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Abstract: Understanding structure—-performance relationships are essential for the rational design of new functio-
nal materials or in the further optimization of (catalytic) processes. Due to the high penetration depth of the radi-
ation used, synchrotron-based hard X-ray techniques (with energy > 4.5 keV) allow the study of materials under
realistic conditions (in situ and operando) and thus play an important role in uncovering structure-performance
relationships. X-ray absorption and emission spectroscopies (XAS and XES) give insight into the electronic struc-
ture (oxidation state, spin state) and local geometric structure (type and number of nearest neighbor atoms, bond
distances, disorder) up to ~5 A around the element of interest. In this mini review, we will give an overview of the
in situ and operando capabilities of the SuperXAS beamline, a facility for hard X-ray spectroscopy, through recent
examples from studies of heterogeneous catalysts, electrochemical systems, and photoinduced processes. The
possibilities for time-resolved experiments in the time range from ns to seconds and longer are illustrated. The
extension of X-ray spectroscopy at the new Debye beamline combined with operando X-ray scattering and dif-
fraction and further developments of time-resolved XES at SuperXAS will open new possibilities after the Swiss

Light Source upgrade mid 2025.
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1. Introduction

Synchrotron facilities produce brilliant X-ray beams over a
wide X-ray energy range. Switzerland has its own synchrotron
for applied research, the Swiss Light Source (SLS) located at the
Paul Scherrer Institut (PSI), which is currently upgrading towards
a diffraction-limited light source. Even more brilliant (number of
photons per second per energy bandwidth per square mrad per
square mm) and coherent X-rays will be available when SLS 2.0
is opened up for users in 2025.

The SuperXAS beamline at SLS, in operation since 2008, is a
beamline constructed for operando studies of functional materials
by X-ray absorption and emission spectroscopy (XAS and XES).
A new sister beamline, the Debye beamline, saw its first light in the
autumn of 2023, and will allow for quasi-simultaneous XAS and
XRD studies on the same sample and under the same operando
conditions. Both beamlines start at an energy of 4.5 keV, which
is sufficiently high so that X-rays can penetrate through air and
reaction cell window materials, allowing for operando studies, i.e.
following simultaneously the evolution of structure and activity of
the functional material.

XAS is inherently an element-specific technique giving access
to the electronic structure (in a simple picture the oxidation state)
and the local structure (coordination number, bond distance and
disorder) up to ca. 5 A around the element of study. In short, to
collect XAS spectra, the X-ray energy is tuned around the binding
energy of a core electron. When the incident energy matches or
exceeds the binding energy of the core electron, an electron is
excited into unoccupied and continuum states. This absorption
event gives rise to a characteristic absorption edge whose
position depends on how strongly the core electron is bound to
the nucleus. This, in turn, depends on the potential of the nucleus
and the number of outer electrons, and thus, the absorption edge
position reflects the oxidation state of the metal of interest. The
region around the absorption edge is called the X-ray absorption
near edge structure (XANES). When the energy of the incident
X-ray photon is sufficient to ionize the absorbing element under
study, the resulting photoelectric wave spherically propagates
and interacts with its neighboring environment, giving rise to an
interference pattern manifesting as oscillations in the absorption
coefficient, depending on how much kinetic energy is given to
the photo-electron. This region, starting about 30 eV above the
absorption edge, is called the extended X-ray absorption fine
structure (EXAFS), and gives information on the chemical identity
and number of nearest neighbors, bond distances and the degree
of disorder. More information on the technique can be found in
dedicated reviews and books, e.g. XAFS for Everyone.!!l

While XAS probes the electronic structure through the density
of unoccupied states, the occupied states can be probed by XES
which provides complementary electronic structure information.
Very briefly, when the excited state with a core hole, created due
to the absorption of an X-ray photon, relaxes and is filled by the
transition of an electron from a higher shell, a secondary photon
is released with an energy specific to the difference in electron
orbital energy levels. This process gives rise to characteristic
photoemission lines. The fine structure of these lines can be
scanned by X-ray emission spectrometers with ca. 1 eV resolution,
giving additional information on the occupied density of states,
with sensitivity to spin state, oxidation state of transition metals
as well as specific details corresponding to the nature of ligands.

