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ABSTRACT: Ni-based oxygen evolution catalysts (OECs) are cost-effective UV-vis

and very active materials that can be potentially used for efficient solar-to-fuel
conversion process toward sustainable energy generation. We present a
systematic spectroelectrochemical characterization of two Fe-containing Ni-
based OECs, namely nickel borate (Ni(Fe)—B;) and nickel oxyhydroxide
(Ni(Fe)OOH). Our Raman and X-ray absorption spectroscopy results show
that both OECs are chemically similar, and that the borate anions do not play an
apparent role in the catalytic process at pH 13. Furthermore, we show
spectroscopic evidence for the generation of negatively charged sites in both
OECs (NiOO™), which can be described as adsorbed “active oxygen”. Our data
conclusively links the OER activity of the Ni-based OECs with the generation of
those sites on the surface of the OECs. The OER activity of both OECs is
strongly pH dependent, which can be attributed to a deprotonation process of
the Ni-based OECs, leading to the formation of the negatively charged surface

In-situ m A

Electrochemistry W / T

Ni(Fe)OOH, Ni(Fe)-B, ‘o

sites that act as OER precursors. This work emphasizes the relevance of the electrolyte effect to obtain catalytically active phases
in Ni-based OECs, in addition to the key role of the Fe impurities. This effect should be carefully considered in the development
of Ni-based compounds meant to catalyze the OER at moderate pHs. Complementarily, UV—vis spectroscopy measurements
show strong darkening of those catalysts in the catalytically active state. This coloration effect is directly related to the oxidation

of nickel and can be an important factor limiting the efficiency of solar-driven devices utilizing Ni-based OECs.

B INTRODUCTION

The development of clean, efficient, and sustainable alternatives
to fossil fuels has become one of the most pressing issues facing
humanity today. Renewable electricity generation through solar
and wind power could provide enough energy to power the
planet for the foreseeable long-term future.'~> However, large-
scale storage of the energy produced by such intermittent
sources remains a major challenge. One of the most promising
methods to store renewable electricity is through the
electrolysis of water (H,O0 — H, + 1/2 O,). The hydrogen
and oxygen produced via water electrolysis can be subsequently
recombined in a fuel cell to produce electricity and water, thus
making the overall energy conversion cycle complete.”* In
order to make this technology scalable, cheap, and efficient,
catalysts are needed to drive the hydrogen and oxygen
evolution reactions. The hydrogen evolution reaction implies
the transfer of two protons and two electrons, and there are
catalysts that can drive this reaction near to the equilibrium
potential (0 V vs RHE).” However, the oxygen evolution

-4 ACS Publications  © 2015 American Chemical Society

reaction (OER) involves the transfer of four protons and four
electrons, and it proceeds far from the equilibrium potential
(1.23 V vs RHE), which causes large energy losses in the overall
water splitting process.”® Therefore, a focus on understanding
the OER in order to improve its kinetics is paramount for
enabling large-scale renewable energy storage.

Ni-based catalysts are one of the best alternatives”™'* to the
most active, yet prohibitively expensive catalysts based on
scarcely abundant ruthenium and iridium oxides. Therefore, the
anodes for large scale commercial alkaline electrolyzers are
mostly based on nickel and its alloys."”~"* Nickel-based OECs
are known to oxidize water in alkaline media with activity
comparable to RuO, and IrO, benchmark catalysts.é_12 In
particular, Ni(OH),/NiOOH has a beneficial three dimension-
ally porous brucite structure that facilitates easy ion transport
and charge conductivity.'® This catalyst has recently been used
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in direct photoelectrochemical water splitting cells, where it
forms a so-called adaptive _}'unction when placed on semi-
conductor photoelectrodes.'”'® In the past few years, a new
form of this catalyst has been developed to form a nickel—
borate (Ni—B,) OEC."” This heterogeneous catalyst can be
electrodeposited as a thin film from solutions containing
Ni(aq)“ and the proton-accepting borate anions. Ni—B; can
mediate the OER under mild conditions and with high
activity.”” It is believed that Ni—B; is composed of nanosized,
molecular-like clusters/domains of NiOOH, which results in a
much larger fraction of surface—ex*iposed, catalytically active
nickel centers, relative to NIOOH.”' However, a recent study
from the Boettcher group finds that the activity of Ni—B; is
mainly due to the Fe impurities and not the Ni sites,”” a result
that is also consistent with previous findings of the beneficial
role that Fe plays in the catalytic activity of pure NiOOH.**™*°
It is therefore important to note that previous Ni-based OEC
systems demonstrating low onset potentials are actually
reporting on materials that have some iron incorporated, as
shown indisputably by the Boettcher group.”””’ Therefore,
given the importance of Fe for the OER activity, we assume
that all the Ni-based OECs obtained in our study from
nonpurified media should be referred to as Ni(Fe)OOH/
Ni(Fe)—B,.

To further understand the mechanisms and functionalities of
these promising catalysts and to exploit the potential of their
high catalytic activity, it is imperative to track the changes
occurring in them during the OER reaction. Spectroelec-
trochemical characterization techniques allow to study in situ
the processes at the electrode interface during the catalytic
reaction without affecting the performance of the catalyst, and
can therefore be used to track the changes in the nickel-based
OECs during electrochemical water oxidation.

This work presents an electrochemical and UV—vis/Raman/
XAS spectro-electrochemical study of the structural and
electronic changes of Ni(Fe)OOH and Ni(Fe)—B; catalysts
during the electrochemical water oxidation reaction. Our results
indicate that both Ni(Fe)OOH and Ni(Fe)-B; structurally and
electronically change in a very similar manner, indicating a
similar composition, morphology, and physical characteristics.
We also demonstrate a significant effect of electrolyte pH on
the activity of both catalysts toward oxygen evolution. Surface
Enhanced Raman Spectroscopy (SERS) measurements indicate
the formation of negatively charged surface sites in the OECs
(adsorbed “active oxygen”) due to a deprotonation process.
Those “active oxygen” species act as an OER precursor that
explains the pH sensitivity of the OER catalytic activity. The
deprotonation process has a crucial effect on the OER activity
of Ni-based OECs at moderate pHs, which should be
considered separate from the effect of the Fe impurities in
the electrolyte, reported to enhance the catalytic activity of
Ni-based electrocatalyst toward OER.***>*°

