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The instrumentation and experimental setups needed to investigate catalysts by
X-ray absorption spectroscopy (XAS) under in situ and operando conditions are
briefly described. The relevance of the simultaneous collection of XAS data
while monitoring the activity and selectivity of the catalyst (operando setups) is
stressed and the compromises that are necessary to construct an operando cell
are discussed. The same approach is used for cells that allow additional simul-
taneous data collection (X-ray powder diffraction, small-angle X-ray scattering,
infrared, Raman or UV-visible). The role of time-resolved and space-resolved
experiments is discussed, together with the need for sophisticated software that
is able to handle a huge amount of XAS spectra coupled with other independent
data collections.

1. Introduction and general considerations

The comprehension of and the correlation between catalytic
performance, structure, electronic configuration and inter-
action of the catalyst, reactants and reaction intermediates are
of paramount importance to improve the design of catalysts
(Thomas, 1997). Due to the high dilution of the active species
and the lack of long-range order typical of most catalysts,
extended X-ray absorption fine structure (EXAFS) has been
the technique of choice to understand the structure of the
active sites, while the electronic configuration can be probed
by X-ray absorption near-edge structure (XANES) and X-ray
emission spectroscopy (XES) (Bordiga et al., 2013; Borfecchia
et al., 2024; Boubnov et al., 2014; Giinter et al., 2016; Lamberti
& van Bokhoven, 2016).

To fulfil the need to operate under controlled temperature
(T) and atmosphere, appropriate setups must be available at
synchrotron-radiation beamlines. A typical setup for studying
heterogeneous catalysts requires a cell where the catalyst, in a
powdered or pelletized form, can be isolated from the external
atmosphere. Such cells should allow both transmission and
fluorescence detection (electron-yield detection is rarely used
because of the poor electrical conductivity of most of the
supports and the low mean free path of electrons in the
presence of gases; Amakawa et al., 2013; Escudero et al., 2013;
Havecker et al., 2009; Kristiansen ef al., 2013; Tamenori, 2013).
In the case of experiments performed in transmission mode,
the X-ray thickness of the sample must be optimizable, as for
any XAS experiment. The cells must be compatible with
accurate T and atmosphere control and allow the real-time
study of catalyst activation and reactivity. A dynamic vacuum
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should be applicable to the cell and it should be capable of
maintaining a static vacuum in the range 10~'-10"* mbar
(depending on the sensitivity of the catalyst to air) for the time
period needed to perform the experiment (up to 4h for
EXAFS spectra collected in fluorescence mode from diluted
samples and up to 8 h for resonant inelastic X-ray scattering
map detection). We differentiate among ex situ, in situ and
operando experiments.

In situ experiments involve measurements of the catalyst
under well controlled and static conditions (7, pressure and
chemical composition) to investigate the structure of the
active sites before and after interaction with probe molecules
(Lamberti et al., 2000; Valenzano et al., 2012) or after inter-
action with reactants (Borfecchia et al., 2015; Groppo et al.,
2008; Leofanti et al., 2001, 2002; Muddada, Olsbye, Leofanti et
al., 2010), i.e. showing the reactivity of the active sites towards
reactants.

The experimental setup needed for operando experiments
is more demanding (Beale et al., 2005; Boubnov et al., 2014;
Doronkin et al., 2014; Ellis et al., 2010; Frenkel et al., 2012;
Fulton et al., 2007; Gamarra et al., 2007, 2010; Hiibner et al.,
2011; Janssens et al., 2015; Kornienko et al., 2015; Lamberti
et al., 2002; Lomachenko et al., 2016; Muddada, Olsbye,
Caccialupi et al., 2010; Newton et al., 2016; Paolucci et al., 2016;
Patlolla et al., 2012; Rabeah et al., 2016; Tada et al., 2007; Yao
et al., 2014): gas-flow controllers are used to pass the desired
gas feed with all of the reactants and the carrier gas needed for
the reaction through the catalyst (for example C,H,, HCI and
O, for an oxychlorination reaction or NH3, NO and O, for an
ammonia selective catalytic reduction reaction). Operando
experiments are performed in flux, where a fraction of the gas
outlet from the cell is sampled and sent to a quadrupole mass
spectrometer (MS) for simultaneous evaluation of the catalyst
performance (activity and selectivity; Grunwaldt et al., 2005).
The rapid response of MS analysis (1-20 s, depending on the
number of sampled m/q ratios) is suited to time-resolved
experiments, in which the catalyst temperature or the gas feed
are changed. For steady-state experiments, MS should ideally
be coupled to gas chromatography (GC), which guarantees a
more accurate determination of the gas composition but
requires longer times between two subsequent data collec-
tions, typically 10-20 min, which can be reduced to a few
minutes with a micro-GC (Jian et al., 2012; Xu et al., 2016).
Analysis of the gas outlet may also be performed by IR
spectroscopy using appropriate gas cells. The use of toxic
(CO,NO etc.), corrosive (NHz, HCl etc.) flammable (H,, C,Hy,
G,H; etc.), oxidizing (O,, Oz, NO, etc.) or asphyxiating (N,
He etc.) gases requires particular care on chemical safety
grounds. Ex situ experiments, which are used to analyze
deactivated catalysts (Pellegrini et al., 2011), are less
demanding in terms of experimental setup as neither 7T nor
atmosphere control is required.

