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A modular high-temperature cell consisting of a plug-flow microreactor with fixed catalyst bed and long
heating zone has been established for operando X-ray absorption/fluorescence spectroscopic and
diffraction studies. The functionality of the cell is demonstrated for two important areas: emission control
using a 2 wt.% Pd/Al,O3 acting as three-way catalyst and direct conversion of methane to olefins and
aromatics on a 0.5 % Fe/SiO, catalyst. The performance has been determined by on-line infrared
spectroscopy and mass spectrometry, respectively. In addition, the cell can be combined with optical
spectroscopy, such as Raman spectroscopy. The catalyst, present as powdered/sieved samples, can be
measured under reaction conditions at temperatures of up to 1050 °C. Another key aspect is a long
isothermal heating zone with small temperature gradient (< 3 °C/mm at 1000 °C without reaction)
including an inert zone for pre-heating of the reactant gas. Due to the small size of the microreactor and
the heating system including a water cooling system, heating/cooling rates of up to 100 °C/min can be
achieved. Moreover, due to the compact design and the autonomous control system, the high
temperature operando setup fits to the space at the majority of synchrotron beamlines. In many cases
the element of interest in the catalysts is low requiring X-ray absorption spectroscopy measurements in
the fluorescence measurement mode. Hence, the microreactor was designed to fit such needs as well.
More specifically, the case of Fe-containing catalysts was particularly considered by using iron-free
materials for the reactor housing.

Publishing

AlP


https://core.ac.uk/display/395742957?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

AlP

Publishing

[. INTRODUCTION

Understanding heterogeneous catalysts in terms of interaction between the active sites and the support,
activation and deactivation pathways as well as regeneration conditions is key for improved design and
development of highly active and stable catalysts.}® These questions are best answered with characteri-
zation methods that allow measurement of catalysts under reaction conditions.®” In this regard, X-ray
absorption spectroscopy (XAS) is a highly suitable method for operando investigation of heterogeneous
catalysts under realistic conditions due to the high penetration depth of the high-energy X-rays.®!?
Variations in oxidation states and local geometry of active sites can be derived from the X-ray absorption
near edge structure (XANES) data whereas detailed information on the coordination environment, such
as a type of neighbors, interatomic distances and coordination numbers, can be obtained by analysis of
the extended X-ray absorption fine structure (EXAFS) data.’™ 12 For example, a reduction protocol to vary
the size and dispersion of Pt nanoparticles on CeO; in order to tune the catalytic activity for total oxidation
reactions was proposed with the help of operando XAS.* Moreover, XAS can be easily combined with
other operando methods in order to acquire complementary information about the crystalline structure
of support or nature of the adsorbed species, for instance.” '* This approach was for example applied to
study the hydrocarbon activation step during selective oxidation of propene by bismuth molybdates with
combining operando XAS and X-ray diffraction (XRD)/Raman spectroscopy, and led to a holistic under-
standing of the multicomponent catalyst redox behavior influencing the catalytic performance.’

