
tinguishes the investigations described in this chapter from
in-situ structural investigations under stationary conditions.

The reactivity of solids and the kinetics of solid-state reac-
tions constitute important subjects in heterogeneous catalysis
research. In many cases, the active catalyst is obtained from
a precursor phase, for instance, by thermal decomposition
under different atmospheres, or by reduction with hydrogen
or directly in the catalysis feed. Moreover, not only prepara-
tion and activation of a catalyst involve reactions of the cata-
lyst bulk. Although most reactions in heterogeneous catalysis
proceed on the surface of a catalytically active phase, this ac-
tive phase and its surface may be influenced or even deter-
mined by the underlying catalyst bulk. Studies on the prepa-
ration procedure and the structure of a catalyst under dynamic
conditions have in common that, not only the geometric and
electronic structure of the individual phases involved are of
interest, but also the transition of one phase into another,
hence, the mechanism or the kinetics of this reaction. Natu-
rally, structural evolution and kinetics of phase transitions
can only be obtained from time-resolved in-situ studies. By
using X-ray absorption spectroscopy in a time-resolved
mode, investigations of the bulk structural response of a
catalysis system to rapidly changing dynamic reaction condi-
tions can be performed with a sub-second time-resolution
and, thus, result in reliable structure-reactivity relationships.

Several recent publications have reviewed parts of the lit-
erature related to time-resolved XAS (TR-XAS) [1-5]. Time-
resolved XAS studies in the different areas of chemistry,
catalysis or material sciences have been performed for
roughly one decade now. However, in particular, in the years
2001 and 2002, investigations employing TR-XAS appear to
increase. Here, an overview of the existing TR-XAS litera-
ture is given. In addition, a number of points are emphasized
that are, according to the authors, particularly important to
time-resolved XAS investigations. The following section fo-
cuses on the characteristics of time-resolved (TR) in-situ
XAS experiments and for the analysis of TR-XAS data with
respect to elucidating the “real” structure of heterogeneous
catalysts.

2. INSTRUMENTATION FOR TR-XAS

The majority of conventional XAS beamlines operating in the
hard X-ray regime (> 2.5 keV) are dedicated to transmission
and fluorescence EXAFS using a double crystal monochroma-
tor to monochromatize the radiation coming from a bending
magnet or an insertion device. The wavelength and energy of
the photons impinging on the sample are determined by the
Bragg angle and the lattice plane distance of the monochroma-
tor material used. In the transmission mode, the absorption of
the sample is measured with ionization chambers or photo
diodes before (Io) and after (I1) the sample. Quite often, a ref-
erence compound located between the second and third detec-
tor is measured simultaneously. In order to obtain a reliable
data quality in the step-scanning mode, a total measuring time
of at least several minutes is required. In the QEXAFS
(Quick-EXAFS) [6, 7] technique, the stepper motors of the
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monochromator crystals are driven continuously with a simul-
taneous read-out of the detectors. The measuring time is de-
creased to several tenths of a second. Channel-cut monochro-
mators adjusted by piezo crystals can further reduce the
measuring time by a factor of ~ 100 [8]. A disadvantage of
this approach is the restricted spectral range due to the finite
translation of the piezo crystals. However, a number of recent
developments promise a continuous increase in time-resolution
available with the QEXAFS technique, with improved stabil-
ity and data quality: new detectors [9], improved monochro-
mator crystal bender [10] and QEXAFS at a third generation
source [11]. Evidently, QEXAFS offers a superior versatility
as experiments can be performed in different detection modes
(transmission, fluorescence, electron yield, etc.) on a large va-
riety of systems (solid, liquid or diluted samples, enhanced
surface sensitivity, etc.). Furthermore, an increased number of
reports can be found where TR-QEXAFS has been combined
with other experimental techniques (see below).

Another spectrometer set-up that can be used for TR-XAS
investigations is the energy-dispersive XAFS (DXAS [12])
technique. The first experiment combining dispersive optics
and XAS was performed by Kaminaga et al. [13] in 1981
using a plane Si(111) monochromator in transmission geom-
etry on an X-ray tube. It recorded the intensity distribution
with a position-sensitive proportional counter. The measuring
time for a single absorption spectrum amounted to several
hours. Applying the advantages of synchrotron radiation, the
necessary measuring time per spectrum has been decreased
by several orders of magnitude. In the most common energy-
dispersive set-up, the incoming synchrotron radiation is fo-
cused by a bent monochromator crystal in either reflection or
transmission geometry (Figure 1). The curvature of the bend
crystal results in a variation of the Bragg angle over the crys-
tal surface, and, hence, to a defined position-energy correla-
tion on the detector. The sample is located in the polychro-
matic focal point. With the energy-dispersive set-up, an entire
absorption spectrum is collected at once, without requiring
any movement of the spectrometer components. Therefore, a
superior stability of the DXAS set-up permits reliable detec-
tion of small changes in the experimental spectra. The energy
range available for EXAFS analysis is restricted by the Bragg
angle used and, hence, by the edge energy of the absorber to
be measured. Generally, at edge energies below ~10 keV the
energy range available using a Si(111) crystal, is not suffi-
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Figure 1. Schematic representation of an energy-dispersive XAS spectro-
meter. The characteristic elements of the beamline and the beam path are
indicated.
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cient for a detailed EXAFS analysis. Furthermore, DXAS
studies are restricted to the transmission mode, which poses
certain concentration limitations on the systems that can be
investigated. This is important in combination with a heavily
absorbing matrix. Although the energy-dispersive set-up
poses higher demands on the homogeneity of samples stud-
ied, reliable EXAFS data of sufficient quality can be obtained
in the DXAS mode with a time-resolution in the sub-second
range (Figure 2). The photo diode arrays currently in use at
some energy-dispersive XAS spectrometers offer a high dy-
namic range, but only a moderate minimum integration time
due to the necessary read-out time after the exposure. Addi-
tionally, photo diode arrays suffer from radiation damage, as
already mentioned above. For the dispersive XAS beamline
at the ESRF (ID 24), a new detector design based on a scintil-
lating screen lens-coupled to a CCD camera, was developed
and has been successfully employed in numerous applica-
tions [14].