For absolute energy calibration in real time, which is
particularly relevant in the quantitative analysis of XANES
spectra in redox catalysts, a third ionization chamber is
necessary to monitor the edge of a reference sample (usually
the corresponding metal foil; Lamberti, Bordiga et al., 2003).

This configuration is always possible for transmission setups,
while in fluorescence setups it depends on the total absorption
of the sample. When it is not possible to monitor the energy
scale using a reference at the same time, the collection of a
reference XANES spectrum before and after each catalytic
experiment is highly recommended. Fig. 1 schematizes the
typical experimental setup needed for XAS experiments in
catalysis.

The next three sections describe the catalytic cells in more
detail and underline the need to perform time-resolved and
space-resolved experiments, reporting information on the
corresponding setups and providing a list of beamlines where
such instrumentation is available.

2. Cells allowing in situ and operando XAS and cells for
simultaneous data collection with other vibrational
(IR/Raman), electronic (UV-Vis, XES) or structural
(SAXS, XRPD) techniques

Several authoritative reviews are available in the literature
that describe cells for investigating catalysts under in situ
and operando conditions using different spectroscopic and
diffraction methods (Bare & Ressler, 2009; Bordiga et al., 2013;
Doronkin et al., 2017, Grunwaldt et al., 2004; Meunier, 2010).

The most common way to prepare powdered samples (such
as heterogeneous catalysts) for XAS data collection is to press
the material into a cylindrical pellet with a thickness and
concentration that are optimized to obtain the best signal in
transmission. For this reason, many XAS cells for catalysis
have been designed to control T and gas atmosphere/pressure
around the pressed disk (Dent et al., 1992; Guilera et al., 2009;
Lamberti, Prestipino et al., 2003; Sankar et al., 2007; Tibiletti et
al., 2005; see Fig. 2a). This approach guarantees good homo-
geneity of the sample thickness, minimizing the consequences
of minor movements of the beam on the sample during an
EXAFS scan. The sample thickness can also be continuously
tuned to optimize the signal-to-noise (S/N) ratio in the XAS
spectra. This is the best solution for both in situ and ex situ
experiments, but it is not ideal for operando experiments
because the relatively low porosity of the pellet may suppress
catalytic activity in the interior of the pellet. Also, reactant
gases exiting the cell without interacting with the catalyst
pellet may result in systematic errors in the evaluation of the
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Figure 1

Typical setup for XAS experiments in catalysis. Adapted with permission
from Bordiga et al. (2013). Copyright 2013 American Chemical Society.
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catalyst activity/selectivity using MS and GC. This undesired
effect can be minimized (but not eliminated) by designing cells
with the smallest possible dead volume (i.e. the internal cell
volume that is not occupied by the catalyst) and an optimized
gas path. Such setups allow the collection of high-quality XAS
data coupled with semi-quantitative catalytic data, and require
standard catalytic tests to be repeated in the home laboratory
for fully quantitative results. The alternative design reported
in Fig. 2(b) forces the gas to diffuse through the entire cross
section of a sample pellet (Meitzner et al., 1998). The draw-
back of this setup, which is also used for IR spectroscopy
(Lesage et al., 2003), is that good porosity of the pellet is
needed to minimize the pressure gap between the two sides
of the cell. In some cases the porosity may be improved by
mixing the catalyst with an inert phase that acts as a binder,
such as alumina (y-Al,Oj3), assuming that the catalytic prop-
erties of the sample are not altered (Doronkin ef al., 2017) and
that the overall sample homogeneity is not compromised.

For online collection of quantitative catalytic data, the XAS
cell must mimic a real catalytic reactor and this constrains the
cell design. The simplest catalytic reactor that is compatible
with operando XAS data collection is a capillary containing
the catalyst (Fig. 2¢), where reagents can be flowed in and the
temperature can be controlled using a heat gun (Clausen et al.,
1991; Couves et al., 1991). Glass, quartz, Kapton or metal
capillaries can be used depending on 7, pressure conditions
and the X-ray energy range that is required for the experi-
ment. This setup requires care to prevent the catalyst powder
being flushed away by the reactant stream. Usually, glass-wool
bundles are inserted into the capillary before and after the
catalyst powder to prevent this problem.

