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ABSTRACT: In situ O K-edge X-ray absorption fine structure (XAFS)
spectroscopy was applied to investigate the electronic and structural
change in the nickel—borate (Ni—B;) electrocatalyst during the oxygen
evolution reaction (OER). An absorption peak was observed around
5287 eV at 1.0 V versus Ag/AgCl in a potassium borate aqueous
solution, which relates with the formation of nanoscale order domains of
edge-sharing NiOg octahedra in the Ni—B; electrocatalyst. XAFS spectra
were measured with variation of the electrode potential from 0.3 up to
1.0 V. The measured absorption peaks suggest that the quantity of NiOg
octahedra increased in correlation with the OER current; however, when
the potential was changed downward, the XAFS absorption peak
assigned to NiOg octahedra remained constant, even at the electrode
potential for no OER current. This difference implies that the water
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oxidation catalysis proceeds at the domain edge of NiOg octahedra. The XAFS technique provides the first successful direct

probing of the active species in the Ni—B; electrocatalyst during electrochemical reaction.

1. INTRODUCTION

Water splitting using solar energy is a promising approach to
produce renewable hydrogen gas toward a sustainable
society.' =’ Various types of photoelectrodes and photovoltaics
for water splitting have been developed with high solar-to-
hydrogen efficiencies of over several percent.””'> Recently, a
perovskite photovoltaic attained a solar-to-hydrogen efficiency
of 12.3% using hydrogen and oxygen evolution electro-
catalysts.” For the realization of efficient photovoltaic and
photoelectrochemical systems for water splitting, oxygen
evolution catalysts have often been used to catalyze water
oxidation due to their lower activation energies. Therefore, the
development of efficient catalysts for the oxygen evolution
reaction (OER) has attracted considerable attention due to the
potential toward highly efficient energy conversion.

Nocera and colleagues reported that nickel—borate electro-
deposited from a dilute Ni*" solution in a borate-buffered
electrolyte (Ni—B;) functions as an efficient OER electro-
catalyst.”~"> The Ni—B; OER catalyst is unique because it is
composed of inexpensive and earth-abundant materials, and it
operates safely with high activity.>™"> As similar materials,
cobalt—phosphate (Co—P;) and cobalt—borate (Co—B,)
complexes have also been reported as efficient electrocatalysts
for OER in phosphate and borate electrolytes, respectively.'*~"
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These OER electrocatalysts can enhance the activities for water
splitting, when the electrocatalysts are deposited on a
semiconductor photoelectrode or photovoltaic surfaces such
as Si, Fe,03, and BivO,.”' 97

Mechanistic studies that employ various techniques have
been aimed toward determining the origin of eflicient oxygen
evolution for Ni—B; electrocatalysts or similar materials (Co—
P, Co—B,).”*™*° An electron paramagnetic resonance (EPR)
spectroscopy study revealed the presence of Co** species in a
Co—P; electrocatalyst in a frozen electrolysis solution.”> In
addition, Ni K-edge X-ray absorption fine structure (XAFS)
analysis demonstrated that the average valence state of the
nickel species in a Ni—B; electrocatalyst changes from +2.0 to
+3.6 in response to an applied positive voltage.”* It was
concluded that oxidation of the nickel species is due to the
generation of bis-oxo/hydroxo-bridged nickel centers organized
into sheets of edge-sharing NiO4 octahedra within ordered
domains 2 to 3 nm in diameter by extended X-ray absorption
fine structure (EXAFS) analysis.”* The nanoscale order
structures of the Co—P; and Co—B; electrocatalysts were
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Figure 1. Schematic illustration of optical geometry for in situ O K-edge XAFS measurements with the transmission mode at the BL3U beamline. A
liquid layer of several hundreds of nanometers was sandwiched between the SiC and Au/Cr/SiC membranes by setting Teflon and Au spacers (100
pum thickness) to the window frames of the membranes in an in house-built electrochemical XAFS cell with Pt mesh counter and Ag/AgCl (saturated
KCl) reference electrodes. The potential of the Au/Cr/SiC working electrode was controlled using a potentiostat connected to the Au spacer with a

conducting wire.

investigated by X-ray pair distribution function (PDF)
analysis’>>* and a combination study using infrared spectros-
copy (IR), atomic force microscopy (AFM), and X-ray grazing
incidence diffraction (GID),** from which it was determined
that nanoscale CoOg clusters can assemble into stacked
superstructures with highly porous morphology. It is suggested
that the porous electrocatalyst film enables proton-coupled
electron hopping to proceed in the electrocatalyst, which can
increase the OER sites with growth of the film thickness.”**
Therefore, the unique characteristics of these electrocatalysts
are currently of particular interest as a material for efficient
OER.

