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Abstract
Soft X-ray spectroscopy is a powerful method to investigate materials on an
element selective level with respect to their atomic and electronic structure.
However, its application is technically challenging for in situ or operando
investigations of materials for electrochemical applications. Herein, we present
a spectroelectrochemical flow-cell designed to enable state-of-the-art elec-
trochemical characterization while being installed in a vacuum chamber for
the direct accessibility of the electroactive sample to soft X-rays. An overview
of the application of soft X-ray photon-in–photon-out spectroscopic studies
to electromaterials is provided, along with discussions of experimental and
technical considerations specific to this highly sensitive mode of analysis.
Application of the cell for the in situ spectroelectrochemical characterization of
an electrodeposited nickel oxide water electrooxidation catalyst is demonstrated.

KEYWORDS
energy materials, flow cell, photon-in–photon-out spectroscopy, soft X-rays, spectroelectro-
chemistry

1 INTRODUCTION

The development of materials for energy conversion and
storage to facilitate the usage of sustainable energy remains
a prominent scientific challenge. Key to guiding this
research are developments of in situ and operando charac-
terization that allow a deeper understanding of materials

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2021 The Authors. Electrochemical Science Advances published by Wiley-VCH GmbH.

under operating conditions.[1–4] This includes spectro-
scopic work that provides key insights into the nature of
active materials, with X-ray spectroscopy being a particu-
larly powerful tool that is sensitive to electronic structure
and enables element selective analysis.[5–7] The soft X-ray
energy range covers L-edge excitations of 3d-transition
metals and K-edge excitations of low-Z elements such
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as C, N, and O, which are key components of numerous
high-performance energy materials and/or of compounds
participating in relevant electrochemical processes.
Analysis of materials under electrochemical operat-

ing conditions is particularly challenging for photon-
in–electron-out techniques such as total electron yield
(TEY) and X-ray photoelectron spectroscopy due to the
low inelastic mean free path of electrons.[8,9] Photon-in–
photon-out spectroscopy, on the other hand, is more flex-
ible due to the higher transmissibility of photons. Sev-
eral designs of electrochemical flow cells for soft X-ray
photon-in–photon-out spectroscopy were reported.[10–14]
Such cells are usually based on a single, small-volume elec-
trolyte compartment accommodating all three electrodes,
often positioned in an electrochemically imperfect man-
ner. This might compromise the quality of the electro-
chemical data due to excessively high ohmic losses, inho-
mogeneous and unknown distribution of the ionic cur-
rent flow, and interference from the counter electrode pro-
cesses. The latter aspect is particularly important to contin-
uous experiments involving electrochemically active dis-
solved species intentionally added and/or generated at the
counter electrode during prolonged steady-state measure-
ments required to collect comprehensive X-ray spectro-
scopic data at a range of potentials. Since the purpose of
a spectroelectrochemical experiment is to directly corre-
late the spectroscopic and electrochemical data, both need
to be of high quality and the limitations highlighted above
need to be avoided.
Herein we present a vacuum compatible cell for in situ

and operando soft X-ray photon-in–photon-out spectro-
electrochemical studies, that was designed to provide opti-
mized and mutually balanced spectroscopic and electro-
chemical conditions. This includes a balancing of the elec-
trochemically active and the spectroscopically accessible
area, conventional arrangement of the working-reference-
counter electrodes, an optimized flowpathway for the elec-
trolyte solution and bubble removal, increased volume
(compared to other cells), and spatial separation of the
working and counter electrode compartments by an ion
conductive polymer separator. Taken together, these and
other features of the cell design discussed below avoid
instrumental challenges of the electrochemical measure-
ments, while enabling collection of soft X-ray spectro-
scopic data in situ.
The presented setup is widely applicable to studying

electrocatalytic reactions by a variety of techniques includ-
ing total fluorescence yield (TFY), partial fluorescence
yield (PFY), X-ray emission spectroscopy (XES), and res-
onant inelastic X-ray scattering (RIXS). Its capabilities are
demonstrated herein by an in situ TFY study on an elec-
trodeposited NiOx thin film as an anode material for the
oxygen evolution reaction (OER).