B EXPERIMENTAL SECTION

Preparation of Ni(Fe)—B; and Ni(Fe)OOH Thin Films on FTO.
Thin layers (~20 monolayers) of Ni(Fe)—B; and Ni(Fe)OOH were
electrodeposited on fluorine-doped tin oxide coated glass substrates
(FTO, 15 Q/cm, TEC-15, Hartford Glass Co.). Prior to the
deposition process, substrates were cleaned by three successive cycles
of ultrasonic rinsing in a 10% aqueous triton solution, acetone, and
isopropanol, for 15 min each time. All the chemicals were used as
received, without any further purification. The 0.5 M borate buffer
(K-B;) pH 9.2 was prepared from 0.5 M aqueous solution of H;BO;
(99.8%, Alfa Aesar) titrated with KOH (99%, Sigma-Aldrich) to

pH 9.2. The Ni(Fe)—B; catalysts were electrodeposited from a 0.5 mM
aqueous solution of Ni(NO;),-6H,0 (98.5%, Sigma-Aldrich), using
0.5 M K-B; pH 9.2 as supporting electrolyte. The Ni(Fe)OOH
catalysts were electrodeposited from a S mM aqueous solution of
Ni(ClO,),-6H,0 (Sigma-Aldrich), using KCI (>99%, Sigma-Aldrich)
with a total ionic strength of 0.1 M. The water used to prepare all
solutions was deionized and ultrafiltrated by a Milipore Milli-Q system
(resistivity >18.2 MQ-cm). The electrodeposition was performed in a
single compartment electrochemical cell, using an Ag/AgCl (sat. KCl,
sat. AgCl) (XR300, Radiometer Analytical) as reference electrode and
a coiled Pt wire as a counter electrode. All potentials are reported
versus the reversible hydrogen electrode (RHE), calculated according
toeq 1:

ERHE EAg/AgCl(sat.KCl)

+ EOAg/AgCl(satAKCl) + 0059APH (1)

where ERE js the potential versus RHE, EA#/A¢Cl(atKCD o the
potential applied experimentally, and EOAg/AgCl (sat. k1) 18 the standard
potential of the Ag/AgCl (sat. KCI) versus the normal hydrogen
electrode (0.197 V),”’ ApH accounts for the difference in pH of the
working solution respect to the normal hydrogen electrode (pH zero).
The electrodeposition was performed with a potentiostat/galvanostat
(EG&G PAR 283). The Ni-based electrocatalysts were deposited both
potentiostatically and galvanostatically. The potentiostatic electro-
deposition of Ni(Fe)—B, was carried out at 1.7 V vs RHE. During the
galvanostatic electrodeposition, the current was kept constant at
10/—10 pA for Ni(Fe)—B; and Ni(Fe)OOH respectively. The
electrodeposition of Ni(Fe)—B; and Ni(Fe)OOH was performed for
a period of time ensuring formation of ca. 20 monolayers of coverage.
The time for Ni(Fe)OOH electrodeposition was calculated according
to the real surface area of the working electrode in order to deposit 20
times 663 uC cm™, which corresponds to the charge needed to
deposit one monolayer of closely packed metallic nickel from a Ni**
solution (atomic radius of nickel 0.124 nm®®). Theoretical estimation
of time needed to fabricate Ni(Fe)—B; films of desired thickness is
difficult, since water oxidation reaction can readily occur at potentials
facilitating Ni(Fe)—B; deposition. Consequently, Ni(Fe)—B; films of
thicknesses comparable to Ni(Fe)OOH were electrodeposited with
the aid of the in situ UV—vis setup described later in this section.
Thus, a typical electrodeposition of a Ni(Fe)—B; film was terminated
when the change in the optical transmission of the sample (monitored
in situ) was the same as for a Ni(Fe)OOH film held at potential equal
to the one used during the Ni(Fe)—B; deposition.

Electrochemical Performance of Ni(Fe)-B; and Ni(Fe)OOH
Thin Films on FTO. The same setup as described in the previous
section was used for voltammetric measurements. Samples were
examined either right after the preparation or after electrochemical
conditioning. The polarization curves were obtained by cyclic
voltammetry in the potential range 1.1-1.9 V vs RHE, scanning at
10 mV/s in KOH 0.1 M or K—B;, 0.5 M. The electrochemical
conditioning procedure consisted of 200 voltammeric cycles between
1.25—2.0 V vs RHE, with a scan speed of 500 mV/s.

UV-vis Spectroscopy. The ultraviolet—visible (UV—vis) meas-
urements were performed with a homemade setup. It consisted of a
deuterium-halogen UV—vis lamp (Ocean Optics DH-2000-BAL),
optical fibers (Ocean Optics, 200 um fiber core diameter), a single
compartment with 3-electrodes electrochemical cell, and a spectrom-
eter (Ocean Optics, Maya 2000 Pro). All these elements were aligned
together in such a way that UV—vis light was shone on the back side of
a sample mounted in an electrochemical cell, and the transmission
signal was collected on the other side by a spectrometer (see Figure
S1). The change in transmission was recorded in situ while performing
the electrochemical experiment. Cyclic voltammetry experiments were
performed using the same setup as described above. The samples of
Ni(Fe)—B; and Ni(Fe)OOH mounted in this setup were scanned with
cyclic potential (potential range 1.1-1.9 V vs RHE, scan rate of 10
mV/s) in KOH 0.1 M or K—B; 0.5 M, and the change in transmission
was simultaneously monitored.

Surface Enhanced Raman Experiments. The glassware was
thoroughly cleaned before starting experiments by boiling in a 1:3
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mixture of concentrated HNO;/concentrated H,SO, to remove
organic contaminations after which it was boiled five times in water.
The water used to clean glassware and to prepare solutions was
demineralized and ultrafiltrated by a Milipore MiliQ system (resistivity
>18.2 MQ cm and TOC < S ppb). Electrolyte solutions were prepared
with high quality chemicals, KOH (Sigma-Aldrich, semiconductor
grade), H;BO; (Merck, pro-analysis), Ni(NO;),-6H,0 (Sigma-
Aldrich, trace metals).

The experiments were performed in a confocal Raman microscope
(LabRam HR, Horiba Yobin Yvon), using a SOX objective. The
excitation source was an HeNe laser (633 nm). Backscattered light was
filtered by an edge filter, directed to the spectrograph and to the
detector. Details of the setup can be found in refs 29 and 30. The
electrochemical SERS experiments were performed with a potentio-
stat/galvanostat (yAutolab Type III, Metrohm), using a homemade
three-electrode and two compartment cell with the reference electrode
separated by a Luggin capillary. The counter electrode used was a gold
spiral, an Ag/AgCl (sat. KCl, sat. AgCl) was used as reference
electrode and a roughened gold surface as working electrode. SERS
experiments were made both in 0.1 M KOH and 0.5 M K—B; pH 9.2.