XAS and XES offer various possibilities for investigating the
dynamics of structural evolution of various catalytic systems. The
required time resolution depends on the specific scientific question
and the experimental setup. The SuperXAS and Debye beamlines
at SLS enable measuring XAS spectra with sub-second repetition
rates and thus allows the (electronic) structure of dynamic
processes to be followed.[2! Slower processes (hour-scale) can
be alternatively studied by laboratory-based XAS spectrometers
if the element of interest is accessible (mainly K-edges of 3d
transition metals and L-edges of 5d metals).[3:4]

In this mini-review, we will show recent examples of the
application of XAS and XES to acquire insights into the structure
of the catalytic active sites as well as reaction mechanisms in
heterogeneous catalysis, electro-catalysis and photo-catalysis
collected in the last 10 years at the SuperXAS beamline. These
examples show: i) the strength and current capabilities of
X-ray spectroscopy for operando studies; ii) state-of-the-art in
operando reaction cell development; and iii) highlights of the
recent technical developments at the SuperXAS beamline. We
hope these examples inspire you to apply X-ray spectroscopy to
your research, either at the SuperXAS and Debye beamlines at
the SLS or the SNBL beamline (BM31) at European synchrotron
radiation facilityl! (see Abdala et al. in this issue of CHIMIA)
or for studying S, P, Si or Al chemistry (below 4.5 keV) at the
Phoenix beamline of the SLS.

2. A Service for Ex Situ Sample Measurements

With the growth in user communities across a wide array
of research fields spanning chemical, physical and biological
sciences, the demand forrapid access to synchrotron measurements
has necessitated the provision of a service for ex situ materials
characterization under the umbrella of the MESQUICK proposal
system. Prior to the SLS 2.0 upgrade, the SuperX AS beamline gave
access to synchrotron XAS for mail-in samples with 49 completed
proposals in the first year facilitating the answering of a wide
array of research questions. Ex sifu measurements can be highly
valuable in uncovering the structure of as-prepared materials,®] in
probing the effect of synthetic steps during catalyst preparation,!”!
exploring catalyst stability and deactivation mechanisms,®
investigating capacity fading mechanisms in battery materials, !
studying long-term aging in slow geochemical processes,!!%! or
investigating the metal binding sites for drug discoveryl!ll as
pertinent recent examples.

3. Following the Dynamics of Heterogeneous
Catalysts Under Steady-state and Transient
Conditions

From day one of user operation at the SuperXAS beamline,
XAS has been used to identify the dynamic structure of
heterogeneous catalysts.['2] XAS investigations are performed
under steady-state or transient conditions, depending on the
specific catalytic process and scientific question to be answered.
In catalysis research, the initial step, after the synthesis of the
catalyst, is usually an activation step in which the catalyst’s active
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sites are generated. Subsequently, it is important to follow the
evolution of the active sites under relevant operating conditions
and, finally, to understand potential deactivation processes.

Catalyst reduction is often employed as an activation step, and
therefore, temperature-programmed reduction (TPR) studies with
controlled gas or liquid environments are commonly
undertaken.[!3-171 For example, TPR-XAS studies of a bimetallic
Pt-FeO /Al O, catalyst identified a concomitant reduction of both
Pt and Fe species starting at around 90 °C (Fig. 1a). The reduction
of the Pt species proceeded from oxidic Pt over Pt-H towards
metallic Pt, while reduction generated only Fe** species with a
significant proportion of Fe* remaining.!!8! Catalyst activation
can also be investigated in liquid environments. More specifically,
TPR studies were utilized to track the in sifu reduction of alumina-
supported PdO in H -saturated cyclohexane to quantitatively
assess the formation/consumption of Pd hydrides.!'”l This
approach made it possible to follow the evolution of Pd hydrides
and carbides during furfural hydrogenation in 2-propanol.l'6l This
methodology is not reaction-limited and offers a valuable approach
to gain a deeper understanding of the in sifu formation and
subsequent consumption of Pd hydrides in liquid-phase
hydrogenation reactions.

In addition to these synchrotron-based TPR studies, new
insights into synergistic effects of multi-metal CO, hydrogenation
catalysts (6 wt% total metal on SiO,) can also be gained from
studying the catalyst activation with laboratory-based operando
XANES studies. While the formation of a bimetallic Ni-Fe
catalyst increased the reducibility of both the Ni and Fe species,

an Ni-Cu bimetallic catalyst only increased the reducibility of the
Ni species leaving the oxidation state of the Cu species unaffected
(Fig. 1b). In a trimetallic Ni-Fe-Cu catalyst, the reduction of all
metals is facilitated. Moreover, it was possible to correlate the
observed metal speciation differences from the activation with the
catalytic performances of these multi-metal systems.5!