2 TECHNICAL CONSIDERATIONS
AND FLOW CELL DESIGN

Soft X-ray spectroscopy of an operating electrode requires
a suitable propagation path for the X-rays, as soft X-rays
are absorbed by air within several 100 to several 1000 μm
at 1 atm and by solids and liquids within several 100 to
several 1000 nm.[15] Further, the sample has to be in con-
tact with a conductive support as well as an electrolyte
solution. To address these requirements, we designed a
vacuum-compatible electrochemical cell (Figure 1) with a
focus on providing the best possible electrochemical con-
ditions within a vacuum chamber (see also Section 2 in the
Supporting Information).
The flow cell design enables the electrode materials

to be selected as required for specific experiments, and
typically functions in a conventional three-electrode con-
figuration with a well-defined reference electrode (not a
pseudo-reference wire). The working electrode (WE) is a
thin conductive layer on an X-ray transparent substrate
(further referred to as “membrane”) that is typically a free-
standing layer of 50–100 nmSi3N4 or SiC supported by a Si-
frame. A scheme of theX-ray interactionwith the sample is
depicted in Figure 1c, wherein X-rays approach the work-
ing electrode from the vacuum side, and are transmitted
through the membrane and WE to interact with the sam-
ple in its operative environment. Subsequently, the emit-
ted photons pass back through WE and membrane and
travel to the detector. This approach enables a wide vari-
ety of electrode materials to be employed, as a material
must only be deposited onto themembrane as a sufficiently
thin layer for X-ray transmission, for example, using phys-
ical vapor deposition. Au is an ideal conductive layer for
the WE in many respects due to its inertness, conductiv-
ity, and lack of catalytic activity toward many reactions
(cf. other noble metals). An insertion port allows a refer-
ence electrode (RE) to be placed within 1-2 mm of the WE
(a “leak-free” Ag|AgCl|KCl system is convenient for aque-
ous measurements). The counter electrode (CE) is placed
into a compartment separated by e.g. a proton conductive
polymer, such as Nafion, to avoid interference of dissolved
material or products generated at the CE with the pro-
cesses of interest occurring at the WE. This compartment
provides sufficient space to hold a coiled wire or mesh and
ensure the surface area of the CE is larger than the WE, as
required for stable operation.
The main body of the cell is PEEK to provide exception-

ally broad chemical stability. The WE and CE chambers
are ca 1 and 2 mL in volume, respectively, with the small
volumes limiting the risk of damage to optics/detectors
in the highly unlikely event of a leak. Solution is filled
from the bottom with outlets at the highest points in
each chamber to enable complete filling and removal of
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F IGURE 1 3D view (a) and cross-sectional view (b) of the flow cell: The cell consists of a PEEK body comprising a three-electrode setup
with (i) working electrode (WE) supported on an X-ray permeable membrane contacted via (ii) a Cu-connector, (iii) a counter electrode (CE)
and (iv) a reference electrode (RE). The electrochemical reactions take place in (v) two compartments separated by an (vi) ion-conductive
polymer such as Nafion. The compartments can be individually filled via (vii) solution inlet and (viii) outlet ports (second outlet port not
visible in 3D-view). For assembly and cleaning, the cell can be opened via back and front lids. The latter is equipped with (ix) a sample mount
for reference samples. Lids and connectors are assembled via screws in combination with (x) vacuum-tight sealings. (c) Schematic of the
X-ray interaction with the sample through the X-ray permeable membrane and the working electrode during an exemplary electrocatalytic
operation, and (d) principle of the X-ray absorption and emission processes