All potentials for these experiments are reported versus the
reversible hydrogen electrode (RHE) in the working pH, otherwise
stated. The potentials of reference electrode versus RHE were
calculated according to eq 1, and verified by measuring the equilibrium
potential of a Pt wire electrode at the working solution saturated with
H,

Prior to each measurement, the working electrode was mechanically
polished to a mirror finish using alumina slurries (Buehler) with
different grain sizes to 0.3 ym, rinsed with MiliQ water and sonicated
in 1 M KOH during S min to remove all residuals of mechanical
polishing. Next, the gold electrode was electrochemically polished by
scanning 200 cycles of voltammetry in HCIO, 0.1 M, scanning in the
potential range 0—1.75 V vs RHE at 1000 mV/s. The electrode was
roughened by 25 oxidation—reduction cycles (ORC) in KCl solution
0.1 M. The ORC were performed by scanning the potential from
—0.30 to 1.30 V vs Ag/AgCl (sat. KCl, sat. AgCl) at 1000 mV/s and
scanning the potential back at 500 mV/s. The potential was held for
30 s at the negative limit and for 1.3 s at the positive limit, this method
is reported to produce a brownish surface that is SERS active.*

The roughened gold electrode was thoroughly rinsed with water to
measure a cyclic voltammetry in the potential range 0—1.75 V vs RHE
in HCIO, 0.1 M at 50 mV/s. The surface area of the electrode was
estimated based on the charge of the reduction peak of the gold oxide,
assuming 390 uC cm™> for the charge for one monolayer of gold
oxide.*?

Nickel(II) hydroxide was formed on the roughened gold electrode
by electrochemical oxidation of metallic nickel, which was plated
galvanostatically from a Ni(NO;),-6H,O solution 5 mM, using KCI
0.1 M as a supporting electrolyte. The electrodeposition was carried
out by applying cathodic currents (—10 yA) for a given time, in order
to get ca. 20 monolayers of coverage.

Ni(Fe)—B; was deposited potentiostatically on the roughened gold
electrode from a Ni(NO,),-6H,0 solution 0.5 mM, using 0.5 M K—B;
pH 9.2 as supporting electrolyte. The electrodeposition was carried
out by applying 0.95 V vs Ag/AgCl (sat. KCl, sat. AgCl) for a period of
60 s.

X-ray Absorption Spectroscopy. In situ X-ray Absorption Near
Edge Fine Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS) measurements at the Ni K-edge (8.333 keV) were
collected at the Dutch-Belgian Beamline (DUBBLE) at the European
Synchrotron Radiation Facility (ESRF).> The energy of the X-ray
beam was tuned by a double-crystal monochromator operating in
fixed-exit mode using a Si(111) crystal pair. In situ XANES and
EXAFS spectra of the samples were collected in fluorescence mode
using a 9-element Ge detector (Ortec Inc.), whereas reference spectra
of the metallic Ni foil and the Ni Oxide were collected in transmission
mode using Ar/He-filled ionization chambers at ambient temperature
and pressure. The EXAFS spectra, three scans per sample, were
energy-calibrated, averaged and further analyzed using GNXAS.***° In
this approach, the local atomic arrangement around the absorbing

atom is decomposed into model atomic configurations containing 2, ...,
n atoms. The theoretical EXAFS signal y(k) is given by the sum of the
n-body contributions % 7°, .., y", which take into account all the
possible single and multiple scattering (MS) paths between the n
atoms. The fitting of (k) to the experimental EXAFS signal allows to
refine the relevant structural parameters of the different coordination
shells; the suitability of the model is also evaluated by comparison of
the experimental EXAFS signal Fourier transform (FT) with the FT of
the calculated y(k) function. The coordination numbers and the global
fit parameters that were allowed to vary during the fitting procedure
were the distance R(A), Debye—Waller factor (¢*) and the angles of
the y” contributions which were defined according to the crystallo-
graphic structures used in the data analysis. The threshold energy
E; = 0 was defined at 8333 eV according to the Ni foil value.

Atomic Force Microscopy (AFM). AFM surface scans were
performed using an NT-MDT Ntegra apparatus coupled with an NT-
MDT P8 XPM controller and with an NT-MDT NSG30 cantilever
mounted. Scans were taken over an area of 1 X 1 ym? with a 1 Hz
frequency and a resolution of 512 X 512 points.

X-ray Photoelectron Spectroscopy (XPS). XPS experiment was
performed using the Thermo Scientific K-alpha apparatus equipped
with an Al K-alpha X-ray Source and a Flood Gun. Parameters used for
the measurements were: spot size of 400 ym, pass energy of 50 eV,
energy step size of 0.1 eV, dwell time of 50 ms, 20 scans in the vicinity
of Ni 2p and O Is orbitals binding energy. XPS spectra were corrected
for the C peak position.

B RESULTS AND DISCUSSION

Cyclic Voltammetry of Nickel(ll) Hydroxide and Nickel
Borate during Electrochemical Water Oxidation in
Alkaline Media. The electrochemical properties of both
nickel based oxygen evolution catalysts were first examined in
different electrolyte media. It is important to mention that
chemicals used throughout this work were not scrubbed of the
Fe content. It has been shown that in rigorously iron-free
environment, the onset for OER is about 1.8 Vﬂ)zs,zs,zs
whereas the reasonably low onset of 1.55 Vyy;; that we observe
in our case is indicative of Fe contamination.””*’ We are
therefore certain that a non-negligible content of Fe was
unintentionally incorporated into our materials. Thus, given the
enormous effect of iron impurities on activity of Ni-based
OECs toward OER, the studied compounds should be
considered as Ni(Fe)OOH and Ni(Fe)—B, and not as
NiOOH and Ni—B..