XAFS spectroscopy is a powerful tool to investigate the local
electronic states for OER catalysts.””*>***” The in situ Ni K-
edge XAFS technique using hard X-rays was applied to the Ni—
B, electrocatalyst; however, it is difficult to quantitatively
discuss the active species in the OER electrode potential with
this technique because the Ni K-edge XAFS spectra become a
superposition of each spectrum for Ni** and Ni*®* species in
the Ni—B; electrocatalyst and Ni** cations in the electrolyte
solution.”**® On the contrary, O K-edge XAFS spectroscopy
using soft X-rays has been useful to directly observe the oxygen
species in transition-metal oxides at the liquid/solid inter-
face.”®*” Therefore, in this study, the Ni—B; electrocatalyst was
investigated using in situ O K-edge XAFS measurements with
control of the potential. An attempt was made to directly detect
the active oxygen species in the Ni—B; electrocatalyst and
discuss the relationship between the amount of active species
and the OER activity.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Au thin films (20 nm) were
deposited on Si substrates (10 X 10 mm”) with an evaporated
Cr layer (5 nm thick) and SiC (150 nm thick, 2 X 2 mm?* NTT
AT) or Si;N, (500 nm thickness, 2 X 2 mm?, CORNES
Technologies) windows (Au/Cr/SiC or Au/Cr/Si;N,, respec-
tively) for use as working electrodes for electrochemical
reactions. An in-house-built electrochemical cell was used
with a Pt mesh counter electrode and a Ag/AgCl (saturated
KCl) reference electrode. The potential was controlled using a

potentiostat. A Ni—B; electrocatalyst was deposited on the Au
thin film electrodes in 0.1 M K,B,0,-4H,0 (potassium borate,
K-B, 99.0%, Showa Chemical) aqueous solution containing
0.4 mM Ni(NO,;), (99.9%, Wako Pure Chemical Industries)
with bubbling He, according to a previous report.”* Milli-Q
water (total organic carbon <S ppb, resistivity >18 MQ-cm)
was used for all experiments. The electrochemical activity of the
Ni—B; electrocatalyst for the OER was tested in K—B; aqueous
solution with bubbling He by measurement of the current—
voltage characteristics. The surface morphology, chemical state,
and film thickness of each prepared sample were observed using
scanning electron microscopy (SEM; FEI, Inspect SS0),
energy-dispersive X-ray spectroscopy (EDX; EDAX, Genesis),
and confocal laser scanning microscopy (CLSM; Keyence, VK-
9710), respectively.

2.2. In situ O K-Edge XAFS. Electrochemical soft X-ray
XAFS measurements were performed with the transmission
mode at the BL3U beamline of the UVSOR Synchrotron, in
accordance with previous work.*>*" The radiation was
monochromatized with a varied-line-spacing plane-grating
monochromator (VLS-PGM). The intensities of the incident
X-rays were monitored using a gold mesh under ultrahigh
vacuum in front of the sample (I;) and a photodiode (IRD
AXUV100) under a helium atmosphere after the sample (I).
The XAFS data were collected as transmission spectra with the
Lambert—Beer formula In(Iy/I;). The photon energy was
calibrated according to the O 1s—z* peak (530.80 eV)** for O,
gas mixed in a buffer gas with He gas. The O K-edge XAFS
spectrum of Milli-Q water was measured as a reference sample
for sample sandwiched between two SiC membranes (100 nm
thickness, 2 X 2 mm?% NTT AT). On the contrary, the O K-
edge XAFS spectra for the Ni(OH),, NiO, /—NiOOH, and K—
B, reference samples were obtained by measuring the sample
drain current under ultrahigh vacuum. For the investigation of
electrochemical reactions, we sandwiched a liquid layer of a
several hundreds of nanometers between the SiC and Au/Cr/
SiC membranes by setting Teflon and Au spacers (100 ym
thickness) to the window frames of the membranes in an in-
house-built electrochemical XAFS cell with a Pt mesh counter
and Ag/AgCl (saturated KCl) reference electrodes (Figure 1).
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The electrolyte thickness was adjusted by changing the outer
helium gas pressure of the SiC and Au/Cr/SiC membranes,
according to the previous works.””*' The potential of the Au/
Cr/SiC working electrode was controlled using a potentiostat
connected to the Au spacer with a conducting wire. The Ni—B;
electrocatalyst was deposited on the Au thin film electrode in
0.1 M K—B; aqueous solution containing 0.4 mM Ni(NO;),
with bubbling He. The Ni—B; electrocatalyst was then anodized
at 1.0 V for 2 h in 0.5 M K—B; aqueous solution with bubbling
He by exchanging the solutions with a tubing pump system. In
situ O K-edge XAFS spectra were measured for the Ni—B;
electrocatalyst before and after anodization while maintaining
the electrode potential at 1.0 V. The potential dependence of
the XAFS spectra was tested in 0.1 M K—B; aqueous solution
with bubbling He by exchanging solutions with the tubing
pumping system during current monitoring for the OER with
the potentiostat. The XAFS spectra were taken with scanning
time of 20 min at cumulated number of 3 times, which results
in each electrode potential being applied for 1 h.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Properties and Surface Morphol-
ogies. The current during electrodeposition of the Ni—B;
electrocatalyst increased for 2 h, as shown in Figure Sla, which
indicates growth of the Ni—B; thin film and the evolution of
oxygen gas not only at the Ni—B; surface but also from the Ni—
B, interior, as previously reported.”*~">*****° The anodization
reaction of the Ni—B; electrocatalyst was monitored, as shown
in Figure S1b, and the current continued to increase for 2 h as
in the previous work.” Figure 2a shows the electrochemical