During the last decades, a wide array of XAS cells has been developed to measure catalyst powders or
pellets at elevated temperatures (of > 750 °C) under reaction gas atmosphere.'> 1622 |n each of these
designs, the best compromise between optimal performance in spectroscopy and catalysis must be found.
10:23 T overcome pore diffusion problems occurring whilst measuring pellets, a commonly used plug-flow
setup features sieved catalysts placed between two quartz wool plugs in a quartz capillary heated by a
gas blower. 2 This concept was firstly introduced by Clausen et al. ?* and Sankar et al. °. It has been further
developed by Grunwaldt et al. 2 and allows the combination of XAS with scattering techniques (XRD; small
angle X-ray scattering, SAXS) and optical spectroscopies, for instance UV-Vis, Raman spectroscopy and IR
thermography. 2° In our experience, achieving temperatures above 800 °C and avoiding temperature
gradients over the catalytic bed is challenging with a capillary microreactor heated by a gas stream blower.
Gradients at temperatures below 700 °C have been circumvented using special housings. To overcome
these difficulties, several alternatives have been more recently proposed by various research groups.
Higher temperatures of up to 1000 °C can be reached with a cell developed by Aguilar-Tapia et al. %’ In
this setup, the sample is placed within a glassy carbon tube heated by surrounding molybdenum wires
where He atmosphere protects both from oxidation. In general, glassy carbon has a higher transmittance
of X-rays than quartz but is more easily corroded by oxidative gas atmospheres, limiting the feasible
reaction gas atmospheres. An alternative plug-flow microreactor firstly introduced by Chupas et al. ® and
then improved by Figueroa et al. % focuses IR radiation of two Kanthal® A-1 heating wire coils with a
circular aluminum shield around a quartz capillary. Thereby, a low axial temperature gradient along the
catalyst bed at a maximum operating temperature of about 900 °C has been reported. % The relatively
large front openings allow measurement of X-ray absorption, fluorescence and XRD but have to be
covered by Kapton tape to reduce temperature fluctuations by air circulation. ?® Andrieux et al. introduced
an advanced cell design for operando XRD measurements with the sample placed in a sapphire tube
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heated by Fe-Ni-Cr Kanthal® wires up to 1000 °C. The sample can be rotated by a goniometer and the
unique gas dosing system allows pressure ranges of 10 mbar - 200 bar. 3°

In addition to providing the desired reaction conditions, i.e. high temperature, low temperature gradients
along the catalyst bed and plug-flow geometry, an advanced operando cell for XAS studies should also be
applicable to study catalysts with low content of the active species. Such metal-based catalysts are often
applied for relevant industrial processes. For instance, Fe single-sites supported on silica (< 1 wt. % Fe
loading) gained increasing attention due to their high activity in the direct conversion of methane to
ethylene and aromatics at temperatures above 950 °C. 313* However, their structure under operating
conditions is strongly discussed and X-ray absorption spectroscopy (XAS) would be an ideal technique to
investigate this. A similar situation is encountered in the case of emission control catalysts, which typically
contain small amounts of Pt, Pd and/or Rh supported on y-Al,0; and CeZr,0,. 3 Despite they have been
exploited since decades in real applications, detailed structure-activity relationships still need to be
derived in order to improve their activity and comply with stricter emission regulations. However,
measuring operando XAS on such catalysts is challenging because of the broad temperature window (up
to 1000°C) and highly absorbing carrier components, as for example demonstrated for Pt-CeO,-based
catalysts. 1337 Analogously, operando XAS investigations on samples with low loading of iron is even more
difficult, as iron in stainless steel or aluminum from the sample surroundings tends to interfere with the
fluorescence signal of the measured sample. None of the so far introduced setups allows XAS
measurements in fluorescence mode of samples with low iron content of less than 1 wt.% at elevated
reaction temperatures of up to 1000 °C. Hence, here we present an operando plug-flow microreactor
specifically designed to sustain high temperatures of up to 1050 °C for several days, low heat capacity for
rapid heating/cooling, long isothermal zone and, finally, to reduce Fe X-ray fluorescence noise by
minimizing the Fe content in the reactor housing and shielding the X-ray beam from iron containing parts.
The aim is to use modular components to allow the combination of different operando methods as well
as a user-friendly assembly for switching between the measurement methods. The reactor design
targeted not only a small size but also a manufacturing at a rather low cost with simple heating system
compared to e.g. rather cost-intensive and complex high temperature gas blowers systems.

