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ed-phase NixB/Co3O4/Co(OH)2
and its application as a pre-catalyst for the oxygen
evolution reaction

Gillian Collins,a Ramaraj Sukanya, a Daniele Alves,a Thamaraiselvi Kanagaraj,b

Raj Karthik, a Tara N. Barwa,a Jae-Jin Shim b and Carmel B. Breslin *ac

Herein, a mixed-phase nickel boride/cobalt oxide/cobalt hydroxide, NixB/Co3O4/Co(OH)2, composite was

formed to give a scalable and non-precious pre-catalyst for the oxygen evolution reaction (OER) in alkaline

medium. The material was synthesised via a simple chemical reduction method, where amorphous NixB

particles were deposited onto cobalt oxide rods undergoing partial transformation into Co(OH)2 sheets.

This approach suppresses the agglomeration of NixB particles, increasing surface accessibility. The

optimised composite (NixB/Co3O4-100 mg/Co(OH)2) achieved a low overpotential of 370 mV at 100 mA

cm−2. It retained 99.2% of its activity after more than 90-h of continuous operation at 100 mA cm−2 for

the OER in 1.0 M KOH, indicating excellent stability. Electrochemical impedance analysis revealed a 20-

fold increase in the electroactive surface area compared to the bare substrate. XPS analysis following

stability testing under OER conditions confirmed a full surface reconstruction, with the loss of boron

from the surface and formation of catalytically active NiOOH and CoOOH species, indicating that NixB,

Co3O4 and Co(OH)2 act as precursors to the true active phase. This work highlights a practical strategy

for designing robust, non-precious OER catalysts through the phase reconstruction of boride/oxide

hybrids.
1. Introduction

Hydrogen production via water electrolysis is a promising
option for sustainable energy, but its efficiency is limited by the
oxygen evolution reaction (OER) half-reaction, which is
a complex, four-electron process that demands a substantial
energy input.1 As the rate-limiting step, OER directly inuences
the energy requirement and cost of hydrogen production,
necessitating the development of high-performing, non-
precious OER catalysts critical to lowering the overall energy
requirements for water-splitting applications.2 Conventional
OER catalysts, such as iridium and ruthenium oxides, deliver
high performance but are costly and limited in supply, neces-
sitating the exploration of new materials with comparable
catalytic efficacy.3,4

Transition metal (TM)-based compounds, particularly pre-
catalysts that undergo in situ surface reconstruction to form
active (oxy)hydroxide layers under OER conditions, have
emerged as viable electrocatalysts due to their enhanced active-
site density and stability.5–8 This surface transformation process
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is associated with improved catalytic performance. Indeed,
numerous studies report that the in situ oxidation of chalco-
genides results in signicantly higher surface areas than their
TM-oxide equivalents, through surface transformation,
enhancing the OER activity.5,8–10

Among these, transition metal borides (TMBs) have gained
attention as a promising class of materials for catalytic appli-
cations due to their structural versatility, electronic character-
istics, and high specic capacity.11,12 The performance of NixB is
rooted in its electron-rich nickel centres, created by partial
electron transfer from boron to nickel.13 This electronic redis-
tribution lowers kinetic barriers, facilitating charge transfer and
enhancing the binding of reaction intermediates. In its amor-
phous form, NixB benets from a disordered structure that
offers a high density of exposed active sites, particularly
favourable for OH− adsorption, a key step in efficient water
oxidation. The morphology of NixB nanoparticles further
enhances these properties by maximising surface area and
promoting rapid electron and ion transport, which are essential
qualities for OER catalysis.14 In addition, NixB can transform
into highly active NiOOH species through surface reconstruc-
tion, thereby exposing electron-rich Ni sites optimal for the
conversion of OER intermediates.15 Despite these advantages,
NixB particles tend to aggregate, reducing the accessibility of
their active sites. Previous studies have explored strategies to
improve NixB dispersion and performance by anchoring it to
This journal is © The Royal Society of Chemistry 2026
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various supports.16–19 However, many of these supports are
either catalytically inert, unstable under OER conditions or rely
on platinum group metals (PGMs), which limit practicality for
sustainable water-splitting systems.20

On the other hand, cobalt oxides such as Co3O4 and
Co(OH)2, which similarly convert to CoOOH under anodic
bias,20 offer complementary redox properties, high conductivity,
and morphological tunability, making them ideal as supports
for hybrid NixB/Co-based composites. Moreover, these cobalt
oxides can be readily tailored into rod- and sheet-like
morphologies, increasing the exposed surface area and
improving contact between active sites and the electrolyte.21,22

Co3O4, a mixed-valence state and spinel-type oxide, offers high
conductivity and multiple accessible oxidation states, while
Co(OH)2 serves as a common in situ precursor to active oxy-
hydroxide species under OER conditions. These properties
make them suitable as catalytically relevant supports for
anchoring amorphous NixB, which are otherwise prone to
aggregation. The combination of a cobalt-based support with
NixB may therefore address the dual challenge of aggregation
and catalytic stability and performance, whilst avoiding the
limitations of unsuitable or PGM support systems.

