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Spectroscopic studies on heterogeneous catalysts have mostly been done in an integral mode. However,
in many cases spatial variations in catalyst structure can occur, e.g. during impregnation of pre-shaped
particles, during reaction in a catalytic reactor, or in microstructured reactors as the present overview
shows. Therefore, spatially resolved molecular information on a microscale is required for a
comprehensive understanding of theses systems, partly in ex situ studies, partly under stationary
reaction conditions and in some cases even under dynamic reaction conditions.

Among the different available techniques, X-ray absorption spectroscopy (XAS) is a well-suited tool
for this purpose as the different selected examples highlight. Two different techniques, scanning and
full-field X-ray microscopy/tomography, are described and compared. At first, the tomographic structure
of impregnated alumina pellets is presented using full-field transmission microtomography and
compared to the results obtained with a scanning X-ray microbeam technique to analyse the catalyst bed
inside a catalytic quartz glass reactor. On the other hand, by using XAS in scanning microtomography, the
structure and the distribution of Cu(0), Cu(I), Cu(Il) species in a Cu/ZnO catalyst loaded in a quartz
capillary microreactor could be reconstructed quantitatively on a virtual section through the reactor. An
illustrating example for spatially resolved XAS under reaction conditions is the partial oxidation of
methane over noble metal-based catalysts. In order to obtain spectroscopic information on the spatial
variation of the oxidation state of the catalyst inside the reactor XAS spectra were recorded by scanning
with a micro-focussed beam along the catalyst bed. Alternatively, full-field transmission imaging was
used to efficiently determine the distribution of the oxidation state of a catalyst inside a reactor under
reaction conditions. The new technical approaches together with quantitative data analysis and an
appropriate in situ catalytic experiment allowed drawing important conclusions on the reaction
mechanism, and the analytical strategy might be similarly applied in other case studies. The
corresponding temperature profiles and the catalytic performance were measured by means of an IR-
camera and mass spectrometric analysis. In a more advanced experiment the ignition process of the
partial oxidation of methane was followed in a spatiotemporal manner which demonstrates that
spatially resolved spectroscopic information can even be obtained in the subsecond scale.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction (XRD), X-ray absorption spectroscopy (XAS) and small-angle X-ray

scattering (SAXS) [1-5]. The big advantage of X-rays is that the

X-ray-based techniques have played an important role over the
past two decades in shedding light onto the structure of
heterogeneous catalysts especially by means of X-ray diffraction

* Corresponding author. Tel.: +45 4525 2838.
E-mail address: jdg@kt.dtu.dk (J.-D. Grunwaldt).

0920-5861/% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2008.11.002

structural information can be elucidated under reaction conditions
and in a time-resolved manner [3,6-10], thus being an important
technique within the toolbox of in situ spectroscopic methods
[11,12]. Furthermore, XAS is very powerful regarding the often
amorphous structures of heterogeneous catalysts and in uncover-
ing the structure of elements at low concentration, such as noble
metals, promoters and catalyst poisons.


mailto:jdg@kt.dtu.dk
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2008.11.002

268 J.-D. Grunwaldt et al./Catalysis Today 145 (2009) 267-278

Many of these studies were performed in an integral manner,
meaning that the sample was either crushed and pressed in the
form of a pellet, even if the sample is usually present as pre-shaped
particles (e.g. shell-impregnated cylinders, spheres), or it implies
that the sample was measured over the whole reactor. However,
catalysts are often microstructured by intention (shell-impregna-
tion to improve the efficiency of the catalyst) which requires
spatially resolved studies [13,14]. Besides, gradients in structure
can occur over the catalyst bed due to temperature inhomogene-
ities (e.g. hot spots) or concentration gradients of the reactants/
products [15-23].

In order to uncover such structural changes over the catalyst
bed or inside the catalyst particles, several techniques can be used,
e.g. scanning electron microscopy [24,25], micro-XRD [26], micro-
IR [14,27,28], micro-Raman [23,29-31], and UV-vis spectroscopy
[14] as well as NMR tomography [32,33]. Again, the advantage is
the X-rays’ ability to penetrate the sample and if an X-ray camera
or a micro-focussed X-ray beam are used, they can give spatially
resolved information non-invasively and even under process
conditions.

In this overview article we stress the importance and the
possibilities of spatially resolved spectroscopy in catalysis research
by highlighting different examples from our research together
with that of other groups in the field of catalyst preparation and in
situ studies. Two different strategies to obtain spatially resolved
information are discussed: scanning X-ray microscopy with a
micro-focussed X-ray beam and full-field X-ray microscopy with
an X-ray camera. They both have their own strengths as the
different selected examples show. We start with examples of the
shell-impregnation of solid catalysts using full-field X-ray micro-
tomography and X-ray scanning microscopy to identify the
metallic species in the pre-shaped particles and/or the catalyst
bed. Then, scanning X-ray absorption tomography for quantitative
identification of the distribution of Cu(0), Cu(I) and Cu(Il) in a
catalyst bed under ex situ conditions is discussed before moving
eventually towards spatially resolved in situ studies. The chal-
lenges of the two techniques are discussed using the catalytic
partial oxidation of methane over noble metal catalysts as an
example. Finally, further opportunities such as spatiotemporal
studies combined with temperature measurements of the catalytic
reactor and high throughput experimentation are considered.

