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The design and commissioning of a cell suitable for operando
studies using high-energy-resolution fluorescence-detected X-
ray absorption near-edge structure (HERFD-XANES) spectro-
scopy in the tender X-ray regime is reported. The cell is
optimized for measurements within the energy range of 1.5 keV
to 4.5 keV. It has a plug-flow geometry and can be used for
sieved powder samples, analogous to reactors employed for
laboratory tests. The functionality of the spectroscopic cell is

demonstrated in the area of emission control using CO
oxidation as target reaction over 1 wt.% Rh/γ-Al2O3 as catalyst.
We show how HERFD-XANES at the Rh L3-edge captures
variations in the noble metal structure resulting from the
interaction with the support material and reactant molecules.
Moreover, distinct structural changes were identified along the
catalyst bed as a function of temperature and local gas mixture.

Introduction

Catalysis has been essential for society‘s development, contribu-
ting to the improvement of numerous chemical processes for
energy production, pharmaceutical and food industry, or for
clean air by lowering harmful emissions.[1] Despite the impres-
sive progress in all these fields, several challenges still need to
be faced. The main ones are improved selectivity and higher
stability toward catalyst aging or poisoning.[2,3] Herein, tuning
and controlling the active site structure is a key,[4,5] especially
considering the current difficulties of the catalyst production
process: raw materials tend to be less abundant, costly, or
difficult to access. These aspects are particularly important for
noble metal-based catalysts, which are extensively applied in
large-scale applications for air purification including emission
control, fine chemistry or fuel cells. Understanding the structure

of the active sites and their interaction with the reactant species
is crucial for developing catalysts that comply with the current
challenges. Considering the dynamic nature of heterogeneous
catalysts during variations in gas atmosphere and
temperature,[5] their characterization under reaction conditions
(operando) while monitoring the activity and selectivity is highly
important. Additionally, solid structure-activity relationships can
be derived for heterogeneous catalysts only under conditions
where good contact between the gas flow and catalyst grains is
ensured, and bypass of reactants and mass transport limitations
are avoided.[6,7]

With respect to the characterization methods, X-ray spectro-
scopy with synchrotron radiation has proven to be a key
technique due to its element selectivity, high penetration
depth, and high photon flux that allows the study of the
amorphous structure of catalysts under reaction conditions.
Such measurements typically provide direct information on the
changes in coordination and chemical environment for the
atom of interest during variations in the sample environment.
The spatial resolution ranging from tens of microns down to
10 nm allows observing the distribution of chemical states of
the catalysts during the reaction.[8–13] X-ray spectroscopy has
already been widely used to follow catalytic reactions under
reaction conditions.[10,14–20] Whereas investigations in the hard X-
ray energy range (>4.5 keV) dominate spectroscopic studies,
only a few operando experiments were conducted in the tender
X-ray energy range (1 to 4.5 keV). These lower energies allow to
probe L-edges of 4d-transition metals, including the frequently
applied noble metals such as Rh and Pd.[21–25] Investigating L-
edges instead of K-edges is advantageous because of the
smaller lifetime broadening and the fact that the valence
orbitals are directly probed via dipole transitions. The smaller
line widths make chemical shifts and changes in the white line
profile more readily observable. The sharper features also yield
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better sensitivity to mixed species or contaminants, which are
generally difficult to detect.[26]

High-energy-resolution fluorescence-detected (HERFD) X-ray
absorption near edge structure (XANES) is attracting increasing
interest as a tool to follow catalytic processes,[15,27,28] as it
increases the spectral resolution and eliminates most back-
ground signal.[21,29–32] HERFD-XANES at the L3-edge using the Lα1

emission lines (3d5/2!2p3/2) probes the unoccupied 4d orbitals.
The shape of the white line is sensitive to ligand type, bond
angles and interatomic distances. Therefore, such studies
provide information on the interaction of various ligands with
the central atom during reaction.[23–25] The high spectral quality
with high spectral resolution and low background is crucial for
the identification of complex and possibly small spectral
changes. Furthermore, it helps to systematically analyze spectra
recorded operando that are often a superposition of several
species (active site and spectator) with different contributions
to the catalytic activity.

