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Detailed knowledge about the relationship between the electronic structure and the catalytic properties of
a material is a fundamental brick to rationally design better oxygen evolution reaction (OER) catalysts. Here,
resonant photoelectron spectroscopy (RPES) is used to elucidate the electronic structure and active state of
the most broadly employed OER catalyst, Ni-Fe (oxy)hydroxides. We implemented a graphene-capped
catalyst-coated ionomer membrane approach. Starting from a well-characterized iron nickel oxide
precursor, the changes in the electronic structure of oxygen and nickel species with different applied
electrode potentials were studied. In particular, RPES measurements helped to distinguish between
formal Ni** and Ni** species emerging upon catalyst oxidation, which indicate charge accumulation in
adjacent hole states. Based on RPES, the core-level binding energy and partial electron yield absorption
spectroscopy (PEY-XAS), we identify the contributions to the oxygen partial density of states (p-DOS)
that are crucial for OER catalysis. Our results reveal the occurrence of metal-oxygen hybridized holes,

which we can correlate to the Fermi-level at oxidizing potentials. These states potentially promote the
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Accepted 6th March 2023 active sites as indirect electron acceptors. The nature of this metal-oxygen charge redistribution
influencing catalytically active surface-structure motifs is crucial for the formation of OER intermediates.

DOI: 10.1035/d2ta08561k Our findings allow the role of metal and oxygen species in the OER mechanism from the viewpoint of

rsc.li/materials-a electronic structure to be revisited.

a simplistic approach, this reaction is thought to proceed
following four consecutive proton-electron transfer-steps. An

Introduction

(cc)

An essential step towards a sustainable energy supply consists
in the development of efficient solar-powered electrolysis to
generate hydrogen. In terms of efficiency, the oxygen evolution
reaction (OER) is one of the main limiting factors until today. In
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ideal catalyst must provide suitable donor and acceptor states
for all occurring intermediates.” Iron-doped nickel (oxy)
hydroxides are the most active catalysts for the OER in alkaline
media.** Due to their low material costs and abundant avail-
ability, this might be a well-suited candidate for large-scale
applications.® Directional optimization of iron-nickel catalysts
still lacks profound comprehension of their active state formed
at the catalyst-electrolyte interface during operation, which
interacts directly with the OER intermediates.

Since one of the first systematic studies examining the
correlation between iron content and OER-activity was under-
taken by Corrigan in the 1980s,” a lot of effort has been made in
the characterization of the active phase and the search for the
most active surface-sites. The catalytic activity of nickel (oxy)
hydroxides was found to be greatly enhanced upon the addition
of iron.”® The geometric structure of the active catalyst is
determined by a redox transition accompanied by a reversible
lattice contraction prior to the onset of the OER. The reduced
state, called the a-phase, exhibits a rhombohedral, hydrotalcite-
like structure having carbonate and water intercalated between

This journal is © The Royal Society of Chemistry 2023
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slabs consisting of hydrated MOg-octahedra (M: Ni and Fe).”*
In the oxidized state, for simplicity, denoted as y-Nij_yFe,
OOH,, the MOg-octahedra become oxidized and deprotonated,
which is accompanied by shrinking interlayer distances. This is
explained by alkali metal ions exchanging the interlayer
carbonate.”™ For iron contents >25%, the nanostructure
decomposes into iron-rich and iron-poor domains.*® y-Ni(;_y-
Fe,OOH, was shown to be the active phase, that is also formed
on the surface of other different iron nickel compounds like
alloys or oxide phases.’*?" A similar unified structural motif was
identified in our previous study on the active phase of cobalt
catalysts for the OER.** In the active y-phase, different kinds of
iron species were identified: the iron substitutionally incorpo-
rated in the y-Ni(;_,)Fe OOH,-structure and less strongly bound
iron species adsorbed on the MO,-slabs (M = Ni, Fe) or edge or
defect sites.?*** Active centers are thought to be formed around
the latter iron species.”*** Two conceptions of these most active
sites are prevalent. Either the iron edge- or corner-sites serve as
single active centers mediated by the nickel hydroxide host-
structure,'?**” or a cooperative OER-mechanism involves both,
a nickel and an iron surface-site.'>**** The nature of these active
sites and their bonding characteristics to intermediates is
considerably influenced by the electronic structure of the active
v-phase.>** Thus, a deep understanding of the electronic
structure is crucial for elucidating the reaction mechanism.

Knowledge of the electronic structure of y-Ni(;_,Fe;OOH,, is
mostly governed by theoretical studies depending strongly on
the assumptions made.**?* Experimental results mainly
address the mean oxidation state of the metal species in vy-
Ni(; _Fe,OO0H,,. Based on operando X-ray absorption near-edge
structure (XANES), coulometric or iodometric measurements,
the nickel mean oxidation state was found to be between +2 and
+3.8.1928293541 The wide range of results are in some cases
attributed to the iron content, but may also originate from
different preparation procedures.”>** It is worth noting that the
former methods are unable to distinguish different oxidation
states directly, which is why the existence of tetravalent nickel in
iron-rich y-Ni(; _,jFe,OOH,, is still under debate.** Importantly,
the formal charge of Ni** and Ni*" is to a great extent redis-
tributed to their surroundings. As an example, the ground state
of these species in Li,NiO, is dominated by d®L and d°L?
configurations representing neighboring oxyl species.*** Such
electron-deficient oxygen species have recently been identified
to be comprised in structural motifs, which are crucial for OER
catalysis on IrO, (ref. 49-51) and CoO,(OH),.** Thus, knowledge
about the formal nickel oxidation state as well as the nature of
the accompanying oxygen-related hole states formed during the
OER is a major key to better understanding iron-nickel (oxy)
hydroxide catalysts. In contrast to the nickel species, the frac-
tion of iron species relevant for catalysis® was reported to be in
the trivalent state in y-Nij _,)Fe,OOH,, as well as in the reduced
a-phase.'>***>** Higher iron oxidation states were also observed
in bulky samples or under non-aqueous conditions, which were
hypothesized to occur under OER conditions as well.>”*”** But
so far, no clear picture of the Fe chemical state and electronic
structure during the OER has emerged.