Once the catalyst activation step is completed, the evolution
of the electronic and structural properties of a catalyst under
operating conditions is of particular interest. Therefore, in situ
and operando XAS studies under steady-state conditions are
often performed yielding valuable insight into the active catalyst
structure. Where applicable, further insights into possible catalyst
deactivation mechanisms can also be deduced. Such operando
steady-state XAS studies were key in identifying the Fe®*
concentration in Pt-FeO_ catalysts as a descriptor for the catalyst
activity in preferential CO oxidation at ambient temperature.
Moreover, the observed deactivation of the catalyst with time on
stream directly correlated with the decreasing concentration of
Fe?* due to oxidation to inactive Fe** oxides.[!!

Another example for the importance of in situloperando XAS
studies is the use of bifunctionality of single-atom catalyst (Pt, Au,
Ru) supported on carbons (activated, non-activated, N-doped) in
catalytic acetylene hydrochlorination. Besides investigating the
influence of synthesis parameters (e.g. solvent, thermal activation
temperature, carbon support) towards achieving stable single-
atom catalysts,[®8] following the in situ activation allowed the
elucidation of the anchoring of Pt to cavities in the carbon support.
Furthermore, steady-state XAS performed under varied operating
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Fig. 1. a) An example of time-resolved Pt L ,-edge XANES data of a Pt-FeO,/Al,O, catalyst collected during TPR in 5% H, together with the
percentage of the corresponding spectral components. Reproduced with permission from ref. [18]. Copyright 2021 American Chemical Society

b) Selected operando Ni K-edge laboratory-based XANES data recorded during reduction and CO, hydrogenation for several multi-metal

catalysts, and the corresponding temperatures of the reduction onset. Reproduced with permission from ref. [3] and used under CC BY 4.0
https://creativecommons.org/licenses/by/4.0/. c) The scheme of operando transient experiment, time-resolved XANES spectra collected at the

Cu K-edge and the corresponding weights of the spectral components for Cu-SSZ-13 under relevant conditions of selective catalytic reduction

of NO, by ammonia. Reproduced with permission from ref. [24] d) Time-resolved operando V K-edge XANES of VO, species in VO /TiO /SiO,
catalyst measured during ethanol TPR; V5, V4, and V¥ components resolved with multivariate curve resolution analysis (MCR); the corresponding
concentration trends during oxygen cut-off at 200 °C and derived Arrhenius plot. Adapted with permission from ref. [25] and used under CC BY 4.0

https://creativecommons.org/licenses/by/4.0/.
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conditions allowed the deduction that the activation of hydrogen
chloride is exclusively associated to the metal atoms while their
coordination with the carbon supports is crucially determined by
the activation step and functionality of the support. Moreover,
with complementary information from EPR, the neighboring
sites in the support were identified as acetylene absorption sites
and were responsible for the catalyst deactivation by coking.
This study demonstrated that both the metal sites and the carbon
support should be designed in a concerted approach to enhance
the catalytic activity through optimizing the hydrogen chloride
and acetylene interactions.['4]

Circumventing catalyst deactivation also plays a crucial role in
the rational design of next-generation catalysts; dry reforming of
methane (CH,) constitutes a significant challenge in this regard.
In situ and operando XAS studies can provide valuable insight,
as shown by an example of La,Ce,O, and LaNiO, mixed oxides
(5 wt% Ni). The best catalyst i 1n thlS study was synthe51zed via
hydrothermal synthesis and the boosted performance at both 600
and 850 °C was ascribed to the high number of oxygen vacancies
in the La,Ce,O, support, with methane absorption and dissociation
taking place on metallic Ni particles as uncovered from in situ
XAS. The favorable interaction between Ni and Ce sites, in turn,
improved the migration of active oxygen species and the reaction
with adsorbed hydrogen and CH_, and thereby, the deactivation
via coking was minimized (< 2wt% C).[20]

Methane oxidation also suffers from severe deactivation
hurdles. Based on detailed XAS studies of a Pd/ALO, (2 wt%)
catalyst with short reductive pulses (SRP), it was shown that
periodic lean condition could be leveraged to maintain the
catalyst active state preventing the complete oxidation to PdO
even with a continuous water vapor feed. Consequently, SRP
could be exploited to overcome the deactivation via thermal
and hydrothermal aging of the catalyst. While steady-state XAS
investigations suggested that CH, oxidation is performed over
fully oxidized Pd, the SRP procedure induced the presence of
partially reduced Pd species that was linked to improved catalytic
performance by online mass spectrometry. Finally, it was possible
to ascribe the high performance for CH, oxidation and improved
stability due to SRP to the presence of amorphous PdO,_ species,
which were either in contact with or vicinal to metallic Pd.[2!]