In this work, we present a simple, scalable chemical reduction
strategy to prepare a mixed-phase NixB/Co3O4/Co(OH)2 composite
as a pre-catalyst for alkaline OER. In situ reduction of Ni2+ and
partial transformation of Co3O4 rods into Co(OH)2 sheets yield
a hybrid structure that supports active site exposure, while sup-
pressing NixB agglomeration. Under anodic bias, the material
undergoes surface reconstruction, forming the catalytically active
nickel and cobalt (oxy)hydroxide species. Aiming to evaluate the
true intrinsic behaviour of the NixB/Co3O4/Co(OH)2 catalyst
without substrate interference, carbon cloth (CC) was used for the
initial screening because it is largely inactive towards the OER.
Therefore, it provides a cleaner baseline for comparing catalyst
formulations without a strong substrate contribution, allowing the
electrochemical response to be assigned primarily to the deposited
catalyst rather than the substrate. This is particularly important for
metrics such as electrochemical surface area (ECSA), Tafel slopes,
CV redox features, and LSV-derived overpotentials, which can be
distorted as an active current collector can also contribute to
faradaic processes. However, carbon-based materials, including
CC, are not ideal for extended anodic operation in alkaline media
as carbon is prone to oxidative degradation under prolonged
anodic conditions, which limits their suitability for durability
studies.23 Therefore, following initial screening, the optimised
composite was transferred onto a nickel foam (NF) substrate,
which offers high electrical conductivity, a 3D porous architecture
that improves electrolyte access and bubble release, and
mechanical robustness under alkaline electrolysis conditions. The
resulting material achieves an overpotential of 370 mV at 100 mA
cm−2 with stability maintained over a 90-h period. Post-analysis
XPS conrms complete surface reconstruction to catalytically
active NiOOH and CoOOH, indicating that NixB/Co3O4/Co(OH)2
acts as a precursor for this active catalyst.

While NixB particles and Co3O4 have been used as electro-
catalysts, this unique combination of NixB/Co3O4/Co(OH)2 has
not, to the best of our knowledge, been previously utilised as
This journal is © The Royal Society of Chemistry 2026
a pre-catalyst for the OER. This makes it an interesting material,
where the Co3O4 rods are partially converted to Co(OH)2 sheets,
which can then readily form the active CoOOH surface phase,
while the NixB serves as a source of NiOOH. This work
contributes to the growing body of research on boride-based
pre-catalysts, offering practical insights into hybrid support
design, transformation-driven catalysis, and long-term OER
stability in alkaline conditions.

2. Experimental

Detailed information about the materials, reagents, material
characterisation, and electrochemical measurements on the
prepared materials can be found in the SI.

2.1 Synthesis of Co3O4 rods

In separate beakers, 1.19 g of CoCl2 (A1), 1.5 g of urea (B1), and
0.05 g of CTAB (cetyltrimethylammonium bromide) (C1) were
each dissolved in 10 mL of deionised water (DI water) under
stirring at 700 rpm, forming solutions A1, B1, and C1, respec-
tively. Aer 10 min of mixing, solutions B1 and C1 were
combined into solution A1 very slowly to ensure homogeneity.
The combined mixture was then transferred to a Teon-lined
autoclave and heated at 120 °C for 12 h. Aer the reaction,
the resulting product was washed thoroughly with deionised
(DI) water and ethanol. The material was dried overnight at 50 °
C. Finally, the dried product was calcined at 300 °C for 2 h. Aer
calcination, the material was allowed to cool to room temper-
ature and stored for further use. This methodology is illustrated
in Scheme 1(a).

