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In situ and operando X-ray techniques have emerged as powerful tools for unravelling the complex
mechanisms underlying photoelectrochemical transformations. These techniques offer real-time insights
into the dynamic processes occurring at the electrode—electrolyte interface during solar-driven water
splitting and other PEC reactions. The present work aims to summarise the latest advances in in situ and
operando X-ray absorption spectroscopy (XAS), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) for the characterisation of photoelectrocatalytic systems and materials for the
generation of solar fuels and value-added chemicals. This review highlights the recent advancements
achieved using these techniques for elucidating the structural, chemical, and electronic properties of

photoelectrocatalytic materials and interfaces during operation. Besides, this review provides technical
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Accepted 19th July 2024 guidance for performing these measurements, considering the experimental requirements for each of

these spectroscopies. Further, we provide an overview of different state-of-the-art synchrotron-based
DOI: 10.1039/d4ta03068k techniques employed for the characterisation of photoelectrocatalytic materials, focusing on the

rsc.li/materials-a possibilities of the studied techniques, cell designs and more relevant results.

more recently, the industry, as an alternative source of fuels and
value-added chemicals using ubiquitous molecules, such as

Introduction

Artificial photosynthesis technologies have been attracting
increasing attention, from fundamental understanding to,
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CO, and H,O, and sunlight."* These technologies have ach-
ieved higher technology readiness levels (TRLs) of development
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in recent years, and are becoming a real alternative for the
generation of solar fuels and chemicals at an industrial level. In
the case of photoelectrochemical (PEC) routes, different archi-
tectures could be considered: (i) full photoelectrochemical
systems, where both anode and cathode contain photoabsorber
materials, (ii) electrocatalytic systems coupled to photovoltaic
cells (PV-EC) and (iii) photoelectrochemical systems coupled to
photovoltaic cells to reduce the overpotential for the target
chemical reaction.” In recent years, all these technologies have
increased their maturity towards industrialisation. As explained
in the recent work by G. Segev et al,” lab-scale photo-
electrochemical devices exhibit efficiencies over 10% currently,
which has been traditionally considered as the minimum
threshold for any industrial application. However, in order to
establish the photoelectrocatalytic approach at a relevant
industrial level, from both the scientific and economic points of
view, there are still many technological questions to be
answered and physicochemical mechanisms to be revealed. To
overcome this problem, the scientific community is currently
highly interested in operando and in situ methods, which allow
for the characterisation of the photoelectrocatalytic materials
under relevant working conditions.®’

In particular, “in situ” characterization refers to the study of
materials, usually catalysts, and reactions in their natural
working environment without disrupting the experimental
conditions. It is performed within the reactor or reaction cell
during the reaction but not necessarily under real operating
conditions. However, “operando” characterization refers to the
study of materials and catalytic reactions under real operating
conditions. Both approaches are crucial for understanding and
improving the catalytic systems; however, they are applied in
slightly different contexts depending on whether a study is
needed under controlled conditions (in situ) or realistic catalytic
conditions (operando).®

Spectroscopy-based techniques are powerful tools to inves-
tigate the photoelectrode-electrolyte interface where informa-
tion on the electronic and structural nature of the active sites
can be obtained upon careful selection of excitation and probe
sources.” As such, there is a growing tendency in the field to
perform an in situ and operando analysis using various tech-
niques such as Raman spectroscopy,'®"* UV-vis spectroscopy,**
Fourier-transform infrared (FTIR) spectroscopy,” electro-
chemical impedance spectroscopy (EIS),"* and incident modu-
lated photocurrent spectroscopy (IMPS),"* due to the key
importance of understanding the materials under real working
conditions. Hence, the combination of in situ and operando
synchrotron techniques with photoelectrocatalytic experiments
is pivotal to understand the performance of these materials, in
terms of stability, efficiency, and selectivity, under working
conditions and thus, establishing this technology as an
important element in the green energy transition.

In terms of X-ray-based spectroscopy techniques such as
XPS, XAS and XRD, the majority of in situ and operando reported
PEC studies have employed synchrotron radiation. This is due
to the advantages of synchrotron radiation compared with other
lab-scale X-ray sources: (i) high brightness and energy resolu-
tion, which enables high-speed data acquisition and provides

23126 | J Mater. Chem. A, 2024, 12, 23125-23146

View Article Online

Review

more accurate data, (ii) high spatial resolution, which allows for
precise material mapping, (iii) wide energy range, enabling
variable energy X-ray techniques (XAS) and conducting experi-
ments at a range of selected optimum wavelengths (XPS and
XRD), (iv) polarized nature, allowing specific experiments to
probe the magnetic and electronic properties of materials and
(v) precise flashing time structure at a very high frequency,
which can be used to study physical and chemical processes
taking place at very short time scales.'®

In situ and operando synchrotron techniques are more
mature in the electrocatalytic (EC) field, which can be explained
not only by the maturity of the field but also due to several
inherent difficulties in order to study photoelectrocatalytic
reactions in situ: (i) although many novel oxide and chalco-
genide electrocatalysts undergo bulk changes that lead to the
actual catalytic species,"”* the bulk of photoelectrodes are
usually stable and most relevant changes are limited to their
surfaces involving usually a few tens of nanometres,*** which
demands surface-sensitive techniques or special analysis
modes to make commonly bulk techniques surface sensitive,
and both (ii) the need to illuminate the sample during opera-
tion,” and (iii) the usual employment of thick transparent
conductive substrates (FTO or ITO, most frequently), instead of
thin current collectors, add an extra level of complexity to the
experimental set-up. Due to these challenges, only a few works
have reported successful in situ or operando synchrotron-based
spectroscopies in photoelectrochemical systems.

This review aims to give a general vision of the current state
of the art of in situ and operando X-ray-based studies, focusing
mainly on X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XAS) and X-ray diffraction spectros-
copy (XRD), in PEC systems for solar fuel generation (Scheme 1).
Besides, this work provides technical guidance for performing
these experiments at synchrotron facilities, with the hope of
increasing the activity in this field, which has the potential to
answer some of the main questions to take the comprehension
of PEC systems to the next level.

By synthesizing and critically evaluating these analytical
possibilities, this work aims to serve as a pivotal resource for
guiding future research efforts and informing the design of
more efficient and sustainable photoelectrocatalytic technolo-
gies. We believe that the comprehensive nature of this revision,
its clear organization of existing knowledge, and its potential to
advance the field make it well-suited for energy researchers
interested in initiating or advancing their work with operando
and in situ experiments in PEC systems.

In situ and operando X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a commonly used
characterisation technique for the analysis of the surface of
materials. This technique, also called ESCA (Electron Spec-
troscopy for Chemical Analysis), provides qualitative and
quantitative elemental analysis, except for hydrogen and
helium, of the top 1-20 nm (depending on the sample and
instrumental conditions) of a surface.> In XPS, the sample is
irradiated with soft X-rays (energies lower than ~6 keV) and the

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Overview of the addressed topics in the present review.

kinetic energy of the emitted electrons is analysed. When an X-
ray of known energy (hv) interacts with an atom, a photoelectron
can be emitted via the photoelectric effect. The emitted photo-
electron is the result of complete transfer of the X-ray energy to
a core level electron. It simply states that the energy of the X-ray
(hv) is equal to the binding energy (Ep) of the electron (how
tightly it is bound to the atom/orbital to which it is attached)
plus the kinetic energy (Ey) of the electron that is emitted and
the spectrometer work function (®y,), a constant value, and
hence, E}, can be calculated using the following equation:

Eo=hv — B — @y (1)

Thus, valuable chemical information about the sample can
be extracted because binding energies are sensitive to the
chemical environment of the atom.” Hence, XPS provides
unique information on the chemical composition and elec-
tronic structure of materials, so that it has been traditionally
used for the fundamental characterisation of semiconductors
with application in the field of photoelectrochemistry. The
development of near-ambient pressure (NAP) XPS has extended
the applications of XPS to the performance of detailed studies of
the chemical state of photoelectrodes and the reaction inter-
mediates under relevant or even operando conditions, which
facilitate the understanding of reaction mechanisms. As
a result, NAP XPS is nowadays commonly used for the in situ
characterisation of catalytic, photocatalytic and (photo)