Often, to achieve reliable comprehension of the system
under investigation it is essential to characterize the catalyst
under working conditions using multiple techniques (Borfec-

(@)

X-rays

Figure 2

chia et al, 2012; Jacques et al, 2009). This means that XAS
experiments should be complemented by other techniques
that provide vibrational and electronic results in addition to
XAS structural information. A discussion of whether
complementary techniques should be performed in separate
experiments or simultaneously with XAS data collection has
been provided elsewhere (Lamberti ef al., 2016).

As discussed above, a cell for XAS measurements, and for
spectroscopy in general, is not ideal for catalytic measure-
ments because, besides optimizing the catalytic performance
(the geometry of the catalytic bed and control of 7 and flow),
it needs to allow the electromagnetic wave to probe the
catalyst. Some of the difficulties that need to be overcome in
cell design are feed impurities (for example an imperfectly
sealed cell or degradation of the cell or some components),
feed channelling and bed bypass, temperature gradients, X-ray
beam effects, sample-preparation effects and catalytically
active cell components etc. (Meunier, 2010). Other issues
could arise from the necessity to control 7 in the catalytic bed,
in particular for highly endothermic and exothermic reactions:
Dilution of the sample with an inert and highly conductive
solid is often not possible because it could decrease or alter
the intensity of the spectroscopic signal. For instance, the
optimal sample concentrations required for XAS and UV-Vis
spectroscopy could be completely different and in some cases
completely incompatible. The final point that we would like to
highlight is the different volume and portion of the samples
probed by each technique. This difference could be due to
both the cell and the penetration depth of the different elec-
tromagnetic radiation inside the matter: for XAS it ranges up
to millimetres, while for IR, for example, it only extends to a
few hundred micrometres (Borfecchia et al., 2017).

The choice of a catalytic cell, and more generally of the
entire experimental setup and the measurement configuration,

Gas outlet

Powdered

sample

5
Heat Gun

(a, b, c) Different designs of catalysis cells for XAS (see text for details). (d) Detailed view of the operando cell developed on BM23/ID24 at ESRF for
simultaneous XAS measurements in transmission mode and IR spectroscopy in diffuse reflectance geometry. The bottom part shows two sample holders
with two different thicknesses crossed by the X-ray beam. The top window is CaF,.
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suitable for the planned experiment will be driven by the
scientific question. In planning an experiment, it will be
necessary to clarify the priorities (time resolution, S/N ratio,
temperature stability, combination of different techniques
etc.), keeping in mind the advantages and drawbacks of each
configuration (Grunwaldt et al., 2004). Without any ambition
to be exhaustive, some issues are underlined in the following
paragraphs. The best data quality with equal time resolution is
obtained by working in transmission mode on self-supported
pellets with a cell devoted to XAS measurements (for
example, the setups reported in Figs. 2a and 2b). As the setup
moves away from this configuration, for example using a
capillary system (Fig. 2¢) or the addition of a second spec-
troscopy (Fig. 2d), a poorer S/N ratio is obtained. On the other
hand, the capillary setup is a plug flow reactor and is the best
solution for kinetic experiments since the gas feed passes
through the whole powder with an almost plane wave and no
dead volume is present. The time resolution achievable will be
driven, from the spectroscopic point of view, by the minimum
S/N ratio that is acceptable to collect a spectrum that is able to
provide useful information. Of course, other parameters such
as sample-reactant contact time, concentration efc. will affect
the kinetic reaction. Moreover, the combination of different
techniques often requires some compromise. For example,
combined XAS-X-ray power diffraction (XRPD) experiments
need to be designed to find the best compromise for the X-ray
path both for the scattering and absorption techniques.
Combination of XAS with IR spectroscopy requires an IR-
transparent window (Fig. 2d), with consequent heat loss from
the sample surface. In this case, accurate measurement of the
temperature at the sample surface is necessary and the
possible presence of a temperature gradient along the catalytic
bed must be considered.

Historically, the first operando XAS-XRPD experiment
was performed by the Topsge group, who measured the
activity and selectivity of binary Cu-Zn and ternary Cu-Zn-
Al catalysts during reduction and water—gas shift and
methanol synthesis, allowing the understanding of both the
short- and long-range order of the active phase (Clausen et al.,
1991). Starting from this pioneering experimental setup, many
variants were developed and produced (see, for example,
Bordiga et al., 2013; Chupas et al., 2008; Figueroa et al., 2013;
Frenkel et al., 2011; Meunier, 2010). The capillary system
usually consists of a quartz capillary tube connected to a
stainless-steel inlet and outlet by Swagelok tube fittings or
glued directly to the tube. The outer diameter range is typi-
cally between 0.5 and 2 mm (to optimize px and Apux for the
sample), with a wall thickness of 0.01 mm. Depending on the
setup, the capillary reactor is heated by exposing it to a stream
of hot gas (N,) produced by a heat gun (as represented in
Fig. 2¢) or by resistive wires placed close to the capillary.
Temperature is controlled by a thermocouple within the
capillary, located close to the catalyst, with a small diameter
(below 0.2 mm) in order to minimize heat transfer without
perturbing the gas flow. The capillary diameter, wall thickness
and material can be varied according to the experimental
requirements, in particular to work under high-pressure

conditions where the thickness of the capillary walls needs to
be increased. These setups are usually employed up to 1200 K
and 20 bar (Figueroa et al., 2013).