air/gases (Figure 1b). Especially in the case of gas-forming
reactions, the conical shape of the WE compartment facil-
itates gas removal from the electrode and prevents bubble
accumulation, which may otherwise isolate areas of the
electrode and render them electrochemically inactive. The
cylindrical CE compartment provides a surface for immo-
bilizing the compartment separator with Viton O-rings.
The use of separate tubing systems for the WE and CE
compartments prevents contamination/product-crossover
as well as allows the compartments to be drained and
refilled independently. Importantly, this design allows
solution flow while the cell is installed in a vacuum
chamber, thus enabling measurements with convection as
well as quiescent conditions. The electrolyte can also be
fully exchanged while the cell is under vacuum. The elec-
trolyte in- and outlet tubing as well as the reference and
counter electrodes are connected to the flow cell body via
vacuum-tight XP-235-screw|P-200-ferrule combinations.
For assembly, the counter electrode and the working elec-
trode are attached with PEEK lids to the cell body, sealed
with Viton O-rings. This arrangement allows the cell to
work in a vacuum environment down to ca 5 × 10–7 mbar.

The electrical contacts for the CE, RE, and WE are out-
side of the cell body, with electrical contact to the WE via
a Cu-sheet contacting the edge of the electrode below the
lid outside the electrolyte solution. Connection to a poten-
tiostat necessitates electrical feedthrough in the vacuum
chamber. The cell is designed for mounting on a 4-axis
manipulator (x, y, z, and rotation around z, see Figure 1) for
alignment with μm-accuracy in a (typically) 45◦ angle with
respect to the incident beam. The cell design is applicable
for any suitable type of spectrometer/endstation, though
the mounting points shown are adapted for the LiXEdrom
endstation[16] of the synchrotron radiation light source
BESSY II, Berlin.

3 APPLICATION OF SOFT X-RAY
PHOTON-IN–PHOTON-OUT
SPECTROSCOPY

Soft X-rays cover excitations from L2,3-edges (2p3/2 and
2p1/2 core orbitals) of 3d transition metals, which are often
explored as alternatives to noble metals in electrocatalysis.
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They also cover the K-edges (1s orbital) of low Z-elements
such as C, N, and O, which can be part of energy materials
and/or reagents/products of catalytic reactions. For tran-
sition metal oxides, the dipole allowed excitations from
the metal and oxygen core levels to the hybridized 3d-2p
valence levels are very sensitive to changes in the valence
electronic structure, and therefore ideal to study oxidation
state changes in the material during operation.
A simplified schematic of the electronic transitions is

illustrated in Figure 1d for the L2,3-edges, wherein a core
level electron is first excited to an unoccupied valence
state. The relaxation of this state (electron-hole recombina-
tion) can proceed by a fluorescent process emitting a pho-
ton of characteristic energy for the final state. Tuning the
excitation energy across the core absorption edge energies
and measuring the emitted photons gives the fluorescence
spectrum (TFY mode), which is similar, however, not
identical, to the X-ray absorption spectrum.[17,18] Energy-
resolving the emitted photons provides even further infor-
mation, as is done for X-ray emission spectroscopy (XES)
and resonant inelastic X-ray scattering (RIXS; also known
as resonant XES). These methods probe occupied elec-
tronic states and intra- and interatomic electronic transi-
tions such as d-d and charger transfer (CT) processes (indi-
cated in Figure 1d).
Herein, we focus on experimental considerations of

sample and spectra handling, with the interested reader
referred to textbooks and relevant literature for details on
the underlying physics of X-ray spectroscopy, for example,
references [18–24]. In the following, several considerations
about sample and spectra handling are discussed when
applying soft X-ray spectroscopy in the presented experi-
mental configuration.

3.1 X-ray attenuation by membrane and
working electrode

Typical dimensions of commercially available X-ray per-
meable membranes for this application are 0.5 mm ×

1.0 mm× 75 nm, inset into a larger frame. These are coated
with a conductive layer that functions as theWE, such as a
20 nm Au layer on a 5 nm Ti adhesion layer. The penetra-
tion depth of soft X-rays (i.e., photons of ca 100–1000 eV)
into Si3N4 varies from <10 nm at 100 eV to >1000 nm at
1000 eV.[15,25] For a 75 nm thin membrane covered with
5 nmTi and 20 nmAu, this results in a transmission in nor-
mal incidence ranging from ca 10% at 100 eVup to ca 75% at
1000 eV (Figure 2), clearly rendering spectroscopy on ele-
ments with higher excitation energies more feasible. Note
that the incident as well as emitted photons need to pass
through themembrane and working electrode, though the
photon flux for the incident beam can be increased to com-