The absorption edges and emission lines of 4d transition
metals are in the tender X-ray region (1.5 keV–4.5 keV)[33] where
the X-ray attenuation is considerably stronger than in the hard
X-ray range above 4.5 keV. Alumina as a support material
absorbs strongly and emits intense fluorescence lines in the
tender X-ray range, while it requires little consideration for
measurements at K-edges. An X-ray emission spectrometer
installed in a vacuum chamber eliminates any air path and
effectively diminishes all unwanted fluorescence lines. The in-
vacuum tender X-ray emission spectrometer (TEXS)[33] of beam-
line ID26 at the ESRF provides the possibility to study the L-
edges of 4d transition metals by means of HERFD-XANES.
However, for in situ/operando studies in the tender X-ray range
the design of a suitable cell calls for particular attention. Here
we present an in situ/operando cell for HERFD-XANES in the
tender X-ray range and show the first results obtained for a low
loaded Rh/γ-Al2O3 oxidation catalyst for emission control.

Results and Discussion

Description of the spectroscopic in situ/operando cell

Cell requirements

In Table 1 are listed the most crucial aspects for building an
in situ/operando cell for measurements of heterogeneous cata-
lysts in the tender X-ray energy range. These aspects were
selected based on the needs that arise when measurements are
conducted in the TEXS of beamline ID26 at the ESRF. It is a
compromise between the spectroscopic experiment and the
well-known guidelines for catalyst testing.[34]

The operando cell is constructed with a plug-flow config-
uration where the sieved sample is placed between two quartz
wool plugs.[35] Plug-flow reactors also promote a fast catalyst
response to the change in gas composition because of the
small dead volume.[36] Designing a cell with all these character-
istics involves important challenges, such as gas tightness, using

materials with low X-ray attenuation, high resistance to large
pressure differences, and temperature variations.

The cell design

The in situ/operando cell (Figure 1) was developed with the aim
to handle a small, lightweight device that can be used in
fluorescence mode and ensure proper diffusion of gases
through the sample during a catalytic reaction. It is essential to
mention that a conventional quartz catalytic reactor is not
suitable for the tender x-ray region since quartz is a strongly
absorbing material at these energies. The cell body was
manufactured through 3D printing via direct metal laser
sintering (DMLS) of stainless steel by Protolabs (France).
Stainless steel was chosen due to its excellent chemical stability
under various reaction conditions. It has a sample channel of
1.5 mm × 1.5 mm × 12 mm dimensions, which is based on the
smallest volume that Hannemann et al.[37] used for an analogous
hard X-ray operando cell. In a more advanced version of the cell,

Table 1. Key parameters considered for the construction of the in situ/
operando cell adapted for TEXS at the ESRF beamline ID26.

Aspects Requirements

Instrumental
aspects

1. The aperture angle of the outgoing X-rays should be
as large as possible in order to allow the detection of
the fluorescence by all TEXS analyzer crystals.
2. The cell must allow measurements across the surface
of the catalytic bed: vertically by at least �0.75 mm
and horizontally by at least �6 mm along the direction
of the gas flow through the catalyst bed.
3. An efficient cooling system for the cell with good
thermal isolation and shielding is important because
high temperatures can damage mechanical compo-
nents around the furnace and induce high noise in X-
ray detectors. With the low pressure inside the
chamber, convection is ineffective and heat dissipation
occurs only via conduction and radiation.

Window
Characteristics

1. The window must exhibit minimal X-ray attenuation
of the sample signal. High attenuation would limit the
measurement of diluted samples.
2. The window must resist the pressure difference
between the catalytic bed (approx. 1 bar) and the
pressure inside the TEXS chamber (approx.
1.5×10� 2 mbar). Furthermore, because of the pressure
difference, the window‘s effective sealing of the
catalytic bed is crucial. Consequently, gaskets are
necessary to prevent potential leaks of reaction gas
into the TEXS chamber.
3. The window must be inert and resistant over a
reasonably broad temperature range.