This journal is © The Royal Society of Chemistry 2024
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electrocatalytic reactions. The field has evolved exponentially
since the development of the new generation of NAP XPS ana-
lysers at the beginning of the century.?® The last comprehensive
review in 2020 estimates that there are more than 70 NAP XPS
systems around the world, including laboratory and
synchrotron-based systems.”” Most NAP XPS systems allow the
dosing of gases and gas mixtures and heating in order to
perform in situ characterisation of heterogeneous catalytic
reactions in different gas atmospheres. These systems can be
easily adapted for electrochemical systems based on solid
electrolytes.”® However, the measurement of electrocatalytic
systems based on liquid electrolytes requires the use of espe-
cially designed electrochemical cells.>® There are two main types
of approaches in the literature for the operando analysis of
electrochemical reactions using liquid electrolytes by XPS. One
requires the use of graphene windows that separate the liquid
and UHV environments, and through which, X-rays and elec-
trons can pass through, allowing XPS measurements. Despite
being first established in 2011,* these cells have been rarely
studied, mainly due to the fragility of these 2D windows under
operation in UHV chambers.**** The other approaches are
windowless and require the delicate fine control of the contin-
uous evaporation of the electrolyte in a UHV chamber.** which
requires a fine balance of the operating conditions but has given
rise to a more significant amount of contributions in both
photoelectrochemical and electrocatalytic studies.”®

J. Mater. Chem. A, 2024, 12, 23125-23146 | 23127
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The performance of in situ measurements of photo-
electrocatalytic systems adds an additional complication to the
photoelectrochemical approach, as the sample must be prop-
erly illuminated. For the illumination, there are two possibili-
ties, direct illumination by the set-up of an UV light within the
UHV chamber using electrical feedthroughs or illumination
through a window outside the XPS instrument. This port can be
one facing directly at the sample in the UHV chamber or the
port at the photoelectron analyser that allows directing light
down the axis of the spectrometer. Common UHV windows
made of borosilicate allow the transmittance of most ultraviolet
light down to 300/350 nm wavelengths. If the experiments
require the use of more energetic UV radiation, UV windows
made of sapphire, fused silica or even MgF, could be used with
absorbance cut-offs that go down to 200 nm wavelengths.**
Specifically, there are different available commercial windows
for performing these experiments: (i) OROFLOAT borosilicate
windows (Edmund Optics) have a transmission of more than
90% between 350 and 2500 nm; (ii) TECHSPEC sapphire
windows (Edmund Optics) are useful in the transmission range
of 330-5500 nm; (iii) fused quartz windows (Knight Optical) are
a more suitable material choice for UV light; and (iv) any other
window materials of the correct size, which satisfies the needs
of the users' experiment. User-supplied light sources can also be
attached to the main chamber with minimal effort. Moreover,
illumination from outside the UHV chamber requires a lens
focusing system at the sample distance or a large collimated
source. This latter set up adds the advantage of illuminating the
sample only in the area of investigation. One also has to
consider that depending on the energy range and intensity,
illumination can lead to sample heating. Therefore, a way to
measure the temperature of the sample or a previous
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calibration is advisable, in order to discount the temperature
effect on the studied reaction.

The dip and pull method, shown in Fig. 1, is probably the
easier type of electrochemical cell to adapt to photo-
electrocatalytic measurements and the method of choice in
most photoelectrochemical studies reported in the literature. In
particular, the SpAnTeX endstation at the BEIChem-PGM end-
station in BESSY II offers a dip and pull module specially
designed for photoelectrocatalytic measurements.*® Other end
stations that offer the dip and pull method such as HIPPIE in
Max IV, PHOENIX I at Swiss Light Source (SLS) or BL 9.3.1 at
Advanced Light Source (ALS) could be easily adapted to photo-
electrochemical experiments building up on their experience on
photocatalytic reaction monitoring. Most of the dip and pull
measurements are done in Synchrotron stations using tender X-
rays (2-7 keV) as photoelectrons of high energy have more
probabilities of going through the thin electrolyte meniscus
that is created in order to allow electrons coming from the
“buried” electrode to reach the analyser. As the probabilities of
emitting photoelectrons of most probed orbitals go down
significantly with excitation energy, 3 keV seems to be the sweet
spot for maximising the signal intensity of the buried elec-
trodes.*® Nevertheless, experiments can be done at lower exci-
tation energies, e.g. the HIPPIE beamline works at a maximum
excitation energy of 2.2 keV and laboratory systems have also
been used successfully to probe buried liquid interfaces in
battery systems, for example.** Moreover, the use of silver (Ag
Ko, 2.9 keV) or chromium (Cr Ko, 5.4 keV) sources can increase
the probing depth of laboratory systems, complementing the
experiments done with the typical Al Ko sources (1.5 keV). The
added advantage of using synchrotron systems is that the
variable energy can also be used to differentiate between surface
and subsurface signals from the electrode, as surface signals
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(a) Scheme of the dip and pull method for the preparation of thin liquid films on electrodes. (b) Picture of the dip and pull set up at ALS.

Copyright 2015. Reproduced with permission from Springer Nature. Adapted from ref. 33.
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will be more enhanced at lower excitation energies. Moreover,
synchrotron light allows performing Auger yield NEXAFS, which
provides complementary surface-sensitive XAS information.

The possibility of performing in situ and operando XPS
experiments using these setups has advanced the knowledge of
the surface chemistry and electronic properties of photo-
absorber materials that are used as photoelectrodes under real
conditions of illumination and chemical environment. These
studies can be divided into three categories based on how close
to the actual operando conditions they are performed: (1) XPS
under UV-visible illumination in UHV, (2) XPS under UV-visible
illumination in NAP conditions, and (3) operando XPS. In the
following subsections, we discuss these contributions in terms
of the information obtained and the required facilities.

XPS of photoelectrodes under in situ illumination in UHV.
Studying photoelectrodes using XPS under in situ illumination
has helped in the elucidation of intrinsic light-induced changes
of surface chemical states, electronic structures and the
behaviour of charge carriers.?” XPS has been particularly useful
to study the surface photovoltage (SPV) of semiconductors used
as photoelectrodes. The phenomenon of SPV arises from the
distribution of photogenerated electron-hole pairs within the
space charge region (SCR) of the semiconductor, providing
a critical method for evaluating the minority carrier diffusion
length in semiconductors. Since XPS is sensitive to changes in
surface potential, this technique has been widely employed to
carry out detailed SPV studies on organic and inorganic semi-
conducting materials.*®**° This method, accessible through
both synchrotron radiation and laboratory setups, simplifies
the analysis of SPV by following shifts in photoemission peak
positions under direct illumination. Early XPS-based SPV anal-
yses were performed for Si(111) by Demuth et al.**** finding that
at temperatures below ~50 K, surface recombination becomes
ineffective, thereby allowing flat-band conditions to be achieved
with mild UV irradiation. Temperature-dependent photoemis-
sion thereby provides a simple and direct method for deter-
mining the band bending and barrier heights. XPS-based SPV
measurement may be subject to artifacts due to charging, which
motivated Suzer et al. to study dynamical XPS measurements for
probing photoinduced voltage changes.*” In order to distin-
guish between surface photovoltage (SPV), and charging, they
proposed to perform dynamic measurements while subjecting
the sample to square-wave pulses of = 10.00 V amplitude at
frequencies from 10 to 10° Hz. Moreover, Ekiz et al. discussed
a method for characterizing photovoltaic and photoconductivity
effects on nanostructured surfaces through light-induced
changes in XPS.* Their technique merges the chemical speci-
ficity of XPS with its sensitivity to the SPV, allowing the char-
acterisation of photoconductivity under both static and
dynamic optical excitation. They introduced a theoretical model
that quantitatively describes the features of observed spectra,
demonstrating its applicability on various sample systems,
including solar cells and semiconductor nanoparticles. This
approach underscores the potential of XPS to differentiate
between surface voltage shifts due to photovoltaic or photo-
conductive effects, offering a pathway to predict the dynamic
behavior under modulated illumination.

This journal is © The Royal Society of Chemistry 2024
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XPS-based SPV analysis offers an advantage over traditional
Kelvin probe techniques by delivering extra chemical insights,
which make it a valuable tool for semiconductor research.***> A
study by Oropeza et al.** examines the effect of surface photo-
reduction on the PEC properties of CuBi,O,, using XPS to study
the surface reduction and its effect on the surface energetics
and SPV. They report that irradiation of CuBi,O, with photons
(v = 2.7 eV) in an inert atmosphere leads to the formation of
reduced Cu on the surface. This reduction induces a downward
band bending of 0.35 eV, enhancing the charge carrier transport
properties, as evidenced by an increase in the characteristic SPV
from 0.07 to 0.27 V. This remarkable finding constitutes the first
experimental evidence of the beneficial effects of surface
photoreduction on the PEC properties of CuBi,O,. Similarly, in
their investigation of the InP interphase energetic optimization,
Gao et al.*® employed XPS in core and valence band regions to
monitor the modulation of the surface energetics caused by the
introduction of a buried p-n" junction, which favourably shifts
the valence band edge to promote minority charge carrier's
diffusion. They confirmed the enhancement of the charge
carrier's diffusion length by XPS-based SPV measurements,
using the binding energy shift of the P 2p and In 3d peaks upon
in situ illumination, see Fig. 2a. They observed an increase in
the SPV from 0.1 V to 0.35 V, and confirmed that the SPV of the
n'/p-InP depends on the light intensity with the relationship:

SPV = '%111(1 — bIy) )

where I is the incident light flux, b is a characteristic parameter
of the semiconductor, which is constant under moderate band
bending (BB >> KkT) and e is the elementary charge. Eqn (2)
predicts that SPV varies linearly with log(l,) under moderate
illumination, which was confirmed for their n*/p-InP samples
and should be taken as a general check measurement in the
studies of SPV.