F IGURE 2 Calculated transmission of 75 nm Si3N4 and SiC,
respectively, each covered with 5 nm Ti and 20 nm Au.[15,25] At
ca 280, 400, and 450 eV, the edge jumps of carbon, nitrogen, and
titanium, respectively, are visible. Inset: Photograph of the Si-frame
(held by tweezers), showing the side facing the electrolyte solution
with the Au-pattern covering the X-ray permeable membrane (light
rectangular area in the center) and providing contact to the Si-frame
edges. The red dashed circle indicates the area that is in contact
with the electrolyte solution after sealing with an O-ring

pensate for the losses without changing the flux on the
sample. Naturally, the membrane material and coatings
should not contain any elements to be investigated spectro-
scopically as these would contribute to the observed spec-
tra.

3.2 Balancing the electrochemically and
spectroscopically accessible areas

It is prudent to match the electrochemically active sur-
face area to that which is spectroscopically accessible,
such as by using a patterned deposition as shown in the
inset of Figure 2. This ensures that the electrochemi-
cal response is more representative of the area examined
spectroscopically and that beam-induced effects are elec-
trochemically detectable. Furthermore, the smaller active
area means less bubble formation for gas evolving reac-
tions, an increased ratio of electrolyte volume with respect
to the electrode area, and an easier identification of X-
ray-induced irregularities/damage in the electrochemical
response of the sample. For example, the aforementioned
membrane dimensions provide a 0.5 mm2 area accessible
to spectroscopic analysis, while coating the entire Si-frame
would give a ca 40 mm2 active area indicated by the red
circle in the inset of Figure 2. A patterned Au deposition
limits the conductive area in contact with the electrolyte
to ca 4 mm2, which covers primarily the membrane area
and provides contact to the frame edge for the electrical
contact.
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3.3 Sample thickness and morphology

As the sample is probed through the electrode substrate
(Figure 1c), the sample has to be thin enough for the X-
rays to access the sample|solution interface and to avoid
measuring solely buried material.[26] Additionally, the use
of thin films reduces self-absorption effects that can cause
spectral distortions in fluorescence yield. Experiments on
layers with different thickness are useful to disentan-
gle surface and bulk related effects. Note, that although
the material contributing to electrochemical reactions is
restricted to the surface, the bulk fraction of the sam-
ple can also undergo electrochemical transformations.[27]
Another approach to increase the surface-related signal
is the preparation of porous samples or nanoparticles.
Extended discussions on the sample thickness and mor-
phology are provided in Section 3 of the Supporting Infor-
mation.

3.4 Measurement sequences and X-ray
induced damage

In an ideal in situ spectroelectrochemical experiment, the
potential-dependent changes in the spectra demonstrate a
reproducible cycling behavior, that is, the material should
be adopting a particular state at a given potential irre-
spective of the sequence of measurements. However, this
is not always the case with one example being a sample
that requires significant time to reach an equilibrium state.
To test this, repeated measurements without changing
the conditions, in particular the electrode potential, can
be undertaken. Moreover, some of the potential-induced
transformations might be irreversible, which might not
be immediately obvious at the start of the experiments.
Hence, the sequence and duration of the potentials applied
during the in situ XAS measurements, including the pre-
treatment that might be necessary for selected systems,
need to be planned on a case-by-case basis.
In addition to the intended potential induced changes,

irradiating the sample with X-rays can also transform the
material of interest via a combination of mechanisms,
often involving photo-induced redox processes, known col-
lectively as radiation (or beam) damage. Commonly, this
can be addressed by reducing the flux and/or the irra-
diation time. It is noted though that soft X-ray photon-
out techniques generally require ca 100-fold higher X-ray
intensity to obtain an emission intensity comparable to
that from the electron-out techniques,[28,29] which clearly
aggravates the radiation damage problem. To ensure min-
imal impact of the X-ray-induced effects on the recorded
spectroelectrochemical data, control measurements are
required prior, during, and after the analysis.