This journal is © The Royal Society of Chemistry 2023
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Due to the pre-OER redox transformation between the a- and
the y-phase, the active-state catalyst structure is only accessible
by operando methods, which have remained challenging. Loytty
et al. measured the core levels of iron, nickel, and oxygen
species in the active phase using operando XPS based on the dip
and pull method. They have identified an increase of oxide over
hydroxide contribution upon oxidation of a-Nij; _,Fe,(OH), to
Y-Ni(_xFe,O0H,. Changes in the iron and nickel 2p-signals
were found to be too subtle for conclusive interpretation.>*

The limited experimental insight into the electronic struc-
ture of the active phase being decisive for catalysis motivates
new approaches. Compared to direct or off-resonant photo-
electron spectroscopy, in resonant photoelectron spectroscopy
(RPES) a substantial intensity enhancement of the valence band
spectrum is exploited.> Integration of Auger-electron signals
resulting from relaxation of resonantly excited core-electrons
into the conduction band provides partial electron yield (PEY)
absorption spectra. These PEY spectra comprise information
about the unoccupied density of states of the conduction band
in close proximity to the Fermi level.>® Our previous results on
dispersed nanoparticles in a liquid microjet®**® and nano-
particles covered by several monolayers of condensed water*
demonstrate that RPES measurements of the oxygen 1s to 2p
and transition metal 2p to 3d excitations constitute a powerful
tool for studying the solid-liquid interface.

In this contribution, we tie on previous operando XPS studies
of iron-doped nickel hydroxide catalysts®* and expand these to
RPES. The low inelastic mean free path of the resonant Auger-
electrons exhibiting kinetic energies between 490 eV and
860 eV for oxygen and nickel makes the signals fairly interface-
sensitive. On the other hand, this poses the technical challenge
of dealing with a limited escape depth. To overcome this
obstacle, we use an approach recently developed by Mom,
Falling & Velasco-Velez and coworkers.**** They have combined
an ion-conductive catalyst-coated ionomer-membrane with
a graphene cap sealing the solid-liquid interface and serving as
an electron and photon transparent electrical contact.®”®* To
our knowledge, this is the first operando study on iron-nickel
oxides that takes advantage of the rich information content that
RPES can offer. Well-defined, sputtered Niy ;5Feq»50, thin
films, which we have thoroughly pre-characterized in terms of
their crystal structure, microstructure, and surface morphology
using transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), and atomic force microscopy (AFM), serve as
precursors for the in situ formation of the active phase. Thereby,
the choice of iron content is oriented to the best OER-
performance, which has often been observed for 25 at% of
iron incorporated in the y-phase.®'> We measure RPE-spectra at
different applied electrode potentials and present changes in
partial electron yield (PEY)-XA-spectra from the oxygen K- and
nickel L-edges corresponding to the respective electrochemical
state of the catalyst. Energy-dependent measurements of char-
acteristic Auger decay channels allow us to further characterize
the oxygen and nickel species in their active states. Based on the
O 1s-binding energy, we combine the oxygen K PEY-XA-
spectrum with the resonant 1s2p2p-Auger electron spectrum
to obtain the oxygen p-DOS of the active state. Our results shed
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new light on the cooperative nature of the metal species in y-
Ni[l,x)FexOOHy.

Methods

Sample preparation

We have prepared the Nig;5Fe 50, thin films by reactive
magnetron sputtering using a metallic NizFe-target (3” diam-
eter, EVOCHEM) at room-temperature (298 K). Argon was used
as the sputter gas at a flow rate of 20 cm® min~ ", which resulted
in an argon partial pressure of 4.2 pbar. To facilitate the
formation of the oxide phase, a partial pressure of 10 pbar of
water was maintained by controlled evaporation of a water
reservoir attached to the chamber. This corresponds to
a proportion of about 70% water gas mixed in. The power of the
sputtering source was set at 60 W. The setup used for film
deposition is described in detail elsewhere.** We determined
the deposition rate to be about 1.1 nm min ™" by evaluating the
film thickness using X-ray reflectometry (XRR). We prepared
thin films of 5 nm thickness on the ionomer Fumasep FAD™ 55
(FuMaTecH) for the operando and morphology measurements,
and films with a thickness of 30 nm on glass substrates (Carl
Roth) for XRD measurements. For TEM measurements, we
deposited 5 nm thick films on carbon-coated Cu-grids (400
mesh, Plano). The equal structural results obtained from the
30 nm films by XRD and the 5 nm films by TEM suggest that the
film thickness has minor influence on the structural properties
of the samples within the investigated thickness-range. The
samples on ionomers used for the operando measurements were
additionally covered with a bilayer of graphene. For this
purpose, we used commercially available bilayers coated on thin
1 cm x 1 cm Cu sheets (Graphenea). The deposition was then
carried out in a three-step procedure:*>°® (1) Cu substrates were
placed in an aqueous ammonium peroxodisulfate solution (40 g
L™, Sigma Aldrich, ACS reagent grade, dissolved in MilliQ
water), which dissolves the Cu. (2) After 12 h, the Cu substrate is
completely dissolved and the ammonium peroxodisulfate
solution can be replaced by MilliQ water. (3) In the final step,
the samples to be coated are positioned under the graphene
bilayer floating on the surface and the deposition is initiated by
pumping off the water.

Structural and morphological analyses

XRD measurements were performed under grazing incidence
using a Bruker D8 Advance™ diffractometer in parallel beam
geometry with Cu K,-radiation with an instrumental broad-
ening of 0.18° + 0.02° on the (1,0,4) a-Al,O; Bragg reflection. We
determined peak positions in the diffractograms using Lor-
entzian fitting-procedures after subtracting a polynomial
background. We evaluated the lattice parameters assuming
cubic crystal symmetry. To characterize the surface morphology
of the samples used in the operando studies, a Park Systems
XE70™ atomic force microscope was employed in tapping
mode, equipped with PPP-NCSTR soft mode tips. The root mean
squared roughness (rms) was calculated using the Gwyddion©
software.®”” High-resolution TEM-images as well as dark-field
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and diffraction images were recorded using a Zeiss Libra 200
FE™ TEM. From the dark-field (DF) images, we evaluated the
sizes of the crystallites that fulfill the reflection condition, using
the software ImageJ©® to perform brightness-threshold anal-
yses. From this, we derive the estimated crystallite size distri-
bution of the sample. For chemical and compositional
characterization, a Zeiss Libra 200 FE™ TEM with 200 kV
excitation voltage was used. The latter is equipped with an
US1000 EELS-detector from Gatan and a Noran System Six EDX-
detector from Thermo Fischer.