In general, detailed investigations of the deactivation behavior
of catalysts can easily constitute a time-consuming task being
limited by the available beamtime at a synchrotron facility. Such
deactivation processes can take several hours or even days, which
makes detailed studies difficult at a beamline. For this purpose,
laboratory-based XAS studies are emerging as a promising
alternative to such synchrotron-based studies.[3-22.231

Time-resolved XAS has also shown its great potential for
unlocking the structure of catalysts under transient conditions,
allowing the mechanisms of catalytic processes on the atomic
scale to be probed. For instance, automotive gas after-treatment
catalysts for the abatement of CO, NOX, and hydrocarbons from
the exhaust stream, are especially designed to operate under
transient conditions. Therefore, transient XAS experiments
are particularly beneficial in this case for uncovering complex
structure-activity relationships. To investigate the reason for the
poor low-temperature performance of a commercial copper-based
zeolite catalyst (Cu-SSZ-13) during selective catalytic reduction
(SCR) of NO_by ammonia, Cu K-edge XAS was measured with
2Hz repet1t1on rate during NH, cut-off experiments, schematically
represented in Fig. 1c.[24 Expenments were performed at various
temperatures to probe the evolution of Cu speciation inside the
zeolite cages during the removal of ammonia (NH, off) from a
model exhaust gas mixture (1000 ppm NO, 6 vol% O,, 6 vol%
H,0, and 1000 ppm NH, in N,) flowing over the catalyst and
the concentration of NO and NH at the reactor outlet measured
by online mass spectrometry. ngh concentrations of a Cu(I)

amino complex stabilized at lower temperatures were surmised
as the primary reason for the inhibition of NO conversion to N..
This finding allowed the efficiency of the catalytic converter to
be increased by decreasing ammonia concentration in the pulsed
ammonia feed.

Transient experiments can also be employed to identify
the short-lived intermediates of catalytic reactions almost
invisible under steady-state conditions. This methodology was
successfully applied for understanding the reaction mechanism
of oxidative dehydrogenation (ODH) of ethanol catalyzed by
titania- and ceria-supported vanadia (VO,) species.[?526] By
measuring operando V and Ti K-edge and Ce L,-edge XANES
during periodic removal of oxygen from the ethanol -oxygen
feed, V*, V3*, Ce*, and Ti** intermediates were detected by
applying multivariate curve resolution analysis (Fig. 1d) to the
large time-series datasets. Quantitative correlation of the catalytic
rates of acetaldehyde formation to the initial rates of formation
of respective intermediates provided evidence that V* and
Ce’** intermediates are directly involved in the catalytic cycles.
Moreover, by investigating the reversibility of the V3*/ V** and
Ce**/Ce* redox processes during periodic modulation of the gas
atmosphere, it was possible to distinguish active V* and Ce?**
intermediates from spectator V4 and Ce** species present on the
catalyst surface but not involved in catalysis.

The sample environment capabilities for heterogeneous
catalysis involve various in situ and operando cells, such as
capillary and stainless steel plug-flow reactorsi?”! with X-ray
transparent window materials such as Kapton, operating at
1-40 bar and 25-800 °C. These cells can be combined with
various gas analysis methods, including mass spectrometry, gas
chromatography and infrared spectroscopy. At SLS 2.0, in situ
and operando XRD and total scattering methods will also become
a part of the Debye beamline portfolio and will be integrated with
the same catalytic infrastructure, including cells and gas analytics.

4. Examples from Electrochemistry

In recent years, operando XAS has developed into an
invaluable structure-sensitive probe for electrocatalytic systems,
which is mirrored by an increasing representation of the
electrocatalytic research community at the SuperXAS beamline.
The growing demand for electrochemical energy storage and
conversion technologies, necessitated by the drive towards a
closed carbon cycle, has led to a wide array of research topics
benefiting from the ability of operando XAS to elucidate the
structural motif and electronic state of catalytic active sites. For
example, while the oxygen evolution reaction (OER) is key to
developing highly efficient water-splitting catalysts, carbon
dioxide reduction (CO2RR) offers routes towards high-value-
added chemicals and energy vectors. To enable such studies, the
design of a reliable spectro-electrochemical cell is fundamental
with considerations of the X-ray window material for sufficient
transmission, limiting X-ray signal attenuation by the electrolyte,
using a three-electrode configuration for accurate potential
control and alleviating the accumulation of gas bubbles on the
electrode surfaces. The spectro-electrochemical cell for studies
at low current densities developed by Binninger et al. widely
used at the SuperXAS beamline, utilizes a small internal volume
three-electrode configuration with continuous electrolyte flow to
address the aforementioned challenges (Fig. 2a)./28!