An interesting approach is the solution adopted at the
SNBL beamline of the ESRF (BMO01B, subesquently moved to
BM31). This facility is equipped with two independent Si(111)
monochromators (channel cut for XRPD and double crystal
for XAS) and is capable of switching in less than a minute
from a scattering to an absorption setup on the same sample
and vice versa, always with the optimized and calibrated
energy for both experiments (Abdala et al., 2012; van Beek et
al., 2011).

Combined XAS-XRPD measurements can be performed
by mounting a diffractometer in Debye—Scherrer geometry
with the capillary microreactor mounted horizontally (x axis)
and the diffracted X-rays detected in the xz vertical plane
(where y is the direction of incoming photons) (Bras et al.,
2010). For XAS measurements, two ionization chambers are
placed before and after the capillary to work in transmission
geometry. If a fluorescence acquisition mode is needed, a
solid-state detector is placed in the horizontal plane at 90°
with respect to the direct beam (Fig. 1). In this case, in order to
optimize the geometry configuration (to minimize the elastic
beam and to maximize the solid angle between the catalyst
and detector) the capillary system is rotated 45° with respect
to incoming X-rays.

A further interesting development of the capillary setup for
the investigation of the structure of catalysts under working
conditions was performed on the BM26 beamline at ESRF
(Beale et al., 2006; Nikitenko et al., 2008) using small-angle
X-ray scattering (SAXS) techniques, probing large d-spacing,
in addition to XAS and XRPD (also called WAXS). This setup
is particularly suited to investigate samples during the synth-
esis process and is thus able to follow changes on scales
ranging from nanometres to micrometres (Agostini et al.,
2014; Groppo et al., 2012, 2014; Meneau et al., 2003).

For the complete characterization of a catalyst beyond the
structural information provided by scattering techniques such
as WAXS and SAXS, vibrational and electronic spectro-
scopies are very powerful when coupled with XAS in order to
investigate the active sites, the reaction intermediates and the
catalyst surface (Baier et al., 2015; Beale et al., 2005; Bordiga et
al., 2015; Lamberti et al., 2010; Newton et al., 2004; Newton &
van Beek, 2010). Two different types of cell will briefly be
described in the following. The first type was originally
developed by Beale and coworkers to combine Raman, UV-
Vis and XAS in an energy-dispersive configuration (Beale et
al., 2005). It is based on a quartz capillary. Raman and UV-Vis
measurements can be carried out by irradiating and collecting
the signal using a fibre optic, which can be inserted and placed
in front of the catalyst quite easily. The use of a capillary
reactor could give rise to issues derived from the round shape
of the quartz reactor, which may alter the signal back-reflected
to the probe. These problems can be overcome by making flat
faces in the direction perpendicular to the incoming radiation,
grinding a reactor tube (6 mm outer diameter and 1 mm inner
diameter) made of optical grade quartz glass. The reactor is
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mounted in a square stainless-steel furnace and heated by four
cartridges, with a maximum usable temperature of 920 K. The
second type of cell is based on the idea of Evans and Newton
to combine XAS with IR spectroscopy collected in diffuse
reflectance (DR) mode (Newton et al, 2004). The cell is
designed to be as close as possible to a plug flow reactor, with
the sample in powder form and the gas feed passing through
the catalytic bed. XAS measurements are performed in
transmission geometry (which is compatible with both stan-
dard and energy-dispersive modes), while the IR spectrum is
collected in DR geometry (Fig. 2d). A series of crucibles with
different diameters to host the powder sample are available in
order to be able to optimize the X-ray path as a function of
the metal loading and the energy of XAS measurements in
transmission mode (Fig. 2d, bottom). The cell is windowed
with two carbon glass plates for X-rays and with a CaF, crystal
on top for IR. Recently, this cell was updated by the BM23/
ID24 staff at the ESRF, maintaining the same geometrical
configuration from IR spectroscopy but redesigning the whole
cell to minimize the dead volume to 0.5 cm3, in order to
measure both in transmission and fluorescence geometries and
to work up to 970 K at a pressure of 10 bar (Fig. 2d).