Recent developments of the energy-dispersive set-up have
increased the usability of this technique for TR-XAS investi-
gations. Energy-dispersive XAS experiments performed at
photon energies of about 20 keV and using a Si(400) crystal
in the Bragg geometry exhibit a strong reduction of sharp fea-
tures in the XANES region of the measured absorption spec-
tra and also a reduced amplitude in the EXAFS. Evidently,
this loss of resolution is because of an asymmetric broaden-
ing of the reflectivity profile for a Bragg-type crystal. By ap-
plying a transmission-type monochromator (Laue geometry),
a sufficiently resolved Pd K-edge (24.4 keV) absorption spec-
trum can be obtained [15].

Another effect frequently observed in dispersive XAS ex-
periments with catalyst samples is a reduction of sharp fea-
tures, e.g., ‘white lines’ or ‘glitches’, with increasing sample
thickness. Although this effect is known for the standard
XAS set-up as well (the thickness effect), a significant loss of
intensity in the dispersive case can already be observed for
sample thickness of several hundred microns and an absorp-
tion edge jump less than 0.5. The origin of this effect is sug-
gested to be due to small angle scattering from the sample,
which can be sufficiently suppressed by introducing a double
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crystal monochromator (e.g., channel-cut, Si(220), asymme-
try angle o = 26°) in the dispersive set-up [16].

In addition to the established TR-XAS set-ups, the feasibil-
ity of performing “ultra-fast” TR-XAS experiments in the
femto second range using the brilliant synchrotron radiation
provided by potential forth generation sources has been eval-
uated in several recent publications [17, 18, 19].

3. IN-SITU CELLS FOR TR-XAS STUDIES

A variety of flow-through cells or batch reactors can be used
for in-situ absorption studies with X-ray photons in the energy
range from 2.5 keV to 30 keV. Window materials (such as
Kapton, aluminum or Beryllium foil) and gas atmospheres
(e.g., < 1 bar to 50 bar) can be chosen to suit the in-situ exper-
iment without losing too much X-ray beam intensity, because
of the absorption of photons in the in-situ catalysis set-up used.
In principal, the large variety of in-situ cell designed for XAS
investigations of systems under reaction conditions can also be
used for TR-XAS measurements [20]. However, the applica-
tion of the DXAS set-up requires improved sample homogene-
ity compared to the conventional scanning monochromator in
order to obtain undistorted data. Hence, on one hand, DXAS
studies using capillary reactors, for instance, which have
been proven to be well-suited for TR studies in the QEXAFS
mode, suffer from this experimental constrain. On the other
hand, in-situ cells that permit studying chemical reactions in
solutions can be successfully employed using stopped-flow
techniques to perform time-resolved investigations [21, 22,
23]. In-situ cells that are designed for fluorescence yield meas-
urements are restricted to the QEXAFS mode.

The following in-situ XAS experiments were conducted in
a flow-reactor [24] on 5 mm self-supporting pellets at atmos-
pheric pressure. The two-fold advantage of this set-up is the
very small volume and the fact that the reactor can be used
with both the DXAS set-up and the QEXAFS set-up. Hence,
by using the same experimental cell, time-resolved DXAS
data under rapidly changing conditions can be obtained
(time-resolution better than 1 s), as well as high quality
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Figure 2. (Left) Experimental x(k) of molybdenum dioxide measured in the energy-dispersive mode in 30 s. (Right)
Experimental and theoretical Fourier transformed x(k) of MoO,. Theoretical phases and amplitudes calculated for a monoclinic

MoO, structure were used in the refinement.
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Figure 3. Schematic set-up (left) and photograph (right) of an in-situ cell for time-resolved XAS studies in transmission

geometry using both the DXAS and the QEXAFS set-up.

EXAFS data in the conventional scanning mode or the
QEXAFS mode (time-resolution of ~ 1 min). Kinetic data
obtained on the quantitative reduction and re-oxidation with
hydrogen, propene and oxygen, respectively (see below),
confirm the suitability of a pellet reactor for investigating
these processes without the problem of mass transport limita-
tions. Temperature and reactant mass flow can be controlled
with an Eurotherm PID temperature controller and Bronk-
horst mass flow controllers, respectively. The product com-
position at the in-situ cell gas outlet is continuously moni-
tored using a mass spectrometer in mass scan mode (QMS
200 from Pfeiffer). Continuous control of the reactant gas
atmosphere is crucial for in-situ studies in heterogeneous
catalysis when bulk structural changes are to be correlated to
catalytic performance. Absolute temperature measurements
were calibrated using reference compounds with tabulated
phase transition temperatures (i.e., RbNO;, Ag,SO,). Hence,
transition temperatures during thermal decomposition experi-
ments can be compared with the results of other complemen-
tary techniques.

4. ANALYSIS OF XAS DATA FROM
TIME-RESOLVED EXPERIMENTS

In addition to procedures needed for conventional XAFS data
analysis, time-resolved experiments require a number of fea-
tures for data treatment.

Calculation of DXAS Spectra For conventional trans-
mission, XAS measurements of the intensity of the incoming
X-ray beam for each photon energy step are collected simul-
taneously before (/) and after the sample (/). Conversely,
for every energy-dispersive XAS measurement, the [, signal
(without a sample), the dark current of the detector, and a ref-
erence sample (/), most often a metal foil, have to be meas-
ured at the beginning (I, ;) and end (/;,) of each experiment.
Afterward, the sample under investigation (e.g., a catalyst in
an in-situ catalysis cell) is placed into the focal point of the
bent monochromator, and successive absorption signals ()
are recorded in pre-determined time intervals. In order to cal-
culate the successive XAS spectra measured, an appropriate
I,, for every absorption signal /; , needs to be calculated from
a interpolation between I, ; and I,. Using the first I, for all
spectra may result in glitches in the absorption signal becom-

ing more pronounced because of the current and intensity
decay of the storage ring with time. On one hand, during data
collection, no further movement of the spectrometer compo-
nents is required, which is an advantage of the DXAS set-up
compared to the conventional XAS set-up. However, on the
other hand, an extremely stable beamline providing a slow
and monotonous intensity decrease with time is essential for
reliable DXAS measurements.

Energy Calibration of DXAS Spectra Before the DXAS
spectra, which were read-out and stored during the TR ex-
periment as a function of the photo diode number, can be fur-
ther analyzed, an energy calibration needs to be performed.
For that a polynomial has to be calculated representing the
energy-position correlation on the detector and converting the
measured absorption spectra from photo diode number to
photon energy. More often than not, a deviation from a linear
relationship is observed, requiring a higher-order polynomial.
Using software codes that are particularly designed for the
analysis of DXAS data, the coefficients of the calibration
polynomial can be determined from a computer-aided com-
parison of the measured reference metal foil with a metal foil
spectrum obtained at a conventional XAS beamline. In gen-
eral, at the beginning of the calibration procedure, the soft-
ware determines the edge position and suitable starting values
for the polynomial coefficients. For that, the extremes of the
EXAFS oscillations for both spectra are determined and a
second order polynomial is refined to these extremes. A ten-
tative absorption spectrum is computed from the DXAS ref-
erence data and superimposed on the conventional reference
spectrum. In the following procedure, the coefficients of the
polynomial are changed step-by-step until a satisfying match
between the two reference spectra is achieved. During this re-
finement, the edge position has to be kept constant and the
zero order of the polynomial is corrected according to the
changes in the higher orders.