2. Imaging using X-ray-based microscopy and
microtomography

One of the key strengths of X-ray imaging is the large
penetration depth of hard X-rays in matter, allowing the non-
destructive imaging of the interior of a sample inside a special
sample environment, such as a catalytic reactor. There are mainly
two X-ray microscopy techniques, full-field and scanning micro-
scopy [19,34-38]. While full-field microscopy yields full transmis-
sion images of the sample in a single exposure, scanning
microscopy allows the use of different X-ray analytical techniques,
such as X-ray fluorescence, absorption, and diffraction, in order to
obtain local elemental, chemical, and nanostructural information
of the sample. Both techniques can be combined with X-ray
absorption spectroscopy and are thus well suited for operando
investigations of catalytic reactions inside a chemical reactor. Fig. 1
illustrates the principle of X-ray absorption spectroscopic imaging.

Scanning microscopy combined with absorption spectroscopy is
shown in Fig. 1(a). In this technique, the sample is scanned with an
intensive hard X-ray microbeam; a full X-ray absorption spectrum
along the path of the beam through the sample is recorded at each
position of the scan. This technique is described in detail in Section 4,
where it is used to obtain the oxidation states of a Cu/Zn-oxide
catalyst on a virtual section through a catalytic reactor.

Fig. 1(b) shows the full-field imaging scheme. The sample is
illuminated with a flat monochromatic hard X-ray beam and its
transmission image is recorded with a high-resolution X-ray
camera. By recording a series of images at different energies over
an absorption edge of a given element a full X-ray absorption
spectrum can be obtained for each pixel.

In order to obtain quantitative transmission data from such
images, a series of flat-field images (without the sample) has to be
recorded to characterize the incident beam on the sample. The
influence of the detector is removed by subtracting dark-field
images (taken with the X-ray beam turned off) from both the
transmission and flat-field images. In this way, the intensities in
the transmission image I(x, y) and in the flat-field image Io(x, y) are
obtained for each pixel with coordinates (x, y). By applying Beer—
Lambert’s law the integral of the attenuation coefficient u(x, y, z)
along the beam (z-direction) is obtained for each (x, y) by taking the
negative logarithm of the ratio of I(x, y) and Io(x, ¥). The spatial
resolution of this technique is limited by that of the detector and
typically lies in the micrometer range. Higher spatial resolution, i.e.
down to below 100 nm, can be obtained by hard X-ray microscopy
[39,40]. This technique, however, has not yet been combined with
XAS, so far.

A lot of information can be obtained from such a projection, as
shown in Section 5. However, if the sample is inhomogeneous
along the beam, the interpretation of single transmission images
may not be sufficient for a reasonable characterization. In that
case, tomographic imaging techniques are required. For tomo-
graphic imaging, a series of transmission images (projections) is
recorded for a large number of angles over 180° or 360°. From
these data, the three-dimensional inner structure of the sample
canbereconstructed, yielding the attenuation coefficient u(x,y, E)
ateach location inside the sample. By fitting normalized reference
spectra to these data, the contribution of each chemical species to
this attenuation can be extracted. Thus, the mass density of each
component at each location on the virtual section can be
determined quantitatively. The error in mass density can be
estimated by the residual of the fit, provided no systematic errors
have been made in identifying the right reference species used in
the fit. We apply tomographic full-field imaging to shell-
impregnated catalysts in Section 3. In general, it is time
consuming to record full spectroscopic data (>6 h at present) in
a tomographic scan even if a single full tomogram requires but a
few minutes of acquisition time and typically data for only a few
characteristic X-ray energies can be recorded. Recording full
XANES tomograms also results in large datasets requiring new
storage and computing infrastructure as well as optimized
software (cf. Section 9).

3. X-ray tomography on shell-impregnated solid catalysts
using an X-ray camera

The setup sketched in Fig. 1(b) was used to investigate the
impregnation process of alumina pellets. Fig. 2 shows the
tomographic image of a 0.5 wt% Pd/Al,O3 pellet with cylindrical
shape (3.2 mm x 3.6 mm, Engelhard), which was recorded at
beamline BW2 at HASYLAB. The photon energy was set to 18 keV
and a pixel size of the camera of 2.3 pwm was used (resulting in a
spatial resolution of about 4 pm). The sample was rotated using a
setup described in more detail in Refs. [41,42]. The results (Fig. 2)
show that the microstructure of the grainy alumina pellet is
visible. With a brighter contrast towards the pellet surface the
impregnated part with the palladium constituent can be
observed. The sharp gradient demonstrates that the front during
impregnation has been very sharp, indicating a diffusion-
controlled immobilization process. This is in line with electron
microscopy studies (not shown), which however can only give
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Fig. 1. Side views of the setups for spatially resolved X-ray absorption spectroscopy: (a) scanning microbeam with a focussing optics, a fast scanning monochromator and a
sample stage with rotation and translation, allowing for tomographic data acquisition; detection in transmission by ionization chambers (Ip and I;) and/or in fluorescence by
corresponding detectors (Ip and I); (b) full-field imaging using a position sensitive detector and a conventional step scanning monochromator.