Mitigating the effects of undesirable radiation damage is
of paramount importance to conducting reliable experiments.
Through the optimization of a large area passivated implanted
planar silicon (PIPS) detector for quick-scanning fluorescence
detected XAS, giving access to sub-second XAS on low-loaded
electrodes,?91 Diklic et al. could demonstrate that under acidic
OER working conditions, electrode degradation in the X-ray
beam was responsible for Ir** formation, while minimizing the
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Fig. 2. a) Spectro-electrochemical flow cell design widely adopted for operando XAS studies at the SuperXAS beamline. Reproduced with
permission from ref. [31] and used under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/. b) Strategy for the mitigation of beam damage
suffered in IrO, electrodes during the oxygen evolution reaction performed in acid conditions whereby reducing electrode mass and X-ray beam
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pulse-voltammetry on the Cu catalyst surface structure and product selectivity for CO2RR together with exemplar XANES and differential data.
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cycling of a spinel-type LiMn,O, cathode elucidating the reversible low voltage Jahn-Teller distortion in nanomaterials. Reproduced from ref. [38]

with permission from The Royal Society of Chemistry.

working electrode thickness and decreasing the X-ray beam flux
intensity lead to Ir’* formation, (Fig. 2b), resolving the discrepancy
on reported redox couples in the literature.3% Thick electrodes,
often necessitated for transmission XAS, significantly inhibit
the collection of reliable experiments due to the negative impact
on the electrochemistry being studied. Diercks et al. showed the
importance of optimizing the electrode preparation for inhibiting
mass transport limitations for reliable comparison of standard
laboratory characterization and electrochemical performance,
rather than optimizing for signal intensity for XAS.[3!l More
recently, the cell design of Binninger et al. has been adapted
for shallow angle/grazing incidence measurements of highly
dilute electrodes which, when coupled with quick fluorescence
detection, opens up a new paradigm for highly time-resolved
experiments to be performed on metal loadings even less than
50 pg/cm?.1321

Quick EXAFS (with sub-second time resolution), allows
the electrochemical restructuring around elements of interest
associated with the active site at the electrolyte-solid interface
in operando by monitoring the working electrode current and
product formation to be discerned. In the simplest case, exploring
the active site formation can be resolved with short static
potential holds. Kim et al. showed the structural transformation
of Ba Sr Co, Fe O, , from edge-sharing to corner-sharing
polyhedra, associated to the in-place formation of the OER Co-
oxyhydroxide active surface. Such studies have illustrated how
the characterization of materials under operation is critical to
develop structure-function relationships for guiding the design of
future OER materials.!33!

Fully utilizing the continuous developments at the SuperXAS
beamline towards operando XAS for electrochemistry, cyclic
voltammetry is the next exemplary case of taking standard
laboratory characterization protocols and marrying them to
operando XAS. Through the linear ramping of potential in both
cathodic and anodic directions with time, Beall et al. could
disentangle the importance of carbon additives to a perovskite
electrode for alkaline OER demonstrating a fundamental
involvement of carbon in enhancing the redox capacity of
Co above acting solely to improve electrode conductivity.[3
Furthermore, periodic cycling enabled competing redox behaviors
with progressing oxidation underlying a previously unobserved
reversible phenomenon to be distinguished.

By exploiting the periodic nature of cyclic experimentation,
highly time-resolved, or potential-resolved, insights can be gained
with even challenging to measure low-loaded electrodes. Diklic et
al. investigated a host of materials to illustrate that the formation
of surface Ir** is a prerequisite for OER activity on Ir oxides. By
using a sinusoidal potential stimulus, the saturation of the Ir oxide
surface with Ir® was shown to universally precede the onset of
OER.13!

