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Abstract

In situ and operando techniques providing information regarding adsorbate bonding and atomic
arrangements on the electrode surface along with pure electrochemical measurements are needed
to more fully understand the detailed mechanism of electrocatalytic reactions on high surface
area/nanoparticle electrocatalysts. X-ray adsorption spectroscopy (XAS) is a powerful tool to
interrogate the electronic structure and local coordination environment of such electrocatalysts
under working conditions, but it should be acknowledged that standard XAS methods are not
intrinsically surface sensitive. This review will present recent in situ XAS studies on single-atom,
metal, and metal oxide electrocatalysts, highlighting the approaches taken to achieve surface

sensitivity by careful design of the sample under investigation.
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Introduction

Electrocatalysis is at the heart of electrochemical energy conversion devices, such as fuel cells and
water electrolysers. Understanding the detailed mechanism of electrocatalytic reactions will
provide direction that will enable the design of electrocatalysts with improved activity, stability
and selectivity. Electrocatalytic reactions involve adsorption of the reactants and/or intermediates
on the electrode surface and electron transfer between these species and the electrode. Although
the thermodynamics and kinetics of the electron transfer step can be analysed by electrochemical
measurements, such measurements need to be supplemented by complimentary techniques that
provide molecular-level information regarding the bonding between the adsorbate and the surface
or structural information regarding the atomic arrangement and electronic structure of the surface

atoms.

X-ray absorption spectroscopy (XAS) is one such complimentary technique that has found
increasing use in the study of electrocatalysts[1, 2]. The XAS spectrum can be divided into three
regions as depicted in Figure 1A. At the absorption edge the energy of the incident X-ray is high
enough to excite core-level electrons of an absorbing atom to unoccupied states (Figure 1A) and,
from approximately 50 eV above the edge, into the continuum producing photoelectrons, which
can be scattered back by the neighbouring atoms. The outgoing photoelectron wave and the
backscattered wave interfere producing the oscillation of the absorbance or fluorescence signal
above the edge (Figure 1A). Arising from their physical origins, the X-ray absorption near edge
(XANES) region is sensitive to the oxidation state and electronic structure of the absorber, whilst
the extended X-ray absorption fine structure (EXAFS) offers information regarding local
coordination of the absorber; the identity and coordination number of the neighbouring atoms and
the distance between the absorber and the neighbours. XAS has two unique advantages over other
techniques in characterising electrocatalysts. The first is the capability to probe the local structure
regardless of the degree of crystallinity of the material, which is of particular importance for
electrocatalysts as they are commonly nanoparticles, highly disordered structures, or atomically
dispersed metal atoms. Secondly, XAS measurements can be conducted under electrochemical
control (in situ measurements) or in an environment very similar to that of the working device

(operando measurements).
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Figure 1 (A) A XAS spectrum of Pt foil at the Pt L3 edge, showing an XAS spectrum, which consists of
three parts, the pre-edge (red), the XANES (cyan) and the EXAFS (green). The insets show the electron
transition happening in the XANES, and the interference between photoelectrons and backscattered electrons
in the EXAFS. Schematic illustration of (B) in situ XAS measurements under potential control, showing that
XAS is a bulk per-atom averaging technique whilst electrochemical measurements are a probe of the surface
(including the near-surface, few nanometers beneath the topmost layer, depending on the reaction), and (C)
appoaches to achieve surface-sensitive XAS for electrocatalysts.

Although a wealth of information becomes available when coupling in situ or operando XAS with
electrochemical measurements, the challenges should be acknowledged; the greatest of which is
that the XAS and electrochemical measurements may not probe the same parts (atoms) of the

electrocatalyst. The electrochemical measurements are inherently a probe of the surface (including