Fig. 2. 3D-reconstruction of a 0.5%Pd/Al,03; catalyst pellet prepared by shell-impregnation;

field of view: 3.54 mm x 2.36 mm; total reconstructed volume of
3.54 mm x 3.54 mm x 2.36 mm.
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two-dimensional information whereas the data presented in Fig. 2
contains the information in three dimensions.

In the same manner Cu/Al,03 catalysts, prepared by impreg-
nation with CuCl,-solution (according to Ref. [43]) and using
alumina pellets of the same shape and size, were investigated. The
results are depicted in Fig. 3(a) and (b). While the first catalyst was
immersed for 1 min, the second one was kept in the impregnation
solution for 10 min. The sharp diffusion front moved towards the
centre of the pellet, which indicates a shell-progressive behaviour.
Interestingly, certain differences can be found in the thickness of
the impregnated part for the radial and axial direction (particularly
in Fig. 3(a)), indicating some structural anisotropy, which was
probably caused by the extrusion process used in the pellet
manufacturing and results in different diffusion behaviours in the
two directions. These results allow determining the progress and
shape of the impregnation zone without cutting/destruction of the
pellets. This strategy can be regarded complementary to micro-
Raman, IR-, UV-vis, and magnetic resonance imaging techniques
recently reported by Weckhuysen et al. [13,14] and is well suited
for deriving a mathematical description of diffusion-controlled
immobilization processes [44]. The use of this technique will also
be of further relevance to identify the element distribution (in
combination with fluorescence detection) and thus the micro-
scopic structure of heterogeneous catalysts.

The same kind of information can be obtained for a quartz
capillary microreactor by using a micro-focussed beam
(5 pm x 5 um), which is illustrated in Fig. 4. The interface
between a catalyst bed composed of 5 wt%Pt/Al;03 and the
adjoining inert material (on the right side) was scanned stepwise.
The experiment was performed at the Swiss Light Source
(microXAS, SLS, Villigen) by using micro-focussing by a Kirkpa-
trick-Baez total reflection mirror system (KB-mirror) and a
microbeam setup as in Fig. 1(a) with a step-scanning mono-
chromator. First the X-ray absorption was measured in transmis-
sion at 11 578 eV (above the Pt L;-edge) and then the experiment
was repeated at 11450 eV. By subtracting the X-ray absorption
images at both energies, the strong X-ray absorption of the Pt-
component could be extracted as shown in the image at the
bottom. Since the X-ray attenuation coefficient u(x, y) is directly
related to the concentration of the element, 2D- and even 3D-

(a) Impregnation Time
1 min

concentration profiles can be derived. The same information can be
derived by using X-ray fluorescence mapping (e.g. [45]). In both
cases, however, the mapping is more time consuming than full-
field microscopy but has the inherent advantage that selected
points can be studied in more detail by micro-XAS or micro-XRD.

4. Analysing the oxidation state of copper in a catalyst bed
using a micro-focussed X-ray beam (ex situ study)

In order to obtain full 3D structural information from the inside
of a reactor capillary, we have combined X-ray absorption near-
edge structure (XANES) spectroscopy with scanning microtomo-
graphy. The experiment was performed at the Advanced Photon
Source (Undulator Beamline 1-ID, Argonne National Laboratory,
Chicago). The experimental setup corresponds to the one shown in
Fig. 1(a). The synchrotron radiation beam was monochromatized
by a fast scanning monochromator [46,47] that was synchronized
with a fast data acquisition system, which reads the data from
three ionization chambers and a PIN-diode, which assigns them to
the corresponding energy. In this way, it was possible to record 10
full near edge spectra per second (8960-9040 eV) in a continuous
operation. The monochromatized X-ray beam was then focussed
onto the sample by refractive Be X-ray lenses to about 10 wm [48].
The incident and transmitted radiation was measured by two
ionization chambers Iy and I;. At the same time, the transmission
through a reference sample, i.e. a metallic foil of the element of
interest, was measured using the signal from the ionization
chambers I; and I,. The fluorescence signal from the sample was
measured simultaneously by a PIN-diode that faces the sample at
90° angle to the incident beam [cf. Fig. 1(a)].

In order to obtain local information from a virtual slice of the
sample, XAS spectra have to be acquired at different translational
and rotational positions. To record a single tomographic projection
the sample is scanned in translation perpendicular to the beam. At
each translational position, a full absorption spectrum is recorded.
After the translational scan has been completed, the sample is
rotated by an integer fraction of 360° and the next translational
scan is performed. This procedure is repeated until the sample has
completed a full rotation. For each energy of the absorption
spectrum, the attenuation coefficient & on a virtual section

(b) Impregnation Time

10 min

u/a.u.

Fig. 3. 3D-reconstruction of Cu/Al,03, (a) 1 min and (b) 10 min with CuCl,-solution impregnated catalyst pellet; field of view: 3.54 mm x 2.36 mm.
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Fig. 4. 2D-maps of a catalytic reactor with catalyst bed (composed of 5 wt%Pt/Al,03
and the adjoining inert material on the right) using a micro-focussed X-ray beam
and two selected energies of 11 578 and 11 450 eV. The difference of the two scans
shows the distribution of Pt inside the catalytic reactor.

through the sample is reconstructed tomographically, yielding a
full absorption spectrum at each location inside the object. Note
that the mass density of each component at each location on the
virtual section could be determined quantitatively, as described in
Section 2.