Catalysis
requirements

1. Gas flow through the sample and mass transport
must be optimized to ensure reaction and flow
conditions for the X-ray probed sample volume.[7]

2. Bypass of reactants must be avoided.
3. Cell heating must be spatially uniform and accurate
(�1°C) without overshooting.
4. The heat capacity of the cell should be small to allow
fast temperature changes.
5. Metals that are studied in the catalyst should not be
present in the cell in the vicinity of the sample.
6. Dead volume in the front and after the catalyst bed,
as well as before the gas analytics, must be minimal.
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the sample channel could have a gold coating or a detachable
sample holder made of a different material than stainless steel.
This will minimize the signal from elements in stainless steel,
such as Fe, Cr, Ni, and Mn.

The cell (Figure 1) has a metallic sample cover attached with
six screws on top of the sample. With the help of two 200 μm
thick graphite gaskets (manufactured by HPMS graphite), the
cover holds the X-ray window. The sieved catalyst powder is
positioned in the sample channel between two quartz wool
plugs, to prevent catalyst loss or moving of the catalyst bed
during experiments. After filling the catalyst grains in the
compartment, several graphite pieces as gaskets and the cell
window are used to seal the in situ/operando cell. The gas
dosing system is connected to the cell‘s inlet and outlet by
using Swagelok® fittings. A Kanthal® APM (Advanced Powder
Metallurgical) wire resistor provides heating over the whole
length of the sample channel. The distance separating the
sample from the resistor is 3 mm (Figure 1b), but the heat
transfer is efficient due to the high thermal conductivity of
stainless steel. Temperature control is performed by two
thermocouples located at 1.5 mm from the sample channel. The
thermocouple location allows precise reactor temperature
control through a Eurotherm nanodac™ recorder/controller. The
cell can be heated or cooled at varying ramp rates between 0.5
to 50 °C/min up to 800 °C. However, the temperature range
needs to be adjusted in accordance to the material limitations

of the applied cell window and gas atmosphere. The cell is
permanently connected to a cooling system (air or water).
Additionally, the cell body is on a holder with water cooling via
circulation to protect the surrounding components from high
temperatures. The holder is attached to a metal stage that can
be mounted on the translation stages of the beamline.

For selecting the window material, several criteria were
considered. The window material has to be low X-ray absorbing
but sufficiently resistant during installation and under reaction
conditions. Different graphite foil thicknesses (17, 25, and
40 μm) were tested. We chose a thickness of 25 μm for the
in situ/operando cell due to its ability to withstand reaction
conditions and its moderate attenuation of the sample signal
(see Electronic Supplementary Information). The in situ/operan-
do cell was installed into the vacuum chamber by using flexible
KF25 stainless steel vacuum couplings and DN40CF-DN25KF
flange adapters for gas and electrical connections. Figure 2
illustrates the position of the cell inside the TEXS spectropho-
tometer. The cell is mounted on positioning stages that allow
for alignment into the source point of the X-ray emission
spectrometer and is rotated at 45 degrees with respect to the
incoming beam.

High-resolution infrared thermography was used to assess
heating homogeneity in the catalytic channel using a Vario-
CAM®hr head camera. Figure 3 shows the uniform heating of
the cell, which prevents the formation of hot spots that could
affect the chemical reaction. Temperature calibration was
achieved by using the two thermocouples installed in the cell
and directly measuring the temperature in the sample. To this
end, a thermocouple was introduced through the tubing and
kept in contact with the sample while a constant flow of 50 mL/
min of helium was dosed. The results confirm the thermal
reliability and accuracy of the cell over the studied temperature
range (see Electronic Supplementary Information).