Operando photoelectron spectroscopy

The PES measurements were performed at the U49/2-PGM-1
beamline® with our SOL’PES experimental setup™ located at
the synchrotron radiation facility BESSY II in Berlin, Germany,
using a flow cell based on previously reported designs.”

The catalyst-layer is deposited on an anion-conducting ion-
omer membrane, which is sealed against an orifice opening in
the cell-cover (see Fig. S1CT). We used a 0.1 M KOH solution as
the electrolyte obtained by diluting a 1 M KOH measured solu-
tion (purchased from Sigma Aldrich) with MilliQ water ina 1:9
ratio. The electrolyte flows along the backside of the membrane
driven by gravity to avoid any flow vibrations. A leak-free Ag/AgCl
reference electrode (Innovative Instruments Inc.) is positioned in
close proximity to the membrane. A Pt counter electrode is
incorporated in the inlet and outlet channels of the flow cell,
each consisting of a coiled Pt wire (thermocouple quality, Sigma
Aldrich) with a diameter of 0.25 mm (see Fig. S1B¥). The ionomer
membrane provides a mechanical barrier between the electrolyte
and the vacuum chamber of the measurement setup and, at the
same time, establishes an ionic contact between the bulk elec-
trolyte and the -catalyst-electrolyte interface. The electrical
connection of the catalyst is achieved by using a graphene bilayer
on the vacuum side, which is in contact with the surrounding
conductive titanium cover of the measuring cell and connected
to a potentiostat as the working electrode. To avoid corrosion of
the titanium cover, it was coated with indium tin oxide (ITO).
Together with the reference and counter electrodes, the cell
includes a three-electrode setup, where the counter electrode is
grounded to the vacuum chamber.

The graphene bilayer acts as a barrier to water evaporation
from the catalyst coated ionomer membrane. This increases the
water-vapor partial pressure in cavities adjacent to the wetted
ionomer membrane and the catalyst coating, which are sealed
by graphene. As a consequence, confined water condenses in
these cavities and forms a catalyst-electrolyte phase-boundary,
as has been demonstrated by Mom, Falling & Velasco-Velez
and coworkers.®*® As discussed in Section E of the ESIL¥
defects within the graphene bilayer make this barrier partly
permeable to water vapor and O, gas formed during the OER. To
stabilize the confined electrolyte phase, we adjust the water
evaporation rate by lowering the gradient of water-gas partial
pressure across the graphene bilayer. For this, we apply
a constant water-vapor pressure of 0.4-0.5 mbar inside the
interaction chamber (see Section A of the ESI for further
detailst).

This journal is © The Royal Society of Chemistry 2023
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The catalyst-electrolyte interface is separated from the
vacuum chamber only by the bilayer of graphene. This allows
a large fraction of electrons generated by photoexcitation at the
catalyst-electrolyte interface to enter the analyzer.®® The major
spectroscopic fingerprints resulting from the water gas atmo-
sphere and confined water are quite distinct from the catalyst-
contributions, as demonstrated in Section D and F of the
ESIL.7 In the past, such a concept has been successfully used to
study other material systems with XPS.%*-%

Results and discussion
Characterization and activation of the catalyst

As described in more detail in Section B of the ESI,{ the sput-
tered Nij ;5Feg 250, films are crystalline and exhibit a cubic rock
salt structure type with Fm3m symmetry (see Fig. S27). Based on
the DF-TEM images, the average crystallite size was found to be
4.52 + 0.13 nm (see Fig. S3t). No indication for other phases
was found. AFM images of the Nij ;5Feg »;0,-surface deposited
on FAD show island-like height differences in the order of the
film thickness (see Fig. S41), which are characteristic of the
morphology of the catalyst. The iron content x = n(Fe)/(n(Fe) +
N(Ni)) found by EELS and XPS is close to x = 0.25, which is the
expected value based on the composition of our sputtering
target.

We have first activated the catalyst in our operando flow cell
according to the procedure described in detail in Section A of
the ESI.T Fig. 1A shows a typical CV cycle measured at the end of
the activation process. The catalyst exhibits high OER activity
and reversible redox waves that can be attributed to the oxida-
tion of Ni*" in Nij_,Fe,(OH), to Ni**’ in Nij;_,Fe,O0H,."?
Additionally, a subset of cyclic voltammograms measured
during the activation procedure is shown in Fig. S5.1 Plotting
the current recorded at 1.64 V vs. RHE as a measure of activity
against the cycle number, the activation shows a steady increase
in current with a saturating trend, as shown in Fig. 1B. In
parallel, the amount of redox charge obtained by the integrating
the cathodic redox wave also increases steadily, which reflects
the transformation of the oxide into the hydroxide phase.’®”* In
contrast, the current grows progressively slower with the cycle

OER
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number after a sharp increase within the first cycles. This may
be explained by the increasing amount of OER-inactive sub-
surface hydroxide formed with ongoing phase transformation,
which is redox-active due to the electrolyte permeable structure
of the a- and y-phases.>*”* Additionally, diffusion overpotentials
of the membrane assembly may become more pronounced with
increasing current densities. After activation, about 2.8 oxygen
molecules are released per transferred electron of redox charge
per second at an overpotential of 350 mV. However, a direct
quantitative comparison of the achieved activity with literature
values is not possible because the geometric surface area as
a necessary reference for quantification cannot be determined
precisely. This is due to the fact that the electrical contact of the
catalyst outside the measured area is not always completely
guaranteed, since the graphene quality is not uniform over the
entire surface of the membrane. Furthermore, membrane parts
beyond the sealing ring are not sufficiently moistened, which
limits the activity of these areas.

Operando behavior of the oxygen species

We first focus on the oxygen core-level XP-spectra explaining the
potential dependent behavior of the PES signal. To derive the
oxygen p-DOS of the active phase, the core-level binding energy
of the active species is required, which we deduce based on the
examination of the O 1s XPS peak. The lattice oxidation from
Ni** in Ni;_qFe,(OH), to Ni*** in Ni(;_,Fe,OOH, potentially
changes the oxygen core level of the surface states of the
catalyst.