[I. DESCRIPTION OF THE SPECTROSCOPIC OPERANDO CELL

A. Operando cell with fixed-bed microreactor
The 3D layout of a new plug-flow reactor, inspired by the earlier designs described in the introduction and
particularly by the setup in work %, is shown in Fig. 1. The basic principle is the use of heating wires for
reactor heating, a quartz or similar capillary as a plug flow reactor and adjustment of the sample in the
middle by a linear motion guide. During the design of the cell, special attention was paid to the modular
components which were optimized for an easy-to-handle configuration of the setup whilst allowing
operando X-ray transmission, fluorescence and diffraction measurements. Several iron-free materials
were evaluated for the oven housing with respect to their melting point, IR reflectivity and ease of
machining. Thereby, copper was chosen due to its high IR reflectivity of about 98 % 38 and melting point
of 1,083 °C *. Interchangeable shielding windows allow not only user-friendly switching, but also
combination of the characterization methods. For fluorescence measurements, the front window is closed
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and the side windows can vary in diameter depending on the detector size (Fig. 1 a). High-energy
diffraction measurements are possible with the front window fully open giving a 26 range of 8.5 ° (Fig. 1
c). Furthermore, X-ray spectroscopy can be coupled with optical spectroscopy such as Raman
spectroscopy. Filling of the plug-flow micro reactor, the heating/cooling system and the linear motion
guide are described in the following. Note that the whole assembly is mounted on an x,y,z-Table or a
hexapod system to adjust it in the synchrotron beam and has been tested at various beamlines (e.g. P65
at DESY “° and CAT-ACT at KIT *).

(a) Assembled cell: Fluorescence mode
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Fig. 1: 3D layout of the (a) fully assembled microreactor setup in XAS fluorescence mode (side windows open (cyan), front
shielding window (green), capillary as key for the fixed bed reactor and capillary holder, the oven body (orange) with heating
wires and water cooling system (red) mounted on a rail for alignment) and (b) cross section view thereof; (c) cross section view
of the microreactor in diffraction mode (side windows closed, front window open).

For preparation of the microreactor, the sieved catalyst material (grain size typically 50-250 um) is placed
between two quartz wool plugs in a quartz capillary (0.5-3 mm OD and 10-40 um wall thickness, WJM-
Glas Miiller GmbH). The microreactor is then sealed airtight in an aluminum capillary holder (Fig. 1 a) with
high-temperature epoxy glue (LOCTITE® EA 3450, Henkel), similarly to the one described in reference *2.
The setup can be used at pressures of at least 20 bar. ** The capillary diameter is selected depending on
the X-ray transmission through the sample and can also be used to adjust the gas hourly space velocity
(GHSV). The wall thickness depends on the incident X-ray energy as well as the intended pressure range
of the reaction gas. The capillary holder is mounted on a linear motion guide (THK GmbH, SRS-G) enabling
precise positioning of the catalyst bed in the middle of the reactor (Fig. 1 a). Through Swagelok® fittings
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attached to the capillary holder the connection to a gas dosing and to a gas analysis system are possible.
Additionally, several capillary holders allow for prearrangement of the capillaries and thereby accelerated
exchange of the samples during beamtime. Once the capillary holder is fixed, the main reactor body can
be slid on an aluminum rail over the capillary (Fig. 1 b). The rail is fixed on an aluminum plate which can
be positioned on any movable stage available at the beamline for the alighment of the cell to the beam.
The fully assembled cell is relatively small (240 x 95 x 105 mm; length x width x height), weighs about 2 kg
and therefore fits to the space available for the sample environment at the majority of beamlines. An
image of the working reactor at 975 °C can be seen in Fig. 2. Additional images and drawings of the
microreactor are given in Fig. S 1—-4.

Fig. 2: Image of the microreactor at 975 °C reaction temperature with the windows arranged for XAS measurements in
fluorescence mode and the side window closed with Kapton tape.