A straightforward procedure to identify the X-ray
flux/time that causes spectral changes is to record a series
of short spectra, e.g. across the L3 edge of a transition
metal, with sequentially increasing X-ray flux for each sub-
sequent spectrum to identify the highest irradiation inten-
sity/time that does not induce detectable spectral changes.
This procedure should be applied for all conditions (poten-
tials) of interest, since different states of an electroma-
terial are likely to be impacted by X-rays in a different
manner and to a different extent.[26] The lowest possible
flux that offers a reasonable signal-to-noise ratio without
damaging the sample should then be used for all mea-
surements to facilitate comparisons of the data. To further
ensure reproducibility of the data, measurements on one
spot/area should be repeated at least twice, and at least one
additional scan should be collected on a pristine spot/area
under identical measurement conditions.
To reduce the flux density while maintaining the sig-

nal intensity for TFY and PFY experiments, the size of the
beam spot on the sample can be increased. However, a
small beam spot is necessary to maintain the energy res-
olution on the detector for XES and RIXS, as typically is a
high flux to compensate for the losses when energy resolv-
ing the emitted photons (these losses also affect PFY).
Under these circumstances, the often unavoidable radia-
tion damage can be suppressed via decreasing the X-ray
exposure time by continuously moving the sample during
the measurement. After performing XES or RIXS analysis,
additional TFY spectra should be recorded on the irradi-
ated area and compared to the initial spectra as an addi-
tional check for the radiation damage. Microscopic (visi-
ble light or electron) analysis post spectroelectrochemical
studies can further assist with the identification of the X-
ray-induced changes to the sample.
A detailed scheme of the suggested measurement

sequence and an example of radiation-induced damage are
provided in Section 4 of the Supporting Information.

3.5 Interpretation of TFY spectra

It is important to note the differences between pure absorp-
tion, electron-yield, and fluorescence-yield spectra. The
stronger state dependence of fluorescence decay[20] means
it does not necessarily result in pure absorption spectra,[18]
especially at the L2,3-edges of 3d-transition metals.[17]
Electron-yield spectra are generally closer to absorption
spectra, so care must be taken in comparisons. Addi-
tional effects such as self-absorption may also lead to
further distortions in TFY analyses.[24] By only detect-
ing emitted photons in a selected energy range, PFY can
avoid/reduce these distortions,[20,30,31] though this usually
requires higher X-ray intensities than TFY.
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Taking these characteristics of TFY spectroscopy into
account, qualitative as well as quantitative analysis can
be performed, similar to other spectroscopic techniques.
Qualitative and semi-quantitative fingerprint analysis is
quite effective for the identification of the potential-
induced changes within the material. Precise quantitative
spectra interpretation typically requires theoretical calcu-
lations. These can take the form of configuration interac-
tion, density functional theory, and/or coupled cluster ab
initio approaches depending on the system.

3.6 Applications and challenges

The presented cell is predominately designed for sample
configurations in which a material is directly deposited
onto the electrode support and is in contact with a liquid
electrolyte, enabling studies of a variety of systems.
Soft X-ray photon-in–photon-out spectroelectrochemi-

cal analysis, using a prototype of the cell presented herein,
was previously conducted to study MnOx water elec-
trooxidation catalyst[32] as well as potential-induced oxi-
dation behavior of MXenes.[33] The cell design enables
studies on the cathode and anode materials and on
half-reactions, such as investigated in standard three-
electrode laboratory setups. The cell also fulfills the
requirements for in situ/operando studies on individual
battery materials.[34–36] Relatively large volume of the
working compartment and its physical separation from
the counter electrode excludes interference from the latter
and the possibility for short-circuiting failure due to elec-
trodeposition of excessive amounts of the material or its
electrochemically-induced expansion. The UV-vis trans-
parency of the WE substrate allows also for studies on
photo(electro)activematerials. However, the application is
restricted to PFY, XES, andRIXS analysis because the addi-
tional light source will interfere with the TFY.
The scope of applications covers the tracking of oxida-

tion states during electrochemical cycling, analysis of dis-
solution or intercalation/deposition of certain elements,
probing the reversibility of processes, as well as investiga-
tion of potential-induced electronic structure changes and
electronic interactions. Most importantly all studies can be
conducted on an element selective level.