As discussed in Section D of the ESI, T the position and shape
of the operando measured spectra can be well explained by the
superposition of graphene oxide, electrolyte, and catalyst
components (compare Fig. S6 and S7t). The signal from the
catalyst is composed of oxidic contributions from the remaining
rock salt phase and possibly the oxyhydroxide phase, and
hydroxide contributions originating from the layered hydroxide
phase, both occurring at different binding energies. The
potential-induced changes in the O1s core-level spectra shown
in Fig. S61 arise mainly from a local inhomogeneity of the
applied electrode potential between different parts of the
membrane assembly. It is important to note that the core levels

B
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Fig. 1 Electrochemical characterization of the catalyst inserted in the operando PES flow cell. (A) Exemplary CV-cycle of the NigsFeq 250,-
coated membrane compared to a bare membrane covered with graphene. (B) Evolution of the activity and redox charge during the CV cycles of

the activation procedure prior to the operando measurements.
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of the catalyst, whose energetic positions are quite distant from
those of graphene and water, remain unchanged within the
experimental detection statistics. We will come back to this
aspect when we construct the oxygen p-DOS.

Spectra of the oxygen K-edge provide more insights into
potential-dependent changes of the catalyst along the solid-
liquid interface, as shown in Fig. 2. The PEY-XA spectra are
obtained by integrating the valence band spectra over the
binding energy between 0 eV and 45 eV, while sweeping through
the oxygen K-edge. Fig. S107 demonstrates that between 527 eV
and 534 eV, photon energy contributions to the O K PEY-XA
spectra originate from the catalyst and graphene oxide, but
not from water, whose absorption edge begins at higher ener-
gies. The catalyst in its reduced state exhibits contributions in
this range that arise from the resonant excitation of 1s electrons
into empty metal 3d oxygen 2p hybridized states.” The spec-
trum measured in the OER regime differs qualitatively and
significantly from the spectrum measured under non-catalytic
conditions, and a unique feature emerges at around 528.9 eV.
Interestingly, this feature disappears again when non-catalytic
electrode potentials are applied. Additionally, the spectral
difference plot reveals an irreversible change at around
531.5 eV. The latter can be explained by the oxidation of gra-
phene, since its position agrees very well with the absorption
spectrum of graphene oxide, as shown in Fig. 2. Graphene
oxidation is likely to be triggered under oxidizing potential
conditions in the OER regime.” As discussed in part C of the
ESI,T graphene oxidation may be additionally triggered by the
resonant excitation of the oxygen species probed when the
photon energy is swept over the oxygen K-edge (also compare

—— Operando 1: 0.85 V vs RHE A
—— Operando 2: 1.75V vs RHE /
------ Graphene

3

S,

by

7]

c

8

£

527 528 529 530 531 532 533
Photon energy [eV]

Fig. 2 Top: PEY oxygen K-edge XA-spectra of Nig7sFeq2s0O0H
measured under operando conditions. Bottom: difference between
the pristine state, the reduced state and the oxidized state. The pre-
peak of the active phase is highlighted by a Gaussian fit. The dotted line
represents a reference PEY-XA spectrum of oxidized graphene.
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Fig. S8 and S9%). The reversible feature at 528.9 eV can be
attributed to the active phase of iron-nickel hydroxide or to
surface species adsorbed on it, since it did not occur in
comparative experiments on a membrane structure without
a Nig 5Feg 50y coating (compare Fig. S111). In the following
part, we will therefore refer to this peak as the “pre-peak of the
active phase”. A similar pre-peak feature was previously
observed by Yoshida et al. on nickel-borate (Ni-Bi) catalysts™
and by Drevon et al. on electrodeposited NiggsFey3500H.””
Comparison with experimental results on isostructural mate-
rials and theoretical considerations suggests that this pre-peak
signal originates from holes that are primarily located at the O
2p states.**** We will discuss their significance in more detail
below.

To further characterize the pre-peak of the active phase, we
also measured the valence band spectra at a photon energy of
528.9 eV, corresponding to the pre-peak maximum on non-
catalytic (0.85 V vs. RHE), OER(1.75 V vs. RHE) and again non-
catalytic electrode potentials, which are shown in Fig. 3. The
peak located at Eg = 17 eV corresponds to K 3p, which probably
originates from the potassium accumulated in the interlayer-
space of the catalyst and the potassium ions dissolved in the
electrolyte, and is used to correct for the binding-energy shift
caused by the applied potential, as discussed in Section D of the
ESI. Consistent with our observations on the pre-peak feature,
the changes in the resonant valence band are reversible, too.
Since the resonant contributions at an excitation energy of
528.9 eV only occur at oxidizing potentials, we obtain the pure
resonance of the pre-peak feature by subtracting the valence
band spectrum measured at non-catalytic potentials from that
measured at oxidizing potentials (see Fig. 3). This difference-
resonance spectrum is characterized by two dominant and
two less dominant features, marked with I-IV in Fig. 3. The
most dominant feature at Ez = 14.4 eV (feature II) can be
attributed to the 1s2p2p-spectator Auger decay channel. This
resonant decay occurs after photoexcitation of the 1s core level.

Kinetic energy [eV]
490 500 510 520 530

—— Operando 1: 0.85V vs RHE
—— Operando 2: 1.75V vs RHE

— Diff.: 2-1 smth

Intensity [a.u.]

Binding energy [eV]

Fig. 3 Potential-dependent valence band spectra, measured at an
excitation energy of 528.9 eV and resonant spectrum (green) obtained
by subtracting the spectrum at the reductive electrode potential from
the spectrum at the oxidative electrode potential. The smoothed
spectrum was achieved by binomial filtering.