B. Heating system
The low-weight heating/cooling system is a key part of the in situ microreactor. For this purpose, heating
wires (Kanthal® A1, 1.0 mm diameter, EWWK GmbH, NT0O019-H) are coiled around a ceramic tube (4 mm
OD x 28mm long, Aliaxis Deutschland GmbH, F143-11040-00028) and isolated from the main oven body
by ceramic tubes (Aliaxis Deutschland GmbH, F122-11004-00025) (Fig. 1 c). 16 windings equally distanced
for each coil are connected in parallel and give an average resistance of 1.3 Q at room temperature.
Instead of using 0.5 mm diameter resistive wire as reported by Chupas et al. %, a thicker wire of 1.0 mm
diameter was used prolonging its lifetime at elevated operation temperatures. In order to circumvent gas
conversion by thermocouples, the thermocouple (N-type, 0.5 mm diameter, TC Mess- und Regeltechnik
GmbH, 406-601) is positioned outside the capillary inside the oven closely to the center of the catalyst
bed (Fig. 1 b). The thermocouple is fixed to the reactor main body with a screw and accidental removal is
prevented by a clamp fixed to the slide rail. An additional thermocouple can be put inside the capillary in
direct contact with the catalyst bed through a ferrule in a Swagelok® Tee piece for the direct temperature
calibration. The resistive wires of two heating coils (above and below the microreactor) are connected in
series to a direct current supply (Delta Elektronika, SM 70-AR-24-P258, max. 0—-35V /0—-24 A/ 800 W)
and the temperature is regulated by a Eurotherm 2416 controller (heating output between 0 and 5 V).
The capillary is positioned in the center of the main body’s cavity between the two coils and is therefore
homogeneously heated by the focused IR radiation. Sudden temperature changes are avoided through
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minimization of air circulation by closing the window’s apertures with Kapton tape. Thereby, a maximum
temperature in the capillary of 1050 °C can be reached and maintained for several days. The temperature
of the cell’s outer body does not exceed 100 °C below 800 °C operating temperature due to passive air
cooling (convection). Above 800 °C operating temperature, water cooling is necessary to prevent possible
overheating of the beamline components (e.g. the piezo-motors of a hexapod positioning system installed
at the CAT-ACT beamline at KIT’s synchrotron radiation source) and of the Be window of the fluorescence
detector. With the water cooling at 23°C, heating and cooling rates of up to 100 °C/min can be realized.

C. Temperature profile in the heating zone
The reaction rates over catalysts are strongly dependent on the temperature. Hence, a stable and
homogeneous temperature profile along the catalyst bed is required for operando spectroscopic
experiments. In addition, the overall X-ray absorption and edge jump of the element of interest needs to
be adjusted. Hence, depending on the penetration depth of the X-rays and the concentration of the
investigated element, capillaries of different diameters were used. Usually, diameters of 1-2 mm have
given the best results for operando transmission XAS measurements. Considering the use of a sieve
fraction of 100 um, adjustment of the gas flow vs. catalyst bed volume/mass thereby results in a catalyst
bed length of 5-10 mm. For the operando XAS measurements reported in this study, the applied catalyst
bed length was 6 mm for capillaries of 1.5 mm diameter. Temperature profiles were recorded by pulling
a thermocouple (0.25 mm diameter) fixed on a movable stage out of a capillary (1.5 mm 0.D.) with the
catalyst bed fixed between two quartz wool plugs. Temperature distributions at a 400 °C and 1000 °C
setpoint with the water cooling system in use along a 40 mm catalyst bed of 2.5 % Pt/Ce0O; (100-200 um
sieve fraction) at 5 and 50 mL/min He flow are shown in Fig. 3. The average axial temperature gradient
varies within the area of interest (over 6 mm bed length centered in the microreactor, Fig. 3) depending
on the gas flow with about 2.2 °C/mm (5 mL/min) and 2.7 °C/mm (50 mL/min) at 1000 °C. At 400 °C, the
average axial temperature gradient for 6 mm bed length alters from 1.5 °C/mm (5 mL/min) to 1.8 °C/mm
(50 mL/min). We conclude that the temperature homogeneity is very good in this microreactor, we expect
that mostly the applied gas flow and reaction enthalpy (exothermic/endothermic reaction) have a more

pronounced effect on the temperature gradient and should be e.g. determined by an IR camera. %