2.2 Synthesis of amorphous nickel boride (NixB)

0.742 g of NiCl2 was transferred to a beaker containing 25 mL of
DI water and stirred at 700 rpm for 10 min, and labelled as
solution A2. Separately, 0.189 g of NaBH4, a reducing agent and
source of boron, was dissolved in 10 mL of DI water with 0.02 g
of NaOH, and the mixture was labelled as solution B2. Aer
10 min, solution A2 was transferred to an ice-bath set up to
maintain the reaction temperature at 0 °C. Aer 20 min of
continuous stirring under a N2 atmosphere, solution B2 was
slowly added dropwise to solution A2 using a syringe. Upon the
addition of solution B2, an effervescence began, and a black
precipitate formed immediately. The reaction was carried out
for 30 min under an N2 atmosphere and stirring at 700 rpm at
0 °C. Aer the reaction, the precipitate was washed thoroughly
with DI water and nally with ethanol. The powder was dried
overnight at 50 °C and stored for further use.

2.3 Preparation of NixB/Co3O4/Co(OH)2

The NixB/Co3O4/Co(OH)2 composites were synthesised via an in
situ chemical reduction process, as shown in Scheme 1(b) and
(c). Pre-synthesised Co3O4 (50, 100, or 150 mg) was dispersed in
25 mL of DI water and sonicated for 10 min to ensure uniform
dispersion. These suspensions were transferred to a Buchner
ask and stirred at 700 rpm, designated as solution A3. Sepa-
rately, 0.742 g of NiCl2 was weighed out, and the nickel salt was
Sustainable Energy Fuels, 2026, 10, 1348–1360 | 1349
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Scheme 1 Schematic representation of the preparation and fabrication of the electrocatalysts on CC and NF.
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slowly added to solution A3, which was then stirred for an
additional 10min to give solution B3. Aer 10min, this solution
was transferred to an ice-bath and maintained at 0 °C. Sepa-
rately, 0.189 g of NaBH4 in 10mL DI water with 0.02 g NaOHwas
prepared and labelled as solution C3. Aer 20 min of contin-
uous stirring under a N2 atmosphere, solution B3 was slowly
added dropwise to the Co3O4/Ni mixture (solution C3) using
a syringe. The reaction proceeded under these conditions for an
additional 30 min, with a gradual formation of Co(OH)2 sheets
alongside the Co3O4 rods due to the basic and reducing atmo-
sphere. The nal composite materials, consisting of Co3O4 rods
and Co(OH)2 sheets and amorphous NixB, were washed thor-
oughly with DI water and ethanol, dried overnight at 50 °C and
stored for further analysis. Samples were designated as NixB/
CoO-50, as NixB/CoO-100, and as NixB/CoO-150, correspond-
ing to the initial Co3O4 rod mass used.

2.4 Electrode preparation and coating

Carbon cloth (CC) electrodes were prepared by cutting a 1 × 2
cm2 piece of commercial CC. The CC was cleaned via 5-min
sonication in 1.0 M HCl and washed with DI water and ethanol,
followed by overnight drying at 60 °C. The catalyst slurry ink was
then prepared bymixing 81% of the active material, 14% carbon
black, and 5% polyvinylidene uoride (PVDF) as a binder, with
sufficient N-methyl-2-pyrrolidone (NMP) as a solvent. Finally,
the slurry was evenly coated onto the CC in a 1 × 1 cm2 area of
the CC substrate and dried at 50 °C between the layers, resulting
in a nal catalyst loading of 0.4 mg cm−2, as illustrated in
Scheme 1(d) and (e). This was found to be the optimal loading.
The inuence of NixB/CoO-100 loadings is summarised in Table
S1. While loadings between 0.1 and 0.6 mg cm−2 have little
inuence at lower overpotentials, the 0.4 mg cm−2 loading
exhibits the lowest overpotential during the OER at a current
density of 50 mA cm−2.

Nickel foam (NF) electrodes were prepared by cutting a 1 × 1
cm2 piece of commercial NF. NF can be difficult to standardise
due to its disordered porosity and variability between samples,
1350 | Sustainable Energy Fuels, 2026, 10, 1348–1360
leading to a wide range of baseline performances reported in
the literature.24 To minimise variability and improve reproduc-
ibility, 1 × 1 cm2 NF pieces were pre-weighed and matched in
mass across experiments. Each was connected to a nickel wire
(all of equal weight), cleaned with acetone, and then electro-
chemically reduced by immersing the NF in 1.0 M KOH at
−1.0 V (vs. Hg/HgO) for 10 min to remove surface oxides. It was
then pressed to a uniform thickness of approximately 0.1 mm to
provide a planar surface, facilitating the coating process. The
slurry was prepared as above, but without the addition of con-
ducting carbon black, as NF is intrinsically conducting. Like the
CC, a nal catalyst loading of 0.4 mg cm−2 was maintained.