The in situ/operando cell designed showcases several advan-
tages such as optimal gas diffusion that is crucial for operando
studies, chemical stability provided by stainless steel construc-
tion, and precise temperature control through the use of a
Kanthal® APM resistor and thermocouples. Moreover, it ensures
heating uniformity, avoiding hot spots, and displays versatility
in design, allowing the adaptation of coatings or sample
supports in advanced versions.

Application: HERFD-XANES investigations

The suitability of the cell for catalytic in situ/operando measure-
ments was tested for a 1 wt. % Rh/γ-Al2O3 catalyst during CO
oxidation between 25–350 °C. We collected HERFD-XANES
spectra at the Rh L3-edge, which showed clear and distinct
spectral features that helped derive structure-activity correla-
tions. However, similarly to most XAS measurements in
fluorescence mode, the obtained data suffer from spectral
distortions due to over- or self-absorption effects.[38,39] Nonethe-
less, the influence is negligible for the catalyst studied here
because of the low Rh concentration and strongly absorbing
Al2O3 in this energy range. The validity of the results obtained

Figure 1. Spectroscopic in situ/operando cell for tender X-ray investigations:
a) 3D catalytic reactor design with its main parts. b) Longitudinal section of
the reactor. 1 – window, 2 – metallic sample cover, 3 – graphite gasket, 4 –
gas inlet, 5 – gas outlet, 6 – thermocouples, 7 – screw holes (6 units), 8 – air
cooling inlet, 9 – air cooling outlet, 10 – resistor, 11 – electric connections.
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with the in situ/operando cell was confirmed by comparing the
catalytic conversion measured during the HERFD-XANES meas-
urements with the one obtained in a fixed-bed tubular flow
reactor, under the same reaction conditions. The consistency in
the results highlights the coherence in the dynamics of the
reaction investigated, thereby validating the measurements
made by HERFD-XANES.

Operando HERFD-XANES measurements during CO oxidation
over a 1 wt.% Rh/γ-Al2O3 catalyst

We collected the HERFD-XANES spectra during the following
steps: (i) the catalyst in static air at 25 °C; (ii) pre-treatment in
5% O2 /He up to 350 °C to remove physiosorbed species and
other traces on catalyst surface; (iii) under CO oxidation
conditions of 3000 ppm CO, 1.5% O2/He, while heating the
catalyst bed by 5 °C/min to 350 °C. The obtained spectra were
normalized to the spectral area in the range 3000.00 eV to
3014.00 eV. The area normalization follows the previously
reported f-sum rule[40] (more details in Electronic Supplementary
Information), ensuring that the system‘s fundamental properties
are reflected, which enables the identification of genuine
differences in sample structure while sidelining artefact effects
as much as possible. Additionally, we measured a Rh foil to
correct the Bragg angle expected for the edge energy of Rh L3-
edge (3004 eV).[41]

Figure 4 shows the Rh L3-edge HERFD-XANES spectra
measured for the 1 wt.% Rh/γ-Al2O3 catalyst at room temper-
ature after pre-treatment in an oxidative atmosphere and after
exposure to the CO containing gas stream inside of the in situ/
operando cell. Additionally, the spectra collected for Rh foil and
pellets of Rh2O3, and RhO2 are shown. To ensure a comparable
Rh concentration as in the catalyst and minimize the self-
absorption effect in the spectra of Rh2O3 and RhO2, a 1 :99 wt.%
ratio of cellulose was used as a diluting agent during the
measurements for the reference samples. However, some self-
absorption for Rh foil measurements has to be considered. One
observes strong variations between the white line profiles of
the differently treated catalysts, which result from the inter-
action with the specific gas molecules. Comparison of the
HERFD-XANES spectra measured for the Rh/γ-Al2O3 catalyst
inside of the in situ/operando cell indicates a similar data quality
as that obtained for the pellets of Rh reference compounds
measured without the cell. With respect to the local structure, a
shift of the white line towards higher energy is observed for the
alumina supported catalyst in comparison to the RhO2 and
Rh2O3 references. Previous investigations have shown that the
exposure of Rh/γ-Al2O3 to high temperatures under oxidizing
atmosphere leads to highly dispersed noble metal species.

