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A plug-flow fixed-bed cell for operando laboratory X-ray absorption spectroscopy (XAS) using a von Hámos

spectrometer is presented for heterogeneous catalysis studies. The cell operates up to 1000 °C and 10 bar

with controlled gas atmospheres provided by three mass flow controllers and rapid infrared heating. The

performance of the setup is demonstrated across a broad usable energy range of the spectrometer, and

as a proof of principle, operando Ni K-edge XAS was used to monitor the activation of a 20 wt% NiO/

COK-12 catalyst under CO2 methanation conditions (CO2 : H2 = 1 : 4, 350 °C). Time-resolved spectra

acquired on a 5 min timescale reveal the reduction of NiO nanoparticles to metallic Ni during activation,

directly correlating with increasing catalytic activity quantified by online gas chromatography. This setup

enables minute-scale, time-resolved structural analysis of working catalysts under industrially relevant

conditions, providing a practical laboratory-based alternative complementary to synchrotron studies.
1 Introduction

Operando X-ray absorption spectroscopy (XAS) is a key tool for
correlating oxidation state and local structure of heterogeneous
catalysts with their activity under working conditions.1–3 While
such studies are routinely performed at synchrotron facilities,
there is growing interest in laboratory-based XAS spectrometers
that enable time-resolved measurements with reduced depen-
dence on large-scale infrastructure.4–6

Recent developments in von Hámos spectrometers using
optimized X-ray sources and HAPG optics have demonstrated ex
situ and in situ XANES and partial EXAFS capabilities with
acquisition times of 5–15 min per spectrum, sufficient to follow
catalyst activation and deactivation processes.6–8

In this work, we demonstrate operando Ni K-edge laboratory
XAS using a plug-ow xed-bed reactor cell adapted from Bi-
schoff et al.9 for CO2 methanation on 20 wt% NiO/COK-12 (COK-
12 is an ordered mesoporous SiO2 support).10,11 We track NiO
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reduction to metallic Ni during activation and correlate the
observed oxidation state changes with the onset of catalytic
activity quantied by online GC. The focus is on the practical
capabilities and limitations of this combination of cell and
specic laboratory spectrometer scheme.
2 Experimental section

All XAS measurements were performed with a laboratory von
Hámos spectrometer described in detail elsewhere.5,12,13 In
brief, a micro-focus X-ray tube (MCBI 50B-70 Mo, rtw Röntgen-
Technik Dr Warrikhoff), cylindrically bent HAPG mosaic crystal
(Optigraph) and EIGER2 R 500K (DECTRIS) detector provide
wavelength-dispersive Ni K-edge XANES/partial EXAFS in
transmission geometry. The sample is positioned close to the
source and the beam path is evacuated to maximise ux. The
modied von Hámos alignment enables Ni K-edge spectra in 5–
15 min with sufficient SNR for operando studies. Artefacts from
non-at samples are discussed in previous work.14

Operando measurements used a quartz capillary reactor
heated by an IR tube furnace based on Bischoff et al.,9 adapted
to the spectrometer (see Fig. 1 and SI). A SiC tube with 4× 1 mm
slits surrounds the 1.0/0.8 mm capillary containing ∼1 mg
catalyst, quartz wool plugs and downstream thermocouple. Slit
heights match the capillary to probe only the catalyst bed. Full
details are in the SI and Bischoff et al.9

The reactor was fed by three mass ow controllers (H2, CO2

and N2/compressed air) for fast atmosphere switching. Outlet
J. Anal. At. Spectrom.
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Fig. 1 (a) Schematic view of sample, quartz wool and TC position
inside the capillary surrounded by the SiC tube. (b) Top view of the
capillary in the SiC tube showing the X-ray beam path. (c) CAD model
to the orientation of the IR tube furnace in the von Hámos set up.
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gas was analysed online by micro-GC to quantifying H2, CO2,
CH4 and CO. Conversions/selectivities were calculated from
outlet concentrations (see SI).