XPS of photoelectrodes under in situ illumination in NAP
conditions. The introduction of near-ambient pressure XPS has
allowed the study of adsorption processes of water, CO, and
other reactant gases on the surface of photoelectrodes,
providing key insights into the dissociation mechanisms which
are key to understanding the overall artificial photosynthesis
process. Although most of the NAP XPS studies have been
carried out under dark conditions, important aspects on the
catalytic performance of the photoelectrochemical processes
have been addressed. Research has been focused on two major
topics: (i) molecular dissociation (water or CO,) process on
semiconductor  photoabsorbers or the  co-catalyst/
semiconductor interface, and (ii) effect of probe molecules on
the chemistry and electronic structure of semiconductor
photoabsorbers.

Zhang and Ptasinska conducted a series of studies of the
dissociation on model Ga-based photoelectrodes
exposing GaP(111) and GaN(0001) to water vapour up to 5 mbar
and temperatures from 298 to 773 K.** They found enhanced
surface hydroxylation and oxidation of gallium on GaP*® as the
water pressure increased, with significant changes at tempera-
tures above 673 K, leading to the formation of non-

water
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Fig. 2 Progress of in situ XPS studies from illumination in UHV operando XPS. (a) From top to bottom: XPS in the P 2p and In 3d regions of p-InP
and n*/p-InP in the darkness (black solid lines) and under illumination with an LED hv? = 1.98 eV (red solid lines), and In 3ds, binding energy shift
for n*/p-InP as a function of the incident light flux (/p). The inset shows the surface photovoltage (SPV) as a function of log(lp). Copyright 2016.
Reproduced with permission from Wiley. Adapted from ref. 45. (b) XPS of a CuBi»,O4 photoelectrode in the Bi 4f;,, region, showing the XPS-based
SPV measurement (spectra in black lines were recorded in the darkness, and spectra in red lines were recorded under light with a 405 nm laser) in
UHV and in the presence of Ar, methanol vapour, and oxygen. Copyright 2019. Reproduced with permission from the American Chemical
Society. Adapted from ref. 44. (c) Binding energy of the Ta 4f;,, component and liquid contribution in the O 1s spectra during operando AP-XPS
measurements for the TasNs photoelectrode. Copyright 2023. Reproduced with permission from the American Chemical Society. Adapted from

ref. 46.

stoichiometric gallium hydroxide and oxidation of phosphorus
atoms. For GaN(0001), water dissociation at room temperature
led to the formation of hydroxyl groups and a decrease in
intrinsic upward band bending, enhancing its photocathodic

23130 | J Mater. Chem. A, 2024, 12, 23125-23146

properties. However, increased temperatures strengthened the
chemical interaction, forming more oxides and hydroxides,
which increased upward band bending and negatively affected
GaN's photocathodic properties.** Additionally, their studies on

This journal is © The Royal Society of Chemistry 2024
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Pt/GaN(0001) revealed that water dissociates readily at the Pt/
GaN interface, unlike on pure Pt surfaces.” This interface
showed significant upward band bending, promoting the
accumulation of photogenerated holes and enhancing oxidative
dissociative adsorption of water, leading to the formation of
hydroxyl groups and surface oxides bound to Pt, which are
active catalytic sites for the hydrogen evolution reaction
(HER).**** Jackman et al. studied water adsorption on anatase
TiO,(101) using NAP-XPS,** finding that water adsorbs in
a mixed molecular and dissociated state on stoichiometric
surfaces. Sputtered surfaces exhibited similar characteristics,
indicating that subsurface vacancies do not alter water inter-
action. The significant amount of adsorbed molecular water on
TiO, suggests limited chemical interaction compared to more
reactive surfaces such as GaP, InP, and GaN, where a more
dissociative process occurs.*”~*°

The chemical and electronic interactions between photo-
electrodes and adsorbates have also been an important topic of
research using NAP-XPS. An early study by Salmeron et al
showed that the adsorption of O, (with a O, pressure of 1 torr)
on the TiO, surface leads to a shift in the Ti 2p and O 1s core
level binding energies towards a lower binding energy (by 0.4
eV), suggesting that the adsorption process involves the transfer
of electrons from TiO, to O,, resulting in such an upward band
bending.** Mansfeldova et al. studied more specifically the
effect of the environment on the surface work function (WF) of
the TiO, photoelectrode.”® Their NAP-XPS data showed
a significant decrease in the surface WF of TiO, (by about 1 eV)
upon water vapour exposure at 0.5 mbar, indicating a strong
upward shift of the conduction band, which correlates with its
photoanode behaviour in liquid electrolytes. The effect of the
environment on the SPV of photoelectrodes is also accessible by
NAP-XPS. Using in situ illumination under NAP-XPS conditions,
Oropeza et al.** studied the effect of key electron donors and
acceptors in the SPV of CuBi,O, photocathodes, finding that
while electron acceptors such as O, cause a reduction in the
SPV, electron donors such as methanol cause an increase in the
SPV (see Fig. 2b). Since XPS can simultaneously monitor the
surface chemistry of the sample, the authors could correlate the
diminution of the SPV with the re-oxidation of reduced Cu
surface states, which led to the conclusion that those reduced
Cu surface states are key achieving good photoelectrochemical
properties of CuBi,O,.

XPS of photoelectrodes under operando conditions.
Research on operando XPS of photoelectrodes has been partic-
ularly important in the context of artificial photosynthesis
because it has been critical for understanding the dynamic
chemistry occurring at the surface/interface of photoelectrodes
during the PEC processes such water splitting and CO, reduc-
tion. Recent work has been focused on two main topics: (i)
studies of the energetics at the photoelectrode/electrolyte
interface and (ii) the generation of reaction intermediates at
the surface of the photoelectrodes.

For instance, the research conducted by Lichterman et al.*
provides a fundamental perspective on the operational charac-
teristics of semiconductor/liquid junctions, in more realistic
conditions than previous gas-phase-based NAP-XPS studies.

This journal is © The Royal Society of Chemistry 2024
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Using the above-described dip-and-pull technique, they
demonstrated how operando ambient-pressure XPS can be used
to directly characterize the energetics of semiconductor/liquid
junctions, focusing on the dynamics of semiconductor accu-
mulation, depletion, and Fermi level pinning by defect states. In
their work, the observed shifts in binding energy with respect to
the applied potential directly revealed the ohmic junction
nature at the liquid interface on metallized samples, and the
rectifying junction behaviour at the liquid interface with semi-
conductor photoabsorbers. Furthermore, their findings on the
behavior of metallized semiconductor/film contacts under
varying conditions contribute to clarifying the mechanisms of
charge transfers in photoelectrochemical cells. They high-
lighted that all parameters that can be directly observed by
operando XPS are crucial variables for the design and operation
of semiconductor-liquid junction devices for the PEC water
splitting and CO, reduction. In a similar dip-and-pull approach,
and introducing in situ illumination, Dahl et al.,*®* demonstrated
that the semiconductor/electrolyte interfacial energetics of
a tantalum nitride (Ta;N;) film, with and without a nickel oxide
(NiO,) protective layer, was explored under an applied bias
under both dark and illumination conditions. Fig. 2c shows the
variation in the binding energy of Ta 4f from the sample and O
1s from the electrolyte as a function of the applied potential
under dark and illumination conditions. As expected, the O 1s
peak position of the electrolyte shifts constantly with the
applied potential; however, the Ta 4f peak position is inde-
pendent of the applied potential under both dark and illumi-
nation conditions. The authors interpreted it as a direct
evidence of Fermi-level pinning in Ta;Ns at the TazNs/electro-
Iyte that effectively prevents band bending toward the TazNs/
electrolyte. This means that there is no potential drop in the
SCR that can promote the separation of photogenerated holes
and electrons, which leads to poor PEC performance of bare
Ta;Ns. However, this work highlighted that surface passivation
through the NiO, layer could significantly reduce the recombi-
nation of photogenerated carriers, leading to increased surface
band bending of TazNs, and better PEC performances. They did
not find any clear oxidation of the Ta;Ns, which correlated with
the significantly larger photocurrents and stability of the NiO,-
coated materials. These types of operando XPS studies of the
interface energetics provide key elements for the development
of efficient and durable systems for water photoelectrolysis.
However, Favaro et al®*® focused on bismuth vanadate
(BivO,) electrodes in contact with an aqueous potassium
phosphate (KPi) solution at an open circuit potential under
both dark and light conditions, observing that visible light
illumination triggers the formation of bismuth phosphate on
the surface of the BiVO, photoanode. They suggested that this
chemical modification leads to surface passivation that impacts
the distribution of ions within the thin electrolyte layer due to
the repulsive interaction between the negatively charged surface
under illumination and the phosphate ions in the solution,
which is observed as an increase in their photoelectron signals.
Interestingly, they found that such light-induced changes at the
BiVO,/KPi electrolyte interface are fully reversible upon
returning to dark conditions. Their findings emphasize the
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significance of in situ methods to understand the impact of
operational conditions on the performance of photoanodes.