Figure 1 shows the cyclic voltammetry of nickel(1l)
hydroxide in 0.1 M KOH pH 13 (dotted black line). The
pair of peaks in the potential region 1.25—1.50 V vs RHE is
attributed to the Ni*/Ni** redox couple,*>*” followed by the

s KOH (0.1M, pH 13) ]
61 KOH + H,BO, (0.1M+10uM, pH 13) 7
51 K-B, (0.5M,pH9.2) 7/ -
‘*; ; —— Ni(Fe)-B,
g O e Ni(Fe)OOH
g 29 ]
_—r 1
04 ]
1] ; ]
12 14 16 18
V vs RHE (V)

Figure 1. Polarization curves of Ni(Fe)—B; (solid lines) and
Ni(Fe)OOH (dotted lines) in 0.1 M KOH (black) 0.1 M KOH +
0.01 M H;BO; (red) and 0.5 M K—B; (blue). Scan rate: 10 mV/s.
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Figure 2. Contour plots of normalized transmission as a function of wavelength and potential for (a) Ni(Fe)—B; and (b) Ni(Fe)OOH in 0.5 M

K—B; electrolyte, pH 9.2.

electrochemical oxygen evolution at potentials higher than
1.6 V vs RHE.

Ni(OH), is reported to crystallize in a disordered
a-Ni(OH), phase, that oxidizes to form y-NiOOH at ca.
135 V vs RHE.**” The a/y transition correspond to the
Ni**/Ni** redox couple of the nickel-based catalyst and will be
referred as the @/y transition in the rest of the work. The
potential region for the a/y transition measured in this work
corresponds well with the previously reported data.”**® The
catalytic activity of Ni(Fe)(OH), was also studied in a borate
buffer electrolyte held at pH 9.2 in order to understand the
effect of the borate anion on the catalytic activity of the
hydroxide toward the oxygen evolution reaction. The study of
the electrocatalytic activity of Ni(Fe)(OH), in borate media
allows us to get a better understanding of the catalytic activity
measured for Ni(Fe)—B, which will be presented later. From
the cyclic voltammetry of a sample of Ni(Fe)(OH), in borate
buffer pH 9.2 (Figure 1, dotted blue line) is noticeable that the
potential for the Ni(OH),/NiOOH transition shifts to higher
potentials by about 0.1 V, and the activity toward oxygen
evolution is seriously inhibited when compared with the activity
observed in KOH.

We also investigated the electrochemical properties of
Ni(Fe)(OH), in KOH with the slight addition of H;BO,
(Figure 1, dotted red line) to test if the borate anions are the
cause of the observed inhibitory effect in K—B;. Boric acid was
added to KOH 0.1 M to give a nominal H;BO; concentration
of 0.01 M. The pH of this solution was approximately 12.5,
which is very close to the pH 13 of pure KOH 0.1 M, so we can
neglect the pH effect. The results indicate that at pH 13 the
borate anion does not influence the catalytic activity of
Ni(Fe)(OH), toward water oxidation, but the enhanced
activity is rather related to the effect of the electrolyte pH.

The catalytic activity toward oxygen evolution was also
studied for Ni(Fe)—B,. The cyclic voltammetry of nickel borate
in KOH (Figure 1, solid black line) shows the typical a/y
transition in the potential region 1.25—1.50 V vs RHE, similar
to the region where the transition occurs in nickel(II)
hydroxide. The current density for oxygen evolution in KOH
0.1 M catalyzed by Ni(Fe)—B,; is similar to the values obtained
for the reaction catalyzed by Ni(Fe)(OH),. Ni(Fe)—B; was also
tested in borate buffer pH 9.2, and the results of cyclic
voltammetry are shown in Figure 1 (solid blue line). The
results look quite similar to the voltammogram of

Ni(Fe)(OH), in the same media. Again, the a/y transition
shifts to more positive potentials and the current density
associated with oxygen evolution is lower than the one
observed in 0.1 M KOH. Importantly, no significant differences
in the electrochemical characteristics of the two studied OECs
were observed.

To further decouple the role of pH and borate concentration
in the inhibitory effect of K—B; pH 9.2, we tested Ni(Fe)OOH
in electrolyte with a fixed borate concentration of 0.5 M while
changing the amount of KOH to control the pH in the range
9.2—13. We decided to release the restraint of constant total
ionic concentration and not use any supporting electrolyte in
order to avoid specific adsorption of other anions that could
drastically change the chemistry at the solid/liquid interface and
hence mask the effect of the borate anions. The results are
presented in Figure S2 as JV curves. The cyclic voltammetries
obtained in the pH range 9.2—10 clearly show higher OER-
related Tafel slopes than for measurements performed above
pH 11. The Tafel slopes in pH 11—13 are quite the same as in
0.1 M KOH pH 13 (the small differences observed can be
attributed to the difference in ionic strength). The data in
Figure S2 clearly show that borate hinders the catalytic activity
below pH 10, results that agree well with the kinetic study
reported by Bediako et al.”’ In addition to that, we have shown
that borate anions do not affect the OER catalytic activity of
Ni(Fe)OOH at highly alkaline pHs (above pH 11).

In Situ Electrochemical UV-vis Spectroscopy of
Nickel(ll) Hydroxide and Nickel Borate during Electro-
chemical Water Oxidation in Alkaline Media. To further
confirm the structural changes in our catalysts during
voltammetric cycling, a UV—vis study was performed. The
results obtained by UV—vis spectroscopy are summarized in
Figure 2a,b as contour plots of the normalized transmission
(T/T,) as a function of wavelength and potential, obtained
during cycling voltammetric experiments on Ni(Fe)—B; (Figure
2a) and Ni(Fe)OOH (Figure 2b) catalyst.

The transmission values for a number of selected wave-
lengths were plotted against the electrode potential, and they
are shown with the corresponding polarization curves in Figure
S3a-b for Ni(Fe)—B; and Ni(Fe)OOH catalysts.

During the anodic voltammetric sweep, the transmission of
Ni(Fe)OOH drops very sharply, down to about 35% of the
initial value. When scanning back in the negative direction, we
record an opposite change as the transmission increases. These
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optical transitions occur reversibly, i.e., during cathodic sweeps
the optical properties are reverted back to the initial state at the
end of each voltammetric cycle. Interestingly, the potentials at
which the optical transitions occur coincide very well with the
potentials at which the oxidation and reduction waves are
observed (Figure S3). When scanning anodically, at potentials
corresponding to the onset of the Ni**/Ni** oxidation wave (ca.
1.5 V vs RHE), the transmission starts to decrease. The end of
the transition coincides well with the offset of the Ni**/Ni**
oxidation wave (ca. 1.6 V vs RHE). In the OER potential
regime, the transmission remains relatively unchanged. During
a cathodic sweep, a reverse optical transition can be observed in
between potentials corresponding to the Ni**/Ni** reduction
wave onset and offset (ca. 1.4 and 1.25 V vs RHE). Importantly,
these redox waves correspond to the catalyst activation. These
results imply that significant light absorption by these OECs is
inherent to the catalytically active state.