next Discussion). Figure 2b,c shows SEM images of the Au/Cr/
SiC substrate before and after Ni—B; electrodeposition and
confirms that the Ni species was deposited on the substrate as a
thin film. SEM-EDX analysis confirmed that the observed thin
film was composed of Ni—B; electrocatalyst as well as the
previous work."* The film thickness was estimated to be ca. 300
nm by the CLSM method (Figure S2).

3.2. In situ O K-Edge XAFS. Figure 3a shows an in situ O
K-edge XAFS spectrum measured for the electrodeposition
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Figure 2. (a) Current—voltage characteristics for (i) bare (black) and

films in a 0.1 M K—B; aqueous electrolyte. SEM images of the Au thin
film (b) before and (c) after the electrodeposition of Ni—B,.

OER activities of the prepared samples, where the efficiency of
the Ni—B;-deposited substrate was higher than that of the bare
substrate; therefore, the Ni—B; thin film functions as an OER
electrocatalyst. In addition, the current of the anodized sample
was higher than that of the nonanodized sample, which
indicates that anodization of the Ni—B; electrocatalyst enhances
the OER activity, in agreement with the previous report.”* It
should be noted that the oxidation currents for nonanodized
and anodized samples were both observed around 0.7 V
because the nickel species in the nonanodized or anodized Ni—
B; electrocatalyst was oxidized from Ni(OH), (Ni**) to f-
NiOOH (Ni**) or to y-NiOOH (Ni*%*), respectively (See the

Figure 3. (a) In situ O K-edge XAFS spectrum for Ni—B,
electrocatalyst under electrochemical control at 1.0 V in 0.1 M K—B;
aqueous solution containing 0.40 mM Ni(NO;),. XAFS spectra for
H,0, f/—NiOOH, NiO, Ni(OH),, K-B, and O, gas are shown for
reference. (b) In situ O K-edge XAFS spectra (i) before and (ii) after
anodization for 2 h at 1.0 V in 0.5 M K—B; aqueous solution.