3. Results and discussion
3.1 Characterisation of materials

The composite was prepared via an in situ chemical reduction
process, in which amorphous NixB particles were deposited
onto a cobalt-based support undergoing partial phase trans-
formation. Specically, the as-prepared Co3O4 rods were
exposed to the highly alkaline and reducing environment
generated by NaBH4 and NaOH. Under these conditions, Co3+

ions within the Co3O4 lattice are partially reduced to Co2+, and
this, along with the existing Co2+ in the oxide phase, promotes
the formation of Co(OH)2 sheets. Simultaneously, Ni2+ is
reduced to form amorphous NixB, which nucleates and deposits
across the Co3O4/Co(OH)2 surface. The result is a multidimen-
sional composite comprising NixB particles interfacing with
Co(OH)2 sheets as well as Co3O4 rods. The reaction pathway can
be summarised in eqn (1) and (2).

Co3O4 + 3H2O / 3Co(OH)2 +
1
2
O2 (1)

Ni2+ + 2BH4
− + 3H2O / NixB + B(OH)3 + 51

2
H2 (2)

The morphology and structural transformation within the
NixB/Co3O4/Co(OH)2 composite were initially examined
through eld-emission scanning electron microscopy (FE-SEM),
This journal is © The Royal Society of Chemistry 2026
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as shown in Fig. 1. FE-SEM images of pristine Co3O4 rods
(Fig. 1(a)) display well-dened rod-like structures with varying
lengths. These rod-like features are more readily seen in the
inset in Fig. 1(a) and provide a favourable morphology for
maximising surface area and enhancing electron transport,
critical factors for electrochemical applications. In contrast, the
amorphous NixB phase, prepared without the addition of the
Co3O4 rods (Fig. 1(b) and the inset in Fig. 1(b)), is observed as
spherical aggregated particles. FE-SEM analysis of the nal
composite (Fig. 1(c) and (d)) reveals a more complex architec-
ture, where both Co3O4 rods and newly formed 2D sheet-like
Co(OH)2 structures coexist, decorated with dispersed spherical
Fig. 1 FE-SEMmicrographs of (a) hydrothermally prepared Co3O4 rods, (
Co3O4) composite and (e–h) EDX elemental mapping, highlighting the d

This journal is © The Royal Society of Chemistry 2026
NixB particles. This transformation from rods to sheets is likely
promoted by the introduction of NaBH4 during the decoration
process, resulting in amixed-phase Co3O4/Co(OH)2 support that
helps reduce NixB agglomeration and improve electrochemical
accessibility. Energy-dispersive X-ray (EDX) mapping (Fig. 1(e–
h)) further conrms the uniform distribution of Co, Ni, O, and B
elements across the composite, indicating successful integra-
tion of NixB with Co3O4 and Co(OH)2.

X-ray diffraction (XRD) analysis was performed to conrm
the incorporation of amorphous NixB and to investigate phase
transformations within the Co3O4 rods during NixB deposition.
As shown in Fig. 2(b), the XRD pattern of pristine Co3O4 exhibits
b) NixB and (c and d) as-prepared NixB/Co3O4/Co(OH)2 (with 100mg of
istributions of Ni, Co, O and B in the composite.

Sustainable Energy Fuels, 2026, 10, 1348–1360 | 1351
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sharp peaks at 19.0°, 31.3°, 36.8°, 38.5°, 44.8°, 59.3°, and 65.2°,
corresponding to the (111), (220), (222), (311), (400), (511), and
(440) planes of cubic Co3O4 (JCPDS 00-001-1152). In contrast,
pristine NixB displays a broad, undened peak between 40° and
50°, characteristic of its amorphous nature.25 In the composite
samples, the XRD patterns display sharp reections indicative
of crystalline Co3O4, along with a broad feature associated with
amorphous NixB. The broad amorphous NixB peak around 45°
is more prominent in the sample with the highest NixB to Co3O4

ratio (CoONiB-50), but it is present in all composites, conrm-
ing successful integration of amorphous NixB into the Co3O4/
Co(OH)2 support. Additionally, a broad peak appears in the 2q
range of 10–20°, consistent with the formation of a Co(OH)2
phase.26 This is attributed to the reducing and alkaline
Fig. 2 (a) FTIR spectrum and (b) XRD pattern of NixB/CoO composite, a
CoO-100 composite.

1352 | Sustainable Energy Fuels, 2026, 10, 1348–1360
conditions generated during the chemical reduction process.
Notably, the intensity of this broad peak increases with higher
initial Co3O4 content, suggesting that the composites with
a higher Co3O4 to NixB ratio exhibit a greater extent of Co(OH)2
sheet formation.