We have performed such a XANES-tomographic scan on a Cu/
ZnO catalystinside a glass capillary of about 500 .m in diameter at
the Cu K-edge (cf. Ref. [35]). The scan consisted of 101 projections,
each comprising 90 translational steps of 10 wm step size. In order
to record the spectra in a reasonable time span, a QEXAFS
monochromator was used (10 Hz, 10000 points/spectrum, 10
scans per sampling position), which resulted in 90 000 spectra per
virtual slice as depicted in Fig. 5. The figure also shows a schematic

sketch of the sample and a reconstructed attenuation through the
sample at an energy of 8 995 eV. In each point, however, the full
spectrum of the corresponding Cu-component can be extracted, as
shown for two points in Fig. 5(top). The comparison to Cu(II), Cu(I),
and Cu(0) reference compounds reveals the concentration of the
three components as well as that of the featureless background
quantitatively (given as relative concentration in Fig. 5) and
uncovers that most of the catalyst sample, which had been treated
in cycles of 4%H;,/He and 2%0,/He at 300 °C, was in a reduced state
either of Cu(0) or Cu(l) and that hardly any Cu(Il) was present.
Fig. 5(bottom) shows the relative (percentage) distributions of
metallic, mono-, and bivalent Cu as well as the attenuation due to
other elements.

Since the combination of X-ray microscopy with absorption
spectroscopy results in large data sets, they need to be evaluated in
an automated fashion. Therefore, a special software was developed
to automatically extract and calibrate all these spectra and
reconstruct the tomographic data for each energy in the spectral
range. After reconstruction, the absorption spectrum at each
location in the reconstruction is available and can be fitted
automatically to reference spectra. The analysis can be performed
on state-of-the-art computers including laptops. To make this
technique available to the non-expert users, a user-friendly
interface is planned to be developed. In this way, the method
could be used on a routine basis at microprobe beamlines at third
generation synchrotron radiation sources.

5. Towards in situ studies: monitoring of the catalyst bed under
reaction conditions using mapping with an X-ray beam

Concentration and temperature gradients can occur in a
number of reactions. Therefore, it is important to combine integral
in situ monitoring of the catalysts with local spectroscopic
techniques. Obviously, such changes can occur in partial oxidation
reactions because the concentration (and temperature) may
change drastically over the catalysts bed, e.g. in the oxidation of
methanol to formaldehyde [49], dehydrogenation of propane [50],
oxidation of butane to maleic anhydride [51], propane to
acrylonitrile [12] and the partial oxidation of hydrocarbons to
synthesis gas [19,21,52,53]. In the latter reaction total oxidation/
reforming and direct partial oxidation models have been proposed
[53,54], which renders it an excellent model case. The knowledge
of such gradients is important in order to optimize reactors (e.g. by
modelling) and optimize heat and mass transfer in industrial
applications.

In order to identify possible gradients, we studied the
structural changes within the catalyst bed in a first step with
a2 0.5 mm x 1 mm large X-ray beam [18]. The experiments were
performed at beamline X1 at HASYLAB (DESY, Hamburg,
Germany). For the partial oxidation of methane on 2.5 wt%Rh-
2.5 wt%Pt/Al,03 oxidized platinum and rhodium species were
found in the entrance zone of the catalyst bed and more reduced
noble metal species towards the bed end [18]. In a more recent
study, we then applied a 5 um micro-focussed beam at the Swiss
Light Source on a 5 wt%Rh-5 wt%Pt/Al,05 (focussed with KB-
mirror, cf. description for Fig. 4) to monitor the changes over the
catalyst bed. For this purpose, XANES spectra were taken at the
Pt L3-edge at a chosen axial line in the middle of the catalyst bed
with a step size of 5 wm; they are depicted in Fig. 6. The gradient
occurs within less than 200 wm in a rather sharp manner (25
spectra are shown in Fig. 6(a)). Since recording full XANES
spectra at each position of a two-dimensional scan with a step-
scanning monochromator (instead of a QEXAFS monochromator)
is too time consuming (>12 h), two-dimensional transmission
images at selected X-ray energies were recorded. The approach is
similar to the one in Fig. 4 taking here the 3 characteristic points
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Fig. 5. Scanning microtomography combined with X-ray absorption spectroscopy at the Cu K-edge. In a virtual slice of a capillary (here catalyst bed containing Cu/ZnO-
particles in BN) the X-ray absorption of the sample as function of energy is measured by scanning the sample in translation (90 steps of 10 wm each) and rotation (101 steps
over 360°), acquiring at each position a full absorption spectrum (see also Fig. 1(a)); the absorption coefficient can be reconstructed for each energy at each location on the
virtual slice. Thus, in each location on the reconstructed slice a full XANES (or EXAFS) spectrum is obtained. From these data the concentration of the different Cu-species can
be extracted by fitting a linear combination of reference spectra to the spectrum at each location on the virtual slice.

at 11 555,11 572 and 11 590 eV. Obviously, the X-ray absorption
on the left side of the map (inlet side) is significantly larger than
on the right-hand side. Note that only Pt L;-data are shown here.
Rh K-and Pt L3-edge data (XANES and EXAFS) obtained with a ca.
100 pm large X-ray beam at selected points in the reduced and
the oxidized part of the catalyst bed corroborate the conclusion
that the noble metal species are in oxidized form at the
beginning of the catalyst bed, whereas they are reduced at its
end (not shown).