reaction of Ni—B; thin film at 1.0 V versus Ag/AgClin a 0.1 M
K-B; aqueous solution containing 0.4 mM Ni(NO,),, together
with those for H,0, #-NiOOH, NiO, Ni(OH),, K—B, and O,
gas as references that relate with the Ni—B; catalysis. A peak
associated with an oxygen species was observed at ca. 528.7 eV,
which was similar to that in the S-NiOOH reference. To
evaluate the electrode potential dependence of the Ni—B;
electrocatalyst, we changed the electrolyte solution to 0.5 M
K—B; aqueous solution without nickel ions, and we conducted
XAFS measurements while changing the applied electrode
potential. The peak at ca. 528.7 eV disappeared at the lower
potential (0.5 V) and reappeared at the higher potential (1.0 V)
accompanied by the OER activity, as shown in Figure 4a. The
same behavior was observed even in 0.05 M K-—B; aqueous
solution (Figure 4b). Previous Ni K-edge EXAFS measure-
ments”* suggested that the Ni—B; electrocatalyst before
anodization forms pu-oxo/hydroxo nickel centers organized
into higher order domains of edge-sharing NiOg octahedra with
P-NiOOH structure at higher potential. Thus, in the present
study, the formation of NiO4 octahedra domains can be
monitored by the direct observation of oxygen species in the
Ni—B; thin film. The NiOg absorption was observed as a single
peak at 528.7 eV, which originates from transition to hybridized
Ni(3d)—O(2p) states with e, orbital symmetry and the low-
spin d7 (Ni**) electron configuration.”* It should be noted that
the small peak around 530.8 eV in Ni—B; is attributed to the
strong 1s-7* resonance absorption of residual oxygen gas.*” No
detection of the Ni(OH), peak at lower potential in the O K-
edge spectra may be mostly because the electronic state of
oxygen species of Ni(OH), structure in the Ni—B; electro-
catalyst is not uniform due to hydration or protonation on the
Ni—B; film.
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Figure 4. Potential dependence of in situ O K-edge XAFS spectra by changing the electrode potential at (i) 1.0, (i) 0.5, and (iii) 1.0 V versus Ag/
AgClin (a) 0.5 M and (b) 0.05 M K—B; aqueous electrolyte. The peak at ca. 528.7 €V measured at 1.0 V disappeared at the lower potential (0.5 V)
and then reappeared at the higher potential (1.0 V) accompanied by OER activity.
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Figure S. (a) Upward potential dependence of in situ O K-edge XAFS spectra for the Ni—B; electrocatalyst in 0.1 M K—B; aqueous solution from 0.3
to 1.0 V. (b) Relationship between XAFS peak area and current for the OER with respect to the electrode potential.

Anodization of the Ni—B; electrocatalyst caused the NiOg
octahedra peak to increase, as shown in Figure 3b. Bediako et
al. reported that the inactive Ni—B; species with f-NiOOH
structure (Ni**) changed to the active Ni—B; species with y-
NiOOH structure (Ni***), which resulted in the relaxation of
Jahn—Teller distortion with nonequivalent Ni—O and Ni—Ni
distances.”* We also verified the existence of y-NiOOH
structure for our Ni—B; sample by in situ Ni K-edge XAFS
measurements as well as the previous work,”* as shown in
Figure S3. Both NiOOH structures have two kinds of oxygen
species derived from hydroxide (OH) and oxide (O) at an
different OH/O ratio (e.g,, f/—NiOOH = Ni**(0),(OH),, y—
NiOOH = Ni***(0),s(OH),,). It is known that the 1s core
level of oxygen species of hydroxide (OH) is shifted to higher
binding energy with respect to that of oxygen species of oxide
(O) in transition-metal oxyhydroxides, which results in the
oxide oxygen peak being observed at a lower energy than the
hydroxide oxygen peak in the O K-edge XAFS spectra.*’ Thus,
in the present work, the first peaks in the O K-edge XAFS
spectra are likely attributed to the oxide oxygen species in the
p- and y-NiOOH structures, and the increase of the XAFS peak
is most likely due to an increase in the oxide oxygen species by
the structural change from A-NiOOH (Ni**) to y-NiOOH

(Ni**). On the contrary, the first peak positions in the O K-
edge XAFS spectra for transition-metal oxides are empirically
related with the cation valences to some extent.***> Therefore,
the local nickel valence bound by oxide oxygen species in the
Ni—B; electrocatalyst was tentatively estimated as ca. 4+ using
the linear fitting of first peak positions of reference compounds
against the cation valences, as shown in Figure S4, which
suggests that the highly oxidized Ni species such as NiO, are
formed during catalytic water oxidation. It should be noted that
the O K-edge XAFS spectra are sensitive to chemical bonding
(molecular orbitals), valence, spin state, and so on, 3394340
Further investigation is required to evaluate the cation valence
quantitatively.

3.3. Electrode Potential Dependence of XAFS Spectra
and Reaction Model. The upward potential dependence of
the Ni—B; electrocatalyst on the Au thin film was evaluated.
Figure Sa shows O K-edge XAFS spectra for this sample
measured under various controlled potentials. As the potential
was changed from 0.3 to 1.0 V, the intensity of the peak for the
NiOg octahedra increased from 0.6 V and remained constant
over 0.8 V, which indicates that the nickel species was oxidized
from Ni** species with the Ni(OH), structure to NiOg

. . 24,36 . .
octahedra on the basis of previous works.”**° The increase in
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Figure 6. (a) Downward potential dependence of in situ O K-edge XAFS spectra for the Ni—B; electrocatalyst in 0.1 M K—B; aqueous solution from
0.9 to 0.5 V. (b) XAFS peak areas and (c) currents for the OER with respect to the electrode potential.
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Figure 7. Schematic model for nickel oxide nanoclusters in the Ni—B; electrocatalyst during OER catalysis in K—B; aqueous solution with the

electrode potential swept upward and downward. It should be noted that Ni(OH), has an octahedral structure similar to NiOj.