Further evidence of cobalt phase transformation was ob-
tained through Fourier-transform infrared (FTIR) spectroscopy
(Fig. 2(a)). In pristine Co3O4, peaks corresponding to Co–O
stretching vibrations are observed in the 560–660 cm−1 region,
consistent with previous reports.27,28 In the composite, these
peaks diminish and broaden, reecting disruption in the lattice
structure and supporting the formation of Co(OH)2.26 Addi-
tionally, a new peak observed at 972 cm−1 in the composites can
be assigned to O–H deformation vibrations of Co(OH)2.29
nd XPS spectra of (c) Co 2p, (d) B 1s, (e) Ni 2p, and (f) O 1s of the NixB/

This journal is © The Royal Society of Chemistry 2026
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Collectively, these analyses indicate that the composites
undergo a signicant partial phase transformation, resulting in
a unique structure consisting of Co3O4 rods, partially converted
into Co(OH)2 sheets, with amorphous NixB particles distributed
throughout the cobalt-based support. The incorporation of
amorphous NixB, known for its distinct electronic properties,
contributes an additional catalytic component to the material,
thereby enhancing its electrochemical performance. This
mixed-phase structure increases the available surface area and
active site density, enabling contributions from each compo-
nent during electrochemical operation.

The elemental composition and electronic states of the NixB/
CoO-100 composite material were investigated through X-ray
photoelectron spectroscopy (XPS). The survey spectrum is
Fig. 3 Electrochemical characterisation of compositematerials on CC su
2 mV s−1, (c) Tafel slopes comparing OER kinetics, (d) EIS of non-fa
noamperometry of NixB/CoO-100@CC over 24 h with inset showing po

This journal is © The Royal Society of Chemistry 2026
shown in Fig. S1, conrming the presence of Co, Ni, O and B
elements in the composite. As shown in Fig. 2, the high-
resolution analysis of the Co 2p spectra (Fig. 2(c)) reveals two
major peaks at binding energies of 780.2 and 782.1 eV, which
are dominated by multiplet splitting and satellite features
typical of mixed cobalt oxide/hydroxide systems, consistent with
the presence of Co3O4 and Co(OH)2.30 Additionally, a peak
appears at 778.5 eV, which may be attributed to the metallic
cobalt.31 The B 1s region (Fig. 2(d)) exhibits two peaks at 187.9
and 191.6 eV, corresponding to Ni–B and B–O bonds, respec-
tively. These binding energy values align well with those re-
ported in the literature for nickel boride-based
heterostructures.14 The Ni 2p spectrum (Fig. 2(e)) was decon-
voluted into three peaks located at 851.9, 853.6 and 855.5 eV,
bstrate in 1.0 M KOH: (a) CV cycling at 50mV s−1 (b) IR-corrected LSV at
radic region, (e) ECSA ratio compared to bare substrate, (f) chro-
st-24-h LSV.

Sustainable Energy Fuels, 2026, 10, 1348–1360 | 1353

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01506e


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
:5

1:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which are assigned to Ni–B and Ni–O and Ni(OH)2 species,
respectively.32 The O 1s (Fig. 2(f)) spectrum displays two distinct
peaks at 529.1 and 531.0 eV corresponding withmetal-oxide and
metal hydroxide bonding, respectively.
3.2 Electrochemical performance of NixB/CoO on CC

The electrochemical performances of the NixB/CoO composites
(NixB/CoO-50, NixB/CoO-100, NixB/CoO-150) were screened for
the OER on the catalytically inert CC substrate in 1.0 M KOH.
Prior to catalytic testing, each electrode was electrochemically
activated by cyclic voltammetry (CV) between 0.0 V and 0.7 V (vs.
Hg/HgO) at a scan rate of 50 mV s−1 in 1.0 M KOH until a stable
state was achieved. This activation has previously been shown to
be an effective strategy to improve the OER performance of
transition metals.33 A stable state was reached aer approxi-
mately 10 cycles, as illustrated in supplementary data, Fig. S2.
Comparative CV curves for each composite are shown in
Fig. 3(a) following 10 cycles. The composites exhibit higher
anodic and cathodic peak currents relative to the control
samples (NixB and Co3O4), suggesting improved electro-
chemical activity compared to the individual components. This
enhancement may be due to increased surface area and more
accessible redox sites provided by the composite structure. The
CV recorded for Co3O4 reveals only a minor oxidation wave,
associated with the oxidation of the metallic Co observed in the
XPS, to Co2+, with no indication of the reverse reaction. Hence,
the more prominent redox peaks in Fig. 3(a) signify the inter-
conversion between Ni2+ and Ni3+ with quasi-reversible behav-
iour. Notably, the peak-to-peak separation varies with the
amount of Co3O4 added, exhibiting the smallest separation and
sharper peaks for NixB/CoO-100@CC. This indicates that this
particular composite demonstrates superior electrical
conductivity.