This journal is © The Royal Society of Chemistry 2023
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The core-hole is then quickly refilled by a 2p electron and
another 2p electron leaves the system. Coherent superposition
of the final states from direct ionization of the valence band and
the 1s-cb-2p-participator Auger decay channel (cb stands for the
conduction band) results in an enhancement of the signal,
which is responsible for feature I between 5 eV and 10 eV
binding energy in Fig. 3.7 Due to the additional screening of the
excited electron occupying the conduction band, the 1s2p2p
spectator Auger signal always occurs at higher binding energies
(lower kinetic energies) compared to its respective 1s-cb-2p
participator Auger signal.”® Correspondingly, the 1s2s2p-
spectator Auger signal can be found at Eg = 34.6 eV (feature
IV), and the respective 1s-cb-2s-participator Auger signal is
between Eg = 26 eV and Eg = 31 eV (feature III).

A similar oxygen pre-peak resonance also appears in other
materials containing Ni*" species, for example in NiO, thin-
films sputtered with excess oxygen’*® or in LiNiO,.***"** For
both materials, we measured the resonant-PE spectra at the
excitation energy of the pre-peak as a reference (see Fig. S127).
In comparison, the difference-resonance PE spectra of the
reference materials agree qualitatively well with the operando-
measured difference-resonance spectra, reflecting the similar
nickel-oxygen hybridization in these systems. This indicates
that the oxygen prepeak occurs as a unique feature in different
crystal lattice symmetries, being closely related to the oxidation
of Ni*" to Ni*". Therefore, we considered investigating the
change in the nickel electronic structure upon oxidation in
more detail.

Operando behavior of the Ni-species

To examine changes in the nickel oxidation state with the
applied potential, we compare the measured XA-spectra and
resonant valence band spectra with the calculated or measured
reference spectra. We demonstrate that resonant valence band
spectra from references containing Ni**, Ni** and Ni*" species
can be superimposed to reconstruct operando measured spec-
tral differences. Due to the charge redistribution from Ni to O,
the oxidized species in the active phase should be better written
as (NiOg)*" rather than Ni**® describing the state of Ni species,
which experience one or two holes mainly located at the
neighboring oxygen sites. However, for the sake of simplicity,
we will use the conventional notation (Ni** and Ni**) here as
a short version.

Fig. 4 shows potential-dependent measurements of the
nickel L;-edge PEY-XA spectra obtained by integrating the
valence band region between 0 eV and 40 eV binding energy for
each photon energy step. The resonant enhancements in this
binding energy range originate from the nickel 2p3d3d spec-
tator Auger and 2p-cb-3d participator Auger electron signals.
The nickel Ly-edge of octahedral Ni** present in the reduced o-
Ni(;_Fe,(OH), and in Nij ;5Fe »50, is mainly characterized by
two resonances located at a photon energy of E,, = 853.4 eV
(feature I) and E,,;, = 855.3 eV (feature III). These features arise
from the 3d® initial state multiplets.®® During the OER, a broad
intensity enhancement of the nickel L;-edge arises in the
photon energy range from Ep, = 853.7 eV and Ep,;, = 857.7 €V,

This journal is © The Royal Society of Chemistry 2023
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—— Operando 1: 0.75V vs RHE
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Fig. 4 Top: operando PEY nickel Ls XAS spectra of the activated
Nig 75Feq 250, catalyst. Center: difference spectrum of the reduced
state (mean-spectrum from before and after the oxidizing step) and
the oxidized state. The smoothed curve (in dark green) shown here as
a guide to the eye was achieved by binomial filtering of the difference
spectrum. Bottom: theoretical Ni** and Ni** reference spectra, taken
from Qiao et al.®*

accompanied by an intensity decrease around feature 1. These
changes are completely reverted after returning to non-catalytic
potentials and can be attributed to the reversible oxidation of
a part of the Ni*" species present under non-catalytic condi-
tions. This redox-process corresponds to the well-known Ni-
redox waves* (compare Fig. 1). The lower panel of Fig. 4 also
depicts the calculated reference spectra from Qiao et al. based
on a single impurity Anderson model that couples Ni with a 3 eV
wide ligand band containing up to one hole.** From these
calculations, it is evident that the absorption spectra of Ni**,
Ni*" and Ni*" strongly overlap. It is therefore not trivial to
distinguish whether only Ni** or Ni** is formed exclusively
during oxidation, or whether a mixture of both emerges.
Indeed, this question is still highly debated and all three
scenarios have been proposed. The large nickel K-edge shift
observed in operando measurements of electrodeposited iron—
nickel hydroxides has been attributed to a formal mean valence
of up to 3.8, suggesting that both oxidation states could be
present.’>*®** Other authors found an average oxidation state
close to +3 indicating the nickel species to be mainly present in
the formal Ni**-state.’®** In contrast, operando Mossbauer
spectroscopy studies suggested disproportionation into Ni**
and Ni*".8>se

A comparison of the difference spectrum with the calculated
spectra from Qiao et al.® indicates that the negative signal
contribution around feature I corresponds to a decreasing
amount of Ni*"-species in the oxidized state. The increase
between Ey,;, = 853.7 eV and E,;, = 857.7 €V may be consistent
with the simultaneous occurrence of Ni*" and Ni*". Due to the
restricted accuracy of the calculations, a component fit,
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however, is not trustworthy with calculated references.
Furthermore, since both trivalent and tetravalent Ni
compounds are unstable in air and in contact with moisture,*”
pristine experimental reference spectra are difficult to obtain.
Common Ni**- and Ni**-reference samples, therefore, always
contain Ni** species. Thus, to further probe the nickel oxidation
state, we examine the resonant PES spectra of the nickel species
in more detail.

We measured the resonant valence band spectra at excitation
energies corresponding to the maxima of Ni** XAS (I: 853.4 eV
and III: 855.3 eV), Ni** XAS (II: 854.9 eV, according to Qiao
et al.®*), and Ni*" XAS (IV: 856.2 eV, according to Qiao et al.?%),
which capture the Ni 2p3d3d Auger features. Fig. 5 shows for
each case the spectral differences obtained by subtracting the
resonant valence band spectra measured at 0.85 V vs. RHE from
those measured at 1.75 V vs. RHE. The resulting spectral
changes upon oxidation are a good starting point for eluci-
dating the oxidation state since the Ni 2p3d3d relaxation
channel involves near-valence states.