Applying a periodic stimulus is often referred to as modulation-
excitation and can be used as a method to greatly improve the
signal-to-noise ratio through utilizing phase-sensitive detection.
In doing so, Ebner et al. investigated isolated Fe/N/C catalysts
for the oxygen reduction reaction. Periodic squarewave potential
modulation, otherwise referred to as pulse voltammetry, allowed
the involvement of a distorted square-planar motif in the oxygen
reduction reaction to be unraveled and the kinetic profiles of
oxidation and reduction could be investigated.3¢! Developing
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further on this methodology, Timoshenko et al. employed
asymmetric pulse voltammetry to influence the surface properties
of a Cu-based catalyst for CO2RR by precisely tuning the
asymmetry in the time at low and high potential.l37! Short high
potential pulses favored stabilizing the metallic Cu surface and
yielded high selectivity towards ethylene production. Sustained
high potential operation led to substantial surface oxidation
towards Cu** with CO2RR selectivity driven towards CH, and
CO. Meanwhile, symmetric pulsed voltammetry XAS elucidated
the stabilized formation of a defective surface oxide, which
consequently steered the reaction towards the more valuable
selective production of ethanol (Fig. 2c¢).

In the realm of energy materials, the ability to store and
convert energy on demand is crucial. In the study of battery
materials, understanding the local distortions that occur during
operation is vital. For instance, during the discharge of lithium
cathodes, the insertion of lithium into cubic spinels leads to a local
axial distortion, making XAS the tool of choice for investigating
such phenomena. To resolve the impact of lithiation on nano-size
lithium manganese spinel, Falqueto et al. utilized operando XAS
and reverse Monte Carlo EXAFS analyses to demonstrate that
nano-spinels are amenable to the non-destructive formation of a
Jahn-Teller distorted state (Fig. 2d). Taking this finding, a novel
cycling protocol with periodic discharge was shown to not only
recover charge capacity but aid in its increase, thereby mitigating
charge capacity fading.[38!

5. Studies of Photo-induced Processes

The SuperXAS beamline also provides capabilities to study
photo-induced changes of samples (including photo-catalysts)
with a time resolution from a hundred picoseconds to hundreds
of milliseconds (see Fig. 3a, d and g). This includes: i) pump-
sequential-probes setupl3®Ithat covers the time interval from 30 ns
to 100 us with an additional option to obtain one-time point with
100 ps resolution; (ii) pump-flow-probe setupl*?! that operates in
the time range from 100 ps to ~5 ms; and iii) setup for time-
resolved fluorescence detection*!! with modulated light that is
suitable for the 100 s to 1s time range. In the pump-sequential-
probes method a pulsed laser initiates the reaction and then
information about the arrival time of each X-ray fluorescence
photon coming from the sample is recorded with 20 ns precision.
In the pump-flow-probe method the laser source excites the sample
(containing for example a homogeneous photo-catalyst) in the
liquid jet continuously. The spatial separation of laser and X-ray
beams allows the control of the delay between the photoexcitation
and probing. Time-resolved fluorescence detection has the same
idea as the pump-sequential-probes method measuring the full
kinetic information, but with a lower pre-defined resolution of
100 ps and typically using a modulated continuous light source
(continuous wave laser or LED). Triggering of chemical reactions
with pulsed lasers can be performed fast (within a nanosecond or
faster) which opens the possibility to study short-lived catalytic

(a) Pump-sequential-probes (d) Pump-flow-probe (g)  Time-resolved fluorescence detection
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il
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detector — . | 5 delay detector
. o 3
3 /'(_\ Sampie‘l] o gating
=4 jet = [
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Fig. 3. a) Scheme of pump-sequential-probes XAS setup. b) Coordination environment of a Co center of a Co-polypyridyl hydrogen evolving catalyst
in the initial state and for two alternative models of intermediate state with axial pyridinium acting as Co ligand or as intramolecular proton donor.

c) Experimental Co K-edge transient XANES spectrum, corresponding to the 10 ps time window after photo-excitation (black lines), compared with
theoretical calculations for models of the Co(l) with all 5 pyridyl groups coordinating Co (green line), with dissociation of axial pyridyl and vacant axial
position (blue line) and with replacement of axial dissociated pyridyl by solvent molecule (red line). Adapted with permission from ref. [44]. Copyright
2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Scheme of pump-flow-probe XAS setup Adapted with permission from ref. [39], copyright
2013 American Chemical Society. e) Scheme of Co coordination and the electron transfer in Co@NH,-MIL-125(Ti) metalloorganic framework.

f) Experimental Co K-edge transient XANES spectrum of Co@NH,-MIL-125(Ti) corresponding to different delays between photo-excitation and
probing. Adapted with permission from ref. [48] and used under CC BY 4.0 https://creativecommons.org/licenses/by/4.0. g) Scheme of the setup for
time-resolved fluorescence XAS detection and modulated light excitation. h) Schematic illustration of the potential surface adsorbates detectable

by XANES. i) Pd K-edge XANES and difference XANES spectra collected with periodic 10 Hz UV light switching ON (blue) and OFF (grey), averaged

over 6 h.
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intermediates and with that photo-catalytic reaction mechanisms,
including degradation pathways.