Due to space limitations, this short review is focused on
heterogeneous catalysts measured with hard X-rays. For the
experimental setups used to investigate catalysts in the soft
X-ray regime, we refer to Chen (1997), Héavecker et al. (2009),
Somorjai et al. (2011) and Toyoshima & Kondoh (2015), while
for homogeneous catalysis we just mention that stopped-flow
cells (Gomez-Hens & Perez-Bendito, 1991; Inada et al., 1997)
have been widely employed to investigate the time evolution
of chemical reactions in the liquid phase by time-resolved
XAS (Bartlett et al., 2011, 2014; Dent et al., 1999; Guilera et al.,
2006; Oyanagi et al., 2011; Abdul Rahman et al., 2003;
Smolentsev et al., 2009).

3. Time-resolved data collection

Timescales in homogeneous and heterogeneous catalysis range
from milliseconds (nucleation and growth, sintering and
particle morphology changes) to seconds (reaction-turnover
times) to minutes (reduction and oxidation reactions) to hours
or days (catalyst deactivation, degradation and ageing).
From its very earliest days, measuring a standard EXAFS
spectrum in transmission mode has required about 1 h. With
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Figure 3

(a) Scheme of the SAMBA quick EXAFS monochromator at the SOLEIL synchrotron. The main rotation stage selects an average Bragg angle and the
oscillating crystal stage produces fast oscillation around this value. Adapted with permission from Fonda et al. (2012). (b) Left: scheme for an energy-
dispersive EXAFS setup. The polychromatic beam is diffracted by a bent crystal, focused on the sample and then diverges towards a position-sensitive
detector where the beam position is correlated to energy, resulting in a single-shot /; spectrum (right). Adapted with permission from Bordiga et al.
(2013). Copyright 2013 American Chemical Society. (¢) Scheme for a combined pump-probe XAS (violet APD), XES (analyzer crystal and blue APD)
and X-ray scattering (area detector) experiment; the laser and X-ray pulse arrive on the sample at different times, allowing excited states of the system to
be probed. Adapted from Chen et al. (2014) with permission from the Royal Society of Chemistry. () Top right: schematic representation of the space
occupancy of electron bunches in the storage ring and the consequent time structure of the X-rays emitted by synchrotron sources. Bottom left: scheme
of the time population of two hypothetical excited states (ES1 and ES2) of a typical metal complex upon laser excitation (violet peak). By changing the
delay between the laser pulse and the X-ray probe (black peak), the nature and the time evolution of the excited states can be revealed.
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this standard setup, the spectrum was built up by collecting
each data point at a fixed energy, with the monochromator
stationary in angle (step-scan mode). When the desired
collection time per point was reached, the monochromator
was then moved to select the next energy and the measure-
ment was repeated step by step until the whole energy range
was covered. Whilst this is still a popular mode of data
collection (and indeed produces accurate data in many cases),
the overheads of moving and settling the monochromator
make it difficult to follow a chemical reaction in real time.
Indeed, for very low acquisition times per point, the scan time
will be dominated by the dead time taken to move from one
point to the next. More recently, technological advances have
improved the time resolution to fractions of a second with ‘on-
the-fly’ or quick EXAFS (Q-EXAFS; Nachtegaal et al., 2016)
and to milliseconds with energy-dispersive EXAFS (ED-XAS;
Mathon et al., 2016), allowing the use of operando experiments
under non-equilibrium conditions.

Q-EXAFS, or ‘on-the-fly XAS’, removes the time over-
heads associated with step scanning by continuously moving a
double-crystal or channel-cut monochromator through the
energy range of interest at a constant speed, while the
detectors and Bragg motor encoder are sampled simulta-
neously at regular time intervals that will define the energy
resolution (step size). This mode was first introduced by
Frahm at the ROMO 1I beamline at HASYLAB (Frahm,
1988), and has now been implemented on many beamlines
around the world such as, for example, BW1 (Richwin et al.,
2001) at HASYLAB, SNBL (Abdala et al, 2012), BM29
(Prestipino et al., 2011), BM23 (Mathon et al., 2015) and
DUBBLE (Nikitenko et al., 2008) at ESRF, B18 at Diamond
Light Source (Dent et al., 2013), BLO1 at SPring-8 (Tada et al.,
2007), SuperXAS at SLS (Miiller et al., 2016) etc. Dedicated
Q-EXAFS systems have been implemented with technical
details that allow subsecond resolution to be reached for a full
EXAFS scan. This holds for a concentrated sample such as a
metal foil, while on a catalytically relevant diluted sample a
scan can routinely be acquired in a minute or less, or in a few
seconds if the measurement is limited to only the XANES
region.