These studies collectively illustrate the critical role of operando
XPS techniques in advancing the field of photoelectrochemistry.
By providing direct insights into the interfacial energetics and
chemical states of photoelectrodes under operational conditions,
researchers can better understand and mitigate the challenges of
photoelectrode degradation and inefficiency. Such advancements
not only contribute to the fundamental knowledge of photo-
electrochemical mechanisms but also pave the way for the devel-
opment of more robust and efficient solar fuel production
systems. The current availability of several synchrotron stations
capable of performing operando photoelectrochemical studies
with robust setups is the optimal platform to establish routine
analysis of photoelectrochemical systems and quickly advance on
these ambitious scientific objectives. The possibility of adapting
the new AP XPS instruments such as Polaris in DESY*” and 3Sbar
in ALBA (in construction phase), capable of performing XPS
analysis at pressures of a few bars using tender X-ray sources,
could provide more stable environments to establish routine
analysis of photoelectrochemical systems. Moreover, in combina-
tion with the recently developed stroboscopic technique in MAX
IV, it could lead to the performance of time-resolved experiments
in the microsecond range and allow the investigation of charge
transfer dynamics and reaction mechanics in the microsecond
time scale, exploiting this way the maximum potential of operando
XPS experiments of photoelectrochemical systems.

In situ and operando X-ray absorption spectroscopy (XAS)

Synchrotron X-ray absorption spectroscopy (XAS) has been
proven as a highly effective tool for material characterisation.
Specifically, in XAS, the absorption of energy, carried by
a photon, promotes an electron from a core-level to an empty
orbital, monitoring the unoccupied electronic states, and
hence, probing the local chemical environment (4-5 A),
providing information regarding the specific chemical bonds,
oxidation states, spin states, site symmetry, and coordination
environment.* In a typical XAS experiment, the monochromatic
incident X-ray beam scans the vicinity of the absorption edge of
an element, usually requiring a synchrotron X-ray source (with
tuneable energy, high monochromatism and high intensity),
even though there are currently available lab-scale XAS equip-
ment.®® Specifically, there are two ways of performing XAS
experiments: (i) X-ray absorption spectra are recorded by
measuring the ratio of the transmitted and incident X-ray beam
intensities, known as the transmission mode, or (ii) the yield of
secondary particles, fluorescence photons or emitted electrons,
as a function of photon energy varying across the absorption
edge of an element (total fluorescence yield, TFY, and total
electron yield, TEY, respectively).®* In transmission XAS, X-rays
undergo attenuation while passing through the matter and
intensity drops exponentially with the travelled distance, which
is given as follows:

I[ = Ioeiux (3)
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where I, and I, are the transmitted and initial X-ray beam
intensities, respectively, u is the absorption coefficient and x is
the thickness of the sample.®* However, in TFY, also known as X-
ray fluorescence (XRF), the emitted fluorescence X-rays after the
interaction of the incident beam with the matter are measured
as a function of the incident X-ray photon energy (E), and the
absorption coefficient is given as follows:

(E) o e @

Finally, in analogy to XRF, the TEY measurements are based
on the proportionality between the X-ray absorption coefficient
and the emitted Auger electrons during the core decay as
follows:

(E) o T (5)

Specifically, this experimental mode consists of measuring
the total necessary applied current to compensate the photo-
induced drain current in the sample.*® Hence, every XAS spec-
trum represents the X-ray absorption coefficient, u(E), of
a system as a function of the incident X-ray photon energy.
Besides, different regions can be distinguished in a typical XAS
spectrum: (i) the pre-edge region, determined by the transition
to the lowest unoccupied states, (ii) the X-ray absorption near-
edge structure (XANES), also called near-edge X-ray absorption
fine structure (NEXAFS), dominated by core transitions to quasi-
bound states (multiple scattering resonances) for photoelec-
trons with kinetic energy in the range from 10 to 150 eV above
the chemical potential and (iii) the extended X-ray absorption
fine structure (EXAFS) region, associated with a weak scattering
cross-section with neighbour atoms.

X-ray absorption spectroscopy (XAS) can be categorized into
two measurement methods: hard-XAS, which employs high-
energy X-rays to study bulk properties and heavy elements
through core-level transitions, and soft-XAS, which utilizes
lower-energy X-rays, offering surface sensitivity and probing
valence band transitions for studying surface phenomena and
organic material. Specifically, hard-XAS experiments are usually
conducted in the transmission mode, which provides bulk-
sensitive analysis and does not suffer from self-absorption
effects.® However, due to the attenuation length of less than 1
um, soft-XAS is usually measured through fluorescence and
electron yield modes, having different probe depths.** The TFY
technique shows an estimated probing depth of a few hundred
nanometres, while TEY measurements are more surface-
sensitive, with a probing depth of approximately a few nano-
meters.*”® Additionally, depending on the nature of the sample,
different detection modes can work better. For example,
sometimes, transmission XAS experiments can suffer from
sample damage, caused by inhomogeneous concentrations or
densities in the sample. To avoid this problem, transmission
experiments require careful sample preparation and relatively
concentrated samples, ideally in a light matrix. In contrast, the
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fluorescence yield mode is more suitable for diluted samples or
systems with heavy environments.*

In situ XAS measurements have been demonstrated to be
essential for advancing our fundamental understanding of
photoelectrocatalysis and accelerating the development of effi-
cient catalytic materials for sustainable energy technologies.
This spectroscopy allows monitoring changes in the chemical
and electronic states of the catalyst in real time as they undergo
photoelectrocatalytic reactions. This real-time monitoring
provides information on reaction mechanisms, intermediate
species, and reaction kinetics that are difficult to obtain using
ex situ techniques. Besides, XANES and EXAFS can provide
information about the local coordination environment and
electronic structure of catalytic materials. This information
helps in identifying the active sites responsible for catalytic
activity, facilitating the design of more efficient catalysts.

In general, the experimental requirements for performing in
situ and operando (hard)-XAS measurements are easier than
those for XPS mainly due to the vacuum requirements, which
make the development of in situ electrochemical cells much
more complicated. Due to this reason, a considerable higher
number of studies have reported in situ and operando (hard)-
XAS measurements in electrodes for solar fuel generation
compared to in situ and operando XPS.*”*® However, still limited
studies have reported in situ XAS on photoelectrodes, as X-ray
absorption measurements with photoelectrochemical cells
require complex engineering to ensure compatibility and
functionality of both systems simultaneously, compared to the
in situ study of electrocatalysts.®®”® This involves designing
specialized cells that can accommodate both X-ray transparency
and photoelectrochemical functionality. Furthermore, most
relevant chemical and electronic changes in photo-
electrochemistry occur on the surface of the electrode, and not
in the bulk, further complicating the collection of reliable data
that provide true and reliable information. Thus, due to the
bulk nature of the XAS technique compared with the shallow
nature of the changes under PEC conditions in the photo-
electrodes, there are mainly two ways to perform in situ exper-
iments: (i) to fabricate really thin films of the photoelectrode
under study, trying to maximize the surface-to-volume ratio or
(ii) to investigate the induced changes in a co-catalyst by the
effect of the photogenerated carriers in the absorbing material.
Both types of studies are considered in the present review.

Among the characterisations of photoelectrodes for solar
fuel generation by in situ and operando XAS, much effort has
been devoted to study the oxidation reactions, mainly oxygen
evolution reaction (OER), and hence, to characterise n-type
semiconductors. However, there have already been some
recent works that report in situ XAS in p-type photocathodes for
the hydrogen evolution reaction (HER), and the challenging
CO, reduction reaction (CO,RR), as well as N, fixation (N,RR) to
ammonia (NH;).