Automated Data Reduction Capabilities to handle a large
number of spectra measured during one time-resolved exper-
iment (regularly consisting of several hundred scans) are
most important for the analysis of TR-XAS data. Here, the
manual analysis of every single spectrum is hardly feasible,
in particular, because many of the steps of the analysis have
to be performed identically for each spectrum in order to ob-
tain comparable results. Instead, automated procedures are
required that can reliably apply certain data reduction steps,
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such as absorption edge determination, to each spectrum in
the large TR-XAS data set [25]. The software, WinXAS, for
instance, permits recording single data reduction steps and
applying these parameters to each experimental absorption
spectrum. Thereby, glitches can be removed, normalized
spectra and derivatives can be calculated, and parameters
such as edge position and fit results for each spectrum can be
determined and saved sequentially. In addition, absorption
signals can be averaged in order to achieve an improved data
quality provided the reaction studied is still sufficiently time-
resolved.

A TR-XAS data reduction can be performed already at an
early stage of every TR experiment to obtain first results, as
well as in a later, more thorough data analysis. In order to use
the available beamtime as efficiently as possible, it is crucial
to monitor the progress of a TR experiment by a continuous
analysis of the measured XAS spectra. Inevitably, analysis
software for TR-XAS data needs to be further improved with
respect to numerical procedures and convenience in use, in
order to enable a complete analysis with respect to all struc-
tural and kinetic information contained in the data. Compared
to the large number of software packages available for con-
ventional XAS data analysis, only a few packages offer fea-
tures that are required for DXAS and QEXAS data analysis
[compilations of XAS software can be found at “http://www.
esrf.fr/computing/expg/subgroups/theory/xafs/xafs_soft-
ware.html” or “http://ixs.iit.edu/catalog/XAFS_Programs”].

In order to reveal the unique information from time-
resolved experiments under dynamic conditions not readily
available from experiments under stationary conditions, sev-
eral analysis features are particularly desirable for in-situ TR-
XAS studies in heterogeneous catalysis. Quantitative phase
analysis, for instance, is important for studies in heteroge-
neous catalysis where one frequently has to deal with more
than one phase in the active or precursor state of the catalyst.
Principle component analysis (PCA) permits a quantitative
determination of the number of primary components in a set
of experimental XANES or EXAFS spectra. Primary compo-
nents refer to those components in the signal that are, in prin-
ciple, sufficient to reconstruct each experimental spectrum by
suitable linear combination. Secondary components refer to
those that only contain noise. The objective of PCA of a set of
experimental spectra is to determine how many “compo-
nents” (i.e., reference spectra) are required to reconstruct the
spectra within the experimental error. Provided that, first, the
number of “references” and, second, potential references
have been identified (e.g., by means of target transformation),
a linear combination fit can be attempted in order to quantify
the amount of each reference in each experimental spectrum.
By performing a PCA prior to XANES fitting, no assump-
tions have to be made as of the number of references and the
type of reference compounds used, and the fits can be per-
formed with considerably less ambiguity. Details on PCA can
be obtained from the literature [26, 27]. Recently, this ap-
proach has been successfully extended to the analysis of
EXAFS data measured for various phase mixtures [28].

In addition to using the XANES region to elucidate phase
composition and average valence, a detailed analysis of the
EXAFS region can reveal the evolution of the short-range
structure under reaction conditions. A structural analysis is
not readily available from most conventional techniques to
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study solid-state kinetics (TG/DTA, TPR, etc.) which makes
TR-XAS a powerful complementary tool to investigate the
reactivity of solids. Using the most recent theoretical XAFS
codes (such as the FEFF code [29]), the analysis of EXAFS
data beyond the first coordination shell has become feasible.
The multiple-shell XAFS fits are reliable because (i) a well-
known crystallographic structure is refined with all its signif-
icant single and multiple scattering paths, i.e., results can be
compared and validated with the literature, (ii) first shell dis-
tances are contained in a number of multiple-scattering paths
with considerable amplitude and, hence, single-scattering dis-
tances are constrained in the refinement, (iii) absolute values
of distances obtained are often less important than “trends”
that are correlated to changes, for instance, in the catalytic ac-
tivity. Eventually, using the quantitative phase information
obtained from the analysis of the XANES region, a combina-
tion of more than one theoretical EXAFS function can be re-
fined to one experimental spectrum. Thus, the short-range
structure of individual phases in phase mixtures can be deter-
mined, which is also particularly important for studies in het-
erogeneous catalysis and solid-state chemistry [30]. Examples
for the procedures mentioned are provided in the following.

5. APPLICATION OF TR-XAS

The majority of studies using time-resolved XAS concern
(heterogeneous) catalysis research, focusing on both struc-
ture-reactivity relationships from investigating the catalyst
under reaction conditions, as well as evolution of the catalyst
structure under preparation conditions. The use of the two
set-ups available (DXAS and QEXAFS) is equally distrib-
uted among these studies. However, only in few cases have
both set-ups been used in a complementary manner or has the
choice of the set-up employed been explained. TR-DXAS has
been used to investigate both bulk metal or metal oxide cata-
lysts and supported metal catalysts. Recently, TR-DXAS data
collected are used for a kinetic analysis of the reactions pro-
ceeding in bulk catalysts [31, 32] and on supported catalysts
[33-36], whereas, previously, TR-DXAS studies had mainly
focused on elucidating reaction intermediates [37-42].
Evidently, owing to the limited quality of the DXAS data col-
lected in the various studies, only few publications report a
detailed EXAFS analysis of the catalytically active material
under reaction conditions exceeding the first coordination
shell. Moreover, although the set-ups employed in the studies
cited would have provided a sub-second time-resolution,
these studies did not fully exploit this potential and mainly
used a time-resolution in the second range.