The Q-EXAFS instrumentation, which allows high-
performance time resolution, is characterized by a channel-cut
crystal monochromator that moves in an oscillatory motion
driven by an actuator with a frequency of up to 50 Hz around
a preselected Bragg angle and by a data-acquisition system
that simultaneously samples several detectors and encoders
(Fig. 3a). This kind of monochromator has been installed on
the SuperXAS beamline at the SLS (Miiller et al., 2015), and
other versions can be found on X18A and X18B (Khalid et al.,
2011) at the NSLS (Brookhaven) and on BL33XU at Spring-8
(Uruga et al., 2007). The monochromator initially installed on
the SAMBA beamline at the SOLEIL synchrotron (Fonda et
al., 2012; see Fig. 3a) has since been moved to the ROCK
(Briois et al., 2016) beamline at the same synchrotron and will
be briefly commented on. A vertical motorized stage (left)
performs the main rotation; this is necessary to align the
oscillating crystal stage with an average Bragg angle. The

oscillating stage produces the fast oscillation and controls its
amplitude. The scheme on the right illustrates the working
principle of the variable cam. A coupling system allows the
transmission of a rotating motion through a flexure hinge to
the monochromator crystals without mechanical play. This
system allows frequencies of tens of hertz to be reached for
scan collection. The drawback of Q-EXAFS monochromators
is that they do not have a fixed exit, resulting in movement of
the beam with respect to the sample during the energy scan.
This means that a larger energy scan would result in a higher
position shift of the X-ray beam on the sample, which is
particularly relevant in the low-energy region (Ti, V and Cr K
edges), where larger Afp,,,, are required for the same AE.

In the Q-EXAFS mode the data are still collected in a serial
manner, which ultimately limits the speed. A completely
different approach is energy-dispersive XAS or ED-XAS. The
ED geometry (Pascarelli et al, 2016) uses a bent mono-
chromator crystal (Allen et al., 1993; Hagelstein et al., 1995),
where the variation of the diffraction angle over the crystal
surface can be assumed to be linear. Depending on the illu-
minated length and Bragg angle a specific energy range is
diffracted. The sample under investigation is located at the
focal point of the monochromator (Fig. 3b), and the intensity
of the different diffracted energies is measured by a position-
sensitive detector (Oyanagi et al., 1986). At each channel of
this detector an energy interval is then attributed following a
careful calibration process (Ruffoni & Pettifer, 2006). Thus,
one can take repeated snapshots of the entire EXAFS spec-
trum on a timescale of few microseconds, limited only by the
detector readout time and the photon flux. On diluted
samples, as relevant in catalysis, the actual time resolution is
usually in the millisecond range.

Historically, the use of ED-XAS started almost 40 years ago
at the II-4 beamline of SSRL, with a collaboration between
scientists from Stanford and from the Photon Factory in
Tsukuba (Kaminaga et al., 1981; Matsushita & Phizackerley,
1981; Phizackerley et al., 1983). Successively, this technique
has spread to many other synchrotron sources, for example the
Photon Factory in Japan (Saigo et al., 1986), the D11 beamline
at the DCI storage ring of LURE (Dartyge et al., 1986; Flank
et al., 1982, 1983), the DEXAFS station of the DESY storage
ring in HASYLAB (Hagelstein et al, 1989), the SRS in
Daresbury (Allinson et al., 1988; Dent et al., 1999), the
EXAFS-PULS beamline at the ADONE synchrotron in
Frascati (D’Acapito et al., 1992) and the X6A beamline at the
NSLS (Lee et al., 1994). Several ED beamline are now avail-
able worldwide, among them ID24 at the ESRF (Pascarelli et
al., 2016), 120 at Diamond Light Source (Diaz-Moreno et al.,
2009), ODE at SOLEIL (Baudelet er al, 2011), DO6A at
LNLS (Cezar et al., 2010), BLOS at Indus-2 (Bhattacharyya et
al.,2009), BL2.2 at SLRI (Poo-arporn et al., 2012) and the ED
beamline of the Kurchatov Synchrotron Radiation Source in
Moscow (Aksenov et al., 2006).

Despite this high time resolution, two main problems
restrict the applications of ED-XAS. Firstly, spectral normal-
ization and compensation with respect to I, are an issue due to
beam instability in flux and position and to homogeneity of
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samples. Secondly, the ED geometry is efficient in the trans-
mission geometry configuration only. Both drawbacks can be
partially overcome by scanning a narrow slit of few tens of
micrometres through the polychromatic fan of radiation
downstream of the crystal and selecting a monochromatic
beam, the intensity of which is simultaneously recorded before
and after the sample by two ionization chambers, while the
fluorescence emitted by the sample is simultaneously collected
by a standard multi-element solid-state detector (Pascarelli et
al., 1999). The cost of this setup is that the time resolution is
driven by the slit scan (typically hundreds of milliseconds). An
ad hoc catalytic cell has been developed for this specific setup
(Guilera et al., 2009) and some relevant results have been
obtained (see, for example, Nagai ef al., 2008).