the near-surface, depending on the reaction), whilst XAS is a bulk per-atom averaging technigque
measuring not only the surface active sites but also the spectator part in the core (Figure 1B). In
addition, XAS measurements usually require higher loading or thicker electrocatalyst layers than
thin films drop-cast for conventional electrochemical studies, which may compromise the
conductivity of the electrocatalyst layer and the contact with electrolyte and/or reactants. Thus,
sample thickness in such measurements must strike a balance between the XAS signal intensity
and the electrochemistry. For transmission XAS experiments the ideal sample thickness would
provide a change in absorption of approximately 1 going over the edge, whilst ensuring that the
total absorbance by the sample is less than approximately 2.5 to avoid non-linear effects and, for
fluorescence, self-absorption effects, that would distort the XAS data. Simultaneously the
electrochemistry requires that all of the sample is electrochemically active and accessible. This can
be confirmed by ensuring that the electrochemical response (active surface area or limiting currents
observed) remain proportional to the sample thickness or electrode loading and have not exceeded

a saturation point.

The surface sensitivity of XAS can be achieved using instrumental and sample-based approaches.
The former take advantage of measuring modes using electron yield [3, 4] or by using grazing
incidence geometry [5, 6]. Compared to standard transmission/fluorescence XAS measurements,
these two modes require additional complication in the cell design for in situ and operando
measurements and, for the cases of high surface area or nanoparticle catalysts addressed in this
review they provide less surface sensitivity as the typical diameter of the particles is close to the
probing depths. In this brief review, we have thus emphasised studies that take the latter approach
and seek to achieve surface and near-surface sensitivity by careful design of the sample under
investigation (Figure 1C), presenting some recent in situ XAS studies to showcase the versatile and
essential role of XAS measurements in understanding electrocatalytic reaction mechanisms on

single-atom, metal and metal oxide electrocatalysts.

Single-atom electrocatalysts

Singe-atom electrocatalysts (SAEC), where metal atoms are atomically dispersed on suitable
supporting materials, have emerged as a new branch of electrocatalytic materials as they maximise
the atomic efficiency of the metal active site and enable unique atomic coordination—activity
relationships [7-9]. For such electrocatalysts the electrochemistry and XAS should inherently
probe the same metal atoms, enabling valuable insights into the nature of the active sites to be

obtained as illustrated in the examples described below. However, as mentioned in the introduction,



the thickness of the electrocatalyst layer must be optimised to ensure both a good XAS signal, but
more importantly that all of the metal atoms are electrochemically active, which can be confirmed

from the electrochemical measurements.

Among currently available SAEC, Fe atoms embedded in nitrogen-doped carbon matrices (Fe-N-
C) are considered as a promising non-Pt electrocatalysts for the oxygen reduction reaction (ORR).
To understand how the Fe active sites behave during the ORR, Mukerjee’s group [10-15] used in
situ XAS on Fe-N-C catalysts prepared by pyrolysis of different precursors, and Osmieri et al.[16]
recently extended the measurements to the membrane electrode assembly (MEA) level. They
directly observed spectral changes corresponding to Fe?*/Fe** redox (Figure 2A) and the
simultaneous addition of one oxygen neighbour. The redox transition of the Fe active site was
attributed to a Fe?*-N4 to (H)O-Fe®*-Nj, transition, of which the O(H) can be from water activation
or from ORR, with Fe?*-N, considered as the active site for ORR. Using this notion, the fraction of
active sites as a function of potential was obtained from both the electrochemical and XANES
analyses (Figure 2B) and found to be consistent with the kinetics-controlled part of ORR
polarisation curves [15]. Further inspection of the average Fe-N bond length (Ree-n) by Mukerjee’s
group revealed that the geometry of the Fe?*-N, active site can be either square-planar or out-of-
plane, both of which switched to the other geometry with the Fe**/Fe** redox and the addition of
an oxygen neighbour[12, 13]. This opposite structure-switching behaviour was used to explain the
differences in Fe**-O binding, which results in the differences in the redox potential and ORR
activity[15].