Figure 2. Positioning of the in situ/operando cell inside the TEXS chamber: a)
Front view, showing the geometry of the incoming beam in relation to the
catalytic channel. b) Posterior lateral view, showing how the crystals focus
the fluorescence towards the detector.

Figure 3. Thermal photograph of the in situ/operando cell (front view). The
white box underlines the location of the catalyst in the cell channel.
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Above 600 °C the diffusion of Rh into the subsurface or bulk
alumina lattice with the formation of RhAlOx was reported.[42,43]

In highly dispersed state or for low-loaded samples, Rh is
located at sublattice octahedral sites of the cubic spinel γ-Al2O3,
most probably as Rh3+ species. According to our results, this
strong interaction with the support affects the electronic
configuration of Rh species already for lower catalyst calcination
temperatures, i. e. at 500 °C. However, the diffusion of Rh into
the alumina lattice is not expected at these temperatures.
Despite being present in an oxidized state, the entire Rh L3

edge profile of the fresh catalyst does not resemble those of
Rh2O3 and RhO2 references. Most of the Rh species seem to be
accessible on the alumina surface, as they are able to interact
with the CO and O2 molecules. This is indicated by the
pronounced changes occurring in the HERFD-XANES profile
already at room temperature during exposure of the catalyst to

the gas mixture, which is in line with previous infrared
spectroscopy studies conducted on similar samples.[44] Depend-
ing on the noble metal state and reaction conditions, highly
dispersed Rh species (single atoms, clusters or particles) are
known to adsorb none, one or two CO molecules.[44–46] CO
adsorption on Rh metallic surface involves electron donation
from the 5σ-CO molecular orbital to the metal but also back-
donation of p and d electrons from Rh to the antibonding 2π*
molecular orbital of CO, which weakens the C� O bond. As
shown by Schwegmann et al.,[47] the back-donation is dimin-
ished if oxygen is co-adsorbed due to its competing effect,
leading to a more facile desorption of CO. In our experiment,
the noble metal is initially in an oxidized state, and oxygen
concentration is in excess relative to CO concentration. For this
state, the predominant formation of gem-dicarbonyls Rhδ+(CO)2
or linearly bound CO species is expected at room
temperature.[48–50] The decrease of the white line intensity
indicates a partial reduction from Rh3+ to Rh+ that occurs
already at this low temperature, whereas the new feature
appearing at 3009.5 eV is assigned to rhodium carbonyl
formation. This slight pre-reduction of highly oxidized Rh
species with a change in coordination seems to be mandatory
for CO adsorption.[51] Previous diffuse reflectance infrared Four-
ier transform spectroscopy (DRIFTS) investigations of the surface
species formed during CO oxidation over Rh/γ-Al2O3 suggested
that CO adsorbed on Rh sites in a higher oxidation state as
gem-dicarbonyl species are not active for CO oxidation[50,52] In
contrast, linear CO adsorbed species formed on Rh clusters and
particles show a higher reactivity.[49]

These assignments are in line with the changes observed in
the HERFD-XANES spectra collected at the inlet, middle, and
outlet positions of the catalyst bed during heating from 100 °C
to 350 °C (Figure 5). In comparison to the spectra measured at
room temperature for the catalyst in fresh state and after
exposure to CO, the white line intensity recovered to some
extent after heating in the reaction mixture to 100 °C whereas
the shoulder at 3009.5 eV diminished, which is most probably
due to partial CO desorption. Nonetheless, the reaction is still

Figure 4. Rh L3-edge HERFD-XANES spectra for 1 wt.% Rh/γ-Al2O3 fresh
catalyst at room temperature after pre-treatment in oxidative atmosphere
(green line) and exposure to 3000 ppm CO, 1.5% O2/He at room temperature
(blue line). The spectra of Rh2O3, RhO2, and Rh foil references are additionally
shown in dot-dashed lines.