The different examples demonstrate that by using a micro-
focussed beam, information on the structure within the catalyst
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bed can be obtained on the micrometer scale. Instead of the
QEXAFS technique also dispersive EXAFS can be applied [8,55]. The
utilization of micro-focussed beams can further help in deriving
defined structural information at selected points. For low
concentrated samples the same information can be obtained using
fluorescence detection (see Fig. 1(a)). However, the scanning times
required to obtain full two-dimensional maps can be very long and
for 2D-XAS maps a sufficiently homogeneous sample density is
required. For the acquisition of the image in Fig. 6, for example,
7.5 h were required, since a mapping at one of the characteristic
energies took about 2.5 h.
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Fig. 6. In situ spectroscopic studies during the catalytic partial oxidation of methane in a quartz microreactor: axial profile of the Pt L;-XANES of 5 wt%Pt-5 wt%Rh/Al,O3 in the
middle of the reactor (left side) and the change in X-ray absorption that is a measure of the distribution of oxidized and reduced Pt-species (right side) by using a map of three

indicated characteristic energy points (11.555, 11.572, 11.590 keV).
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6. Spatially resolved XAS spectra using an X-ray camera

In order to speed up the acquisition time of the spectra one can
also use full-field projection imaging with an X-ray camera as
discussed in Fig. 1(b). Compared to a scan with a micro-focussed
beam, where the sample has to be scanned in two dimensions, only
the energy has to be changed and the intensities Ip(x, y) and I1(x, y)
are recorded by the camera. As the sample needs to be removed for
flat-field images at each energy (cf. Section 2), a reproducible
translation of the sample within the pixel size of the detector or a
reproducible movement of the monochromator is required. The
first case applies if the sample is moved in and out for each energy
step, the latter if complete energy scans with and without sample
are recorded after each other. In previous studies [19,56] we have
demonstrated this principle and extracted such gradients (accu-
racy of the relative concentration of about 5%). The typical
procedure is illustrated in Fig. 1(b) and was applied to a 2.5 wt%Pt-
2.5 wt%Rh/Al,03 catalyst during the partial oxidation of methane,
operated in a similar manner as in Fig. 6. The experiment was
performed at beamline X1 at HASYLAB using a high-resolution X-
ray camera [19,56]. The catalytic performance was determined
simultaneously with on-line mass spectrometry. Up to 150 X-ray
absorption images as function of energy were recorded by
acquiring images with and without the sample. Some typical flat-
and dark-field corrected transmission images around the Pt Ls-
edge (left side) and the Rh K-edge (right side) are shown in Fig. 7.
Above the respective absorption edge the X-ray absorption
significantly increases in both cases. Considering that the 150
images cover a view of the capillary of 3 mm x 1.5 mm and a
resolution of about 10 wm, about 45 000 spectra can be extracted.
This demonstrates the advantage of the present full-field over the
scanning technique, in particular with acquisition times for single
images in the 0.5 s range at third generation synchrotron radiation
sources. There, the whole acquisition would take less than 5 min
for XANES. Note that due to the improvement of computer power
and availability of large data storage capacities, the analysis can be
performed on state-of-the-art computational equipment (station-
ary and mobile systems).

The results from a linear combination of the XAS data extracted
from the 150 images both at the Pt L3- and the Rh K-edge during
partial oxidation of methane at 322 °C are depicted in Fig. 8.
Obviously, for both elements a sharp gradient is found. Here, two
species were assumed which is in accordance with EXAFS analysis
at the beginning and the end of the reactor and concentration
profiles can be extracted quantitatively as demonstrated in Ref.
[19]. The featureless background is similar at both absorption
edges. Note that a small difference in the length of the zone of
oxidized noble metals is found which is due to the fact that the
reaction slowly extinguishes with time under the chosen reaction
parameters and the measurement of the gradient at both edges
was recorded sequentially, each taking about 1.5 h. This has
recently been studied in more detail [57]. The comparison of the
results at the Pt L3- and Rh K-edge with their different X-ray
absorption features around the edge and the different energy show
that the strategy of using a camera is generally applicable provided
the sample shows sufficient transmission and enough contrast in
the characteristic features of the XANES spectra for the different
structures inside the sample.

7. Spatiotemporal changes: extending time-resolved studies
from integral to spatially resolved studies

Spatiotemporal changes on catalytic surfaces have spurred the
community latest since the investigation of chemical oscillations
that can be visualised for instance by using surface science
techniques [58,59]. Dynamic changes can also occur on a
micrometer scale, e.g. during ignition and extinction of a catalytic
reaction [16,60]. For this purpose the catalytic partial oxidation of
methane on noble metals (2.5 wt%Rh-2.5 wt%Pt/Al,03 as men-
tioned above) is an excellent example: DRIFTS studies and QEXAFS
measurements both at the Pt L3- and Rh K-edge show that the
noble metal components are reduced within a few seconds. In
addition, on-line mass spectroscopy demonstrates that the product
composition changes abruptly in a few seconds [61,62]. Consider-
ing the gradient during partial oxidation of methane (Figs. 6 and 8)
equivalent studies should be performed in the same manner using,

Fig. 7. Flat- and dark-field corrected transmission images of 2.5 wt%Pt-2.5 wt%Rh/Al,03 inside the spectroscopic cell at different energies during the partial oxidation of

methane at 283 °C: (left) around the Pt L3-edge and (right) around the Rh K-edge.