Following activation, linear sweep voltammetry (LSV) was
performed at 2 mV s−1 in 1.0 M KOH and cycled from 0.0 V to
1.5 V vs. Hg/HgO. These data were subjected to IR correction
using an 85% correction. The impact of this correction is
illustrated in Fig. S3, where the IR-corrected and non-corrected
plots are compared. As expected, the IR correction has a greater
inuence at higher currents. In Fig. 3(b), the LSV plots are di-
splayed for the different composites, while the LSV plots for CC
and the benchmark RuO2 are provided in Fig. S4. Among the
composites prepared with varying Co3O4 content, NixB/CoO-
100@CC exhibited the highest OER activity with an over-
potential of 410 mV at a current density of 50 mA cm−2 on CC
compared to the values of 435, 478, 492 and 495 mV for NixB/
CoO-150@CC, NixB/CoO-50@CC, Co3O4@CC and NixB@CC,
respectively. In the LSV plots in Fig. 3(b), two redox events are
also clearly evident. The peak centred at 1.38 to 1.40 V (vs. RHE)
is consistent with the Ni2+/Ni3+ conversion. However, the
conversion of Co3O4 to CoOOH, eqn (3), which has a standard
reduction potential of 1.22 V vs. RHE,34 may also contribute to
this peak. Indeed, this conversion is evident in the absence of
nickel with the Co3O4@CC, where the oxidation wave is centred
at 1.45 V. With the good conductivity of the NixB/CoO-100@CC
composites, this reduction may be more thermodynamically
1354 | Sustainable Energy Fuels, 2026, 10, 1348–1360
favourable, shiing to a somewhat lower potential to coincide
with the Ni2+/Ni3+ conversion. Interestingly, the shoulder peak
observed for all the NixB/CoO composites may indicate the
transformation of the Co(OH)2 sheets into CoOOH, eqn (4). This
conversion has been observed at 1.58 V,35 which is in good
agreement with the position of this shoulder peak in Fig. 3(b) at
1.52 V.

Co3O4 + OH− + H2O ! 3CoOOH + e− (3)

Co(OH)2 + OH− ! CoOOH + H2O + e− (4)

Clearly, the NixB/CoO-100@CC exhibits the highest OER
activity, particularly at higher overpotentials, and was therefore
selected for the OER studies and compared with its individual
components, Co3O4@CC and NixB@CC.

To investigate OER kinetics, Tafel slope analysis was performed
on NixB/CoO-100@CC. Notably, an oxidation peak linked to the
formation of NiOOH, which obscures the Tafel region, was
observed in the LSV curves (Fig. 3(b)), which complicates the
determination of the true Tafel slope. Therefore, the Tafel plots
were constructed from steady-state measurements rather than
potentiodynamic data, which oen suffer from non-steady-state
effects, double-layer charging, and self-oxidation artefacts.36 The
steady-state current densities (jss) were obtained by chro-
noamperometry at various overpotentials in the Tafel region
(Fig. S5). The NixB/CoO-100@CC composite exhibited a Tafel slope
of 69.0 mV dec−1, while NixB@CC and Co3O4@CC gave slopes of
46.3 and 80.4 mV dec−1 (Fig. 3(c)), respectively. It is well estab-
lished that the apparent Tafel slope can shi with potential,
surface coverage, and catalyst loading.37 These values were there-
fore used for comparison of the components of the NixB/CoO-
100@CC composite, rather than a mechanistic analysis. Within
this region, NixB@CC exhibits the lowest slope, meaning the
current increases more rapidly per unit increase in overpotential,
indicating simpler reaction dynamics with faster electron transfer
and fewer intermediate transitions. However, as a single-phase
material, NixB@CC does not benet from the added active site
diversity seen in the mixed-phase NixB/CoO-100@CC composite.
The Co3O4@CC reference catalyst exhibited a Tafel slope of
98.4 mV dec−1, indicating moderate electron transfer efficiency
without the additional catalytic effects provided by the composite
structure. Overall, the NixB/CoO-100@CC composite demon-
strated lower overpotentials in LSV measurements compared to
both Co3O4@CC and NixB@CC, likely due to the higher density of
accessible active sites and improved electron transport pathways
created by its multi-phase architecture. The slightly higher Tafel
slope in NixB/CoO-100@CC may indicate a shi in the rate-
determining step or increased mechanistic complexity, consis-
tent with recent work showing that Tafel slopes can reect tran-
sitions in reaction pathways rather than intrinsic kinetics alone.38