Figure 5. Rh L3-edge HERFD-XANES spectra collected during the CO oxidation catalytic light-off cycle between 100 °C and 350 °C for 1wt. % Rh/γ-Al2O3. a) inlet
position, b) middle position, c) outlet position of the catalyst bed. The inset shows peak C.
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inhibited by the remaining rhodium carbonyl species as the CO
oxidation onset occurs only above 170 °C (Figure 6). In line with
a Langmuir–Hinshelwood reaction mechanism, partial CO
desorption is required to allow adsorption and activation of
O2.

[48,53] At 250 °C, corresponding to 100% CO conversion, the
fingerprint of rhodium carbonyls is observed only for the inlet
and mid position of the catalyst bed. For even higher temper-
atures, the increase of the reaction rate further shrinks the CO
conversion zone towards inlet positions in the catalyst bed,[54,55]

as indicated by the remaining small shoulder at 3009.50 eV in
the HERFD-XANES spectra measured at the inlet position.

Each HERFD-XANES spectrum in Figure 5 was fitted with
three Voigt functions and an arctangent curve to model the
absorption edge step within the 3000.00 eV to 3014.00 eV
range. This approach was chosen due to the complexity of the
spectra at the Rh L3 edge, which arises from multiple
coordination environments, variations in electronic states, and
subtle electronic structure details, making Voigt functions
crucial for capturing these intricacies (see Electronic Supple-
mentary Information). In Figure 6, the ratio of the area under
peak C at different temperatures to the respective area of the
fresh catalyst for the inlet, middle, and outlet positions is shown
on the primary y-axis. This ratio is used to reduce any
distortions in the spectra that may be caused by various factors
such as the sample filling of the in situ/operando cell channel.
The fingerprint of rhodium carbonyl presence (Rhδ+ in Figure 6)
is identified at the outlet and mid positions especially at
temperatures below the reaction onset (<200 °C) whereas the
formation of these species is found at the beginning of the
catalyst bed even for complete CO conversion. Hence, the
obtained results allow a direct correlation between the catalyst
structure along the catalyst bed and the measured CO oxidation
activity at various temperatures, demonstrating the suitability
of the operando cell for such studies.

Conclusions

An in situ/operando cell was developed for tender X-ray
emission measurements and commissioned at the insertion
device beamline ID26 (ESRF). The system allows the dosage of
different gas mixtures. Simultaneously, the catalyst bed can be
heated or cooled in a temperature range of 25–800 °C. The
plug-flow geometry of the cell with a catalyst bed containing a
sieved powder fraction is analogous to typical laboratory
reactors for catalyst tests. The low limit of the energy range
used for investigations is given by the X-ray spectrometer,
which starts with Al Ka and covers Si, P, S, and Cl as well as the
L edges of 4d transition metals.

Variations in the Rh L3 HERFD-XANES spectral features can
be clearly identified during CO oxidation despite the low noble
metal loading of 1 wt.%, as illustrated for a Rh/γ-Al2O3 catalyst.
Furthermore, HERFD-XANES spectra can be collected in a
spatially resolved manner along the catalyst bed, allowing to
derive accurate structure-activity correlations.

Without further modifications, the in situ/operando cell can
be used for similar studies on heterogeneous catalysts under
transient or steady-state reaction conditions. This opens the
way for a large number of experiments in the tender X-ray
range for the study 4d transition metals but also phosphorus,
sulphur and chlorine. In order to minimize down-time when
changing the catalyst, we are currently working on the design
of a new cell with three reactors. Additionally, we aim to
expand the capabilities of our in situ/operando cell to encom-
pass higher temperatures and optimize thermal modulation.
With the incorporation of gold coatings, we seek to facilitate
the study of iron-based catalysts. Moreover, we are considering
adaptations for operations under high pressures and the
possible integration with techniques such as extended X-ray
absorption fine structure (EXAFS). These advancements will
guide us towards a deeper understanding of high-temperature
reactions and catalyst deactivation using the advantageous L3-
edge spectroscopy of 4d-transition metals. Finally, the experi-
ence gained in the present work will help in the construction of
cells for other types of in situ studies, for example, in electro-
catalysis.