The active sites of Fe-N-C are not limited to the isolated Fe-N4 moieties with pyridinic N ligands.
Zhang et al.[17] recently reported an efficient Fe-N-C ORR electrocatalyst containing an FezNg
active site fused from two Fe-Njy sites, the coordination of which was suggested by ~0.8 Fe
neighbours in the first coordination shell found by analysing the Fe K-edge EXAFS data. In
addition to the redox transition of Fe?*/Fe**, in situ XAS suggested contractions of the Fe-Fe
distance, Rre.re, at ORR potentials (2.18~2.19 A) with respect to that measured ex situ (~2.47 A)
and at open circuit potential (~2.23 A), which was attributed to the dual-side adsorption of
oxygenated intermediates (such as *OOH). Gu et al.[18] studied a Fe**-N-C with pyrrolic N ligands
and using in situ XAS measurements in 0.5 M KHCO;3 (pH =~8) showed that the Fe**-N-C cation
was retained at potentials as low as -0.5 V, in contrast to the Fe**-N, species found with pyridinic
N ligands, which was reduced at potentials <-0.1 V (spectra > -0.1 V were not measured). Together
with the Fe** to Fe?* transition, the Fe centre of the Fe**-N-C was found to lose one N or C

neighbour.



Potential dependent XAS spectra have also been reported for SAEC with other metal centres. Shang
et al.[19] observed dynamic Mn K edge XAS spectra of a Mn**-N,C, SAEC at potentials
corresponding to the ORR (0.76-1.04 V) and oxygen evolution reaction (OER, 1.48-1.70 V) in O,
saturated 0.1 M KOH solution. The average oxidation states of Mn, estimated from reference
compounds, were found to reduce from 2.9 to 2.2 when driving ORR and to increase from 3.1 to
3.8 when driving OER, along with the elongation and the contraction of Mn-C/Mn-N by 0.04 A,
respectively (Figure 2C and Figure 2D). However, apart from this breathing of the bond distance
no other changes, such as the coordination number of Mn, were observed as a function of the
applied potential. Redox transitions accompanied by intense structural changes of a SAEC under
working condition were found for copper(l1) phthalocyanine (CuPc) CO, reduction electrocatalysts
[20]. As evidenced by the characteristic pre-peak and XANES features of the Cu K-edge spectra
and their derivatives, CuPc was reduced to Cu(l) at -0.66 V and Cu(0) at potentials <-0.86 V in
CO; saturated 0.5 M KHCOs solution, and the reduction could be reversed, forming CuPc back at
0.64 V (Figure 2E-G). The formation of metallic Cu was also indicated by a Cu-Cu scattering path
(R =~2.53 A), the coordination number (CN) of which increased as the applied potential was made
more negative (Figure 2H). After the correction for the 20% unreactive CuPc present, obtained
from linear combination fitting, the CN of the Cu-Cu bond at -1.06 V was found to correspond to
Cu clusters with an average size of 2 £ 1 nm using the cuboctahedral model. Given the similar trend
of the Faradaic efficiency of CH4 product and the formation of Cu clusters as a function of applied
potential, the metallic Cu clusters were suggested as the active species for CO, to CH4 conversion.
The formation of Cu nanoparticles during CO; reduction was supported by in situ XAS studies on
Cu-based metal/covalent organic frameworks[20, 21] and Cu-doped carbon[22, 23], with the

particle size and the transition potential varied with the Cu contained precursors.
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Figure 2 (A and B) In situ Fe K edge XAS measurements of an Fe-N-C catalyst. (A) XANES spectra of an Fe-N-C MEA
electrode at cathode potentials of 0.1-1.0 V. The MEA electrode was measured at 80 °C, 100% RH, 1.5 atm with Hz/He
flows at the anode/cathode, respectively. (B) Fe oxidation states (red) as a function of the cathode potential (Ec°), obtained
from linear combination fitting using the reference samples shown in A. CV (black) of cathode at 20 mV s, showing
the redox potential (Er?) of the Fe-N-C MEA (0.787 V). Theoretical fraction of active site (6, blue), obtained from Nernst
equation. Adapted from [16], Copyright (2019), with permission from Elsevier. (C and D) in situ Mn K edge EXAFS
spectra of a Mn-N2C2 SAEC during (C) ORR and (D) OER in Oz saturated 0.1 M KOH solution, showing the elongation
of Mn?*-N/C bonds when driving ORR and the contraction of Mn**-N/C bonds when driving OER. Reproduced with
permission from [19]. Copyright (2020) American Chemical Society. (E-H) In situ Cu K edge XAS measurements of
CuPc with applied potentials in CO2 saturated 0.5 M KHCOs solution, showing in (E) XANES spectra, (F) the first
derivative of the XANES spectra, and (G) Fourier-transformed EXAFS spectra. (H) The CN of the first-shell Cu-Cu
plotted as a function of potentials. The inset illustrates a possible configuration of the Cu clusters formed under CO:



reduction condition and oxidized back into CuPc at 0.64 V. Reproduced from the work of Weng et al.[20], which is

licensed under Creative Commons Licence 4.0 CC BY.

Nanoparticles — maximising the surface atom fraction

Metallic, especially Pt-based, particles are of particular importance for low temperature fuel cell
catalysts and in situ XAS has been used extensively to study these electrocatalysts[24]. The
challenge of in situ XAS studies on metallic particles is, as shown in the introduction, that the atoms
in the core dilute the XAS signal from surface atoms, which are of electrochemical interest. This
dilution may blur any potential- and adsorption-induced changes of the spectra and introduce large
uncertainty to determine the structural parameters of adsorbed species. The key to solve this
challenge is to increase the surface-to-bulk ratio to have sufficient surface signal, which aligns well
with the general requirement for practical electrocatalysts.

One of the strategies is to decrease the size of nanoparticles, normally to less than 3 nm
corresponding to >50% atoms on the surface (Pt as an example[25]). Imai et al. [26] studied the
oxidation of ~2 nm Pt nanoparticles (~60% surface atoms) at 1.4 V in 0.5 M H,SO, using time-
resolved XAS. Fits of the EXAFS spectra suggested a gradual development of oxygen coordinated
Pt atoms; at the initial stage OHags/H20a4s With a long Pt-O bond (R = 2.2-2.3 A) was the dominant
species, this species was then oxidized into a-PtO.-like 2D oxides with a shorter Pt-O bond of ~2.0
A and a new Pt-Pt scattering path at 3.1 A, and finally the 2D oxides were transformed into -PtO-
like 3D oxides with an additional Pt-Pt scattering path at ~3.5 A. Similar development of Pt oxide
formation was also found by Merte et al.[27] on ~1.2 nm Pt nanoparticles (~80% surface atoms)
with applied potentials from -0.04 V to 1.26 V using linear combination fitting of high-energy-
resolution fluorescence-detected (HERFD) XANES spectra.

For nanoparticles with size larger than 5 nm, the electrochemistry-induced changes in the XAS
spectra usually become subtle. Ap methods, in which the bulk metal-metal interactions are removed
by subtracting spectra at a reference potential from that at the potential of interest, are used to
emphasise the changes[28, 29]. Jia et al.[30] compared the adsorption of oxygenated species on Pt
of octahedral Mo-PtNi nanoparticles with that of PtNi nanoparticles (~5.5 nm for both samples).
Whilst differences in the white line region of the Pt Ls XANES were subtle, the Ay method
highlighted effects of the Mo ad-atoms on the potential-dependent trend of oxygen coverage on Pt.
Li et al.[31] studied the existence of surface adsorbed OH (OHags) on Ru/C (-8 nm) and PtRu/C in
the hydrogen oxidation region. They found that the experimental Ap, obtained by subtracting the
XANES at 0.05 V, where the surface was covered by adsorbed H (Hags), from that at 0.24 V, where


https://creativecommons.org/licenses/by/4.0/

CO stripping experiments suggested that OHags existed, matched with a theoretical Ap obtained
from FEFF calculations modelling the replacement of Hags on top of a Rus cluster by an OHags
(Figure 3A-C). Similarly, A-EXAFS has also been used to detect adsorbate-induced changes on
the surface of metallic particles [32, 33], the precision of which can be significantly enhanced using
a modulation excitation method [34-36], which can be used for XAS under electrochemical
conditions. In the modulation excitation method, any external stimulus (e.g. atmosphere,
temperature or applied potential) that can induce structural changes is changed periodically with a
frequency o, while spectra are collected, and parts of the measured spectra that do not follow ®

(e.g. spectator species and noise) can be cancelled out using a mathematical procedure [34].