Corrigan et al. have performed an extensive study of
electrochromism in thin films of NiO, and Ni(OH),.”*™*
They showed huge differences in optical properties of NiO,
films subjected to various potentials: initially transparent NiO,,
attains brownish color upon oxidation. Our results are in
agreement with their findings. Furthermore, results from the
group of Lampert42 show that coloring of Ni(OH), occurs
more rapidly than bleaching of NiOOH. This is consistent with
our results, ie, the potential window at which the optical
transition occurs is more narrow in case of the anodic sweep
than the cathodic one, resulting in a steeper slope of the
transmission versus potential hysteresis. Likewise, the oxidation
wave itself is narrower than the reduction one. Our results are
also in agreement with a recent report from the Boettcher
group,” which has shown that in situ spectrophotometry can
be successfully applied to study electrochromic effects in OECs
undergoing redox reactions.

The spectral characteristics of the observed optical transition
in Figure 2 are dominated by a strong and broad absorption
feature observed for wavelengths below 800 nm. This feature
may correspond to a nickel d—d interband transition.
Importantly, no significant differences between Ni(Fe)—B;
and Ni(Fe)OOH were observed in our UV—vis spectral
investigation, in agreement with our electrochemical study
which did not show major differences between Ni(Fe)—B; and
Ni(Fe)OOH (as shown in Figure 1).

In Situ Surface Enhanced Raman Spectroscopy (SERS)
of Nickel(ll) Hydroxide and Nickel Borate during
Electrochemical Water Oxidation in Alkaline Media.
The Raman spectra of the Ni(Fe)(OH), in KOH 0.1 M,
measured in the potential region 1.0—1.9 V vs RHE are shown
in Figure 3a. The spectra in the potential region previous to the
nickel oxidation (1.0—1.3 V vs RHE) show two peaks at ca. 450
and 500 cm™'. Those peaks have been assigned to A,
stretching modes of Ni—OH and Ni—O, respectively.‘W‘M_4§
The alpha phase of nickel hydroxide is a hydrated compound
that would easily deprotonate by applying anodic potentials,44
this deprotonation effect explains the evolution of the peak at
ca. 500 cm™' when the applied potential becomes more
positive.

When the applied potential is higher than 1.4 V vs RHE, the
a/y transition takes place, and the Raman spectra shows two
peaks at ca. 479 and 562 cm™". These peaks match well with the
e, bending vibration and the A;, stretching vibration of Ni—O
in 7-NiOOH.***”***” Furthermore, Figure 3a shows that the
Raman spectra develop rather broad peaks in the region ca.
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Figure 3. SER spectra of freshly prepared Ni(Fe)(OH), acquired in
the potential range 1.0—1.9 V vs RHE in (a) 0.1 M KOH pH 13,
(b) 0.5 M K—B; pH 9.2, and (c) 0.1 M KOH + 0.01 M H;BO;. The
measurements were performed potentiostatically.

900—1150 cm™" when the y-NiOOH is formed. Merril and co-
workers*® reported the same signals during the charge—
discharge process of Ni(OH), in concentrated KOH and
attribute the signal to formation of “active oxygen” on the
surface of the charged nickel hydroxide (NiOOH), they also
described this species as “O%”. The question that rises around
this signal is what is the nature of that activated oxygen and
how does it relate with the OER activity. The SERS study in
moderately alkaline pH (pH 9.2) provides evidence to address
that question and lead to conclusions about its effect on the
OER activity.

Figure 3b shows the Raman spectra of Ni(Fe)(OH), in
0.5 M K-B; at pH 9.2 obtained in the potential region
1.0—1.9 V vs RHE. The wavenumber region 400—600 cm™'
looks similar to the one observed in KOH 0.1 M that is two
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peaks that can be assigned to the Aj, stretching modes of
Ni—OH and Ni—O (see Figure 3a). The main difference that
can be observed is the delay in the appearance of the intense
peaks at ca. 479 and 562 cm™'. These peaks now appear at
potentials higher than 1.5 V vs RHE which is in agreement with
the results obtained from the cyclic voltammetry, where it can
be seen that the a/y transition occurs at higher potentials in
0.5 M K-B; pH 9.2 when compared with the results in 0.1 M
KOH (see Figure 1). Furthermore, the Raman spectra of
Ni(Fe)(OH), collected in K—B; differs substantially from the
signals observed in KOH in the wavenumber region
800—1500 cm~'. There are no peaks in the region
900—1150 cm™!, which suggests that the formation of “active
oxygen 0% during a/y transition is somehow hindered in K—B;
pH 9.2. Additionally, the spectra acquired in borate buffer show
two peaks at ca. 1370 and 1400 cm™ that can be assigned to
the in-plane bending vibration of the B—OH in [B(OH),]”
ions present in the buffer solution.””*°

The spectra in Figure 3a show the formation of the “active
oxygen” species, similar to the results reported in literature.**
However, there are no Raman peaks corresponding to this
species when freshly prepared Ni(Fe)(OH), is oxidized in
K—B; pH 9.2 (Figure 3b), which indicates that the formation of
this “O% species strongly depends on the electrolyte pH.
Furthermore, the catalytic activity of Ni(Fe)(OH), for OER is
higher in 0.1 M KOH than in 0.5 M K—B; pH 9.2 (see Figure
1) so one might wonder whether the generation of “active
oxygen” sites in the Ni(Fe)OOH enhances its OER activity.

To address the effect of the borate anions on the generation
of the “active oxygen” species, we also collected Raman spectra
of Ni(Fe)(OH), in 0.1 M KOH spiked with boric acid to give a
nominal H;BO; concentration of 0.01 M (Figure 3c), the pH of
this solution if approximately 12.5 so close to the pH 13 of pure
0.1 M KOH thus isolating the role of the borate anions. The
spectra in Figure 3c show the Raman peaks at ca.
479 and 562 cm!, assigned to the S(Ni**—OH) and
v(Ni**—~OH) modes, respectively. Those peaks appear above
1.4 V vs RHE, similar to the peaks observed in 0.1 M KOH (see
Figure 3a). Most interestingly, the oxidized Ni(Fe)OOH shows
the peaks between 900—1150 cm™', which are assigned to
“active oxygen”. The spectra in Figure 3c provides clear
evidence that the borate anions do not play an inhibitory role in
the formation of the “active oxygen” at pH 13, and therefore
they do not affect the OER activity of the Ni(Fe)OOH catalyst
at pH 13.