Regarding photocathode analysis, in 2020 Chen et al”
investigated bimetallic Ni-based p-Si micropillar photocathodes
through in situ XAS for solar-driven HERs. The authors incor-
porated Ni/Mo, Ni/Co, and Ni/Fe into silicon electrodes and
analysed the effect of incorporation of Mo, Co and Fe on the
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photoelectrochemical properties, finding out that the most
active is the Ni/Mo combination (Fig. 3a). To investigate the
oxidation state and local atomic environment under photo-
electrochemical conditions, they performed in situ XANES
measurements in the liquid medium. A custom reaction cell
designed for this in situ measurement was used, but the authors
do not provide details or schematics about its design. After
introducing NiMo/p-Si MPAs in the alkaline electrolyte, no
noticeable change was observed in the Ni K-edge spectra
(Fig. 3b). However, under cathodic conditions, above 0 V, they
found out that Ni XANES edge shifted to a higher energy,
indicating an increase in the Ni valence state (Fig. 3c). Inter-
estingly, when the same potential is applied to the NiCo/p-Si
and NiFe/p-Si MPAs, negative changes in the absorption
energy can be observed, indicating that the reduction of Ni was
caused by the cathodic potential during the HER (Fig. 3d and e).

Furthermore, by in situ EXAFS, the authors analysed the local
atomic environment. Once the HER starts, the peak intensity of
the Ni-O scattering path at 1.4 A in the NiMo/p-Si sample
significantly increased. This effect is not observed in the rest of
the electrodes. The scattering paths of Ni-Ni were mostly
unchanged in all cases. Besides, the intensity of the Ni-O peak
in NiCo/p-Si MPAs decreased, indicating that the nickel oxides
were changed into the metallic state during the reaction. These
in situ-formed Ni-species might be considered as the active
intermediates for the high activity of NiMo/p-Si MPAs. Other
researchers correlated the HER activity with the NiO introduc-
tion on the Ni surface before.” According to these results, the
authors suggest that the growth of the high-valence Ni (hydr)
oxides during HERs could favour the photoelectrochemical
properties in alloy-based photocathodes.

Furthermore, Wang et al. investigated silicon-based photo-
cathodes for photoelectrochemical (PEC) nitrogen reduction to
ammonia, aiming to emulate the natural reaction processes,
involving multiple protonation and electron transfer steps.
They designed a two-cell electrochemical system to enhance the
PEC nitrogen reduction reaction (NRR) efficiency. This system
included a stainless-steel mesh cathode modified with encap-
sulated Fe;C nanoparticles and amorphous carbon. The two
cells, physically and electrically separated, allowed the N, feed
gas to pass through the porous electrode of the first cell (C2)
before reaching the working photocathode in the second cell
(C1). In 2021, they reported significant improvements using this
setup on a Au/SiO,/Si photocathode, achieving an NH; yield rate
of 22.0 ug em > h™" and a faradaic efficiency (FE) of 23.7% at
—0.2 V vs. RHE. Without the stainless-steel-based cathode, the
yield rate and FE were markedly lower, at 6.6 ug cm~> h™' and
7.2%, respectively.” First, XPS was used to track changes in the
oxidation states of the Au/SiO,/Si photocathode before and after
illumination. The survey scans showed similar characteristic
peaks for Au 4f, Si 2p, and O 1s under both conditions. High-
resolution XPS spectra revealed a decrease in the Au''-to-Au®
ratio under illumination, and a higher Si**-to-Si’ ratio
compared to dark conditions.

Additionally, operando XAS was used to explore the chemical
environment under working conditions. The XANES spectra at
the Au L; edge (Fig. 4a) indicated that the oxidation state of Au
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Fig. 3 (a) Photoelectrochemical characterisation of the Ni-based alloys/p-Si MPA photocathodes in 1 M KOH under illumination. (b) Normalized

Ni K-edge XANES spectra of the p-Si MPAs/alloy photocathodes. (c—e) Ni

K-edge of in situ X-ray absorption spectroscopy measurements of the

Ni-based alloys/p-Si MPAs during the photoelectrochemical hydrogen production reaction. Copyright 2020. Reproduced with permission from

Wiley. Adapted from ref. 71.

was related to the intensity of the white line (WL) peak at ~11
920 eV. The Au L; edge XANES difference spectra (Fig. 4b)
revealed a WL peak at ~11 920 eV, which intensified with the
increasing Au oxidation state.” This peak intensity varied with
different photoelectrode potentials and the presence of the

modified stainless-steel cathode, correlating with changes in
the PEC NRR efficiency. The system with the modified stainless-
steel cathode maintained at —0.2 V vs. RHE exhibited the
highest oxidation state of Au, suggesting an increase in vacan-
cies at the Au 5d valence level. Besides, Fourier transform k;-

a ,-";\U(OH)-‘ b ----Au(OH); »—=02V,Cland C2 C
N 8 A —————3V.C1] & ! =03 V,Cland C2 .

g £0.3F oA / hj \
|/ —mvamal | ovema gl PO U aom,
-E_// @ — 1 V.ClasdGp) U . £ \ —-02V,Cland C2
N _’/’ 0V,ClandC2| F Pea 5 7\ \/\/_/\

S iSseer E g /

Eﬁr”/ e T o0 Aufoil| 5041 H AN

= / < = ! NS,

g % g Ex \ .
E E % —- Au foil
2L , . —— " AT e
11900 1920 11940 TI960 11910 11920 11930 11940 3 4 %

Energy (eV) Energy (eV) Distance (A)

Fig. 4 Operando XAS of the Au/SiO,/Si photocathode in the NRR PEC process. (a) Au Ls-edge XANES spectra with and without the excitation of

a modified stainless-steel cathode at each given photoelectrode potentia

L during the PEC NRR. (b) Comparison between the Au Lz-edge XANES

difference spectra of the photocathodes with a modified stainless-steel cathode at different photoelectrode potentials. The Au foil as the
baseline was chosen to obtain various difference spectra. (c) Fourier transform of the experimental EXAFS spectra of the photocathode with the
modified stainless-steel cathode at —0.2 V vs. RHE, Au foil, and Au (OH)s. Copyright 2021. Reproduced with permission from the American

Chemical Society. Adapted from ref. 73.
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weighted EXAFS spectra (Fig. 4c) under reaction conditions
showed contributions from Au-Au bonds and a new peak at
~1.3 A, attributed to Au-N coordination, which was not present
in less efficient PEC NRR reactions. The single-cell system,
lacking the modified stainless-steel cathode, showed a lower Au
oxidation state and reduced HER performance. The study sug-
gested that the modified stainless-steel cathode first activates
N, molecules at the optimal potential, forming active nitrogen
species that adsorb onto the surface of Au NPs, enhancing
covalent bonding and improving the PEC NRR performance on
the Au/SiO,/Si photocathode.

In 2023, the same group investigated the role of the synergy
between electron localization and alloying Au, Co and Pd (ACP)
in determining the photoelectrochemical conversion of
nitrogen to ammonia in the multilayered AuCoPd-Co0O,/SiO,/Si
photocathodes.” On the one hand, XPS analysis showed that
while Au and Pd maintained their peak positions under illu-
mination, their average oxidation levels decreased. The peak
positions associated with Co were unaffected, but the Co*"/Si*"-
to-Co°/Si® ratio increased, differing from Au and Pd trends.
These tests were pseudo in situ since no potential was applied.
On the other hand, as in their previous work, the XANES spectra
of the Au L; edge indicated that ACP samples had spectra
similar to those of the Au foil and different from those of
Au(OH);. The ACP sample performed better than the Au-only
sample. At the highest yield potential (—0.3 V vs. RHE), the
ACP sample showed the highest Au oxidation state, indicating
maximum formation of hybridized chemical bonds during the
PEC NRR. EXAFS spectra revealed consistent Au-Au bonds
across all bias potentials. However, the intensity of the ~2.0 A
peak, corresponding to the Au-Pd bonds, increased as the
applied potential decreased, peaking at —0.3 V vs. RHE. This
increase reflected the enhanced formation of the AuPd alloy due
to greater reduction of Ag'/Pd sites under illumination.