ECSA estimation typically relies on double-layer capacitance
(Cdl) measurements obtained from CVs in the non-faradaic
region. However, Cdl measurements for transition metal
oxides and hydroxides can be impacted by side reactions,
including corrosion and specic adsorption, leading to poten-
tial overestimation of capacitance values.39 Additionally, it was
This journal is © The Royal Society of Chemistry 2026
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observed that the NixB/CoO@CC composites exhibited limited
capacitive regions within the required voltage range, compli-
cating the determination of Cdl using CV measurements. To
address these challenges, the ECSA was estimated through
electrochemical impedance spectroscopy (EIS) in the non-
faradaic region (Fig. 3(d)) by tting to a simple Randles cell
model, yielding capacitance values which were further used to
calculate both the absolute and relative ECSA values, as illus-
trated in Table S2. To calculate the absolute ECSA, the specic
capacitance of 40 mF cm−2 (a typical value for atomically at
transition metal oxides in KOH) was compared with the recor-
ded capacitance values. This approach yielded estimated ECSA
values of 97.84 cm2 mg−1 for NixB/CoO-100@CC, 30.44 cm2

mg−1 for NixB@CC, and 59.60 cm2 mg−1 for Co3O4@CC.
Additionally, using the capacitance of the bare CC as a baseline
reference, the relative ECSA ratios of 20.1, 6.25 and 12.24 for
NixB/CoO-100@CC, Co3O4@CC and NixB@CC were obtained
(Fig. 3(e)). This analysis indicates a substantial increase in
electrochemically active sites in the mixed-phase composite
NixB/CoO-100@CC.

Further analysis of the charge-transfer properties was con-
ducted using EIS (Fig. S6) under catalytic turnover conditions
(1.6 V vs. RHE), and the corresponding equivalent circuit, tted
data and circuit parameters are summarised in Table S3. A low
charge-transfer resistance of 1.53 ± 0.04 U was observed for
NixB/CoO-100@CC, with a similarly low value of 1.57 ± 0.06 U

for NixB@CC, while a slightly higher resistance of 4.47 ± 0.05 U

was seen with Co3O4@CC, indicating that the NixB enhances
the conductivity of the composite. This low charge-transfer
resistance and the structural characteristics of the NixB/CoO-
100@CC likely contribute to its enhanced OER performance.
The increased ECSA of the composite suggests an increase in
catalytic sites and activity. Meanwhile, the hierarchical 0D/2D
structure provides a conducting, high-surface-area structural
support that stabilises the NixB particles, reducing agglomera-
tion and thereby preserving site availability. Additionally, the
presence of multiple redox-active species may enhance the
adsorption of intermediates and catalytic turnover. The NixB/
CoO-100@CC also exhibits a low charge-transfer resistance
due to the presence of NixB, which enhances electron transport.
Collectively, these factors contribute to the improved catalytic
activity observed for the composite material.

Initial details regarding the stability of the NixB/CoO-100@CC
were obtained at a constant potential of 1.6 V vs. RHE. These
data are presented in Fig. 3(f). It is apparent that a slight current
decay occurs over the 24-h period, which may be attributed to the
oxidative degradation of the CC substrate under prolonged anodic
polarisation at this relatively high potential.40 Subsequently, the
LSV was recorded and compared to that of a freshly prepared
electrocatalyst. These data are illustrated in the inset of Fig. 3(f).
The LSV curves are comparable, showing only a slight reduction in
OER activity aer the 24-h stability test.
3.3 Electrochemical performance of NixB/CoO-100 on NF

To validate the applicability of the NixB/CoO catalyst on a prac-
tical electrode substrate, the optimised NixB/CoO-100 catalyst
This journal is © The Royal Society of Chemistry 2026
was applied to a 1 × 1 cm2, 0.1 mm thick piece of pressed NF
and evaluated as an electrocatalyst for the OER. SEM analysis
(Fig. 4(a)) reveals a uniform coating of the catalytic ink on the
pressed NF. CV cycling (Fig. 4(b)) of the NixB/CoO-100
composite on the NF substrate (NixB/CoO-100@NF) shows
a marked increase in current response compared to the bare NF
electrode, indicating enhanced electrochemical activity and
suggesting the deposited composite provides additional redox-
active sites beyond the intrinsic contribution of the NF. Inter-
estingly, on comparing these data to the corresponding study at
CC, the high conductivity of the NF becomes apparent. The
oxidation peak potential is centred at 0.52 V in Fig. 4(b), but at
a higher potential of 0.57 V in Fig. 3(a). Likewise, there is
a difference in the reduction peak potentials, which appear at
0.34 V for the NF and at 0.23 V for the CC substrate.