Most of the TR-XAS investigations employing the con-
ventional double crystal monochromator set-up used the
QEXAFS mode to obtain an improved time-resolution (on the
average in the minute range) compared to the step-scanning
mode. TR-QEXAFS studies were performed on both bulk
metal and metal oxide catalysts [43, 44] and sulfidation cata-
lysts [45-48, and supported catalysts [49—53]. Owing to the
superior data quality in the studies cited compared to the TR-
DXAS studies mentioned-above, a detailed structural analy-
sis has been performed using the TR QEXAFS data collected.
However, possibly because of the inferior time-resolution
compared to TR DXAS investigations, only a few publica-
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tions report a detailed kinetic analysis of the TR data ob-
tained, and most studies focused on the identification of reac-
tion intermediates.

In addition to studying a catalytically active material under
dynamic reaction conditions, the structural evolution during
the preparation of the active catalysts from a precursor mate-
rial has been monitored by TR-XAS, employing either a
DXAS spectrometer [54-61] or the QEXAFS mode at a con-
ventional XAS beamline [62, 63]. Because a controlled ther-
mal treatment of a precursor material permits a better tailor-
ing of the time-resolution required, a time-resolution in the
minute range was employed in many of the studies, resulting
in a sufficient data quality to perform a detailed EXAFS
analysis. Again, only a few of the cited studies report any
kinetic analysis of the TR data obtained and, hence, most
focused on elucidating reaction intermediates.

The structural evolution of solids during various solid-state
reactions with no direct relation to heterogeneous catalysis
constitutes the subject in the second largest part of investiga-
tions employing TR-XAS. A comparable number of studies
employed DXAS or QEXAFS to monitor the evolution of
phase composition and the short-range order structure of the
materials during solid-gas reactions [64—67], solid-solid reac-
tions [66—70], phase transformations [71-74], thermal treat-
ments [75-80] and solid combustion syntheses [81]. The third
largest fraction of investigations using TR-XAS falls in the
area of electrochemistry, with a comparable number of stud-
ies employing DXAS [82-84], conventional QEXAFS [85]
or QEXAFS in the reflection mode [86, 87]. To date, only
few reports exist where TR-XAS has been used to study reac-
tions in the liquid phase [88] or under environmentally rele-
vant conditions [89]. Several additional short reports on the
use of TR-XAS can be found in the proceedings of the bian-
nual International Conference on X-ray Absorption Spectros-
copy [90-94].

5.1. Solid-State Kinetics in Heterogeneous
Catalysis—Reduction of MoO; with Propene

Structure-activity relationships constitute important subjects
in heterogeneous catalysis research. In addition to reactions
of the catalyst bulk during preparation and activation, the ac-
tive phase and its surface can be influenced or even deter-
mined by the “real” structure of the underlying catalyst bulk.
For metal oxide catalysts that are active in partial oxidation
reactions, for instance, the nucleophilic oxygen that is incor-
porated into the reactant may stem from the catalyst bulk.
Understanding the mechanism and the rate-determining step
of the alternating reduction and re-oxidation steps (i.e., the re-
action kinetics) is required to reveal the relationship between
catalyst structure and reactivity, which eventually enables a
rational catalyst design. Investigations of the relationships
between the structure and the reactivity of a heterogeneous
catalyst need to be performed in-situ (i.e., under reaction
conditions) with simultaneous monitoring of the catalyst
structure and the gas phase composition. “Post mortem” in-
vestigations of catalysts at room temperature, in air or inert
atmosphere, cannot provide unambiguous correlations be-
tween the structure and the reactivity of the solid. In addition
to studying a catalyst under stationary reaction conditions, in-
vestigations under dynamic conditions are essential to reveal
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structure-reactivity relationships. Eventually, only the capa-
bility to follow the structural response of the catalyst to rap-
idly changing reaction conditions (“‘chemical lock-in") will
result in a deeper understanding of the implication of the bulk
structure of a catalyst for its catalytic reactivity.

Molybdenum trioxide, MoOs, is an active catalyst for the
oxidation of propene in the presence of gas phase dioxygen at
temperatures above ~ 600 K [95]. Although it is assumed
that the lattice oxygen of MoQj participates in the oxidation
of propene, little is known about defects in the regular layer
structure of MoOj; that may form under reaction conditions,
or about the structural properties and the role of these defects
in partial oxidation reactions proceeding on the surface of the
MoOs; catalyst. Below, TR-XAS investigations combined
with mass spectrometry elucidate the phase compositions and
the short-range structural evolution of MoO; during reduction
and temperature-programmed reaction (TPR) of propene and
oxygen are described. The formation of characteristic defects
in the bulk structure of MoO; under reaction conditions is in-
vestigated as a function of the reaction temperature and the
reducing potential of the gas phase.

Experimental The molybdenum trioxide (MoOj;) used in
the following chapters was prepared by thermal decompo-
sition of ammonium heptamolybdate, (NH,)sMo,0,,(4H,0
[96] (Aldrich Co.), in flowing synthetic air (RT — 773 K
with 2 K/min, held for 2 h at 773 K). For in-situ XAS experi-
ments, MoO; was mixed with boron nitride (ratio 1:4) and
37 mg of the mixture was pressed with a force of 1 ton into a
5 mm diameter self-supporting pellet. Time-resolved trans-
mission XAS experiments were performed at the Mo K edge
(19.999 keV) at beamline X1 at the Hamburg Synchrotron
Radiation Laboratory, HASYLAB, using a Si(311) double
crystal monochromator (measuring time ~ 4.5 min/scan).
The storage ring operated at 4.4 GeV with injection currents
of 150 mA. Time-resolved DXAS experiments were carried
out at the Mo K edge utilizing an energy-dispersive spec-
trometer (European Synchrotron Radiation Facility, ESRF,
ID24 [97]) equipped with a curved Si(111) polychromator in
a transmission mode (measuring time ~ 3°s/scan). The stor-
age ring operated at 6.0 GeV with injection currents of 90 mA
in a 16-bunch mode. X-ray absorption fine structure (XAFS)
analysis was performed using the software package WinXAS
v2.2 [98] following recommended procedures from the litera-
ture [99] (see chapter 1). In the first example discussed here,
the reduction of MoQj in propene and oxidation of MoQ, in
oxygen were investigated by time-resolved XAS combined
with mass spectrometry [32]. Reduction and re-oxidation of
MoOs, are of particular interest because they constitute the
two fundamental steps of the so-called redox mechanism for
partial oxidation of alkenes on molybdenum oxide catalysts.
Temperature-programmed and isothermal TR-XAS and
in-situ XRD experiments were performed not only to eluci-
date the phases present during the reactions and the structural
evolution of the system, but also to reveal the solid-state kinet-
ics of the processes involved. Eventually, a schematic reaction
mechanism for the reduction of MoOj; in propene was sought.