For feature I at E,;, = 853.4 eV, the difference spectrum is
negative due to the decrease of the Ni*>* resonance, as confirmed
by comparison with experimental data (see Fig. 5 below). At the
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second absorption maximum at E,,, = 855.3 eV (feature III), the
decrease in the Ni*" absorption is overlaid by a much stronger
increase of the Ni** absorption. A fit of the difference between
the resonant valence band spectrum of Ni** containing LiNiO,
and that of the Ni** reference NiO does reproduce the measured
difference well. This also applies for the Ni*' resonance at Epj, =
854.9 eV (feature II). We note that the LiNiO, reference sample
contains some Ni’**, but this is compensated for by the
subtraction procedure. Thus, we were able to reproduce the
potential dependent change of the Ni** resonance at Epn =
856.2 eV (feature IV) by fitting the difference between the reso-
nant Ni** and Ni** valence band spectra. The Ni**-spectrum was
measured on potassium nickel paraperiodate (K,Ni(H,IOg)s)
kept under an inert atmosphere or vacuum. Applying the same
fitting routine using the Ni*" reference instead results in
a slightly worse agreement between data and fit (compare Table
ST2%). This could be an indication that part of the oxidized
species exhibits a Ni**-like valence. When using the Ni*" refer-
ence, the fit at the Ni** resonance deteriorates slightly, which is
consistent with the expected dominance of oxidized Ni**
species. Despite this, our experimental measurements cannot
provide unambiguous evidence for the occurrence of Ni**

: LiNiO,
: Paraperiodate

1 Reference Spectra: Superposition Fits:

@ PC Difference on Res. IV

Intensity [a.u.]

@ PC Difference on Res. |
VB, Calc. Tanaka et al.

Me
— N
—Ni*
858
857
856
3
B 855
2
w
5 854
B
T
853
852
| — 075VvsRHE
851 _‘O — 1.75V vs RHE
i
Intensity [a.u.] 40

30 20 10 0
Binding Energy [eV]

Fig. 5 Difference spectra between resonant nickel valence bands (VB) measured with 1.75 V vs. RHE applied (OER-regime) and with 0.75 V vs.
RHE applied (close to OCP), named electrochemical potential-condition (PC) differences. Also shown: resonant nickel VB spectra (off-resonant
contribution subtracted) of different references containing (mainly) Ni¢*, Ni** and Ni**, measured on the respective absorption maximum (e.g.
854.9 eV for the Ni** reference). These reference spectra are superimposed to fit the difference spectra. The scaling and sign of the reference
spectra represent their contribution to the fits. (a) PC-difference spectrum measured at the Ni** maximum at 856.2 eV photon energy compared
with NiO™ and nickel(iv) paraperiodate resonant VB reference spectra used as fitting components. (b) PC-difference spectrum measured at the
second Ni* maximum at 855.3 eV photon energy together with NiO™ and LiNiO, resonant VB reference spectra. (c) PC-difference spectrum
measured at the Ni*" maximum at 854.9 eV photon energy together with NiO™ and LiNiO, resonant VB reference spectra. (d) PC-difference
spectrum measured at the first Ni>* maximum at 853.4 eV photon energy matching the negative resonant NiO-valence band reference spectrum
quite well. Also shown: off-resonant VB calculated by Tanaka et al.®® The black line in (a—d) corresponds to the smoothed PC-difference spectra.
The green and yellow lines in (a—d) represent the reference superpositions fitted to the PC-difference spectra. Difference fit (green): Ni®*-
reference used for fitting the PC-difference at 854.9 eV and Ni** -reference used for fitting the PC-difference at 856.2 eV. Difference fit* (yellow):
Ni**-reference used for fitting the PC-difference at 854.9 eV and Ni**-reference used for fitting the PC-difference at 856.2 eV. (e) operando PEY
nickel Lz XAS spectra of the activated Nig 75Feq 250, catalyst (same as those shown in Fig. 4) with all resonance-differences emphasized.
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species, but the formation of a small fraction of it is at least
consistent with the data.

It is noteworthy that all difference resonant valence spectra
show a negative contribution at around Ez = 0-3 eV, which
cannot be compensated for by the difference fits. Similar
negative contributions are also present in the difference
between the off-resonant valence band spectra of the oxidized
and reduced states (see Fig. S131), as well as in the valence band
spectrum at the O1s resonance shown in Fig. 3. According to
Tanaka et al., the off-resonant XPS signals of the outer 3d
electrons of NiO are expected at binding energies between 0 eV
and 3 eV (see Fig. 5).*® However, their intensity is several orders
of magnitude lower compared to that of the resonant features.*®
Consequently, a decrease of the off-resonant Ni 3d signal due to
Ni oxidation would be consistent with the occurring differences,
but cannot be considered as an explanation here. It is more
likely that the valence band shifts due to inhomogeneous local
potentials of the individual components caused by the applied
voltage. This could be explained by the same phenomenon that
also affects changes in the O 1s peak (see the discussion in
Section D of the ESIT).

In conclusion, the electrode potential-dependent Ni L;-edge
PEY-XA as well as the Ni 2p3d3d-resonant Auger spectra are
consistent with the simultaneous presence of Ni** and Ni**
species in Ni;_,FexOOH, under catalytic conditions. More
detailed Ni 2p3d3d-resonant Auger spectra hold the potential to
separate the spectral contributions of Ni** and Ni*".

Deriving the oxygen p-DOS of the active state

To interpret the observed electronic structure changes with
respect to the OER-mechanism, we conflate our results of the
oxygen K-edge absorption, oxygen RPES and O 1s XPS. This
allows us to assess the role of oxygen species during catalysis.
The signal of PEY-XAS is proportional to the empty density of
states in the conduction band, while RPES enhances the
photoelectron signal originating from the occupied density of
states in the valence band. Both spectrum types, therefore,
complement each other to yield the partial density of states of
the species probed.***°

Combining the oxygen K PEY-XAS and RPES requires us to
know the binding energy of the core level states being excited
during the initial photoexcitation. The XPS-signal corresponding
to these states is covered as a contribution to the O 1s region
measured at oxidizing electrode potentials (shown in Fig. S6T).
Thus, their binding energy cannot be easily extracted. Following
our discussion above and in Section D of the ESI, the active
phase contains additional deprotonated oxidic species compared
to the reduced hydroxide phase. We thus assume these to be the
oxygen species related to the active phase, which is also consistent
with the finding that the y-phase is almost completely deproto-
nated.” As Loyty et al. have shown for electrodeposited iron-
nickel hydroxides, the fraction of oxidic O 1s intensity increases
and the hydroxide contribution decreases at oxidizing electrode
potentials.> Changes in the oxygen core level binding energy of
the catalyst are insignificant in our data, which is consistent with
the binding energies of the oxidic species remaining unchanged.