274 J.-D. Grunwaldt et al./Catalysis Today 145 (2009) 267-278

. ‘@

!@

Fig. 8. Amount of oxidized (a) and reduced (b) noble metal species and their distribution for rhodium (left) and platinum (right) during the partial oxidation of methane at
322 °C over 2.5 wt%Pt-2.5 wt%Rh/Al,0s. (c) Featureless background with absorption that is not due to Rh K or Pt L3 absorption; the brighter the colour, the higher is the
relative concentration of the corresponding species. (d) Distributions of oxidized (red) and reduced (blue) Rh and Pt. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of the article.)

e.g. an X-ray camera. However, changes at the subsecond scale
cannot be imaged by recording full spectra, as described in the
previous section. Tuning the energy of the incoming X-rays to the
maximum of the whiteline at the Pt Ly-edge (11 596 eV) and using
a fast read-out camera, a decrease of absorption should be visible at
those parts of the microreactor, where the platinum constituent is
reduced. Hence, a so-called FReLoN (fast readout low noise)
camera developed at ESRF [63,64] was placed behind the catalytic
microreactor. The experiment was performed at beamline ID26 at
ESRF to benefit from the high monochromatic photon flux (here ca.
5.2 x 10'2 photons/s, beam size 1 mm?) of a third generation
synchrotron radiation source. By collecting X-ray transmission
images of the catalytic microreactor with a frame rate of 15!
(200 ms exposure time per image), a strong structural change of
the catalyst was observed when the ignition of the reaction from
methane and oxygen to hydrogen and carbon monoxide started.
Fig. 9 shows a sketch of the experimental setup, a transmission
image through the reactor, and a series of images recorded at
different times during the ignition of the reaction. The latter were
obtained by subtraction of the X-ray absorption images at
different times t from those recorded before the ignition
temperature (such as in the first image) to emphasize the
difference in absorption and to correct for inhomogeneities in
the sample. A full series of pictures corresponding to the ignition
in Fig. 9 is assembled in the movie enclosed in the electronic
support information. It shows the propagation of the frontier
between oxidized and reduced Pt species starting at the outlet and
moving towards the inlet of the reactor. The observed reduction of
the noble metal occurred at the same time as the ignition of the
chemical reaction (detected by on-line gas analysis using a mass
spectrometer), as several ignition/extinction cycles showed,
where the camera was placed at the end of the catalyst bed.
Note that heat was provided from the bottom, which results — on
the pwm-scale - in an asymmetric profile.

The movie and the selected images in Fig. 9 also show that in the
beginning of the sequence the front is rapidly moving through the

reactor, whereas it slows down in the end. This is due to the fact
that the position of the camera was carefully chosen to be able to
monitor the stabilization of the gradient at its stationary position
(e.g. corresponding to the stationary gradient in Fig. 8).

In related experiments on the same reaction system tempera-
ture profiles were followed using an IR-thermography camera
(ThermaCAM 63, Pergam Suisse AG) with close-up lens and a
typical recording time of about 1 frame per second. Some of the
observed axial changes are depicted in Fig. 10. Obviously, the
exothermic reaction (total oxidation of methane) leads to a self-
heating of the catalyst. As soon as the partial oxidation of methane
ignites an even more pronounced hot spot forms that moves
towards the beginning of the catalyst bed—in the same manner as
the front of reduction. Further heating to higher temperatures
leads to a further movement towards the beginning of the catalyst
bed, which is in agreement with the stationary experiments given
in Section 5.

The movement of the front from the outlet towards the inlet can
be explained with a total oxidation-reforming mechanism. At first,
below the ignition temperature, methane is fully combusted to
carbon dioxide and water over the whole length of the catalyst bed.
At some moment, the temperature reaches the ignition point
which leads to a self-heating of the catalyst bed and thus strong
consumption of oxygen. As soon as some metallic species form
(preferentially at the end of the reactor), they promote the
activation of methane and thus lead to the formation of hydrogen
and carbon monoxide. This again leads to an enhancement in the
formation of hydrogen and carbon monoxide. The reduction
propagates towards the inlet of the reactor, where the total
oxidation of methane still occurs over oxidized noble metal
particles (similar to the situation below the ignition temperature
where the noble metal is mainly oxidized and the total oxidation of
methane is observed). More recently, we extended these studies
and found that the ignition starts at some catalyst particles of the
sieve fraction of 100 pwm and then continues through the catalyst
bed towards the inlet [65].
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Fig. 9. Schematic sketch of the catalytic microreactor for partial oxidation of methane to carbon monoxide and hydrogen (CPO) on a 2.5%Pt-2.5%Rh/Al,O5 catalyst and
snapshots during the ignition of the CPO reaction. A 1 mm x 1 mm snapshot taken with the FReLoN camera is depicted in gray colour and the X-ray absorption images
recorded at the whiteline energy of Pt (Pt L3-edge; 11 586 eV) as function in the time interval t; to t; + 33 s in colour (obtained by subtraction of the X-ray absorption image at
time t and collected at t < t;; t; is the time of the last image where no gradient was found in the images; dark red and blue colour indicate lower absorption of X-rays); the
movie assembled from all the pictures is given as electronic support information; cf. Ref. [85]. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of the article.)