Experimental
HERFD-XANES measurements were carried out using the TEXS
installed at beamline ID26 of the ESRF. The incident energy was
selected by means of the Si(111) reflection of a double crystal
monochromator. The total flux was approximately 1013 photons/
second using the fundamental harmonic. The size of the beam (Full
Width at Half Maximum, horizontal × vertical) was 247 μm × 38 μm.
The incoming monochromatic X-ray flux was recorded by detecting
the X-ray scattering from a Kapton foil on a photodiode. A metallic
foil of Rh was used for incident beam energy calibration. Five
Si(111) Johansson crystals analyzers were used in the TEXS
chamber. The fluorescence intensity was recorded using a gas
proportional counter. HERFD-XANES spectra were recorded by
monitoring the fluorescence intensity at the maximum of the Rh
Lα1 emission line (2696.80 eV) corresponding to a Bragg angle of
47.15 degrees. The samples were checked for radiation damage by

Figure 6. Catalytic activity evaluation through Rh L3 HERFD-XANES: Spectral
area for peak C, normalized to the area of the fresh catalyst at the inlet,
middle, and outlet positions of the catalyst bed, is plotted on the primary y-
axis. Simultaneously, CO oxidation activity between 100 °C and 350 °C for
1 wt.% Rh/γ-Al2O3 is illustrated on the secondary y-axis.
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recording 10 consecutive XAS scans (on-the-fly data acquisition) of
30 seconds each. None of the compounds were found to be
radiation sensitive.

The 1 wt.% Rh/γ-Al2O3 catalyst was prepared by the incipient
wetness impregnation (IWI) method using a 10% rhodium (III)
nitrate aqueous solution (Acros Organics) as Rh precursor and
commercial γ-Al2O3 (SASOL Germany GmbH) as support. After
impregnation, the sample was calcined at 500 °C for 5 hours in
static air. This resulted in the formation of highly dispersed rhodium
nanoparticles with sizes around 1–2 nm. The 1 wt.% Rh/γ-Al2O3

catalyst was sieved to obtain a grain size between 125 μm to
250 μm, which was placed between two quartz wool plugs inside
of the in situ/operando cell channel. The catalyst bed length was
about 6 mm, and 8 mg of catalyst was used. Once the sample was
located, the reactor was sealed by positioning the 25 μm graphite
window, graphite gaskets and metallic sample cover. The reaction
was followed between 25 °C to 350 °C using the T/C1 and T/C2

thermocouples (at atmospheric pressure, the working temperature
range can be extended to 25–800 °C). The heating temperature
ramp was 5 °C/min. Catalytic activity was evaluated by feeding a
gas mixture of 3000 ppm CO, and 1.5% O2 in He as balance at a
total gas flow rate of 50 mL/min. All gases were dosed through
mass flow controllers (Bronkhorst). The resulting reaction products
were analyzed with a mass spectrometer (MS, Pfeiffer Vacuum,
OmniStar GSD 320 O) and a Fourier transform infrared spectrometer
(FTIR, MKS, Multigas MG2030). The MS and FTIR were placed as
close as possible to the in situ/operando cell to minimize dead
volume effects.
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Utilizing a customized in situ/
operando cell designed for X-ray spec-
troscopy in the tender X-ray range, an
investigation is reported that
unraveled the interactions between
the noble metal, support, and reactive
molecules throughout the catalytic
bed. The in situ/operando cell allows
the study of dynamic structural
changes in heterogeneous catalysts,
in this example case in the field of
emission control catalysis.
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