In addition to the evolution of the long-range order struc-
ture, in-situ XRD showed that during the reduction of MoO;
in propene and the oxidation of MoO,, crystalline MoO5 and
MoO, are the only phases detectable. The evolution of Mo
K edge XAFS spectra measured during the temperature-
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Figure 4. In-situ XAFS during TPR of MoOs; in 10 vol-% propene from
300 K to 773 K at a heating rate of 5 K/min. The two most prominent phases
(i.e., MoO; and Mo0O,) are indicated.

programmed reduction of MoOj; in 10 vol-% propene using
the TR-QEXAFS technique is depicted in Figure 4. Because
the temperature-programmed reaction conditions employed
permit using a time-resolution in the minute range, the QEX-
AFS technique was chosen to obtain a sufficient data quality
suitable for a detailed EXAFS analysis [32]. From Figure 4, a
rapid transition between the near-edge spectra of MoO; and
that of MoO, can be seen at ~ 673 K. The corresponding
evolution of the Mo K edge shift and of the gas phase compo-
sition (MS ion currents of H,O, CO, and acrolein) is shown in
Figure 5a. For comparison, the evolution of water during the
reduction of MoOj; in 50 vol-% hydrogen is shown. An excel-
lent agreement can be seen between the evolution of the gas
phase composition (double peak in CO, and acrolein) and the
evolution of the average molybdenum oxidation state (K edge
shift). This example nicely illustrates the benefit of simulta-
neously monitoring the evolution of the gas phase (e.g., MS
or GC) and of the structure of a catalyst (e.g., TR-XAS) to
elucidate structure-reactivity relationships.

A PCA of the XANES spectra in Figure 4 revealed the
presence of at least three different phases during the reduc-
tion. Target transformation of the suitable Mo oxide refer-
ences showed that MoO;, MoO, and Mo,30s, are suitable ref-
erence compounds for the three phases detected. A linear
combination fit of the three reference spectra to the experi-
mental XANES spectra resulted in the evolution of the three
phases with temperature during reduction of MoOj in propene
(Figure 5b). These results are complementary to in-situ XRD
(not shown) that showed that, during the reduction of MoO;
in propene and the oxidation of MoO,, crystalline MoO; and
MoO, are the only phases detectable. Thus, analysis of the
TR-XAFS data yielded the formation of “Mo,30s,” type
shear-structures as a highly disordered intermediate of both
the reduction of MoOj; in propene and the oxidation of MoO,
in oxygen.

In addition to elucidating ordered or disordered intermedi-
ate phases present during a chemical reaction, TR-XAS data
are most suitable to reveal the kinetics of the reaction in the
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Figure 5. a) Evolution of Mo K edge shift and of the concentration of
acrolein (m/e = 56), CO, (m/e = 44) and H,O (m/e = 18) in the gas phase
during TPR of MoO; in 10 vol-% propene from 300 K to 773 K (Figure 4).
For comparison, the bottom trace shows the evolution of water (m/e = 18)
during TPR of MoOj; in 50 vol-% H,. b) Evolution of phase composition
(Mo0O3;, M00O, and “Mo0,30s,”) during TPR of MoOj; in 10 vol-% propene
(Figure 4).

solid or the liquid phase. Figure 6 shows the extent of reduc-
tion (o) obtained from in-situ XAFS experiments during
isothermal reduction of MoOj; in 5 vol-% propene at 723 K,
10 vol-% propene at 673 K, and 10 vol-% propene at 698 K
[32]. From the « trace at 673 K in 10 vol-% propene, a devia-
tion from a symmetric sigmoidal trace can be seen. The ac-
celeratory regime of the reduction at 673 K (up to o = 0.3)
can be described by a power rate law (o ~ 2), whereas the
deceleratory regime of the reduction can be described by a
“three dimensional diffusion” rate law (o ~ 1—(1—¢"%)%).
The point of change between the two rate laws (i.e., a change
in the rate-limiting step) is indicated in Figure 6. From the
isothermal reduction experiments performed, it was found
that the point of change between the two rate laws is approxi-
mately independent of the reaction temperature, but varies



156

%08

<

2 723K,5% 7
3 06 _
3 698K, 10% |
S 04 673K, 10% _
g ]
= 02 a~1-(14"7¢ -

o
(=]

Diffusion

Figure 6. Extent of reduction « obtained from in-situ XAFS experiments
during isothermal reduction of MoOj; in 5 vol-% propene at 723 K, in 10 vol-
% propene at 673 K and in 10 vol-% propene at 698 K. The changes in the
rate-limiting step from an o ~ #* rate law (power law, nuclei growth control)
to an a ~ 1—(1—¢"%)’ rate law (three-dimensional diffusion) for the experi-
ments at 673 K in 5 vol-% (a = 0.30) and at 723 K in 10 vol-% (a = 0.4) are
indicated by a dashed and a dotted line, respectively.

with the reactant concentration. Apparently, the solid-state
kinetics of the reduction of MoOj; in propene exhibits a
change in the rate-limiting step as a function of the extent of
reduction . With increasing « at a given temperature, transi-
tion from nuclei growth kinetics to a three-dimensional diffu-
sion controlled regime is observed.

Ultimately, the results obtained from TR-XAS studies on
the evolution of the structure of MoO; under reduction and
oxidation conditions and the solid-state kinetics of the reduc-
tion (and possibly corroborated by complementary tech-
niques such as in-situ XRD) can be combined to propose a
reaction mechanism. Hence, a reaction mechanism for the re-
duction of MoQOj in propene and the re-oxidation in oxygen
may consist of (i) generation of oxygen vacancies at the (100)
or (001) facets by reaction with propene, (ii) vacancy diffu-
sion in the MoOj; bulk, (iii) formation of “Mo;305,” type
shear-structures in the lattice, (iv) formation and growth of
MoO, nuclei. The mechanism is in agreement with previous
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reports of the propene oxidation on MoOj as being a structure-
sensitive reaction.