This example demonstrates that it is essential to determine the
structure of a catalyst not only in situ but also in a spatiotemporally
resolved manner. Thereby, important insight into the mechanism
of the catalytic reaction can be gained. In particular, it allows
understanding of start-up phases of catalytic reactors including
activation and reaction mechanisms in more detail. Also reactor
instabilities as occurring in chemical oscillations may be studied in
future [66].

8. Further application of spatially and time-resolved X-ray
absorption spectroscopy

The applicability of micro-focussed X-rays in spatially resolved
studies goes beyond the examples presented here. It is well known
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Fig. 10. Development of the temperature gradient during the ignition of the
catalytic partial oxidation of methane; recorded with an infrared camera; recorded
below ignition, at the ignition temperature and above the ignition temperature.

that micro-focussed X-ray beams can be used for understanding a
wide variety of heterogeneous samples [34-36,67-69]. But also in
related applications, for example for investigating microreactors or
other devices structured on a micro- to millimeter scale, the use of
a micro-X-ray beam may be used advantageously. A related
subject, employing mm-large beams, is robot-controlled sample
handling in combination with small beams for high throughput
characterization of heterogeneous catalysts [70]. This can be
efficiently done on special and small reactor devices.

The same applications as for micro-focussed beams are - as
presented in Section 5 - also possible by using an X-ray camera.
Also in this case reactors structured in the mm or cm-length scale
can be investigated. To show this principle, we applied the
technique for parallel screening of heterogeneous catalysts. Such a
special cell for the “proof of concept” is depicted in Fig. 11. The cell
is composed of 10 compartments in this case filled with Pd-
catalysts (for details, cf. Ref. [71]) and both a beam with
0.5 mm x 0.5 mm as well as full-field microscopy were employed
at beamline X1 at HASYLAB. The use of the X-ray camera allows
recording the spectra in each compartment in a parallel manner
and thus under dynamic reaction conditions; the spectra are
recorded in a real simultaneous way. This is for example
advantageous for temperature-programmed reduction/reaction
experiments. During data acquisition for the high throughput
parallel characterization of catalysts a stack of transmission
images of the whole microreactor array is recorded as a function
of X-ray energy. From these data, the absorption spectra for the
different catalysts are extracted by integrating the transmission
through each of the microreactors in the array over all the pixels
behind it. In the current study, this was done by manually masking
the relevant areas in the transmission images. As the whole data
acquisition procedure can be standardized, these areas in the
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Fig. 11. X-ray transmission image of a microreactor array (right, tilted by 90°) filled
with ten different palladium catalysts; selected spectra before and after reduction
(top and bottom spectrum, respectively) of five selected catalyst samples: (1) 5 wt%
Pd/Al,0s, Engelhard 40692 (pre-reduced in commercial process, stored in air); (3)
5 wt% Pd/Al,03, Engelhard 40692, freshly pre-reduced in hydrogen at 100 °C and
then exposed to air; (5) 5wt% Pd/Al,03, Engelhard 40692 (pre-reduced in
commercial process, stored in air); (7) flame spray pyrolysis, using methanol/
acetic acid mixtures according to Ref. [86]; (9) Pd33Zrg; alloy oxidized in air
according to Refs. [87,88].

transmission image are determined once and fed into an automatic
procedure to extract the spectra in the different microreactors. This
method can therefore be made available on a routine basis,
preferably using a user-friendly interface.

Fig. 11 shows the extracted XANES spectra of five selected Pd
catalysts that were recorded after preparation and after in situ
reduction at room temperature. Significant changes are observed,
also during re-oxidation in air (cf. Ref. [71]). The same principle
could recently be used to record the structure of six catalysts at the
same time under reaction conditions uncovering significantly
different structure of the catalysts under reaction conditions which
is related to their catalytic activity [72] and can be compared to
infrared spectroscopic studies with focal plane array detectors to
perform chemical product analysis or the determination of the
temperature (IR-thermography) in high throughput reactor
systems [73-75].

9. Outlook and conclusions

The examples presented in this overview demonstrate that
time-resolved and spatially resolved spectroscopic studies are
important for understanding the preparation of catalysts, the
structural changes under dynamic conditions (e.g. activation of
catalysts and start-up) and the structure of catalysts under
reaction conditions. One important example of the beneficial
application of spatially resolved spectroscopy in catalyst prepara-
tion is the impregnation of pre-shaped catalyst support materials
such as extrudates. The ignition and extinction of reactions is a
prominent example of studies under dynamic change of the
reaction conditions. Finally, under stationary reaction conditions,
variation of the catalyst structure along the catalyst bed or a
catalyst pellet/particle can occur if gradients in reactant/product
composition or temperature are present.