26,48

the edge of XAFS peak area for NiOg octahedra was consistent
with the onset of OER activity (Figure Sb), which indicates that
the high activity of the Ni—B; thin film for the OER is derived
from the formation of NiOg octahedra domains. On the
contrary, the XAFS peak remains constant at higher electrode
potentials (>0.8 V) because the nickel oxide nanoclusters were
completely oxidized to NiOg octahedra. The increase in the
OER current even in the suppression region of peak growing in
XAFS spectra suggests that the reaction rate for OER catalysis
at higher potentials is probably restricted according to the Tafel
equation, relating the rate of an electrochemical reaction to the
overpotential as V = a + b log I, where V is the potential
(overpotential), I is the current density, and a and b are the
Tafel equation constants.’

To compare the difference according to the direction of
potential sweep, we measured the downward potential
dependence of XAFS spectra under potential control (Figure

6a). The NiO4 XAFS peak at 528.7 eV was observed at higher
potential as well as the result of upward potential dependence;
however, the peak was observed even at 0.6 V, which indicates
that the generated NiOg4 octahedra were not easily reduced to
the Ni** species. The relationship between the electrode
potential and XAFS peak area suggests that the downward
potential dependence is different from that of the upward
potential dependence, as shown in Figure 6b. The result
indicates that the nickel oxide nanocluster was gradually
reduced from the domain edge because the oxidation and
reduction of domain edge is likely to proceed by lower
activation energy than those of domain inside; however, the
currents for OER activity were the same for the upward and
downward sweeps (Figure 6c), which implies that the interior
of the NiOgy octahedra structure does not function as an OER
site. Figure 7 shows a schematic model for water oxidation
during upward and downward potential sweeps. The upward
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potential change results in oxidation of the Ni** species with
Ni(OH), structure® to the Ni*** species with NiOg octahedra
structure accompanied by OER activity. In contrast, the
downward potential change gradually reduces the Ni** species
to Ni’* from the domain edge and the OER activity is
suppressed when the outer NiOg4 octahedra domain is reduced.
On the basis of these results, water oxidation is likely to
proceed at the domain edge of NiOg octahedra.

Reaction pathways for OER catalysis with Ni—B;, Co—B,, and
Co—P; electrocatalysts were previously proposed.”*™> Bediako
et al. elucidated that the OER over the Ni—B; electrocatalyst in
borate-buffered electrolyte entails the reversible dissociation of
borate anions from the domain edge of the NiO4 octahedra
structure and a two-electron and three-proton equilibrium,
followed by a chemical turnover-limiting step.”® Our present
study spectroscopically confirmed the report of Bediako et al. in
that the active species functions at the domain edge of the NiOg
octahedra structure. Thus, an increase in the number of NiOy
domains is necessary to achieve an efficient OER catalyst.

The octahedra structures of transition-metal oxides (MnOj,
CoOyg, and NiOg) are generally considered to exhibit high OER
activity; " ~'7*7>* however, the direct spectroscopic detection
of active octahedral species had not been achieved around the
OER electrode potential. The XAFS technique used here has
provided the first successful direct probing of the active species
of Ni—B; electrocatalyst during electrochemical reaction. This
probing technique can be applied to many other OER
electrocatalysts composed of transition-metal oxides such as
Co—Pi,lé_19 Co—Bi,”’18 nickel-glycine catalyst,51 and
MnO,**° to reveal the relationship between the active species
and OER activity. The knowledge obtained by this study will be
useful to develop more efficient water-splitting systems.

4. CONCLUSIONS

In summary, in situ O K-edge XAFS spectra were measured for
a nickel—borate OER electrocatalyst. The XAFS peak was
observed at 528.7 eV by changing the electrode potential for
each sample, which demonstrates that higher order domains of
the edge-sharing NiO4 octahedra structure are generated at
higher potentials. The upward potential dependence of the
XAFS spectra resulted in an increase in the intensity of the
absorption peak for the NiOg octahedra with the OER current.
In contrast, the downward potential dependence of the XAFS
spectra revealed that the NiOg peak remains even if the OER
current is suppressed. The different behavior between the
upward and downward potential sweeps indicates that water
oxidation catalysis is likely to proceed at the domain edge of the
NiOg octahedra. This is the first successful direct observation of
active nickel oxide species reported for OER electrocatalysts.
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