4 DEMONSTRATION OF IN SITU TFY
ANALYSIS OF AN ELECTRODEPOSITED
NiOx CATALYST

A TFY study on a NiOx oxygen evolution catalyst elec-
trodeposited in situ as a thin film is presented below to
demonstrate the capability of the cell and approach. Note

F IGURE 3 (a) Cyclic voltammogram (0.100 V/s) of a bare
Au/Ti/Si3N4 substrate in 0.1 M borate buffer with pH 9.2 (grey), and
three repetitive scans after exchanging the solution with the same
borate buffer solution containing 0.5 mM Ni2+. (b) Evolution of the
deposition current density (top) and simultaneously collected TFY
signal (bottom) at the Ni resonance at 856.1 eV during NiOx

deposition at 1.75 V vs. RHE (see text for further details)

that further experiment types such as PFY, XES, and RIXS
are applicable with the setup, however, are more challeng-
ing with respect to avoiding radiation damage (see above
and Section 4 in the Supporting Information). An example
of PFY/RIXS experiments conducted with a prototype of
the cell presented herein can be found elsewhere.[32]

4.1 In situ sample preparation

Electrochemical testing and deposition were done while
the electrochemical cell was within the spectroscopy
chamber and under vacuum. Experimental details are
provided in Section 1 of the Supporting Information.
Prior to sample deposition, cyclic voltammetry of the bare
Au-coated Si3N4 substrate in borate buffer (0.1 M, pH
9.2) shows the expected electrochemical response of a
gold electrode (Figure 3a). After the exchange with the
0.5 mM Ni2+ solution in the same borate buffer, voltam-
metry exhibits an oxidation peak at ca 1.5 VRHE and a
reduction peak at ca 1.3 VRHE, which increases in intensity
with subsequent scans as is indicative of the oxidative
electrodeposition of a NiOx film. Chronoamperometry at
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1.75 VRHE with gentle solution flow was then employed
to deposit a film of a suitable thickness. Since the film
is catalytically active at the deposition potential, the
observed current results from water oxidation and film
formation. To optimize the catalyst film thickness for X-
ray examination, the TFY signal at a known Ni resonance
(the Ni L3-edge at 856.1 eV) was recorded simultaneously
to the deposition (Figure 3b).
Opening the beamshutter (t0) and allowing X-rays to

irradiate the WE, increases the signal on the diode from
the dark current (dashed gray line in Figure 3b) to a
background signal caused by non-resonant fluorescence
(dashed blue line in Figure 3b). Chronoamperometry was
performed between points t1 and t2, leading to a steady
increase of the TFY signal due to film growth. After the
deposition stops, the TFY signal showed a slight decrease,
which can originate from either partial material loss or
change in Ni oxidation state without applied potential. At
t3 the beamshutter was closed. Importantly, the TFY signal
was not saturated during electrodeposition, verifying that
at all times the filmwas thin enough for the X-ray to access
freshly deposited material, and thereby the interface with
the solution. After deposition, the solution was exchanged
with the precursor-free solution for the subsequent analy-
sis.