Reducing particle size to maximise surface area has also been applied to the study of metal oxide
electrocatalysts. Fabbri et al.[37] prepared Bao.sSro5C005F€0.203-5 (BSCF) perovskite nanoparticles
(5-15 nm) using a flame spray method, the surface area of which was ~25 m?/g, ~6 times higher
than that prepared using a conventional sol-gel method. On these nanoparticles, although the
potential dependence of the XANES and EXAFS was subtle in a potential window of 1.20-1.55V,
an increase of Co average oxidation state and an increase of CoO(OH) contribution were clearly
shown at OER potentials (1.55 V, Figure 3D-E). More obvious potential dependent changes were
also observed on Co-Mn oxide[38] and Mn-doped cobalt ferrite (~15 nm) [39], but over a much
wider potential window (0.2-1.2 V). In addition, Fabbri et al.[37] also found that the oxidized Co
atoms could not be reduced when the potential was stepped back to a low potential (1.2 V, Figure
3F), and they proposed that an oxy(hydroxide) surface layer was formed by irreversible surface
reconstruction under OER condition. Such an activation process was supported by studies of Co-
Fe spinels[40] and CoFe alloy nanoparticles[41], in which an amorphous layer was directly
observed on the surface of the particles by electron microscopy after the catalysts were aged (the

inset of Figure 3F).
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Figure 3 (A—C) A Ap method used to emphasise electrochemistry-induced changes on nanoparticles. Ru K edge XANES
spectra of (A) Ru/C (~8 nm) and (B) PtRu/C collected in Hz-saturated 0.1 M KOH solution under potential control. (C)
Comparison of experimental Ap signals, derived from the XANES spectra in A and B (Ap = p1(0.24 V) - u(0.05 V)), with
a theoretical Ap, modelled from clusters shown in the inset (Ap-Theo = p(Rus-OH) - p(Rus-H)). Reproduced with
permission from [31]. Copyright (2017) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D-F) Co K edge XANES
spectra of a BSCF electrode in 0.1 M KOH during anodic potential holding (D) from 1.2 V to 1.425 V and (E) from 1.425
V to 1.55 V. (F) Comparison of the Co K edge XANES spectra during cathodic potential holding from 1.55 V to 1.2 V.
Reprinted by permission from [37]. Copyright (2017) Springer Nature. (the inset of F) a post-mortem TEM image of an
aged FeCo204 OER electrocatalyst, highlighting amorphous layers on the surface of particles. Reproduced with
permission from [40], Copyright (2018) Royal Society of Chemistry.

Core-shell nanoparticles and thin films — isolating the contribution of surface atoms

Another strategy for in situ XAS studies of nanoparticles is to isolate the contribution of surface
atoms from the core. For metallic nanoparticles, this may be accomplished by designing core-shell
bimetallic particles or by depositing surface ad-atoms, wherein the element of interest is exclusively
put on the surface of a second component, which may serve as an inert host or participate in
structural or electronic modification of the surface atoms. Using this approach, the direct
measurement of Pt surface oxidation using XAS can be achieved regardless of the particle size[42].
Sasaki et al.[25] prepared a Pt monolayer (ML) on Pd particles (4.2 nm, ~35% surface atoms) using
the galvanic displacement of an underpotential deposited Cu ML. By linear combination fitting,
they compared the oxide percentage of this Pty /Pd/C with that Pt/C (2.6 nm) per surface atoms

10



(obtained using the fraction of surface atoms) as a function of applied potentials, and they found

that the Pd core underneath significantly retarded the Pt oxidation.