5.2. Solid-State Kinetics and EXAFS Analysis of
Mixtures—Oxidation of MoO, with Oxygen

The second example discussed here illustrates how TR-DXAS
studies can be used to investigate rapid solid-state reactions
and to elucidate the kinetics of the reaction and the structural
evolution of the constituent phases. The oxidation of MoO,
with oxygen at elevated temperatures was investigated by TR-
XAS combined with mass spectrometry. Because at tempera-
tures above ~ 650 K the oxidation of MoO, in 100 % oxygen
proceeds very rapidly (at 773 K in less than one minute to
completion), the DXAS technique was required to have suffi-
cient time-resolution for studying this rapid solid-gas reaction
[30]. Furthermore, this example illustrates that DXAS data
can be used for a detailed EXAFS analysis. This holds not
only for pure phases but also for phase mixtures, for which an
analysis procedure is described below using both the XANES
and EXAFS information available.

A series of Mo K near-edge (XANES) spectra was meas-
ured over a period of 10 min (2.8 s per spectrum) during oxi-
dation of MoQ, at various temperatures. A quantitative phase
composition was obtained from a PCA of the near-edge spec-
tra. Figure 7 shows the evolution of the extent of oxidation of
MoO, to MoOs (a, defined as the fraction of MoO; formed)
in the temperature range from 623 K to 798 K in 100 % oxy-
gen. In the temperature range from 648 K to 798 K, the corre-
sponding « curves exhibit a linear increase in MoOj; concen-
tration within the first ~ 10 s (A and B in Figure 7). In the
temperature range from 723 K to 798 K, following the initial
linear increase of a, an exponential increase of o with time is
found (C in Figure 7), which can be described by an Avrami-
Erofeev type equation (—[In(1 — a)]*1/2 = k) [100]. From
the half-life normalized o curves (inset in Figure 7), a change
in the rate-determining step between 673 K and 723 K is vis-
ible. In the temperature range from 623 K to 673 K and fol-
lowing the initial linear increase of o (B in Figure 7) a power-
law dependence of a on time is observed (D in Figure 7).
Here o can be described by the Ginstling-Brounshtein equa-
tion (1 — 230 — (1 — a)2/3 = k1).

Apparently, the four reaction stages that govern the rate of
oxidation of MoQO, at different reaction temperatures or with
the advancing extent of oxidation (increase in o) include: (A)
mass transport, that is, the transport of oxygen from the gas
phase to the MoQO, crystallites; (B) reactions occurring at the
boundary between MoO, and MoO;. Depending on the reac-
tion temperature, the oxidation of MoO, proceeds to an extent
between 0.15 and 0.5 (T between 648 K and 698 K) before a
change in the rate-determining step takes place; (C) growing
MoO; nuclei eventually “overlap” during the proceeding oxi-
dation of MoO, which results in a decrease of the oxidation
rate. For this stage, reaction rate constants can be calculated
with an Avrami-Erofeev type equation; (D) diffusion of oxy-
gen through a layer of MoO; formed around a MoO, crystal-
lite during oxidation. Interestingly, the four steps, found to be
rate-limiting in the oxidation of MoQO, in the temperature
range from 623 K to 798 K, constitute elementary stages in
many solid state reactions. For the oxidation of MoO,, it ap-
pears that the same reaction mechanism holds over the entire
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Figure 7. Evolution of the extent of oxidation () of MoO, to MoOs at various temperatures. (A + B)
linear increase of o with time; (C) exponential increase of a; (D) power-law dependence of o on time.
The heavy dotted line indicates the transition from a linear to a non-linear rate law for each a trace. The
dashed line separates two regions that exhibit a different rate law. The normalized O, mass signal is
shown to illustrate the rate of reactant transport through the in-situ cell. The light dotted line indicates
t = 0 when O, was switched on and when the O, concentration reached a constant value. The inset de-
picts the half-life normalized evolution of «. A transition between two different rate laws can be seen.

temperature range studied and that only one or another of its
“elementary” steps becomes rate-determining, depending on
reaction temperature and the extent of the reaction.

In addition to a quantitative phase analysis based on the
near-edge region of an X-ray absorption spectrum, the ex-
tended fine structure of the spectrum (EXAFS) can be used to
reveal the structural evolution on the short-range order of the
different chemical species present during the reaction.
Employing state-of-the-art XAFS data analysis codes, a de-
tailed structural analysis of the experimental EXAFS of phase
mixtures is feasible. Here, the phase information obtained
from XANES analysis (primary components from PCA and
quantification from least-squares fits) is used to refine a sum
of theoretical EXAFS functions for each phase present. In
this way, structural information can be obtained to corrobo-
rate the solid-state reaction mechanism as deduced from the
reaction rate law.

Selected radial distribution functions (FT(x(k)*k*)) meas-
ured during the oxidation of MoO, at 673 K are depicted in
Figure 8a. A transition from a MoO, radial distribution func-
tion (I in Figure 8a) to a MoO; dominated radial distribution

function (VI in Figure 8a) can be seen. However, this transi-
tion does not appear to be continuous. Instead, stages (I)
through (III) correspond to MoO, dominated radial distribu-
tion functions, where the presence of MoOj; results only in a
slight distortion, observed as a slight reduction in FT(x(k))
amplitude. Only between stages (V) and (VI) does an in-
crease in the structural order of MoO; seem to take place, re-
sulting in a MoO; dominated radial distribution function at
stage (VI).

In Figure 8b, the evolution of the Debye temperatures
of molybdenum in MoO, and MoOj; during the oxidation of
MoO, at 673 K is depicted. The Debye temperatures of
molybdenum in MoO, and MoQOj are obtained from a refine-
ment of a sum of theoretical EXAFS functions of MoO, and
MoOs; to the experimental EXAFS functions (Figure 8a). The
ratio of MoO; and MoQO, was set to the ratio obtained from
the PCA of the XANES spectra and was not varied in the re-
finement. In the analysis procedure employed, the two Debye
temperatures refined represent measures of the static disorder
of MoO, and MoOs; in the system (isothermal conditions).
For MoO,, the continuous increase in the Debye temperature
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Figure 8. (a) Selected radial distribution functions (FT(x(k)*k*)) of Mo K
edge spectra measured during oxidation of MoO, at 673 K. The inset shows
the corresponding evolution of the MoOj; phase (XANES). The fraction of
MoOj; in each FT(x(k)*k%) is given. The dashed lines indicate prominent
nearest-neighbors in the radial distribution function. (b) Evolution of Debye
temperatures (®p(Mo)) of molybdenum in MoO, and MoOj; during oxida-
tion of MoO, at 673 K. For MoO,, each point corresponds to one experimen-
tal spectrum. The solid line is drawn to guide the eye. For the Debye temper-
ature of molybdenum in MoOs;, only a smoothed curve is shown for clarity.
Stages that correspond to the FT(x(k)) in a) are indicated.