This journal is © The Royal Society of Chemistry 2023
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We, therefore, argue that the core-level binding energy of the
oxygen species in the active phase is approximately the same as
that of the oxidic oxygen in Nij ;5Feg 250y, which we determined to
be Eg = 529.6 eV. This value is similar to the O 1s binding energy
of oxidic species in FeOOH, which was reported to be between
Eg = 529.6 eV and Eg = 529.9 V.

The core-level binding energy calibrated to the Fermi level Ex
represents the photon energy necessary to (virtually) excite an
electron to Eg. Thus, the latter can be used to identify the Fermi
level with respect to the unoccupied states probed by PEY-XAS.
Based on the known Fermi level, we combine the PEY-XA-
spectrum of y-Nig ;5Feq,5;00H, measured at 1.75 V vs. RHE
and the corresponding RESPE-spectrum at 528.9 eV photon
energy calibrated against the Fermi level to create the partial-
DOS shown in Fig. 6. Here, we focus only on the oxygen-
derived density of states, as photoexcitation from O 1s can
only occur to oxygen-hybridized states due to dipole selection
rules. Since we probe a heterogeneous system, the PEY-XA-
spectrum covers contributions from graphene oxide and
possibly hydroxide species of the electrolyte along with the
contributions of interest corresponding to the active phase.
Only the pre-peak can be unequivocally attributed to the active
phase, while other contributions being probably similar to the
oxidic species in Nig ;5Feg 250, may be present at higher binding
energies.

We added the O K-edge PEY-XA-spectrum of dry Nigs-
Fey 250y to Fig. 6 to illustrate the possible energetic position of
the oxide signals. We note that the energy scale and the position

7T B

~53eV

Binding Energy [eV]

O Active-Phase Pre-Peak
""" Nig.75F€0.250y

20 N .,

Fig. 6 Experimental oxygen partial density-of-states of the active
phase oxidic species (left, catalyst side) related to the energy levels of
relevant redox couples (right, electrolyte side). The two spectral
components (PEY-XA-spectrum and RESPE-spectrum) are scaled to
have the same maximum height. Dark green line: PEY-XAS of the dry
Nip.7sFeg 250x-phase, demonstrating its unoccupied states above Ef.
Light green line: reference PEY-XAS of Ni(OH),. Light blue line: 1s-cb-
2p-participator Auger signal. Gray line: 1s2p2p spectator Auger signal.
Shaded dark green area: unoccupied p-DOS. Shaded light blue area:
occupied p-DOS.
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of the Fermi level only refer to the oxidic oxygen species of the
active phase. The other species contributing to the PEY-XA-
spectrum, in general, exhibit different core level binding ener-
gies. Therefore, their binding energy scale and Fermi level are
shifted relative to the active phase reference given here. As an
example, we invoke hydroxide-like species represented by the
oxygen K PEY-XA-spectrum of a Nig,sFeq,5(OH), reference
sample plotted as the light-green dashed line in Fig. 6. Although
the related Fermi level is at higher energy according to the
higher binding energy of the hydroxide core level of Ez =
531.3 eV from which it is derived, the relative position of the
unoccupied states to the Fermi level is very similar for oxidic
and hydroxide species. In contrast to the unoccupied part of the
oxygen p-DOS, the occupied part represented by the RESPE-
spectrum measured at 528.9 eV photon energy exclusively
refers to the oxidic oxygen species of the active phase, since all
off-resonant contributions were subtracted. Certainly, the part
of the RESPE-spectrum shown in Fig. 6 is composed of the 1s-
cb-2p participator and the 1s2p2p spectator Auger signals, as
indicated by a fit using two Voigt functions. Only the 1s-cb-2p
participator (blue-shaded) reflects the occupied states, as the
binding energy of the participator (dashed gray) appears to be
shifted according to the band gap and the additional screening
contribution of the excited electron in the intermediate state.
We note that the exact contribution of the participator indicated
by the fit (light blue) is quite uncertain due to the given noise
level. It only serves for illustration and in the further discussion,
we do not use the energetic position or valence band shape
resulting from this fit. The certainty of energetic levels in the
derived p-DOS is discussed in detail in Section G of the ESIL.}

Based on the position of the Fermi level, we determine the
electrode potential of the O,/OH -redox couple relative to the
binding energy scale as developed by Gerischer.” For this, we
assume the Fermi level on the electrolyte side to be equilibrated
with the semiconductor side at open circuit potential (OCP),
which was determined to be at 0.95 V vs. RHE.*>"” From these
assumptions, it directly follows that the Fermi level of the active
phase appears shifted by 0.8 V vs. OCP. This defines the energy
level of the RHE and the equilibrium potential of the O,/OH -
redox couple, which is 1.229 V vs. RHE. Additionally, the
vacuum-level was determined to be about 4.5 eV above the
standard hydrogen electrode (SHE).”® Taking into account the
Nernstian shift between RHE and SHE, the vacuum level on the
electrolyte side can also be added (see Fig. 6).

As already alluded to, the unoccupied states reflected by the
pre-peak occurring upon lattice oxidation, and the occupied
states reflected by the participator Auger signal, can be clearly
attributed to the active phase. An energy gap of about E, =
1.5 eV can be identified between the two parts of the p-DOS, if
the onset of the smoothed resonance spectrum is used as the
valence band edge. This is consistent with the calculated band
gap values of the active phase,**?* and is close to the experi-
mental value of 1.8-1.9 eV determined by Carpenter & Corri-
gan.” This suggests that our assignment of core level binding
energy is fairly realistic.