Among the different spectroscopic techniques, XAS and related
techniques appear attractive, particularly to identify such varia-
tions on a micrometer scale and under real reaction conditions.

They are complementary to other in situ spectroscopic techniques
such as micro-infrared and Raman spectroscopy, which probe the
vibrational bands, and electron microscopy that probes on an
atomic scale and only recently allowed studies towards real
reaction conditions [25]. In addition, the penetration depth of X-
rays is advantageous, which allows constructing devices that
mimic real systems. However, this requires a lot of effort in
building up the catalytic experiments at the synchrotron radiation
source, but at sources like HASYLAB in Hamburg, SLS in Villigen,
ESRF in Grenoble, and NSLS in Brookhaven an environment has
been recently established that is ideal for in situ studies and more
equipment for catalytic studies is or will be directly available in the
near future. There is a general trend of the synchrotron radiation
facilities to combine various techniques at the same time (e.g.
Raman spectroscopy, infrared spectroscopy, XRD, etc.) and to
provide them to the user which greatly enhances the development
in this rapidly growing field and encourages catalysis researchers
to apply these techniques that have previously been reserved for
specialists. Finally, equipment for time-resolved studies dedicated
to catalysis are permanently installed at several synchrotron
radiation beamlines. The same trend will hopefully come up soon
in spatially resolved studies, which will make these investigations
more amenable in the future and allows their extension to various
other catalytic systems. Note that larger amounts of data are
collected in spatially resolved studies than in standard integral
spectroscopic studies, but the analysis is, with current IT-
equipment, not a problem any more and, as outlined in previous
sections, user-friendly versions of the codes will be available in the
future. In a next step, full-field X-ray absorption spectroscopic
tomography is desirable. This will require significant investments
in the storage and computing infrastructure as well as in optimized
software, since a volume section instead of a slice and a full XANES
spectrum instead of characteristic points are recorded and raw
data in the range of 1 TB per tomogram needs to be stored and
processed.

For spatially resolved X-ray absorption spectroscopic studies
and tomographic investigations with XAS, different approaches
using full-field and scanning microscopy can be applied. The use of
full-field microscopy with an X-ray camera gives the possibility of
parallelization, a microbeam can only be efficiently used for
determining the different structure by XAS using the QEXAFS or
DEXAFS technique. In both cases not only the X-ray contrast but
also the structure can be derived. Compared to full-field imaging,
scanning microscopy is significantly slower, as the sample is
scanned point by point. However, it can be applied to dilute
systems using the fluorescence signal for absorption spectroscopy
and, since achromatic optics can be used in scanning microscopy, it
is much easier to extend the absorption spectrum to the full EXAFS
regime than in the case of full-field microscopy. The latter has,
however, so far not been demonstrated experimentally.

The spatial resolution is either limited by the resolution of the
camera (typically 1 pm) or the size of the microbeam. To improve
the spatial resolution in full-field imaging, magnified imaging is
needed [76]. Currently, spatial resolutions in the 100 nm range can
be achieved with hard X-rays. Hard X-rays can be focussed down to
well below 100 nm [77-80] and it is expected that in the near
future even resolutions down to 10 nm can be achieved in scanning
microscopy [81,82]. In addition, coherent X-ray diffraction imaging
(CXDI) can be combined with absorption spectroscopy [83]. In
combination with X-ray focusing, 5 nm spatial resolution was
demonstrated for this technique [84] that can potentially be
improved to the 1-2 nm scale. This will allow significantly better
resolutions than illustrated in the present examples. In general, the
use of the micro-focussed beam appears to have advantages at
such small length scales but also if the structure should be
identified in a selected area or in selected point. Another challenge



J.-D. Grunwaldt et al./Catalysis Today 145 (2009) 267-278 277

is in situ tomographic X-ray absorption spectroscopy under
reaction conditions that will give even better insight, e.g. into
gradients occurring in catalytic reactors. For this purpose, apart
from a modified reaction cell, high intensity beamlines with a
stable monochromator combined with an X-ray camera or highly
focussed beams at third generation synchrotron sources will be
needed and will give insight into the mechanism of catalytic
reactions.

The spatiotemporal identification of structural changes in
catalyst fixed-beds can be further achieved in the subsecond scale
if significant differences in X-ray intensity upon change in
oxidation state/geometry of the element of interest are observed.
Such rapid changes occur not only in the case of ignition/extinction
of catalytic reactions as demonstrated in the present example but
also if the gas composition/reaction conditions are changed inside
areactor or if transient phenomena or oscillations occur. This is not
limited to heterogeneously catalysed reactions but may also be
applied to reactions/oscillations in solutions.

Finally, the application of the full-field microscopic technique
for characterizing catalysts in a parallel manner shows that the
technique can also be applied in a fully different topic: high
throughput and parallel characterization of several catalysts under
reaction conditions. This application may initiate also similar
activities in related fields, e.g. in microreactor devices with several
channels or other devices on a micrometer scale where different
structures are of importance and expected on a microscale, or
where global spectroscopic methods are not applicable. Note that
these techniques may be beneficially combined with micro-IR,
micro-XRF and XRD, micro-Raman and micro-UV-vis studies.
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