For the time-resolved characterization of photocatalysis,
ultrafast pump-and-probe spectroscopic methods are also
relevant in order to probe photo-induced structural and
electronic dynamics on timescales in the microsecond to
picosecond range at third-generation synchrotrons, and
potentially on the femtosecond scale at XFEL sources. These
methods are based on the response to an external excitation
(primarily laser pulses for photocatalysts, but also heat,
magnetic field etc. for different systems) and the measure-
ments are performed in differential mode by means of pump-
probe schemes (Borfecchia et al., 2013; Bressler & Chergui,
2004, 2010; Chen, 2004; Milne et al., 2014; see Fig. 2c). Tran-
sient difference signals (between the excited and ground state)
are recorded for each energy point and the spectrum is then
built up; several repetitions are typically needed to improve
the signal-to noise ratio. Different setups have been developed
to monitor X-ray absorption, emission and scattering processes
and to cover the whole temporal range (Chen et al., 2014).

To collect XAS on photo-active systems in the solution
phase on the microsecond timescale, the pump—flow—probe
method can be employed. Here, the liquid samples flow
through a jet and the technique exploits the spatial separation
between the spot where the two beams (laser excitation and
X-ray probe) hit the sample, so that the time delay is defined
by the speed of the liquid sample and the spatial separation
between the two beam spots. A setup for pump—-flow—probe
measurements exists at the SuperXAS beamlines (Smolentsev
et al., 2013). As opposed to pump-flow-probe methods,
conventional pump-probe setups exploit the temporal struc-
ture of the X-ray beam at a synchrotron (top right corner of
Fig. 3d), and the highest resolution (femtoseconds) can only
be achieved at X-ray free-electron lasers or slicing sources at
synchrotrons since it is limited by the duration of the X-ray
pulse (bottom left corner of Fig. 3d). The time delay between
the laser pump and X-ray probe can be tuned electronically by
gating the detector or mechanically by chopping the X-ray
beam (with the second method having the advantage of
reducing the X-ray damage since the sample is only irradiated
for the measurement). Laser pump-X-ray probe setups
exploiting the temporal structure of the X-ray source (top
right corner of Fig. 3d) have been developed at third-
generation synchrotrons. Among the different available
beamlines we mention 7-ID-D (March et al., 2011) and

11-ID-D (Chen et al., 2010; Jennings et al., 2002) at APS,
Chicago, USA, MicroXAS (Lima et al., 2011) at SLS, Villigen,
Switzerland, P11 (Britz et al., 2016; Goéries et al., 2016) at
PETRA III, Hamburg, Germany and NW14A (Sato et al.,
2009) at the Photon Factory, Tsukuba, Japan. In recent years
the new hard X-ray free-electron laser (FEL) sources have
boosted the physics and chemistry of time-resolved experi-
ments, providing ultrahigh fluxes of up to ~10'? photons per
pulse (compared with 10° photons per pulse at third-generation
synchrotrons) and extreme short length (tens of femtoseconds,
compared with hundreds of picoseconds). Pump-and-probe
experiments at FELs can be performed at SACLA in Japan
(Canton et al, 2015; Ishikawa et al, 2012), at the XPP
endstation of the LCLS in Stanford (Cammarata et al., 2014;
Harmand et al., 2013) and at the FXE endstation of the
European XFEL, Hamburg, Germany.

4. Spatially resolved data collection

In tandem with the temporal resolution, another important
property of synchrotron-based techniques is the considerable
spatial resolution that is achievable at these facilities
(Martinez-Criado et al., 2013; Mino et al., 2018; Suzuki &
Terada, 2016). The capability to focus the beam and map
different points of the sample has been thoroughly exploited
by X-ray fluorescence (Kalirai ef al., 2015), imaging (Andrews
& Weckhuysen, 2013; Aramburo ef al., 2013) and tomography
(Gonzalez-Jimenez et al., 2012; Grunwaldt & Schroer, 2010;
Meirer, Kalirai, Weker et al., 2015), but it also has a relevant
application in the case of the EXAFS technique, in particular
when applied to catalysis studies, since it allows character-
ization of the axial structural variance of working catalysts
along a reaction bed (Doronkin et al., 2014; Grunwaldt et al.,
2013; Giinter et al., 2016; Hannemann et al., 2007, 2009;
Kimmerle ef al, 2009). The absence or presence of such
structural gradients is of considerable interest in the realistic
application of heterogeneous catalysts and is not easily
established in any other way. Certainly, the possibility of
performing time-resolved and space-resolved measurements
(Doronkin ef al., 2014) is strictly connected to the develop-
ment of in situ cells that allow reaction environments to be
reproduced that are as close as possible to those that the
catalysts would experience under actual working conditions.
Several adjustments in terms of scale and materials are
required to make the cell compatible with X-ray absorption
measurements: thin windows of a material mainly composed
of light elements (Kapton, Mylar, glassy carbon, mica efc.) to
optimize transmission that is possibly not crystalline and with
a negligible amount of impurities to minimize unwanted
spurious diffraction or scattering or fluorescence signals that
would introduce systematic artefacts into the measurement.
Capillary-like cells (Figs. 2¢, 4a and 4b) offer ideal condi-
tions in terms of gas/liquid flow, temperature range and
pressure resistance, providing a great tool for an improved full
structural characterization of catalysts, so many groups started
to develop custom-built in situ cells based on plug flow
capillary reactors (Bare et al., 2007; Fiddy et al., 1999; Newton
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et al., 2003). Moreover, the capillary provides a linear envir-
onment for gas/liquid flow and good accessibility to different
points of the catalyst bed, allowing space-resolved measure-
ments that are capable of discerning differences between the
start and the end of the catalytic bed, where the gas/liquid
composition can be very different depending on the rate of
reactant consumption and product formation (Newton et al.,
2016). If the temporal resolution for data acquisition is suffi-
ciently higher than the reaction rate, it is also possible to
monitor progress along the bed of the reaction front. A
possibility is to loop on the different points of the catalytic bed
(from 1 to n in Fig. 4a; Doronkin et al., 2014); alternatively, a
full-field approach (Andrews & Weckhuysen, 2013; Grunwaldt
& Schroer, 2010; Meirer, Morris ef al., 2015) must be adopted.