In 2021, Sawangphruk et al. analysed a cobalt-based photo-
cathode by in situ XAS.”® Specifically, the authors investigated
cobalt hydroxide nanosheets as photoelectrodes and the effect
of silver particles on the optical properties and conductivity.
This material is usually used as an electrode material for various
energy storage and conversion applications,”” and recently, it
has been reported as a photoactive material.”*”® Photon energy
can cause cobalt hydroxides to generate charge carriers. This
process can generate additional photocurrent, leading to higher
performance when Co(OH), is used as the electrode. However,
their intrinsic electronic and electrical conductivities are very
poor, and the introduction of AgNPs can be a solution to over-
come these problems. In this work, the authors claim that
under dark conditions, AgNP-doped a-Co(OH), shows a higher
capacitance than that of undoped B-Co(OH),, and the authors
attributed this to its higher electrical conductivity and, there-
fore, faster charge transfer. However, under illumination, while
an improvement in the charge storage performance of undoped
Co(OH), is observed, the opposite phenomenon occurs with the
addition of Ag. The excessively narrow band gap and the
competitive surface of the resonance process of the plasmon
occur in parallel on the AgNP surfaces, leading to less charge
capacity performance. In this sense, the change in the oxidation

This journal is © The Royal Society of Chemistry 2024
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state of Co during the electrochemical process is crucial
evidence to investigate the charging mechanism of electrode
materials. To gain a deep understanding of the local structural
change in Co and its pseudocapacitive behavior when the
photoelectrodes are charged and discharged, the authors
carried out in situ XAS experiments by analyzing the XANES
spectra of the Co K-edge. To do that, the authors used an elec-
trochemical cell developed for a previous work.** Then, they
analysed the Co K-edge XANES spectra of «-Co(OH), Ag doped
with the AgNP photoactive electrode under light and dark
conditions at different potentials. The average oxidation state of
Co in Ag-Co(OH), is +2.58 at an energy edge of 7719.89 eV. This
result refers to mixed valences of Co®>"/Co’". The initial oxida-
tion state of Co in a-Co(OH), Ag doped in 1 M NaOH was found
to be +2.46 eV. Under —0.4 to 0.1 V versus SCE bias potential, the
edge positions change significantly to a higher energy for both
conditions, indicating an increasing oxidation state of Co
during the charging process. Under dark conditions with the
fully charged state of Ag-doped a-Co(OH),, the oxidation state of
Co increases to +3.08, while under light illumination it was
+3.14. The higher oxidation number of the Ag-Co(OH), elec-
trode under illumination was attributed to the photovoltaic
effect, which generates the photoelectrons. However, the
oxidation state of Co in Ag-Co(OH), under dark conditions is
+3.0, while under light irradiation, it decreases to +2.92. The
conclusion they reached was that when the Ag-doped o-Co(OH),
photoelectrode is discharged, the photoelectrons can recom-
bine with the holes generated in the CB, while the photoexcited
electrons under dark conditions were transferred to the external
system.

In the case of photoanode materials, hematite, Fe,O3, and
bismuth vanadate, BiVO,, stand out as the most studied
candidates for PEC oxidation reactions and are the most
studied semiconductors with in situ and operando synchrotron
XAS. Specifically, hematite (a-Fe,O3) photoanodes have attrac-
ted increasing attention as photoanode materials for photo-
electrochemical applications thanks to their adequate bandgap,
abundance and stability.** Although progress has been made to
achieve highly efficient hematite photoelectrodes for the OER,*
understanding the nature of recombination and charge transfer
processes using X-ray-based techniques is essential.®® In this
sense, XAS measurements have been used to correlate the
presence of defects in hematite photoanodes with changes in
their photoelectrochemical behaviour. Ex situ FT-EXAFS of the
Fe K-edge revealed that the peak intensity corresponds to
whether the Fe-O or Fe-Fe bonds can be reduced when oxygen
vacancies are present.** Mesa et al., have recently reported in
situ XAS showing that the Fe-Fe bond signal, in the Fe K-edge
FT-EXAFS data, reduces when applying a positive potential
(1.5 Vvs. RHE compared to open circuit potential conditions) in
oxygen vacancy-containing hematite photoelectrodes (Fig. 5a).*
The application of an oxidative potential resulted in a slight
shift of the absorption edge in the XANES measurement
towards positive energies, which was tentatively associated with
the Fe>"/Fe®” oxidation, given that the presence of oxygen
vacancies in the hematite structure would generate Fe>* atoms.
Similarly, for M-doped a-Fe,O; photoanodes (where M = Nb or
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Ta), an increased X-ray absorption of the Fe L-edge, upon illu-
mination, was observed for the doped hematite photo-
electrodes.* This increased absorption was assigned to
enhanced electron transfer in the Fe 3d conduction band of
hematite, giving rise to the observed improved photocurrent.
However, both O 1s NEXAFS and O K-edge measurements
have been used to investigate the electronic structure of the
photogenerated electrons and holes in hematite photoanodes.”
For example, ex situ time-resolved O K-edge XAS was used to
identify the transient (~0.3 ps) formation of O 2p hole states
upon photoexcitation.®" Interestingly, Braun et al. identified two
transitions in the pre-edge region of the in situ O 1s NEXAFS as
a function of applied potential under light and dark conditions.
These two transitions appear to be separated by 1.5 eV and were
assigned to photogenerated holes of both Fe 3d and O 2p
character (Fig. 5b).*® Although changes in the O 1s NEXAFS due
to changes in the filling state of oxygen vacancies have not been

23136 | J Mater. Chem. A, 2024, 12, 23125-23146

ruled out,” evidence of the electronic and chemical nature of
photogenerated holes, in particular those at the surface, is still
lacking.

Interfacing photoelectrodes with electrocatalysts to enhance
charge transfer to the electrolyte is a highly used engineering
strategy in PEC applications. Thus, studying and understanding
the interface is crucial for producing highly efficient photo-
electrode architectures. For example, Naldoni et al. studied the
charge transfer at the interface between hematite and a highly
active OER electrocatalyst, NiO,, by means of fixed-energy XAS
under both potentiostatic and galvanostatic conditions.*” In
this work, the authors probed the Ni K-edge to probe the hole
transfer from the hematite photoanode to the NiO, catalyst
layer prior to the OER. Interestingly, under photo-
electrochemical water oxidation conditions, the differential
XANES spectra (light-dark) coincided with the differential
XANES spectra of y-NiOOH-Ni(OH), standards. Given that, in

This journal is © The Royal Society of Chemistry 2024
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NiO, electrocatalysts, the active species towards the OER are
reported to be NiOOH. Naldoni et al. assigned their differential
XANES spectra to the accumulated OER active species formed
after a hole transfer process from hematite. Additionally, the
authors performed time-resolved (in the s timescale) X-ray
absorption of a fixed energy (8350 eV), thus probing the X-ray
absorption coefficient of NiO, during the OER (Fig. 5c). The
observed reduction in the X-ray absorption coefficient,
measured at 1.3 V, was assigned to the transformation of
Ni(OH), into NiOOH, which is recovered upon turning off the
light.*” A similar system, but with a NiFeOOH electrocatalyst,
was studied by Ismail et al, reporting, through a linear
combination analysis, that a y-FeOOH phase is formed at the a-
Fe,0;3/NiFeOOH interface under illumination at a positive
potential (Fig. 6).%

The increase in the PEC water oxidation rate upon the
deposition of co-catalysts, based on metals such as Co and Mn,
on o-Fe,0; photoanodes has also been investigated by in situ
XAS means. For example, Lange et al. measured the Co K-edge
on a-Fe,03/CoB; (cobalt borate) photoanodes in situ.** In this
work, the authors, through the use of Co standards with precise
oxidation states, calculated a slightly higher Co oxidation state
when photodeposited on hematite than when grown on FTO.
This was assigned to a built-in potential at the o-Fe,03/CoB;
interface. Additionally, in situ measurements revealed that CoB;
oxidises by accepting holes from hematite, and the authors
suggest that a fraction of them oxidise water. Similarly, Liu
et al., reported an increase in the oxidation state of Mn in a-
Fe,03/Mn;0,4.; photoanodes during the photoelectrochemical
OER.*® However, in this case, the authors did not observe any
change in the oxidation state of Fe and suggested the transfer of
holes from hematite to the Mn;O,.; catalyst (Fig. 5d). It is
possible that the authors did not observe any changes in the
absorption of the Fe K-edge, given the thickness of the reported
photoelectrode.

In general, it is apparent from the reported studies that the
oxidation of the metal centers in co-catalyst overlayers can be
readily monitored by in situ XAS, most probably due to the low
thickness exhibited by such co-catalyst's layers. Once the holes
transfer to thin layers of co-catalysts, metal centers oxidise and
a change in the X-ray absorption edge is more straightforward to
observe and quantify. As such, to further determine the nature

View Article Online
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of photogenerated holes, in bare hematite photoelectrodes,
which are active for the OER, it is key to use thin o-Fe,O3
photoanodes.