I. 2, using aluminum instead of copper yields a lower axial

Compared to the design by Figueroa et a
temperature gradient of = 0.13 °C/mm at temperatures above 670 °C due to a lower heat loss on the basis
of lower heat conductivity of Al (237 W/m-K) than Cu (401 W/m-K). ¢ Some reduction of axial temperature
gradient of the proposed cell could be achieved by heating of the gas inlet pipes. Furthermore, addition
of an insulating ceramic parts with apertures for the heating wires and X-ray windows would further
reduce the heat loss. Nevertheless, in comparison to microreactor setups with commercial gas blowers,
the temperature is more homogeneous over a larger section of the microreactor. In addition, in the
present setup, the reactant gas can be sufficiently pre-heated in the zone before entering the fixed bed
containing the catalyst. Challenges with this reactor remain with respect to the brittleness of the capillary,
especially if only 10 um thin quartz capillaries need to be used and that in case of too long beds a plugging
and thus a too high-pressure drop may occur. The aspect of brittleness is minimized by fixing the capillaries
to the capillary holder with epoxy glue (similar as in reference *?). However, after prolonged heating
(> 10 h) with temperatures exceeding 900 °C, the epoxy glue tends to get very rigid and the capillary can
only be removed from the capillary holder by breaking it off (see ESI for more detailed discussion). Since
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the temperature regulation is highly sensitive to the position of the thermocouple, the temperature
should be recalibrated after every assembly of the setup.
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Fig. 3: Temperature profile at a setpoint of (a) 400 °C and (b) 1000 °C along a 40 mm catalyst bed filled with 2.5 wt.% Pt/CeO,,
100-200 um sieve fraction, quartz capillary 1.5 mm OD and 20 um wall thickness at 5 and 50 mL/min He flow; center of the
microreactor at 0 mm and gas inlet at about -25 mm position; area of interest for determination of temperature gradient from -3
to +3 mm; a) cross section inset of the microreactor.

D. Fluorescence XAS measurements of samples with iron loading below 1 wt.%

One of the further main objectives for this setup is to enable the XAS measurements in fluorescence mode
of samples with low iron loading at temperatures of up to 1000 °C without interference signals from
surrounding Fe-containing environment. For this purpose, the housing of the oven has been made of iron-
free Cu-ETP (EDX measurement cf. Fig. S 5, XRF measurement cf. Fig. S 6) instead of Aluminum. ?° At the
same time, the N-type thermocouple sheath is made of iron-free Nicrotherm D™ and finally, the iron
containing Kanthal® A1 heating wire (iron-chromium-aluminum alloy ¥) is protected from X-rays through
the arrangement of the windows. The entrance window of the X-ray fluorescence detector can be shielded
with iron-free copper sheets instead of aluminum foil to reduce Fe fluorescence background signals from
the surrounding equipment at the beamline. With the proposed cell design, it was possible to measure Fe
Ko X-ray fluorescence of a 0.04 % Fe/SiO, sample with 90 % of the fluorescence signal originating from the
sample (cf. Fig. S 7). The residual X-ray fluorescence Fe background signals most likely originated from
surrounding beamline equipment and not from the microreactor setup (cf. Fig. S 7). Therefore, the
proposed arrangement gave the best compromise between low Fe X-ray fluorescence noise and optimal
temperature profile along the catalyst bed.

III. APPLICATION: XANES/EXAFS INVESTIGATIONS

A. Experimental
XAS measurements were conducted at the P65 beamline of the PETRA Ill synchrotron radiation source
(DESY, Hamburg) in transmission mode using ionization chambers for Pd K-edge (24.350 keV) and
combining transmission/fluorescence mode using an additional 7 pixel HPGe detector (Canberra GmbH)
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for Fe K-edge (7.112 keV). *° The source of X-rays is an 11 period undulator and Higher harmonics were
rejected by a pair of plane mirrors (Si for Fe K-edge and Pt-coated Si for Pd K-edge) installed in front of
the monochromator. The energy of X-ray photons was further selected by a Si(111) for Fe K-edge and
Si(311) for Pd K-edge double-crystal monochromator and the beam size was set with slits to 1.0 x 0.2 mm?.
XANES spectra were recorded in rapid continuously scanning mode and EXAFS spectra were acquired in
step scanning mode. The spectra were processed using the ATHENA program from the Demeter software
package. * The catalyst powder (sieved fraction size= 100-200 pm) was loaded in a quartz capillary (100
mm length, outer diameter = 1.5 mm, wall thickness= 0.02 mm) and fixed between two quartz wool plugs.
Gases were dosed with the mass flow controllers (Bronkhorst) and analyzed with either the mass
spectrometer (MS, Pfeiffer Vacuum, OmniStar GSD 320 T) or the online Fourier-transform infrared
spectrometer (FTIR, MKS, Multigas MG2030). The exhaust gas lines were heated to 150 °C.