Our spectroelectrochemical results are consistent with the
kinetic data reported by Nocera and co-workers, where they
demonstrated that borate anions have an inhibitory effect on
the OER activity of a nickel-based catalyst (Ni—B;) at pH 9.2.”°
Furthermore, we now present results that suggest the lack of
inhibitory effect of borate anions on the OER activity of
nickel-based catalysts at pH 13. It is important to consider that
the isoelectric point of nickel(II) hydroxide lies in the pH range
10—11,>" thus the NiOOH catalyst is expected to be negatively
charged at pH 13 and the adsorption of the borate anions to be
hindered. It is consistent with results shown in Figure S2, where
a distinct change in the Tafel slope in the pH range 10—11 can
be observed. Moreover, the inhibitory effect of borate anions at
pH 9.2 can be observed in our electrochemical results (see
Figure 1) and further verified with the spectroscopic data in
Figure 3b, where one can see that the formation of the OER
active Ni(Fe)OOH is delayed in borate buffer. Furthermore,
Ni(Fe)(OH), does not seem to oxidize in the buffer electrolyte

until the borate anions are depleted from the surface as it is
shown in the plot of the integrals of the S(Ni**—OH),
v(Ni**~OH) and 6(B—OH) peaks in Figure S4a.

Figure 4a shows the Raman spectra of Ni(Fe)—B; in 0.1 M
KOH pH 13 obtained in the potential region of
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Figure 4. SER spectra of freshly prepared Ni(Fe)—B; acquired in the
potential range 1.0—1.9 V vs RHE in (a) 0.1 M KOH pH 13 and
(b) 0.5 M K—B; pH 9.2. The measurements were performed
potentiostatically.

1.0—1.9 V vs RHE. The spectra show that Ni(Fe)—B; oxidizes
to form a oxyhydroxide with similar features to the ones
observed in the Raman spectra of Ni(Fe)(OH),/Ni(Fe)OOH
(see Figure 3a). The SER spectra of Ni(Fe)—B; show the two
peaks at 479 and 562 cm ™' corresponding to the bending and
stretching modes of Ni**—OH respectively, and the broad
peaks in the region ca. 900—1150 cm™" attributed to the
formation of the “active oxygen” species. Noteworthily, the
peaks at ca. 1370 and 1400 cm™' attributed to the B—OH
bending modes of the [B(OH),]™ anions are not present in
Figure 4a. This shows that there are no borate ions bonded to
the catalyst in the “nickel borate” compound, which seems to
deposit as form of Ni(OH), that gets oxidized to NiOOH. This
statement can be also confirmed by looking at the stretching
modes of Ni**~O in the potential region 1.0—1.3 V vs RHE
(see Figure 4a).

SER spectra of Ni(Fe)—B; obtained during the electro-
chemical water oxidation in K—B; (see Figure 4b) resemble the
same features observed for the spectra of Ni(Fe)(OH), in
K—B;: two peaks at ca. 480 and 557 cm™" appear at potentials
above 1.5 V vs RHE, which correspond to formation of nickel
oxyhydroxide. Likewise, we observe a pair of peaks at 1370 and
1400 cm™", which can be assigned to the borate ions bonded to
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the catalyst. Again, the peaks in the wavenumber region of
900—1150 cm™ are absent, suggesting that in K—B; pH 9.2, the
formation of the “active oxygen” species is hindered, which
explain the lacks of activity observed in the cyclic voltammetry
in Figure 1. This also supports our hypothesis about the role of
the “active oxygen” for the OER electrocatalysis. Furthermore,
the spectra in Figure 4b shows that the borate anions are
adsorbed on the Ni(Fe)—B; catalyst but they need to get
depleted in order to form the OER active NiIOOH-like catalyst.
This can be further verified by looking at the integral of the
5(Ni**—OH), v(Ni**~OH), and 5(B—OH) peaks in Figure
S4b. From that figure, it is clear that the formation of the OER
active NiOOH-like form of the catalyst (indicated by increase
of the integral of S(Ni**~OH), v(Ni**~OH) peaks) occurs
with the concomitant depletion of the borate anions (indicated
by diminishing of the integral of the §(B—OH) peak). The
spectroelectrochemical evidence show that borate anions do
also absorb on the Ni(Fe)—B; catalysts at pH 9.2 and act as
inhibitors of the OER activity of the catalyst, which is in full
agreement with the kinetic data previously reported by Nocera
and co-workers.”’

Regarding the nature of the “active oxygen” species, Merril
and co-workers did not specify the chemical nature of it, neither
did our spectroelectrochemical data allow us to unequivocally
identify it. However, experimental and DFT data have shown
that nickel peroxide and nickel superoxide have vibrational
modes in the wavenumber region 900—1150 cm™2.>*">* These
reports lead us to think that this “active oxygen” species may
have peroxidic or superoxidic nature. Furthermore, the strong
pH-dependency of the Raman peak associated with this species
indicate that the “active oxygen” is actually formed via
deprotonation of the nickel oxyhydroxide to produce a
negatively charge nickel oxide (NiOO™).

Manganese oxide has also been reported to deprotonate in a
process that is strongly dependent on the electrolyte pH, and
this deprotonation influences the activity of the oxide toward
oxygen evolution.” The authors propose that the deprotonation
of Mn**—OH sites toward negatively charged Mn**—O~ is
responsible for the activity enhancement. These findings are in
full agreement with pH effect on the OER activity reported in
this work. We therefore propose that formation of the “active
oxygen” species occurs via a deprotonation of nickel oxy-
hydroxide that produces negatively charged sites on the surface
of the nickel oxyhydroxide (with peroxidic or superoxidic
nature). This species acts as a precursor for oxygen production
in a similar manner as the one reported for manganese oxide.