Moving to BiVOy, Lifei Xi et al.* reported the study of a MnPi
catalyst layer over a BiVO, photoanode by in situ soft X-ray
absorption spectroscopy (XAS) at the Mn L-edge upon varying
the applied potentials and the illumination conditions (Fig. 7).
As explained before, in situ NAP-XPS is the most suitable
approach for PEC conditions, but it can be challenging to obtain
reproducible spectra due to the varying thickness of the elec-
trolyte layer and possible pressure changes inside the experi-
mental chamber.?® Because of that, the authors of this work
focused on soft-XAS, because while hard-XAS probes the tran-
sition metal K-edge, with soft XAS, the metal L-edge is probed,
which is more favourable for deciphering mixtures of oxidation
states due to the narrower natural line widths (Mn K-edge,
1.12 eV; Mn L-edge, 0.32 eV).*® To conduct these experiments,
the authors developed an in situ and operando cell.””*® In these
works, the authors reported an innovative design for an oper-
ando soft X-ray transmission and fluorescence cell that allows
rapid membrane replacement and simpler operation compared
to earlier designs. Specifically, the cell consists of three cham-
bers (a vacuum chamber and two helium-filled chambers)
separated by silicon nitride (Si;N,) membranes. This cell allows
for the confinement of a liquid or electrolyte between these
membranes and supports the application of both electro-
chemical techniques and visible light. It includes a gold-coated
membrane for conductivity, photodiodes for detecting trans-
mission and fluorescence signals, and LEDs for visible light
application. The helium pressure can be regulated to adjust the
liquid layer thickness, and the cell can be precisely positioned
using a translational and angular stage, facilitating in situ
studies of solid/liquid interfaces with X-ray absorption spec-
troscopy. Specifically, Mn L-edge spectra under different
applied potentials and light conditions were studied. The
authors found that the photogenerated holes transferred into
the MnPi layer and to the electrolyte interface were enhanced by
band bending in the semiconductor under illumination, which
is related to an increased potential by a built-in photopotential.
They also found that the photogenerated holes could oxidize the
MnPi co-catalyst layer even under open circuit potential
conditions. Then, when increasing the applied bias, the
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95.

electronic and crystalline structures of the MnO, layer were
changing to a birnessite-type layer structure associated with the
electron migration from the MnPi film into the BiVO, photo-
anode. The formation of birnessite must be accompanied by the
incorporation of K' between the MnO, layers, leading, for
example, to a KMngO;¢ phase. These experiments were able to
conclude that Mn** species, instead of Mn**, in birnessite were
the active sites for the OER.

A couple of years later, some of the team members of
a previous work, Lifei Xi and coworkers,” studied a NiBi co-
catalyst over a BiVO, photoanode by in situ soft and hard XAS.
The authors successfully unravel the electronic structure of
NiBi-modified BiVO, photoanodes under working conditions
(Fig. 8a) and understand the OER catalytic cycle and the
formation of active sites (Fig. 8b). The authors showed that Ni
was in +2 state in the electrodeposited amorphous NiBi film and
it was readily oxidized up to +4 state under OER conditions. This
work reported, for the first time, the direct observation of Ni**
species during light-driven water oxidation. They also observed
that the oxidation of Ni was accompanied by an O K-edge

23138 | J Mater. Chem. A, 2024, 12, 23125-23146

prepeak at 529.17 eV. Specifically, the formation of Ni*" was
associated with the formation of electron-deficient oxygen sites.
These sites acted as electrophilic centers leading to the forma-
tion of a stable precursor state prior to O-O bond formation.
Finally, cyclic voltammetry-XAS results supported that the
formation of Ni*" occurred before the formation of partly
electron-deficient oxygen sites.

All the above-explained works have demonstrated how in situ
XAS measurements are a powerful tool to determine the cata-
Iytic mechanisms (even catalytic cycles) in photoelectrodes,
achieving a true understanding of these materials under rele-
vant working conditions. It is also crucial to develop a correct
design for the photoelectrochemical cells, which allows the
performance of the in situ and operando experiments with all the
above-mentioned requirements. In general, the photo-
electrochemical cells found in the reported studies are custom-
made, either 3D printed or machined to work in both fluores-
cence and transmission modes. Fig. 9 displays different PEC
cell designs and configurations. First, two examples for in situ
XAS measurements in fluorescence mode are shown in Fig. 9a

This journal is © The Royal Society of Chemistry 2024
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and b. Fig. 9a shows a (photo)electrochemical cell with an X-ray
and visible light transparent window, i.e., Mylar, and the sample
illumination is from the photoelectrode/electrolyte interface. In
this type of photoelectrochemical cell, the thickness of the
electrolyte that the X-rays have to travel through is between 0.1
and 1 mm and the sample is illuminated from the same
direction of the X-ray irradiation, both to the front of the
sample.”>'*1°" Similarly, Fig. 9b shows a cell configuration
where the photoelectrode is directly prepared on a X-ray trans-
parent material such as SizN,, thus X-ray irradiation and fluo-
rescence are performed through the back of the photoelectrode.
In this case, the electrolyte thickness plays a less relevant role
and the illumination is achieved from the front of the photo-
electrode.?*®'*> Alternatively, when the photoelectrode is depos-
ited on a non-X-ray transparent material, such as FTO, the
photoelectrode can be placed facing the X-ray transparent
window, where Kapton, SizN, and Mylar have been used at
maximum 1 mm distance. In this configuration, the X-ray
irradiation comes from the front (i.e., electrode/electrolyte
interface) and the visible excitation is performed through
a mica/quartz window at the back of the photoelectrode.*”** On
the other hand, for measurements of soft X-rays, XAS in trans-
mission mode is presented in Fig. 9c and d. Fig. 9c shows the
schematic illustration of a tight (photo)electrochemical cell able
to support measurements under vacuum by having integrated
the illumination system, by LEDs, in the electrochemical
chamber.”® Similarly, Fig. 9d presents a cell configuration where
the catalyst can be deposited on an X-ray-transparent, Au-coated
Si;N, membrane.

In situ and operando X-ray diffraction (XRD) and X-ray
scattering (XRS)

Diffraction happens with the scattering of incident X-rays by
a certain material at different angles. Scattered X-rays are
intense in some directions, as a result of constructive interfer-
ences, and deficient in other ones, due to destructive interfer-
ences. The constructive interference can be explained by Bragg's
law, given as follows:

2d/lk, sm(H) =nA (6)

where ikl are the Miller indices for identifying the crystallo-
graphic planes, dj; represents the distance between parallel
planes, which is a function of the unit cell characteristics (shape
and size), 6 is half of the angle between the incident and scat-
tered beams, 7 is an integer corresponding to the plane from
which the beam is scattered, and A is the wavelength of the
incident light.'”® An XRD spectrum represents the X-fay
diffraction intensity at different scattering angles, where the
structure and size of the analysed material produce a certain
XRD pattern. During the past few decades, different diffraction-
based techniques have been developed for different
applications.

X-ray diffraction (XRD) is a powerful technique to study the
atomic crystal structure of bulk materials. This technique is
based on the scattering of hard X-rays (photon energies of 5-25
keV) by the crystal lattice of the sample, which, in turn, provides
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information about the structure of nanoparticles, surfaces,
interfaces and defects, and even average structural arrangement
within liquids and at solid/liquid interfaces.'® In situ XRD has
been widely used to correlate X-ray diffraction and electro-
chemistry. Due to the high energy nature of the employed X-rays
for XRD, easily able to pass through the electrolyte, performing
successful in situ and operando experiments is easier than XAS
and XPS. To be more surface-sensitive, grazing-incidence X-ray
diffraction (GIXRD) is employed. In this configuration, the
incident X-ray beam is directed onto a sample at a very low angle
of incidence (usually < 1°), interacting only with the top few
nanometers of the material.’® However, the examples reported
so far for PEC applications are very scarce, especially for solar
fuel generation. Kang et al.'* used in situ XRD, together with
pole figures and HR-TEM, to investigate the formation process
and the epitaxial properties of a Bi-WOj; photoelectrode for PEC
water oxidation. In situ XRD patterns revealed the process of
self-assembly-oriented construction during the temperature-
programmed calcination of the film, finding the preferential
formation of monoclinic WO; nanocrystals at high tempera-
tures (T = 470 °C) with dominant orientation along the (002)
direction. Very recently, Wang et al.'®” have performed quasi in
situ GIXRD to study the phase structure and chemical compo-
sition of a PACu/TiO,/Si photocathode surface before and after
the Li-mediated PEC nitrogen reduction reaction (NRR). In
GIXRD measurements, the incident angle was close to the
critical angle for total reflection to increase the X-ray scattering
signal.’** By using this technique, the authors showed the
appearance of a strong peak associated with Li,N,O; as the
intermediate from the oxidation of Li or Li;N under ambient
air. Thus, these results revealed the formation of LizN from Li
and N, during the PEC NRR, and also showed a higher stability
of LizN and Li,N,Oj3 in air than Li.**”

X-ray scattering (XRS) is an all-atom technique that allows
resolving structural parameters across the distance ranging
from 107'* m to 10™° m,"*® whereas XRD describes the scat-
tering of X-rays by a crystal lattice, and other X-ray scattering
techniques investigate the atomic-, nano-, and micro-scale
structure of less ordered matter, providing structural informa-
tion of nanoparticles, defects, surface interfaces, and even the
average structural arrangement within liquids or at liquid
interfaces.'™

Small-angle X-ray scattering (SAXS) can be used to study the
morphological and structural changes in photoelectrodes and
electrolytes, since it allows determining inhomogeneities
ranging from the atomic to the nanometer length scales.'**'*
Thus, it allows probing local atomic structures and the forma-
tion of new phases on the photoelectrode surface.'® More
specifically, the grazing-incidence small-angle X-ray scattering
(GISAXS) technique is used for studying the nano- and meso-
scale evolution of surface structure in the range between 1 and
100 nanometers. This is a powerful technique for time-resolved
operando studies during interface reactions, since GISAXS
images can be obtained within seconds. Besides, this technique
is insensitive to the crystal structure and it can be performed on
any sufficiently planar interface, including amorphous and
liquid substrates.'**