4.2 X-ray absorption spectroscopy in
total fluorescence yield

One centerpiece of in situ/operando soft X-ray analysis is
the measurement of absorption spectra to obtain informa-
tion of changes occurring in the (electronic) structure of
the material. To this end, measuring the TFY is a pow-
erful approach to track the material’s electronic structure
under operative conditions. The Ni L-edge TFY spectrum
at 1.25 VRHE exhibits pronounced peaks at 853.7 eV and
855.7 eV, with the shape resembling spectra of Ni in a 2+
oxidation state.[37] Increasing the potential to the onset of
the Ni oxidation feature at 1.45 VRHE and then to 1.75 VRHE
(Figure 4a) results in the first peak at 853.7 eV significantly
decreasing in intensity. Concurrently, the peak at 855.7 eV
increases in intensity and shifts 0.4 eV to higher energy.
Further increasing the potential to 1.90 VRHE where the
OER current is extensive does not induce further spectral
changes, indicating the sample does not undergo further
oxidative transformations. A similar spectral shape can be
found for γ-NiOOH[38] though Ni4+ also exhibits a promi-
nent feature ca 3 eV above theNi2+main peak.[37] The bulk
sensitivity of TFYmeans the extensive spectral changes are
due to changes of the complete or at least a large fraction
of the sample, and not only of a surface layer. Bulk oxida-
tion with the formation of a NiOOH phase under alkaline

F IGURE 4 TFY spectra collected at selected potentials across
the (a) Ni L2,3-edges and (b) the O K-edge. To identify contributions
in the O K-edge spectra not stemming from the catalyst film, a
spectrum taken on 0.1 M borate buffer behind an Au/Ti-coated
Si3N4 membrane(light grey), is shown for comparison

conditions is in agreementwith published reports.[27] Bulk
oxidation has also been observed previously for thinMn[32]
and Co[39,40] oxyhydroxide catalyst films.
In contrast to hard X-ray studies, soft X-ray analysis

facilitates complementary measurements at the O K-edge.
Note, that all oxygen-containing components contribute to
these spectra. A reference spectrum of a borate buffer elec-
trolyte shows a broad pre-edge feature from ca 530-533 eV
(Figure 4b), and an edge starting at ca 534 eV, where con-
tributions of O in H2O are dominant.[41] For the latter, X-
ray self-absorption can lead to damping of spectral features
and signal saturation. The NiOx film displays a promi-
nent pre-edge peak at 529.0 eV, which increases in inten-
sity when the potential is increased from 1.45 to 1.90 VRHE.
Specifically, the pre-edge region of metal oxide O K-edge
spectra contains information about oxidation states and
phases,[42] metal-oxygen hybridization,[32] and formation
of surface oxygen species.[43] This peak originates from
transitions from theO1s intoO 2p –Ni 3d hybridized states,
which are typical transitions observed in all 3d transition
metal oxides.[44] In a previous study on amanganese oxide
electrocatalyst, the intensity change of the metal pre-peak
could be related to changes in orbital hybridization as the
potential was increased towards more positive values.[32]
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F IGURE 5 Dynamic analysis of the redox behavior of the
NiOx electrocatalyst. Redox features in cyclic voltammetry at
0.005 V/s (top panel) are directly reflected in the change of the TFY
signal (middle panel) at 856.1 eV. The derivative of the TFY signal
yields an element selective redox curve (bottom panel). Arrows
show the sweep direction

4.3 Fluorescence yield detection during
voltammetry

Measuring the fluorescence yield at a fixed energy dur-
ing cyclic voltammetry allows electrochemically observed
redox processes to be directly assigned to spectral changes
at the selected energy. Crucially, it provides an ele-
ment selective picture of the redox behavior of the sam-
ple. This method was first implemented for hard X-rays
under the term fixed energy X-ray absorption voltamme-
try (FEXRAV),[45] though only a few groups have reported
its application.[46–49]
Fixing the excitation X-ray energy at 856.1 eV and mea-

suring the TFY response allows changes in the oxidized
Ni state to be related to the voltammetric response. Three
voltammetric cycles were measured between 1.25 VRHE
and 1.75 VRHE, with the first scan deviating slightly from
the subsequent scans as is normally the case (top panel in
Figure 5). The TFY signal at 856.1 eV exhibits an increase at
∼1.5 VRHE on the forward scan and a subsequent decrease
in the reverse scan at ∼1.35 VRHE (middle panel in Fig-