The 2 wt.% Pd/Al,Os three-way catalyst was prepared by incipient wetness impregnation method using
palladium acetylacetonate (STREAM Chemicals, 99%) as precursor and commercial y-Al,0; (SASOL
Germany GmbH) as support material. *° After impregnation, the sample was calcined at 500 °C for 2 h in
static air. The catalytic activity was evaluated by feeding a gas mixture of 3000 ppm CO, 1000 ppm NO,
1000 ppm C3He, 5400 ppm 0, 3% H,0 and He in balance (stoichiometric three-way reaction condition,
A=1) with a total flow of 50 mL/min at atmospheric pressure (GHSV = 60,000 h). The light-off/light-out
experiments (heating-/cooling-cycle) were performed between 40 and 800 °C with a temperature ramp
of 10 °C/min.

The 0.5 % Fe/SiO, catalyst was prepared by flame spray pyrolysis from a 1.0 mol/L solution of Iron(lll)
acetylacetonate (Acros Organics, 99%) and Tetraethyl orthosilicate (Alfa Aesar, 99.9%) in xylene (VWR
chemicals). °° For operando studies, either He, 90% CHas/He or 20% O,/He at atmospheric pressure with a
total gas flow of 5 mL/min were dosed (GHSV = 29,000 h%).

The chemical contents of catalyst samples were determined with a triple determination via inductively
coupled plasma optical emission spectroscopy (ICP-OES) on an iCAP 7600 Duo spectrometer (Thermo
Fischer Scientific).

B. Pd/Al,Os three-way catalyst
As a first case study for demonstrating the use of the new setup in typical operando investigations in
heterogeneous catalysis, operando XAS was conducted at the Pd K-edge (24,350 eV) for a Pd/Al,O;
catalyst during transient light-off/light-out measurements between room temperature and 800°C under
usual reaction conditions of a three-way catalyst (TWC). TWCs are widely applied for emission control of
gasoline powered vehicles, to simultaneously convert CO, HC and NOy into CO,, H,0 and N,. The active
components in TWCs are precious metals such as Pt, Pd or Rh and the support materials are mostly y-Al,Os3,
Ce0, and ceria-based composite oxides. 3¢ Despite the extensive application of TWCs, the reaction
mechanism, the structural variation of the noble metal sites and the noble metal — support are still
debated in literature. 552 Hence, applying operando methods like XAS to elucidate the catalyst behavior
under reaction conditions is highly relevant. In the present study EXAFS spectra were recorded at room
temperature in static air before exposure to reaction mixture to characterize the initial state of the
catalyst. Afterwards, the cell was heated from room temperature to 800 °C with a temperature ramp of
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10 °C/min and cooled down with the same temperature ramp. During the light-off/light-out cycle XANES
spectra were recorded under stoichiometric reaction condition, which allowed to monitor the change in
the metal oxidation state. Pd K-edge XANES and EXAFS spectra as well as the Fourier transformed EXAFS
spectra recorded at room temperature at different reaction conditions before and after catalytic tests are
shown in Fig. 4. The XANES and EXAFS spectrum of the as-prepared sample in static air and in reaction
mixture at room temperature resemble that of PdO reference. Accordingly, the corresponding Fourier
transformed EXAFS spectra (Fig. 4 c) shows two main backscattering peaks at around 1.5 A and 3.0 A,
associated to the first (Pd—0) and second (Pd—Pd) coordination shells, respectively, of a PdO-like phase.
After the light-off/light-out cycle, the collected XANES and EXAFS data mainly indicated the formation of
metallic Pd particles. The corresponding Fourier transformed (FT) EXAFS data showed a main
backscattering around 2.5 A, which was assigned to the first Pd—Pd coordination shell of metallic Pd.
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Fig. 4: Pd K-edge XANES spectra (a) and EXAFS refinement data in (b) k- and (c) R-space (not corrected for phase shift) before and
after light-off/light-out cycle recorded at room temperature under state steady conditions after following operando treatment:
as prepared, as prepared in reaction gas mixture and after light-off/light-out.