indicates that Oswald ripening occurs during oxidation of
MoO, to MoOs. The underlying mechanism (growth of larger
MoO, crystallites at the expense of smaller crystallites [101])
indicates the formation and growth of MoO; nuclei during the
oxidation of MoQO,. This result corroborates the kinetic mod-
eling based on the XANES phase analysis described above.
In contrast, for MoO;, the evolution of the Debye tempera-
ture during the reaction exhibits three different stages (Figure
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8b). Within the first 20 seconds, the increase in the Debye
temperature of molybdenum in MoO; corresponds to the for-
mation and initial growth of MoO; nuclei (B in Figure 8b, lin-
ear rate law). The subsequent decrease in the Debye tempera-
ture (C in Figure 8b) can be interpreted to originate from a
MoO; nuclei “overlap” which leads to an increasing disorder
or a recrystallization of the MoO; nuclei formed. Eventually,
the MoQOs crystallites formed grow and anneal, which results
in an increase in the Debye temperature of molybdenum in
MoO:s. In this region of « and reaction temperature, the over-
all rate is determined by the diffusion of oxygen through a
MoO; product layer.

In the temperature range studied (623 K to 798 K), the
same qualitative behavior in the EXAFS spectra was found.
This confirms the above-mentioned conclusion that the same
basic reaction mechanism for the oxidation of MoQO, holds
and that only different steps of this mechanism become rate-
determining, depending on the reaction temperature and ex-
tent of reaction. In conclusion, it was deduced from the TR-
XAS data presented that the oxidation of MoO, exhibits
either a nuclei growth controlled or a diffusion controlled
kinetics dependent on the reaction temperature.

5.3. Implication of the “Real” Structure of a
Catalyst for Structure-Reactivity Relationships

In the third example presented here, the evolution of charac-
teristic defects in the bulk structure of MoO; under propene
oxidation conditions was investigated using TR-XAS com-
bined with mass spectrometry [31]. This example will illus-
trate how the “real” bulk structure of a heterogeneous catalyst
under reaction conditions (i.e., type and amount of defects
compared to the “ideal” crystallographic structure) can be
elucidated even though the data measured is clearly domi-
nated by the “ideal” crystallographic bulk structure of the cat-
alyst. More often than not, it is much easier to describe the
“ideal” structure of a catalyst and possibly miss or ignore the
small deviations thereof that constitute the defect-rich “real”
structure of the catalyst. However, particularly in heteroge-
neous catalysis research, reliable structure-reactivity relation-
ships depend on a detailed knowledge of both the “ideal” and
the “real”structure of the catalyst. TR-XAS data measured
under dynamic conditions yields trends in the various struc-
tural parameters that may be small in amplitude, but can be
much more reliably interpreted than individual spectra meas-
ured under stationary conditions.

Under the reaction conditions employed (273 K to 773 K
and propene to oxygen ratio from 1:1 to 1:5), MoO; remains
the only crystalline phase detected by XRD. The onset tem-
perature for the temperature-programmed reaction of propene
and oxygen in the presence of MoOj; coincides with the onset
of the reduction of MoQOj; in He, H, or propene (~ 620 K).
Apparently, the weakening of Mo — O bonds in MoOs, a suf-
ficient mobility of oxygen ions and the formation of defects
are essential for the reduction of MoOj; and for the material to
function as a heterogeneous catalyst. Under propene oxida-
tion reaction conditions, MoQOj; exhibits a slightly reduced
average valence (Figure 9), which, according to the conven-
tional redox mechanism, has to be attributed to different rates
for the reduction and the re-oxidation of the molybdenum: tri-
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Figure 9. Evolution of average valence of MoO; during temperature-
programmed reaction of propene and oxygen in the presence of MoO; (10 %
0, and 10 % propene in He) (300 — 773 K, 5 K/min, held at 773 K) together
with the evolution of the corresponding gas phase composition (CO, (m/e =
44) and acrolein (m/e = 56)).

oxide [95]. Because molybdenum is known to form a number
of well-defined suboxides with average valences between 6.0
(MoO3) and 4.0 (MoO,) (i.e., M0,305,, M0,7047, M0¢O»4,
Mog0O,3, M05044, M0,4Oy), it has been speculated that one of
these suboxides constitutes the active phase in a molybdenum
oxide partial oxidation catalyst. Thus, stoichiometric reduc-
tion and oxidation of various molybdenum oxides have been
studied extensively in the past, with various attempts to corre-
late the observations made with the catalytic behavior of the
materials investigated [95]. Those studies have proven ex-
tremely valuable to elucidate the evolution of the phase com-
position and the bulk structure during reduction and oxidation
of molybdenum oxides, and to determine the solid-state ki-
netics of these reactions. However, little is known about the
evolution of the bulk structure of MoOj; and the formation of
defects under catalytic reaction conditions.

Although a PCA of the XANES spectra corresponding
to Figure 10 did not identify a sufficiently ordered second
phase, it may be legitimate to assume that “Mo,;gOs,” type
shear-structural defects are formed during the partial reduc-
tion of MoQO; under reaction conditions. The amount of
“Mo;30s,” type defects formed, however, cannot readily be
estimated from the Fourier transform of the Mo K edge
XAFS measured under reaction conditions. A comparison of
the radial distribution functions of MoO; and Mo,30s, for a
1 nm cluster (Figure 10) indicates that, because of the large
number of slightly different distances in the structure of
Mo,3Os,, the magnitude of the Fourier transform of Mo;3Os,
is considerably smaller than that of MoOj;. Hence, even major
fractions of Mo,gOs5, in MoO; may be hardly noticeable from
changes in the MoOj; Fourier transform. Thus, the Mo K
XAFS spectra of MoOj; under reaction conditions correspond
largely to that of pure defect-free MoO; at elevated tempera-
ture. The considerable number of defects in the MoO; struc-
ture (~ 25 % as estimated from the average Mo valence) is
only accessible from their second order influence on the
structural parameters as obtained from a XAFS refinement of
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a MoOj3; model structure to the spectra of MoOj; under reac-
tion conditions (Figure 11).