The second component of Pt-based bimetallic electrocatalysts can also participate in
electrochemical process. A good example is PtRu/C catalysts for anodic reactions of fuel cells, the
Ru site of which can be an adsorption site of CO intermediate and an active site for OHags formation
at low potentials. Pelliccione et al.[43] compared the potential dependence of Ru K-edge spectra
on a Ru@Pt catalyst (0.3 ML Ru on Pt nanoparticles, ~10 nm) with or without the presence of
methanol. In 0.1 M H,SO., the Ru atoms were gradually oxidized with potential and started being
transformed into RuO--like species at 0.575 V (vs. Ag/AgCI). In the presence of methanol, however,
the oxidation state and coordination environment of the Ru atoms were more stable without the
formation of the RuO,-like species at high potentials but with additional Ru-CO species present at
all the studied potentials. The authors attributed the different response to electrolyte to the dual role

of Ru sites during methanol oxidation, providing OHags species and available sites for COjgs.

Similar to the core-shell approach, thin films of the active electrocatalyst can be deposited on to a
substrate to minimise the contribution of the bulk. This method is particularly useful for the study
of metal oxide electrocatalysts, prepared by electrodeposition or vapour deposition. In addition to
the need to ensure electrochemical accessibility and activity of the full thickness of the film to
enable accurate interpretation of the in situ XAS data, which is difficult for such metal-oxide films
as conductivity is often an issue, attention must also be paid the presence of inactive or interfering
phases (e.g. metal) from the deposition, which may contribute to the XAS signal and complicate

the data interpretation.

Fe-containing NiOx and CoOy are regarded as highly active and nonprecious electrocatalysts for
OER, even with a trace amount of Fe[44-46]. The promotional role of Fe and the incorporation
between Fe and Ni were studied using in situ XAS measurements on electrodeposited Ni-Fe oxide
thin films at both the Ni K and the Fe K edge[47-49]. On all these thin films, The oxidation of Ni**
to Ni** and the corresponding transformation of a a-Ni(OH), phase to a y-NiOOH phase were
unambiguously detected by comparing spectra at the non-catalytic state (1.23 V) with that at
catalytic state (1.55 V, Figure 4A and Figure 4C)[47], as evidenced by the positive shift of edge
position and the shortened Ni-O in the first coordination shell and Ni-Ni/Fe bonds in the second
coordination shell, the latter of which is characteristic of y-NiOOH. The increase in the oxidation
state of Ni (from 1.9 to 2.6) was less than that expected for the y-NiOOH phase (nonstoichiometric,
a mixture of Ni** and Ni*" sites), which was due to the minor contribution of metallic Ni and the

presence of a possible unreactive part of the thin film. For the Fe, a similar structural transition was

11



also found by EXAFS (Figure 4D), with shorter Fe-O and Fe-M scattering paths, but the XANES
spectra did not support the oxidation of Fe** (Figure 4B) [47]. The origin of the Fe local
coordination changes was studied using time-resolved XAS fluorescence signals at fixed X-ray
energies whilst conducting cyclic voltammetry or current transient measurements [47]. The
fluorescence signal tracking the Ni oxidation state (chosen as the middle of the absorption edge,
8345 eV) and its derivative with time were found to match precisely with the CV current
corresponding to the redox of the whole catalyst material (Figure 4E and 4H), whilst such a
potential dependence was not found at the Fe edge position (7126 eV) (Figure 4F). Alternatively,
tracking the X-ray signal at 7131 eV (the whiteline region of the Fe K-edge) during CV and
potential step experiments revealed that the Fe coordination environment changed concurrently
with the Ni®*/Ni** transition at the same redox potentials and with the same kinetics (Figure 4G and
4H). The authors concluded that the redox current was associated exclusively with the NiZ*/Ni®"**

couple, which then induced the changes of the Fe coordination environment.