Molecular photocatalytic systems for solar energy conversion
were in the focus of a series of investigations[#2] at the SuperXAS
beamline looking from the perspective of either the catalytic
center(4344 or the photosensitizer.[546] For example, in the photo-
catalytic evolution of hydrogen from water, the first reaction step
is the photo-induced electron transfer from the dye to the catalytic
center with subsequent interaction with a proton. The structure
of the first intermediate defines the whole reaction mechanism;
the reaction can proceed either by intramolecular proton relay or
alternatively by receiving protons directly from the solution. Such
intermediates are expected to be present in the microsecond time
range and were captured at the SuperXAS beamline using the
pump-sequential-probe XAS technique.

The investigation of the Co(I) intermediate of a cobalt
polypyridyl catalyst for hydrogen evolution (Fig. 3b) addressed
the question of what the role of axial pyridyl is after the first
electron transfer.[*4 If it dissociates, it can potentially act as the
intramolecular proton relay while if it remains bound to the Co
center then the only available option is protonation from solution.
Based on the comparison of the experimental Co K-edge transient
XANES spectrum with theoretical calculations for different
models of the Co(I) intermediate (Fig. 3c) it was found that the
most realistic model includes the dissociation of axial pyridyl
and the corresponding coordination site remains available for
the protonation. The same method but with a slightly higher time
resolution of ~30 ns can be used to investigate how the electronic
and local atomic structure of photosensitizers changes after
photo-excitation.[*>46] Rearrangements of local atomic structure
are relevant because they typically lead to undesirable losses of
energy received by absorbing the light and often facilitate faster
decay of the system to the ground state, which reduces the quantum
efficiency of the electron transfer to the catalyst.

Often photo-catalytic reactions proceed in multiple time ranges
with short-lived intermediates formed within a microsecond but
with the rate-limiting step taking many milliseconds. In such
cases, the acquisition of time-resolved XAS spectra requires
different experimental setups focusing either on the nanosecond-
microsecond range (pump-sequential-probes method) or on the
millisecond range (pump-flow-probe method or time-resolved
fluorescence detection with modulated light source). To track
short-lived intermediates efficiently, one must trigger the reaction
at a rather high repetition rate on the order of 10 kHz, delivering
a ‘fresh’ sample volume for each laser pulse. The sample volume
is fresh if it was not excited by the laser during a few catalytic
turnovers (for example during a few seconds before photo-
excitation). This is readily achievable for samples in solution.
Therefore, most pump-probe XAS experiments were performed
for samples circulating in a flow system with a typical volume of
~40 mL forming an open jet at the point of interaction of the sample
with X-rays and the laser. Since photo-excited photosensitizers
can be often quenched by oxygen the open jet is enclosed in a
chamber filled with nitrogen or helium.

To study slower processes, in the time range ranging from
hundreds of microseconds to tens of milliseconds, the pump-flow-
probel*9l method is used (Fig. 3d). The range of systems that can
be studied is not limited to molecular systems in solution.[40-431
One of the possibilities is to use suspensions as was demonstrated
for gold nanoparticles’! and finely dispersed metalloorganic
frameworks (MOFs)48] using the pump-flow-probe method.
In this recent study of NH,-MIL-125(Ti) MOF loaded with Co
the main question concerned the involvement of Co reduction
as the photo-induced step (Fig. 3e) which can follow the initial
formation of Ti"'sites produced due to the electron transfer from
the MOF linker. The formation of Co(I) sites was confirmed by
time-resolved XAS with long-lived reduced species observed

already at ~100 ps and partially decaying at 1 ms time scale (Fig.
3f).1481 Thus photo-catalytic hydrogen evolution by NH,-MIL-
125(Ti) MOF loaded with cobalt occurs in parallel at Ti and Co
with a long-lived reduced Co center acting as an efficient catalytic
center. Hydrogen evolution at the Co center positively influences
the stability of the MOF, which suffers from linker elimination
from the framework when the reaction proceeds only at the Ti
sites.