A nanoreactor originally designed for environmental
high-resolution transmission electron microscopy (TEM) was

Gasinlet
—

Gas outlet

Loopr'\
12 n

(a)

STXM set-up

Laser for interferometer
Fine X,Y piezo stage

X-rays

Laser mount

Zone-plate Z stage

adapted for scanning transmission X-ray microscopy (STXM)
on beamline 11.0.2 (Kilcoyne et al, 2003) of the ALS
synchrotron at BNL operating in the soft X-ray region (see
Fig. 4c). This setup has provided several very interesting
results for understanding catalysts under working conditions;
see, for example, de Smit et al. (2008). Beamline 37XU (Terada
et al, 2011) at SPring-8 is an example of an STXM setup
operating in the hard X-ray region that is widely employed by
the catalysis community (Tada et al., 2011).

Finally, using microfocus X-ray fluorescence and X-ray
diffraction computed tomography (u-XRF-CT and u-XRD-
CT, respectively) in combination with XANES on a single
particle of a catalyst it is possible to study the active state
under standard operating conditions, demonstrating the
ability of chemical computed tomography to image the nature
and the spatial distribution of a single catalyst particle under

Detector on X,Y,Z stage
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Figure 4

Schematic (@) and photograph (b) of the capillary reactor available at the Diamond Light Source beamlines. The setup is equipped with Swagelok fittings
to flow gases through the sample and a hot air blower to control the temperature and is mounted on a motorized stage, allowing the possibility of probing
different points along the catalyst bed. (¢) Three-dimensional drawings of the 5.3.2 STXM beamline at the ALS synchrotron. Reproduced with
permission from Kilcoyne et al. (2003).

Int. Tables Crystallogr. | (2024). ch.3.26,466-477 Giovanni Agostini et al. « In situ and operando catalysis 473



international tables

reaction conditions (Cats et al., 2013; Liu et al., 2016; Meirer,
Kalirai, Morris et al., 2015; Meirer, Morris et al., 2015; Price,
Geraki et al., 2015; Price, Ignatyev et al., 2015).

5. Conclusions

In recent years, impressive achievements have been obtained
in the development and adaptation of spectroscopic techni-
ques for in situ and operando studies of processes under real
and close-to-real reaction conditions. Synchrotron-based XAS
has emerged as one of the most used methods for the study
of active sites in catalytic materials (Bordiga et al., 2013).
Excellent spatial, temporal and energy resolution and the
relatively high penetration depth of hard X-rays make it a
perfect tool to investigate systems under reaction conditions
(gas atmosphere or pressure, sample temperature) and to
probe catalytic processes during the reaction (Buurmans &
Weckhuysen, 2012; Grunwaldt et al, 2004; Grunwaldt &
Clausen, 2002; Newton et al., 2002). The huge amount of data
obtained by time-resolved or space-resolved data collection
(and using multi-technique experiments) has generated the
need for a new generation of software allowing the simulta-
neous handing of a large number of spectra and their
treatment with advanced chemometric approaches such as
principal component analysis (Cotte et al., 2016; Figueroa &
Prestipino, 2016; Liu ef al., 2012). When additional techniques
(MS, GC, XRPD, SAXS, IR, Raman, UV-Vis efc.) are coupled
with XES or XAS acquisitions, we foresee the need to drive all
data collections with a single computer to allow perfect timing
among the different data sets.
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