Looking at the big picture, we believe that “active oxygen”
can be regarded as a preferential active site for water oxidation.
We speculate that it facilitates a more favorable (i.e., requiring
less overpotential) pathway for water oxidation. However, when
the Ni centers are already in the higher valency state and
accordingly the “active oxygen” species are present at the
surface, once an even more positive bias voltage is applied, the
reaction kinetics improve and the reaction proceeds faster and
with a higher efficiency, as seen by a typical exponential trend
of the current density. However, the number of active sites, and
thus the signal from the active oxygen, seem not to scale with
potential because the formation of this “active” structure that
facilitates the enhanced OER catalysis occurs entirely during
the nickel oxidation reaction. Therefore, the Raman signal stays
unchanged even at highly oxidative potentials (Figure 3a—c and
Figure 4a). This implies that we are not creating any more
active sites at higher potentials, but we are just driving them

with more potential and thereby increasing the kinetics of the
OER. This is in agreement with our experimental findings; the
Raman features related to active oxygen appear only in the
spectra collected for samples that show a low onset in the CV
data (Figure 1, black and red curves). On the other hand, with
the samples that do not show the active oxygen feature (both
catalysts at pH 9.2), the onset for the OER is larger, and the
Tafel slope is increased compared to the samples tested at
higher pH. This shows that the formation of the active oxygen
species, which is favorable for efficient water oxidation, occurs
only in strong alkaline media, and thus there is a clear
structure/functionality relationship between the catalyst and
the electrolyte in which it is tested. In other words, we do not
regard the formation of active oxygen species as something
inherent to the catalyst alone (presumably a catalyst showing
high activity) but rather as something that can be triggered by
appropriate coupling of the catalyst and the electrolyte, to result
in high overall OER activity.

The similarities between the Ni(Fe)OOH and Ni(Fe)—B;
catalyst in the catalytically active state were also confirmed by
X-ray photoelectron spectroscopy (XPS) (see Figure SS), the
pristine nickel oxyhydroxide and nickel-borate catalysts exhibit
small differences in the Ni 2p and O 1s binding energies, but
those differences disappear when the catalysts are subjected to
electrochemical conditioning, after which the XPS spectra are
virtually the same, indicating that the chemical state of both
electrochemically conditioned catalysts is quite similar.

The microstructure was also verified, using Atomic Force
Microscopy (AFM) (see Figure S6), the grain size was
comparable for both electrocatalysts, although the distribution
of the grains is different. The Ni(Fe)—B; catalyst deposits in an
arrangement of closely packed nanoclusters, whereas the
Ni(Fe)OOH compound deposits in a rather chaotic network,
without any apparent higher-order structure.

It has recently been reported”>**>*° that iron impurities
present in the electrolyte can improve the electrocatalytic
activity toward oxygen evolution of NiOOH. Therefore, the
question arises whether those impurities might affect the effect
of pH on the activity, as presented in this work. The chemicals
used during electrodeposition, anodization and cyclic voltam-
metry were not scrubbed of Fe content, therefore our OEC
films can be expected to contain considerable amounts of
Fe.””*® The KOH and H;BO; used in this work were reagent
grade chemicals with Fe content <1 ppm, and they were not
purified according the method of Trotochaud et al,” so we
expect that Fe is present in our films. Both KOH and H;BO,
used have a similar content of Fe but the measured catalytic
activity at pH 9.2 is approximately twice as low at pH 13. This
shows that the catalyst deprotonation toward formation of
activated oxygen species has a real effect on the catalytic
activity, which is not related with the Fe impurities in the
electrolyte. We further proved this statement by measuring the
catalytic activity toward oxygen evolution on NiFe double
hydroxide (50% Fe) in KOH 0.1 M (pH 13) and in phosphate
buffer pH 7 (see Figure S7). The results of this experiment
clearly show that even in the presence of iron, the catalytic
activity of Ni(Fe)OOH at pH 7 is negligible, so the
deprotonating effect of the alkaline electrolyte plays crucial
role for the enhanced catalytic activity toward electrochemical
oxygen evolution normally observed in Ni-based catalysts in
alkaline media.

It is important to mention that we are not disregarding the
effect of Fe impurities in the electrolyte, which is reported to
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Figure S. In situ Ni K-edge XAS spectra acquired during potentiostatic OER experiments on anodized Ni(Fe)OOH and Ni(Fe)—B; electrocatalysts
deposited on FTO. (a) XANES spectra of Ni(Fe)OOH during OER in 0.1 M KOH. (b) XANES spectra of Ni(Fe)OOH during OER in borate
buffer pH 9.2. (c) XANES spectra of Ni(Fe)—B; during OER in 0.1 M KOH. (d) XANES spectra of Ni(Fe)—B; during OER in borate buffer pH 9.2.

enhance the activity of Ni-based OECs. We acknowledge that
the presence of iron is absolutely crucial for efficient OER and
it is very well possible that iron is the active site for OER in
Ni-based OECs. Nevertheless, in our report, we analyze the
activity of Ni-based catalysts regardless of Fe content. We focus
on coupling of Ni-based OECs with the electrolyte and
specifically consider the role of pH and borate concentration.
Our evidence shows that the deprotonating effect of hydroxyl
anions to form highly oxidized nickel sites in the catalyst also
plays a very important role to reach high catalytic activity, and
needs to be carefully considered in the development of nickel-
based catalysts for the oxygen evolution reaction at moderate
pHs. We show that the formation of the active oxygen species is
an additional mechanism that can give rise to an even higher
OER activity than based on the Fe impurities alone. The
formation of the active oxygen species is facilitated by alkaline
conditions and seems to be independent of the Fe content in
NiOOH, i.e,, regardless of the exact composition of the catalyst,
the active oxygen species can promote higher OER activity. We
are confident to ascribe this effect to the electrolyte properties
and not the Fe-impurities, since similar observations have been
made for Fe-free systems.*®

In Situ X-ray Absorption Spectroscopy Measurements
of Nickel(ll) Hydroxide and Nickel Borate during
Electrochemical Water Oxidation in Alkaline Media.
Figure Sa—d shows the in situ X-ray Absorption Near Edge
Fine Structure (XANES) spectra as a function of the applied
potential, acquired during potentiostatic experiments for
oxygen evolution on Ni(Fe)OOH and Ni(Fe)—B; electro-
catalysts, in KOH 0.1 M and borate buffer pH 9.2. The edge
position in the all XANES spectra shift to higher energies when
the electrode potential becomes more positive, which is
consistent with the fact that the nickel sites of Ni(Fe)(OH),
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and Ni(Fe)—B; oxidizes at potentials higher than ca.
1.4 V vs RHE (KOH 0.1 M) and 1.5 V vs RHE (borate buffer
pH 9.2), as it can be seen in the voltammetries of Figure 1.
According to literature data,”"”” the increase in the oxidation
state of nickel in NiOOH induces changes in its local chemical
environment, and consequently a crystallographic phase
changing from trigonal/rhombohedral to monoclinic occurs.