The 20 wt% NiO/COK-12 catalyst was prepared by incipient
wetness impregnation followed by calcination.2,15 Pellets served
for ex situ XAS; NiO powder and Ni foil were reference stan-
dards. Synthesis details and the Mn model system are in the SI.
Fig. 2 K-edge XAS spectra of 5% Ni/MnO (Mn K-edge), 20-NiO/COK-12
capillaries (0.8/1.0 mm for Mn, Ni, Se; 1.0/1.5 mm for Zr). Vertical offsets w
of the same materials measured as pellets. Full, unshifted spectra are pr

J. Anal. At. Spectrom.
3 Results

All data processing (normalization, background subtraction)
was carried out with the Demeter/ATHENA soware package.16

Terminology follows the IUPAC recommendations of Peterson
et al., distinguishing between in situ (controlled environment
without direct activity readout) and operando (under working
conditions with simultaneous activity measurement).17

To assess the performance of the setup across its usable
energy window, K-edge XAS spectra were recorded for several
systems spanning almost the entire range of the spectrometer:
Mn (5% Ni/MnO), Ni (20-NiO/COK-12), Se (SnSe) and Zr (ZrO2).
Fig. 2 shows representative spectra obtained in capillaries as
well as pellets of the same materials (see Fig. S5–S8 in the SI for
undistorted and normalized data).

At lower energies (Mn K-edge, 1.0/0.8 mm capillary, 300 s
acquisition), the accessible spectral window is restricted to the
XANES region due to a pronounced high-energy cut-off, result-
ing in a modest but sufficient signal-to-noise ratio (SNR) to
resolve oxidation-state changes. For the Ni K-edge under
otherwise identical conditions, higher tube output and reduced
absorption improve SNR and extend the usable post-edge range,
although a residual rounded spectral shape is observed, arising
from the cylindrical sample geometry. At intermediate energies
(Se K-edge), these distortions are weak, while at the upper end of
the current range (Zr K-edge, 1.5/1.0 mm capillary, 120 s
acquisition) nearly undistorted XANES with high SNR is ob-
tained, demonstrating the suitability of thicker capillaries for
higher-energy measurements.

The 20-NiO/COK-12 catalyst was rst tested under CO2

methanation conditions at 350 °C (no activity detected), then
reduced/activated in 5% H2/Ar at 600 °C, and nally re-tested
under methanation conditions. Ni K-edge spectra were
acquired every 5 min and analyzed by linear combination tting
(LCF) using 20-NiO/COK-12 pellet and Ni foil references.

Fig. 3 shows the spectral evolution (a) and LCF quantica-
tion (b) during the reduction step. The edge shis progressively
towards metallic Ni and the white-line intensity decreases as the
temperature exceeds ca. 450–500 °C. Aer∼20min at 600 °C the
spectrum closely resembles the Ni foil, with LCF indicating
(Ni K-edge), SnSe (Se K-edge) and ZrO2 (Zr K-edge), measured in quartz
ere applied for clarity. The overlaid dark traces show reference spectra
ovided in Fig. S6–S9 (SI).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Operando Ni K-edge XAS during reduction of 20-NiO/COK-12
in 5% H2/Ar at 600 °C. (a) Representative spectra acquired every 5 min.
(b) LCF-derived Ni(0) fractional component vs. time-on-stream (TOS)
during reduction. Yellow: ramp, red: 600 °C, blue: cool down.
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a majority Ni(0) phase. Aer cooling and heating to 350 °C
under CO2 : H2 (1 : 4) conditions, CH4 appears in the GC with
CO2 conversions of ∼10% and 100% selectivity, conrming that
the reduced Ni phase is catalytically active. A comparison of pre-
and post-reduction spectra with standards is shown in SI,
alongside with the full operando series (including pre/post-
reduction methanation) and additional validation experiments.
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