Fig. 5 depicts the operando XANES spectra at the Pd K-edge as recorded during the light-off/light-out cycle.
The results show no significant change of the XANES profile during light-off (Fig. 5 a) up to around 160 °C,
where CO conversion started (Fig. 6). Above this temperature a relatively sharp decrease of the white line
was observed, indicating the reduction of Pd particles. A further increase of the reaction temperature to
800 °C led to complete Pd reduction, in line with similar studies on Pd-based TWCs. >*>* After reaching
800 °C the sample was cooled to room temperature and hardly any changes were observed in the XANES
region of Pd K-edge (Fig 5 b).

Simultaneously to monitoring of the catalyst structure, the TWC activity was measured by an online FTIR
analyzer. The CO, CsHg and NO conversion recorded during the light-off/light-out cycle of 2 wt.% Pd/Al,Os
is shown in Fig. 6. The results indicate an earlier oxidation onset for CO with a temperature of 50%
conversion (Tso) at 170 °C. Around this temperature Pd species were already partially reduced (Fig. 5a).
Only when CO is considerably oxidized (about 50% conversion) and Pd is almost completely reduced, CsHe
starts to convert and is immediately followed by NO reduction (Tso at 240 and 250 °C, respectively). These
activity trends are in line with previous studies on similar catalysts.

During the light-out activity test (Fig. 5b), an inverse hysteresis in CO conversion is observed with an
increase of Tsp by about 90 °C. The Tso variation could be due to the slight sintering and formation of
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metallic Pd particles during exposure to high temperatures. In contrast, a smaller inverse hysteresis is
observed during the light-out of NO and CsHg conversion, which show a Tsg shifted by 20 °C towards the
higher temperature. The smaller variation could be caused by the lower sensitivity of the NO reduction

and CsHg oxidation to the change in Pd structure, since distinct effects are known to appear for different
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Fig. 5: Normalized Pd K-edge XANES spectra for the 2 wt.% Pd/Al,03 catalyst and for PdO and Pd foil as references recorded during
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Fig. 6: Conversion of CO, NO and CsHg during light-off/light-out under stoichiometric three-way reaction condition recorded via
FTIR with the microreactor in parallel to the operando XAS measurements, A=1 (3000 ppm CO, 1000 ppm NO, 1000 ppm CsHs,
5400 ppm O3, 3% H,0 and He in balance), measured by on-line FTIR.
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C. Fe/SiO; for direct conversion of methane to olefins and aromatics

As a second case study, 0.5 % Fe/SiO, catalyst for direct non-oxidative conversion of methane was
measured in fluorescence and transmission modes at the Fe K-edge (7,112 eV). Recently discovered
resources of methane increased the attention for processes which can directly convert methane into fuels
and high value-added chemicals such as ethylene and aromatics. >’ A newly proposed route, tackling
remaining issues of low yield and stability, typically requires temperatures above 950 °C and low iron
loading (< 1 wt.%) on SiO; supports. 3° Hence, this application allows to demonstrate the microreactor
performance during operando XAS of catalysts with low loading of iron and high reaction temperatures (>
900 °C). The applied operando measurement procedure with heating to 975 °C, reaction gas atmosphere
in CHs/He, switching to 90% O,/He and cooling to room temperature as well as the recorded MS signals
are reported in Fig. 7. A linear heating ramp of 30°C/min were conducted. As soon as the gas atmosphere
is switched to methane, ethylene (m/z = 27) and aromatics (m/z = 78) are detected by the MS as reaction
products. Additional MS signals of hydrocarbon product fragments are shown in Fig. S 8.

90% CH./Ha Q% O

(555 (ME)

Hy (2

Hi :;]
GH, 15
HO 18]
- TH, 2T
- 0 3
—— H. (VR

rent f A

lan cur

1] S0 (= a0 . 120 162
TOS P min

Fig. 7: Procedure of the operando experiment (top) and mass spectrometer signals (bottom) for 0.5 % Fe/SiO, for heating up in
He with 30 °C/min to 975 °C, 50 min reaction in 90% CH4/He and oxidation in 20% O,/He and cooling down to 40 °C with 40 °C/min.