Interestingly, XANES spectra of both OECs, anodized
Ni(Fe)OOH and Ni(Fe)—B; collected at various applied
potentials look very similar (Figure Sab in comparison with
Figure Sc,d), this supports the idea that the nickel—borate
catalyst in its active state is a form of y-NiOOH, which is in
agreement with the voltammetric and spectroscopic evidence
presented in the previous sections. Our results are in agreement
with some other XAS studies available in the literature.”"** The
work of Bediako et al.”' shows that anodized Ni—B; is very
similar to y-NiOOH in terms of the XANES edge position,
formal nickel oxidation state, and the EXAFS spectra. Likewise,
we find virtually no differences between Ni(Fe)—B; and
Ni(Fe)OOH.

The local environment analysis of Ni catalyst samples was
achieved by performing Extended X-ray Absorption Fine
Structure (EXAFS) measurements at the Ni K-edge (see
Figures S9 and S10). The experimental data were analyzed
according to GNXAS approach which allowed us to construct
the signal corresponding to the molecule from known
scattering amplitudes and phases. In this way, the structural
signal was constructed entirely ab initio and then fitted to the
experimental data. To generate the theoretical signals needed to
fit the data, the f-NiOOH and y-NiOOH (swollen phase)
crystallographic phase were used.”"”” These compounds have,
respectively, a trigonal/rhombohedral and monoclinic crystal
structure.
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The space group that describe the structure of f-NiOOH is
P3m1, with the following unit cell parameters: a = b = 3.1170 A
,c=4595 A, a = =90° y = 120°. The space group used to
describe the y-NiOOH phase is C2/m, with the following unit
cell parameters: a = b = 2.8295 A, ¢ = 209472 A, a = § = 90°,
y = 119.74°.

The Ni atoms in both cases coordinate six oxygen atoms but
in the /-NiOOH, due to the Jahn—Teller effect, there is a
strongly distorted octahedral geometry caused by the
elongation of the Ni—O distance along the axial direction.”’
The low symmetry of this structure results in two different
Ni—O distances being detected in A-NiOOH (Ni—-O
equatorial: 1.87 A and Ni—O axial: at 2.03 A), but the limited
k range measured makes it impossible to gather these data. This
allows the ability to keep the model as simple as possible and to
reduce the numbers of fitting parameters. With this
approximation, the local environment of the Ni can be
modeled by using two two-body y,' and y,” signals representing
the Ni—O and Ni—Ni distances, respectively.

The y-NiOOH structure was modeled with periodically
alternating repetitions of edge-shared octahedra arranged into
higher ordered layers, which are interstratified with alkali
cations and water molecules, which is in agreement with the
report from Risch et al. proposes that the structure of Ni—B;
may be composed of fragments of layered y-NiOOH separated
by water and borate molecules.”® This approximation makes the
model simple and allows us to reduce the numbers of fitting
parameters. In this model, the Ni local environment can be
simulated by using two two-body 7,', 7,%, and two three body
signals ;' and 75

In Figure 6, representing a sketch of a swollen phase, the 7,'
is relative to the Ni—O distance at 1.985 A, y,” is the Ni—O at

00900 o

Figure 6. Sketch of the swollen y-NiOOH phase. For sake of clarity,
the direct Ni—O and Ni—Ni distance are not shown but only the two
three-body configurations are evidenced in black and in blue lines.

2.77 A. The three body configurations y;' and 5% the y;' is
relative to the Ni—O-—Ni triangular arrangements with
0 ~ 140° and having a long Ni—Ni distance at 5.00 A, whereas
75> takes into account the collinear configuration with 6 180°,
having the Ni—Ni distance at 5.65 A. In this configuration, the
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only free parameter is the angle. The distances, the Debye—
Waller factors, and the coordination numbers are directly linked
by geometrical consideration to the first two shells. It is worth
mentioning that the coordination numbers for these distances
in the ideal structure are equal to six. The fitting results
obtained on the samples are reported in Tables SI and S2 and
shown in Figure 6.

B CONCLUSIONS

We have presented a systematic spectroelectrochemical study
of the electrocatalytic activity toward oxygen evolution of two
Ni-based OECs (Ni(Fe)—B; and Ni(Fe)OOH). The recorded
broad SERS peaks in the region ca. 900—1150 cm™" clearly
show that Ni(Fe)—B; and Ni(Fe)OOH get charged prior the
actual OER, and those negatively charged sites in the OECs act
as OER precursors. We propose that the formation of those
“active oxygen” sites occurs via a deprotonation process that
strongly depends on the pH of the electrolyte. The chemical
identity of the “active oxygen” species is still unclear but its
Raman peak appears in the region that nickel peroxide and
superoxide have vibrational modes, suggesting that the species
may have peroxidic or superoxidic nature. It is noteworthy that
the effect of the deprotonation process is crucial at moderate
pHs, as even Fe-doped Ni-based catalysts shows negligible
activity in neutral pH 7. These results clearly demonstrate that
the deprotonating effect in strongly alkaline electrolytes has an
important effect on the catalytic activity of nickel-based
compounds and should be carefully considered in addition to
the Fe content if one would like to develop Ni-based
electrocatalysts meant to catalyze the OER at moderate pHs.

The SERS, UV—vis, and XAS evidence collected in this work
suggest that a-Ni(OH), and Ni—B; get activated through the
formation of very similar oxyhydroxide species. Furthermore,
Ni(Fe)—B, and Ni(Fe)OOH show similar electrochemical
characteristics in a given electrolyte, ie., similar OER
electrocatalytic activity and electrolyte dependence. We could
not find any evidence for the importance of the boron presence
in the structure of Ni(Fe)—B, Therefore, we conclude that in
the active state, Ni(Fe)—B; and Ni(Fe)OOH are chemically the
same, namely forms of NiOOH.

Furthermore, the in situ UV—Vis spectroscopic study of
Ni(Fe)—B, and Ni(Fe)OOH showed that both OECs absorb a
huge portion of light in the catalytically active state. This needs
to be taken into consideration when applying this sort of
catalyst on photoelectrochemical devices.

Our work has clearly shown that a catalyst should not be
studied separately from its environment; in Ni-based OECs, the
phase-nature and activity of the catalyst is strongly dependent
on the electrolyte properties, and therefore, such a system
should be studied as a whole.
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