ure 5). This increase/decrease of the TFY originates in
the previously discussed change of the TFY spectra for
Ni in different oxidation states (Figure 4a). To interpret
the results and connect them to oxidation state changes,
the derivative of the TFY signal can be plotted against the
applied potential (bottom panel of Figure 5). The TFY sig-
nal was smoothed to remove noise in the derivative using
a second-degree polynomial Savitzki-Golay-filter in a 50-
point window (corresponding to 0.025 V). Importantly,
the redox features of the voltammetric scans are perfectly
reproduced by the derivative of the TFY signal, includ-
ing the aforementioned shift of the first voltammetric
scan. Moreover, the OER current manifesting in voltam-
mograms is absent in the derivative of the TFY because
it is not related to a detectable change in the Ni oxidation
state. This strikingly illustrates the strength of the method
to disentangle different redox processes by creating an ele-
ment selective redox curve. This is especially valuable for
processes that might be obscured by reaction currents in
electrochemical data or for the element selective analy-
sis of multi-element systems and allow redox processes
to be spectroscopically assigned to specific oxidation state
changes.

5 CONCLUSION AND OUTLOOK

This work presents an overview of the application of soft
X-ray photon-in–photon-out spectroscopy to energy mate-
rials and an electrochemistry flow cell designed for high-
qualitymeasurements. Typical experimental parameters of
the cell as well the spectroscopic setup are given in Table 1.
The cell provides advantageous electrochemical condi-
tions such as separated electrolyte compartments with vol-
umes each > 1 mL and the option for an in situ sam-
ple deposition and full electrochemical (pre)treatment of
the sample before and during X-ray spectroscopic analysis.
Several important aspects of sample and spectra handling
were discussed and the applicability of X-ray absorption
and emission spectroscopy was demonstrated on an in situ
electrodeposited NiOx catalyst film for the OER. Crucially,
the cell produced an excellent voltammetric response and
allowed TFY to track the film electrodeposition. It also
enabled potential-dependent changes to TFY spectra to
be observed at the Ni L2,3-edges, showing oxidation state
changes in the film under electrocatalytic operating con-
ditions. It was further shown that the high sensitivity and
voltammetric response allows fixed energy TFY measure-
ments to monitor redox changes during voltammetry, and
prepare an element selective redox curve.
Overall it was shown that in situ/operando soft X-ray

photon-in–photon-out spectroscopy is a powerful tool to
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TABLE 1 Overview of flow cell parameters and experimental conditions for application in the LiXEdrom endstation at U49-2 PGM-1 at
BESSY II

Cell parameters Experimental parameters
Electrolyte volume: ca 1 mL WE compartment

ca 2 mL CE compartment
Min./max. vacuum 5 × 10–5- 5 × 10–7

Flow rate Variable.
Typical range: 1 - 50 μL s–1

Energy range ca 200 - 1200 eV

Membrane materials Si3N4, SiC, Si Detector (TFY) XUV-100 silicon photodiode
Frame dimensions 10 mm × 10 mm × 0.381 mm Energy resolution (TYF/PFY) Dependent on beamline

settings.
Typical: 100 meV

Membrane size Variable.
Typical: 1 mm × 0.5 mm × 100 nm

Detector (PFY/XES/RIXS) MCP|fluorescence
screen|CCD stack

Standard coating 5 nm Ti adhesion layer
20 nm Au conductive support

Energy resolution (RIXS/XES) Typical: ΔE/E > 500

Reference electrode Ag|AgCl in 3.4 M KCl Beam size (ver. x hor.) Variable: from 20 μm ×

80 μm to 100 μm × 100 μm
Counter electrode Exchangeable.

Standard: Pt-Wire
Accuracy of beam positioning ca 1 μm

Compartment
separator

Ion-selective polymer (e.g. Nafion)
or a separator (e.g. Zirfon)

Temperature Room temperature

study potential induced changes in energymaterials, high-
lighting the importance to investigate a material designed
for electrochemical purposes under operative conditions.
Its high sensitivity to changes in the 3d-valence structure
of transition metals and the option to perform additional
experiments at C, N and O K-edges renders it a versatile
and highly informative spectroscopic technique.
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