Most strikingly, the Fermi level is not positioned within this
band gap and parts of the unoccupied density of states are
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located below the Fermi energy. This is not uncommon for
oxide material systems, as the gap between the occupied DOS
and the DOS derived from oxygen 2p and transition metal
(4s,4p)-hybridized states can contain localized covalent defect
states derived from oxygen 2p and transition metal 3d states.
For example, Schmidt & Schmeifder have identified such local-
ized states in Co,Ni3o0,.°° In our case, the unoccupied density
of states below the Fermi level can be rationalized by the non-
equilibrium condition caused by the applied electrode poten-
tial. Under OCP conditions, a source of electrons is present, and
oxidizing processes at the interface will change the surface
chemistry and would fill these states,*®*' as reflected by the
vanishing oxygen PEY-XAS pre-peak for the lower electrode
potentials. As can be seen from the derived Gerischer-diagram
shown in Fig. 6, such a process can be a step of the OER, as
the level of the O,/OH -redox couple is positioned above the
pre-peak states. This finding does not depend on our choice of
calibration corresponding to an upper bound of the energetic
position of the unoccupied p-DOS. Consequently, the oxygen-
derived states reflected by the pre-peak are suitable acceptor
states for the OER. The finding that oxygen evolution starts just
after passing the reversible redox potential of the active phase is
in agreement with a substantial role that the oxygen holes might
play in the OER, as they are only present in the oxidized form of
the catalyst. We note that this does not necessarily designate the
oxygen species to be the active sites or primary electron accep-
tors. Highly active sites additionally must provide an ideal
orbital overlap with the reactants to form energetically benefi-
cial intermediates.' Indeed, similar oxygen-derived hole states
have been identified in iridium oxide and could be assigned to
bridging defect oxygen species participating in the OER. But for
NiFe hydroxides, recent '*O-labeling studies have shown that
the oxygen species do directly participate in the OER.”'**'** The
OER-reactive centers are probably related to the iron edge- or
defect sites or adsorbed iron species.**?*

As already examined, the pre-peak reflects hole states
primarily located at the O 2p states occurring as O 2p metal 3d
hybridized states in nickel-oxygen compounds containing
Ni**?. Our results now allow for the first time the correlation of
these states with the Fermi level and the identification of their
contribution to the band structure of the active phase. Consis-
tent with their position within the covalent gap, we assume
these states to be formed upon the next nearest neighbor
charge-transfer processes: M 3d"” O 2p® < M 3d™" O 2p°.*°
Consequently, they are localized at the dominating bulk oxygen
species of the oxidized phase, which likely make them also
influence the most active edge- and defect sites. Due to their
covalent character, these states might cause the additional
phonon mode detected by operando Raman spectroscopy, which
was previously attributed to Ni-OO ™ superoxol-type species.****>
Furthermore, as these charge transfer states are directly related
to the oxidized neighboring metal species, and as one oxygen is
always coordinated to three individual metal species in an ideal
lattice, it would be reasonable that charge-transfer processes
promote mutual influence of the oxidation state of neighboring
metal species. This would well explain the upshift of the y-
NiOOH,, reversible redox potential upon iron doping”® and the

This journal is © The Royal Society of Chemistry 2023
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downshift of the iron reversible oxidation potential in vy-
Ni(; _,)Fe,OOH, compared to that in pure FeOOH,* under-
pinned by states of oxidized Fe*'-O species reported for bulk
material.>*%>%¢

Braun et al. observed the formation of oxygen-related hole
states on hematite photoanodes upon illumination, which
become refilled during the OER.' This indicates that such
states play an important role in catalytic turnover. We argue that
the charge-transfer processes would also take place between
lattice oxygen species and iron species involved in the OER.
Therefore, they potentially promote oxidation of the active sites.
It has been observed that the intrinsic, conductivity-corrected
turnover frequency of iron-related active sites is higher in
FeOOH compared to in mixed Ni-Fe oxyhydroxides.'** Our
findings suggest that this synergistic effect between iron and
nickel in the active phase can be explained by an oxidizing
impact of the oxygen-related charge-transfer states occurring in
the vicinity of oxidized Ni species on iron-related active sites.
This would also be in accordance with their electron acceptor
character. On the other hand, these oxygen-related hole states
could also modify the covalency of non-lattice oxygen interme-
diates on the catalyst surface. Recent studies indicate that the
formation of intermediates is accompanied and supported by
charge redistribution effects in transition metal OER cata-
lysts.*>*> Consequently, oxyl-like surface-structure motifs
exhibiting the demonstrated charge redistribution are poten-
tially involved in catalytic steps like, e.g., the O-O bond forma-
tion stabilizing suitable intermediates, which determine the
OER kinetics.

Our findings highlight the relevance of charge-redistribution
in Ni-Fe catalysts for the OER. Future material design should
involve this important property, which depends on the Fe
concentration and can additionally be tuned by doping with
other transition metal species like Co.'*

Conclusions

We have applied resonant photoelectron spectroscopy to gain
insight into the electronic structure of y-Ni(; _,)Fe,OOH,, which
is a state-of-the-art alkaline OER-catalyst. From oxygen core
level XPS, the resonant valence band at 528.9 eV photon energy
and oxygen K PEY-XAS, we were able to construct the p-DOS of
the oxygen-derived species. Based on thais, we have revisited the
role of oxygen species in the redox transition and the OER. The
active phase contains oxygen-derived charge transfer states,
which are involved in the collaborative oxidation of iron and
nickel species. These charge transfer states potentially promote
the oxidation of iron-related active centers. Consequently, they
act as indirect acceptor states for the OER. Thus, these states
might be the key to understand the synergistic effect between
iron and nickel in y-Ni(;_,Fe;OOH,. Furthermore, the metal-
oxygen charge redistribution effects support the formation of
oxyl-like surface motifs, which are potentially involved in the
catalytic turnover. Additionally, we investigated the nickel
oxidation state based on nickel L; PEY-XAS and the 2p3d3d-
resonant Auger signals. While Ni** and Ni'* like species
cannot be distinguished from XAS, applying linear combination

This journal is © The Royal Society of Chemistry 2023
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analysis based on resonant PE spectra is a promising approach
to extract insight into the most likely oxidation state/s of the
material under realistic working conditions, provided that
sufficiently good counting statistics can be achieved.

Our study shows that resonant operando photoelectron
spectroscopy is a powerful tool for illuminating details of the
electronic structure of a catalyst, which are key for the under-
standing of electrocatalytically active interfaces.
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