This journal is © The Royal Society of Chemistry 2024
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allow the simultaneous measurement of both TS and SAXS signals from the film surface in a grazing incidence geometry. (b) Time-resolved plot
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Koziej et al.'”® developed an operando grazing-incidence X-ray
scattering approach to investigate the photocorrosion mecha-
nisms and the evolution of structural modifications of
a CuBi,0, photoelectrode under illumination and applied bias.
A scheme of the employed setup is shown in Fig. 10a. In this
study, the total scattering (TS) measurements at the grazing-
incidence angle were collected by using a high-energy X-ray
probe and a large-area detector. Simultaneously, they also
used a second large-area detector to collect the GISAXS signal,
which was positioned at a different sample-to-detector distance
than TS to acquire both signals at the same time. Specifically, by
means of simultaneous and SAXS measurements, they found
that CuBi,O, electrodes quickly underwent a cathodic photo-
corrosion only few minutes after the beginning of the chro-
noamperometry, and a decrease of around one order of
magnitude in the photocurrents. The authors ascribed these
results to the formation of a segregating metallic Bi phase on
the surface of the electrode, as shown in Fig. 10b, which
significantly reduced the CuBi,O, surface area in direct contact
with the electrolyte. Besides, they observed an additional
degradation process at slower timescales, associated with the
formation of metallic Cu and subsequent dissolution in the
electrolyte as a result of anionic photocorrosion and acidic
dissolution. Both Cu®" and Bi** ions released in solution

This journal is © The Royal Society of Chemistry 2024

interacted with the phosphate species from the electrolyte
forming an insulating BiPO, layer on the surface of the elec-
trode. This proposed mechanism is schematised in Fig. 10c.
These results suggested avoiding the use of a phosphate buffer
to prevent the unfavourable formation of BiPO,. They also
suggested the employment of a HER co-catalyst to avoid the
reduction of CuBi,0, to metallic Bi and Cu by quickly trans-
ferring the photogenerated electrons to the liquid phase.
Wide-Angle X-ray Scattering (WAXS) can provide signals
from the catalyst at high diffraction angles, without any influ-
ence from the background or the PEC cell, and with a higher
temporal resolution than SAXS.*** Even though we were not able
to find any work using in situ or operando WAXS in a PEC
system, in 2020, Strasser et al.'** were able to combine electro-
chemical OER measurements with operando WAXS, XAS data
and theoretical calculations (ab initio molecular dynamics
simulations and DFT) to track structural transformations
during the activation of NiFe and CoFe LDH catalysts. These
authors provided the first direct atomic-scale evidence for the
oxidation of LDH from their as-prepared precursor state (o-
phase) to the catalytically active states (deprotonated y-phase)
at a potential below the onset of the OER. The active y-phases
showed around 8% contractions of the lattice spacing, in both
the in-plane lattice constant and the interlayer distance induced
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Table 1 Most relevant technical aspects of XPS, XAS and XRD techniques

XAS
XPS Soft-XAS Hard-XAS XRD XRS
Principle Photoemission Absorption Diffraction Scattering
Techniques UHV-XPS Total electron yield Conventional XRD  SAWS
NAP-XPS Total fluorescence yield GIXRD WAXS
Acquisition 1-10 nm TEY: 10-20 nm 1-100 nm 1-100 nm
depth TFY: 100 nm-100 pm
Detection limit ~ 0.1-1.0% at. 10-100 g 10 pg-100 g Depends on Depends on crystallinity
crystallinity of the  and long range order of the
sample sample

Ease of in situ and operando cell configuration

Possibility of obtaining surface sensitive data (GIXRD, GISAWS)

Advantages Surface sensitive data Easier in situ cell
acquisition dynamics configuration than for XPS
(seconds)
Quantitative information

Disadvantages In situ cell complexity Complexity of surface

sensitive measurements
More qualitative than
quantitative

(pressure conditions,
membranes, etc.)

Data acquisition (minutes

to hours)

Cell complexity in
comparison to XRD and
hard XAS

by the oxidation of the cations and the dynamics of the inter-
calated ions. This work demonstrates the high potential of
WAXS for the understanding of the structural changes of elec-
trocatalytic and surely photoelectrocatalytic materials under
working conditions.

As extensively detailed in this study, (photo)electrochemical
cell configurations and the information provided by XPS, XAS
and XRD techniques vary significantly. In summary, XPS anal-
yses the surface chemistry by detecting the electrons emitted
from a material, revealing the elemental composition and
chemical states of the top few nanometres. Furthermore, XAS,
including both XANES and EXAFS, examines how a material
absorbs X-rays to provide insights into local atomic structures,
coordination environments, and oxidation states. Finally, XRD
uses diffracted X-rays to determine the crystallographic struc-
ture, phase identification, and other structural properties of
a material. Then, each technique serves specific purposes,
where XPS focuses on surface analysis, XAS on local atomic
environments and overall elemental composition and XRD on
the crystal structure. Hence, due to these technical differences,
the PEC cells for in situ and operando characterisation need to
be designed precisely. Table 1 summarises the most relevant
technical aspects of the analysed samples in the present study.

Apart from the above-detailed classic X-ray-based techniques
(XPS, XAS and XRD), there are other configurations that are
currently being developed at synchrotron facilities. Recently,
several instruments have allowed performing different tech-
niques using the same camera, known as multi-technique or
multi-modal approach, such as NOTOS beamline in ALBA
synchrotron, which enables performing XRD and XAS.

23142 | J Mater. Chem. A, 2024, 12, 23125-23146

More qualitative than quantitative

Data acquisition (tens of minutes to hours)

Difficult to Only for crystalline  Complex data analysis
decouple surface samples (WAXS) SAWS (only for
and bulk crystalline samples)
chemical

changes

Moreover, the 3Sbar beamline in ALBA, allows us to perform
XPS and SAXS. Furthermore, in Max IV, XPS and IR are possible
to be carried out. Besides, NAP XPS in synchrotron allows us to
perform Auger yield XAS, which is surface sensitive. The main
advantage of this multi-technique approach, summarized in the
previous examples, relies on getting information from the exact
same point in the sample and under exactly the same condi-
tions. Moreover, there are other techniques such as tomog-
raphy, for example available at Faxtor beamline in ALBA, that
give a 3D image of the sample and could be well adapted to in
situ and operando experiments. All these spectroscopies have
demonstrated an enormous potential in the characterization of
materials in general, and PEC systems in particular, under
working conditions.

The future of XPS, XAS, and XRD techniques for in situ and
operando characterisation of photoelectrodes is highly prom-
ising, where significant advancements are expected. These
advances include the development of ambient pressure and
time-resolved XPS for realistic and dynamic surface studies,
improved resolution and sensitivity in XAS through next-
generation synchrotron sources as well as the integration of
XAS with neutron scattering for comprehensive structural
insights. Additionally, real-time and rapid XRD measurements,
along with X-ray tomography, will enhance the understanding
of structural changes and phase distribution in photo-
electrodes. Additionally, the synergy of multi-modal techniques,
as detailed above, and the use of artificial intelligence for data
analysis will provide a more comprehensive characterization,
driving the discovery and optimization of new materials.
Therefore, the enhanced operational conditions during

This journal is © The Royal Society of Chemistry 2024
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measurements will lead to more precise and relevant studies,
ultimately contributing to the development of more efficient
and durable photoelectrocatalytic materials.

Conclusions

The present work summarized the most relevant in situ and
operando X-ray studies in PEC systems, demonstrating the
strength and potential of these spectroscopies for the charac-
terisation of PEC materials under working conditions. Specifi-
cally, this work is focused on operando and in situ XPS, XAS and
XRD techniques, trying to remark the recent progress using
these techniques for elucidating the structural, chemical,
compositional and electronic properties of photo-
electrocatalytic materials and interfaces. Moreover, this work
provides technical guidance for adequately conducting these
complex experiments, focusing on the possibilities of the ana-
lysed techniques, cell designs and more relevant results.

It is apparent that many of the above-discussed X-ray-based
techniques have benefited from the developments and
upgrades of different synchrotron beamlines. Accordingly, we
believe that the success of the in situ and operando character-
isation is currently mainly limited by the PEC cell engineering,
where film and electrolyte thickness, as well as photoelectrode
disposition, play a key role. In this context, making the cell
designs publicly available will greatly benefit the field and will
promote a deep understanding of PEC processes aiming to
design more efficient and stable photoelectrodes for solar-
driven  fuel  production and value-added  photo-
electrosynthesised compounds.
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