Drevon et al.[50] tracked the changes in the spectra of the electrodeposited Ni-Fe oxide thin film
at the O K, Ni L and Fe L edges using the fixed energy cyclic voltammetry approach described
above. In addition to similar potential dependences of the Fe and the Ni to that observed by
Gonzélez-Flores et al.[47], a new pre-peak at 529 eV in the O K edge spectra, assigned to the
hybridization between O(2p) and Ni(3d)tyg orbitals, was found. During a CV the X-ray signal at
this O K pre-peak showed a nearly identical potential dependence with that at Ni Lz shoulder
reflecting the Ni redox transition (Figure 41), suggesting the appearance of the O K pre-edge
features was closely related to the oxidation of the Ni**. By comparison with the literature and
summarizing the metal oxidation observed in situ XAS, the authors proposed an OER mechanism
for Ni-Fe-O catalysts and argued that the O species corresponding to the O K pre-edge feature may

be an electron deficient reactive O site, as an intermediate prior to O-O bond formation(Figure 4J).

12
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Figure 4 Time-resolved XAS signals of an electrodeposited Ni-Fe oxide thin film at fixed X-ray energies whilst
conducting cyclic voltammetry in 1 M KOH. (A and B) XANES spectra and (C and D) EXAFS spectra at 1.23 V and
1.55V at (A and C) the Ni K edge and (B and D) the Fe K edge, showing the shift of edge positions (without correction
of metallic Ni contribution using linear combination of reference compounds) and the energy at which the X-ray beam
was set for the following time-resolved measurements (the red dash lines). Time-resolved detection of (E) Ni K-edge and
(F) Fe K-edge XAS fluorescence signal at the respective edge positions during CV, showing the current density (blue),
X-ray fluorescence signal at 8345 eV (green, for the Ni K edge) and X-ray fluorescence signal at 7126 eV (red, for the
Fe K-edge). (G) X-ray fluorescence signals and (H) their derivative with time at 7131 eV (orange, near the maximum of
the Fe K white line) and at 8345 eV (green, the Ni K edge) while recording a CV (blue). The CV measurements were
carried out at a scan rate of 5 mV s, with 3 Q ohmic resistance from the electrolyte and electrodes. Adapted with
permission from [47], Copyright (2018) Royal Society of Chemistry. (1) Time-resolved detection of O K-edge and Ni L-
edge XAS transmission signal at fixed energy (854.1 eV for the Ni L-edge and 529 eV for the O K-edge) during CV. The
CV measurements were carried out in 0.1 M KOH with a scan rate of 5 mV s%. (J) A proposed OER mechanism on Ni-
Fe-O electrocatalyst, summarizing the metal oxidation finding using in situ XAS measurements. Reproduced from the

work of Drevon et al.[50], which is licensed under Creative Commons Licence 4.0 CC BY.

Conclusions

XAS conducted in situ or operando is a valuable tool to probe the dynamic electronic and
coordination structure of electrocatalysts under working conditions, but care must be taken when
designing the experiments. In this review, we presented recent contributions in which in situ XAS
measurements were designed so as to match the information obtained from electrochemical

measurement by tailoring the sample to ensure that the XAS data reflected the electrochemically
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active features of the sample, be that the metal atoms of single-metal atom electrocatalysts, the
surface of metal nanoparticle electrocatalysts or the surface and near surface region of metal-oxide
electrocatalysts. Such surface and near-surface sensitivity is achieved by decreasing the particle
size, employing Ap analysis, designing core-shell configurations, and carefully ensuring that the
full thickness of the electrocatalyst sample is electrochemically accessible and active. Even when
such careful experimental design is employed the inability to identify coordination to atoms with
similar masses, especially the electrocatalytically important C, N, and O atoms, remains a problem
when employing XAS methods to characterise electrocatalysts and electrocatalytic reactions.
Further developments employing soft (lower energy) XAS at the C, N or O edge or the use of new
techniques such as resonant inelastic X-ray scattering (RIXS, or called X-ray Raman), which can
provide information regarding the chemical bonding between the metal adsorber and the adsorbate,
represent the next stages in the use of in situ or operando XAS to study electrocatalysts and
electrocatalysis, although each of these will be accompanied by new challenges that must be

overcome.
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