During heating up in He, Fe undergoes a slight auto-reduction that has been already reported in literature
(cf. Fig. S 9). *® The XANES fluorescence measurements at different reaction conditions are shown in Fig.
8: At 975 °Cin He atmosphere Fe is in a highly reduced state, which merely changes during CH, conversion;
the introduction of O, leads to a slight oxidation of Fe (Fig. 8 a, c). Simultaneous recording of transmission
data during the reaction confirmed these findings and are not limited by the cell but rather by the low
concentration of iron in the sample. (Fig. 8 b, d) In fact, small differences as compared to the CHs/He
fluorescence data were observed in the derivative of the transmitted XANES spectra, which resulted from
a lower signal-to-noise ratio of the transmission measurement due to the low Fe loading. Hence, for future
experiments with the similar sample parameters, the fluorescence mode seems to be more appropriate.
Furthermore, additional in-depth studies are necessary to evaluate the nature of the active sites during
methane conversion to higher alkenes and aromatics. This proof of concept demonstrates that the cell
now opens up experiments at elevated temperatures for case studies which are challenging even at lower
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temperatures, as e.g. discussed for low-concentrated Fe-based catalysts during selective catalytic
reduction of NOx by ammonia in ref. >°
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Fig. 8: (a, b) Normalized XANES spectra; (c, d) smoothed first derivative of XANES spectra at Fe K-edge of 0.5 % Fe/SiO, at 975 °C
reaction temperature in He (=), 90% CHs/He (- - -) and 20% O»/He (- - -) atmosphere recorded in (a, c) fluorescence and (b, d)

transmission mode.

[V. CONCLUSION

A capillary plug flow microreactor embedded in a wire heating system has been presented to conduct
operando measurements at temperatures of up to 1050 °C. An efficient heating system results in a
homogeneous temperature profile along the catalyst bed and sufficient pre-heating of the reactant gas.
The advanced cell allows fast change of reaction temperatures with high heating/cooling rates
(100 °C/min). Due to its relatively small size, the setup fits to the majority of synchrotron beamlines. The
catalytic activity can be monitored by measuring product gas composition with MS (used in the present
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study for conversion of methane to ethylene and aromatics), FTIR (used to study the performance of the
TWC catalyst) or gas chromatography. Avoiding iron in the setup and sufficiently shielding iron containing
parts minimized interfering X-ray fluorescence signals from surrounding iron and thereby allowed
measurement of catalysts with iron loading below 0.5 wt.%. We verified this by comparing X-ray
absorption spectra collected in transmission and fluorescence measurement mode for a 0.5 % Fe/SiO,
catalyst during direct conversion of methane under reaction conditions at 975 °C. Moreover, it was
possible to measure Fe fluorescence of a 0.04 % Fe/SiO; sample with 90 % of the fluorescence signal
originating from the sample. On the other hand, the reaction cell was successfully tested in operando XAS
studies during the operation of a 2 % Pd/Al,0; TWC at up to 800 °C for simultaneous removal of NO, CO
and CsHg, which will allow us to derive structure-activity correlations. The good quality of the XAS data
obtained for such high X-ray absorbing elements combined with the broad temperature window covered
by this microreactor cell are essential parameters for understanding the functionality and also the
deactivation behavior of TWC, which partly occurs at > 1000 °C and are hardly accessible with present
operando cell designs. Hence, the application of the cell might pave new possibilities for understanding
the structure and mechanism of further catalysts during high temperature reactions like oxidative
coupling of methane, dry and steam reforming, aromatization and emission control. Moreover, the special
design of the operando microreactor permits the study of processes conducted at elevated pressures and
the combination of complementary characterization techniques such as XRD and Raman spectroscopy,
further extending its applicability.

SUPPLEMENTARY MATERIAL

See supplementary material for Energy-dispersive X-ray spectroscopy (EDX) and X-ray fluorescence
measurements (XRF) measurements of the Cu-ETP (CWO004A) material and Kanthal® A-1 heating wire,
additional XANES spectra of 0.04 % Fe/SiO,-imp to evaluate the degree of background signals for X-ray
fluorescence of surrounding iron and operando XANES measurements of the 0.5 % Fe/SiO, sample during
heating up in He to 975 °C reaction temperature.
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