Simulating the effect of the presence of “Mo,g0s,” in
MoO; by calculating XAFS functions that correspond to mix-
tures of these two oxides resulted in characteristic deviations
in the XAFS fit parameters obtained for MoOj (i.e., increase
in Debye temperatures (Figure 12a) and increase and de-
crease in Mo — O distances in the 1st coordination shell). For
the experimental spectra measured under reaction conditions
at temperatures below ~620 K, the evolution of the XAFS fit
parameters is dominated by the regular effect of the increas-
ing reaction temperature (i.e., decreasing Debye temperatures
(Figure 12b) and slightly increasing Mo — O distances).
However, at temperatures above ~620 K, the oxygen Debye
temperatures increase drastically, while the Mo — O dis-
tances in the 1st coordination shell exhibit a characteristic
pattern of increasing and decreasing distances. The devia-
tions observed in the X AFS fit parameters obtained for MoO;

0.1

0.05

ll]]TllTlll

SV ORI BT R A

FT(u(K)*k®)
o
o

[TIII

-0.05

T T
R B

------- Experiment
1 1 1 ‘ 1 | 1 I 1 1 1 I 1 1 1 l 1 1 1

1 2 3 4
R A

(=]

Figure 11. XAFS refinement of a theoretical Mo K edge x(k) (solid) to an
experimental Fourier transformed x(k) of MoOj; (dotted). The main Mo — O
and Mo — Mo single-scattering paths are indicated (dashed).
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backscatterers in the structure of MoOj; obtained from a XAFS refinement (a)
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Mo30s, and (b) during temperature-programmed reaction of propene and
oxygen in the presence of MoO; (10 % O, and 10 % propene in He) (300 —
773 K, 5 K/min, held at 773 K).

under reaction conditions at temperatures above ~620 K are
similar to those obtained for the analysis of the mixtures of
MoOj; and Mo,3Os,. Therefore, the XAFS analysis of the Mo
K edge spectra measured under reaction conditions corrobo-
rates the formation of “Mo,3Os,” type defects in the layer
structure of MoOj; during oxidation of propene at tempera-
tures below 720 K. The analysis presented depends on the re-
liability of small trends in structural parameters obtained
from TR-XAS data and is not readily available from XAS
data measured under stationary conditions.

Evidently, the catalytically active molybdenum oxide phase
under partial oxidation conditions at temperatures below 720
K does not correspond to the original MoOj; possessing the
undisturbed ideal layer structure of orthorhombic a-MoO3.
Instead, at these temperatures, the catalytically active phase,
which is partially reduced and possesses a large amount of
“Mo,gOs5,” type defects (crystallographic-shear structures) in
the layer structure of MoQj3, develops under reaction condi-
tions. The results presented clearly show the necessity and the
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large potential of bulk structural investigations of heteroge-
neous catalysts under reaction conditions. Evidently, the bulk
structure and particularly the type and amount of defects in the
material (“real” structure) considerably affect the catalytic
properties. Hence, in order to rationally design a most active
heterogeneous catalyst, both the structure and reactions of the
surface and structure defects and reactions of the bulk need to
be known in detail and carefully considered.

6. OUTLOOK

The examples presented in this chapter clearly demonstrate
the potential of TR-XAS investigations to extend the suitabil-
ity of XAS for in-situ studies in heterogeneous catalysis to in-
vestigations under dynamic conditions. XAS experiments
under stationary conditions reveal the structure of the work-
ing catalyst, however, correlations between the structure of
the catalyst and its catalytic properties can only be elucidated
from monitoring the structural response of the catalyst to
(rapidly or even periodically) changing reaction conditions
(“chemical lock-in"). The examples presented illustrate that
the available experimental TR-XAS set-ups are very much
suitable to accomplish this task, although each has its charac-
teristic advantages and disadvantages.

Although many studies have been performed using either
the QEXAFS or the DXAS technique for TR-XAS measure-
ments, little use has been made of combining the specific ad-
vantages of the two set-ups for time-resolved XAS studies.
On one hand, TR-XAS investigations that require the best
time-resolution available (such as isothermal reactions or
rapid decompositions with half-lives in the order of one
minute) should be performed at an energy-dispersive XAFS
station, taking full advantage of the time-resolution, even at
the expense of data quality. On the other hand, TR-XAS stud-
ies of processes with half-lives in the order of 30 min may be
performed in the QEXAFS mode, taking advantage of the in-
creased EXAFS data quality for a detailed structural analysis.
The objective needs to be to properly time-resolve the process
under investigation and to avoid time-averaging as much as
possible, while measuring XAFS spectra with the best data
quality available.

Although the experiments shown demonstrate the wealth
of kinetic and structural data that can be obtained from TR-
XAS studies, application of in-sifu XAS combined with com-
plementary techniques provide unique and detailed informa-
tion. This does not only refer to the most elegant way of using
XAS simultaneously with other methods (e.g., XRD [102,
103, 104, 105]), but also to simply substantiate results ob-
tained from in-situ XAFS studies with those obtained from
complementary in-situ studies under similar experimental
conditions (e.g., laboratory techniques such as in-situ XRD,
Raman, TG/DTA, etc.). More often than not, a detailed XAFS
analysis is only possible by using all additional data (phases,
valence and structure) about the system under investigation.
Furthermore, the analysis of TR-XAS data should aim at ex-
tracting as much information from the XANES part and the
EXAFS part of a XAS spectrum as possible.

Eventually, for time-resolved studies on solid-solid or
solid-gas reactions in heterogeneous catalysis, a lower limit
for the required time-resolution exists, because of the re-
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quired mass transport to the catalyst surface. In flow reactors,
the gas phase transport to the catalyst surface, after rapidly
changing the gas atmosphere, usually amounts to several sec-
onds. Hence, a time resolution in the range of ~ 100 ms
should be absolutely sufficient to resolve the changes in the
bulk structure induced by the variation in gas composition or
reaction temperature.

More important than pushing the time-resolution into the
microsecond range is measuring X-ray absorption data of su-
perior quality. Therefore, to evaluate data quality and time-
resolution of a particular experimental station, “real” systems
under in-situ conditions should be compared (e.g., 3d and 4d
metal oxides at elevated temperature measured to k equal to
16 A~! rather than metal foils). It must be kept in mind that
kinetic data can also be obtained from complementary meth-
ods such as TG/DTA, TPR or TPRS, whereas complementary
in-situ techniques (e.g., XRD, Raman, IR, UV-VIS) can pro-
vide structural and/or valence information under reaction
conditions. However, the capability of TR-XAS to reveal
quantitative phase composition and average valence together
with the evolution of the local structure of a system under
varying (reaction) conditions, combined with a time-resolution
of 100 ms, shall be a very powerful tool for kinetic studies in
solid-state chemistry and heterogeneous catalysis.
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