Photo-induced processes in the time range from 100 ps and
slower can also be studied using time-resolved fluorescence
detection. As an example, Fig. 3g shows an experimental setup to
explore the structure of Pd-promoted TiO, catalyst during photo-
catalytic hydrogen evolution. The catalytic ink was prepared by
mixing 2% Pd/TiO, with methanol and was then deposited on the
window of the photo-catalytic cell. After the applied catalyst was
completely dried, the cell was filled with water and methanol as
a hole scavenger.*! The UV LED was positioned from the back
side of the cell and was switched ON and OFF periodically with
a frequency of 1-10 Hz. The fluorescence signal was recorded
with a 100 times higher frequency than the UV switching. For Pd
K-edge XANES of small (2-3 nm) palladium particles, bonding
with C, O or H atoms (Fig. 3h) can be detected in both bulk and
surface regions.[5-521 The collected data with 10 Hz UV switching
frequency (Fig. 3i) indicated the presence of Pd(0) species with a
small difference in the shape of XANES around the first peak at
24.366 keV, similar to that observed for Pd—C bonding.

6. Operando X-ray Emission Spectroscopy

Throughout the operation of the SuperXAS beamline at SLS,
XES has undergone continuous evolution with the development
of cutting-edge spectrometers and experimental methodologies.

In more recent years, the von Hamos geometry spectrometer
has developed into the preferred mode for time-resolved XES.[53
With the implementation of the von Hamos spectrometer high
energy resolution off-resonant spectroscopy was developed
and allowed to monitor the in situ decomposition of Pt(acac),
in hydrogen revealing the presence of a partially reduced
intermediate.*! The von Hamos geometry was also employed
for non-resonant XES at the S K emission line and proved to
be a powerful tool in evaluating the speciation of ppm levels of
sulphur.l%1 Non-resonant XES allowed moderate time resolution
to be achieved to investigate operando mechanism of sulphur
poisoning and regeneration of Ru/Si0, and Ru/Al,O, methanation
catalysts in the presence of H,S.15¢!

Non-resonant XES can also be used to enable time-resolved
studies at the K, emission lines. For example, with the in situ
investigation of Fe/N/C electrocatalysts Saveleva et al. were
able to establish unambiguously the potential-induced spin state
change of Fe. This provided novel insights into the changes in
Fe electron density distribution aiding the understanding of the
catalytic mechanisms.57] Leveraging on the increased flux yielded
by employing a multilayer monochromator for broadband or with
pink beam operation (which has high energy cut-off defined by
the collimating X-ray mirror), time resolved core-to-core XES
measurements of sub-mM concentrations samples are possible
giving spin state sensitivity. [58]

Finally, the development of a DuMond-type crystal
spectrometer enables high energy XES in the range of 15-26 keV
to be reached, which gives access to the measurement of K " lines
of 4d elements with resolution sufficient to observe the chemical
environment of the 4d transition metal of interest.[>%]

As part of the SLS 2.0 upgrade project, a new X-ray emission
spectrometer with ~10 times higher collection efficiency is under
development. In combination with broadband and pink-beam
operation modes, that provide 2—-3 orders of magnitude higher
incident X-ray flux, a significant improvement of statistics for
non-resonant X-ray emission spectroscopy is expected. This

2
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further opens possibilities for time-resolved X-ray emission
measurements, which give complementary information about the
spin and oxidation state of transition metals compared to XAS,
as well as specific details about metal ligands, for example, their
protonation.[60-61]

7. Conclusions and Outlook

Synchrotron-based ~ X-ray  absorption and emission
spectroscopy are powerful tools that allow insights into the
electronic and local geometric structures of the elements of
interest under operando conditions.

Through reviewing recent examples from heterogeneous
catalysis, electrochemistry, and photochemistry, we have shown
the capabilities of the SuperXAS beamline at the SLS for obtaining
structure-performance relationships. These capabilities include
world-leading sub-second time resolution attained by quick XAS
and broadband non-resonant XES, which allow the combination
of operando studies with transient experimentation. Such studies
help to uncover active sites distinguishing them from spectators
or to determine the rate-limiting step of catalytic processes. Even
higher time resolution is obtained with laser pump—X-ray probe
spectroscopy, which allows insight in the mechanisms of photo-
induced processes to be obtained.

When SLS 2.0 becomes available for user experiments (mid-
2025), capabilities for hard X-ray spectroscopy will be doubled
by the addition of the new Debye beamline to the SLS portfolio,
which will allow for quasi-simultaneous quick XAS and powder
diffraction. Dedicated gas infrastructure will enable work with
pressures of up to 60 bar for most reactive gases. Furthermore, by
providing access to gas analytics (GC, MS, FTIR), potentiostats,
operando cells, and support with data analysis, we hope to further
facilitate the transition of complex experiments from laboratory
to our beamlines to help answer important scientific questions.
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