The stability of the NixB/CoO-100@NF was studied over a 70-
h period at a xed potential of 1.6 V vs. RHE, and the corre-
sponding current-time plot is shown in Fig. 4(c). Aer an initial
slight decrease in the current over the rst 10 h, it remains
largely unchanged, conrming the retention of catalytic
performance. Following the 70-h period, the electrode was
polarised for a further 24 h at a higher current density of 50 mA
cm−2. The corresponding plot is shown in the inset of Fig. 4(c).
Again, very good stability is seen for this additional 24-h period.
Aer this 94-h long-term stability testing period, the LSV was
measured and compared to a newly prepared electrocatalyst.
The corresponding LSVs are presented in Fig. 4(d), indicating
excellent OER activity. The two plots show minimal differences,
with nearly identical onset potentials. At a high current density
of 200 mA cm−2, the overpotentials are 391 mV for the freshly
prepared NixB/CoO-100@NF compared to 419 mV following
a 94-h stability study. The minimal degradation over this
extended period supports the suitability of NixB/CoO-100@NF
catalyst for further development under more industrially rele-
vant conditions. Indeed, the SEM observed aer stabilisation,
as shown in Fig. 4(e), clearly resembles the morphology pre-
sented in Fig. 4(a), with no evidence of any change in the surface
morphology following stability.

It is evident from Fig. 4(d) that the NF exhibits OER activity,
and this clearly contributes to the high OER activity of the NixB/
CoO-100 electrocatalyst. To establish this contribution, the OER
performances of NixB/CoO-100@NF, NixB/CoO-100@CC, CC
and NF were assessed using LSV studies. The corresponding
LSV data are presented in Fig. S7. Here, it is clear that the NixB/
CoO-100 supported on the NF substrate has a higher OER
activity, and this is associated with both the high conductivity of
NF and its OER activity. However, the NixB/CoO-100@NF clearly
enhances the OER performance of the NF, and more particu-
larly the CC.

Furthermore, the NixB/CoO-100@NF compares very favour-
ably with RuO2/NF, achieving higher OER activity. Indeed, the
NixB/CoO-100@NF and RuO2/NF have similar onset potentials
at 317 and 313 mV, respectively, while the overpotentials at
a much higher current density of 200 mA cm−2 are 483 mV for
RuO2/NF, but lower at 391 mV for NixB/CoO-100@NF. Further-
more, the NixB/CoO-100@NF performs well compared to other
OER electrocatalysts, as highlighted in Table S4. Regarding the
Sustainable Energy Fuels, 2026, 10, 1348–1360 | 1355
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Fig. 4 (a) SEM characterisation of NixB/CoO-100@NF as prepared, (b) CV cycling at 50 mV s−1 in 1.0 M KOH (c) Chronoamperometric and (inset)
chronopotentiometric stability testing in 1.0 M KOH. (d) LSV at 2 mV s−1 before and following stability testing, and (e) SEM characterisation of
NixB/CoO-100@NF following 94 h of continuous operation.
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cobalt-based electrocatalysts, such as CoMoO4,41 with an over-
potential of 366 mV at 10 mA cm−2 (h10), and stability over 80 h,
the Co2CrO4/RuO2,42 with stability over 60 h and h10 = 209 mV,
and Co3Fe7/Fe3O4,43 with h10= 279mV and stability for 12 h, the
NixB/CoO-100@NF performs well, achieving an h10 of 316 with
stability over 94 h. However, the benet of the NixB/CoO-
100@NF system lies in its high OER currents at relatively low
overpotentials. Many of the electrocatalysts in Table S4 require
overpotentials greater than 400 mV to achieve 100 mA cm−2. In
contrast, the overpotential of NixB/CoO-100@NF at 100 mA
cm−2 is only 391 mV. Furthermore, the NixB/CoO-100@NF
1356 | Sustainable Energy Fuels, 2026, 10, 1348–1360
compares well with the widely reported layered double
hydroxides, including doped FeNi-LDH44 (Table S4).
3.4 Post-stability characterisation of NixB/CoO-100 on NF

To investigate surface reconstruction, high-resolution XPS was
conducted on the NixB/CoO-100@NF composite aer 70 h of
continuous operation at 1.6 V vs. RHE in 1.0 M KOH (Fig. 5(a–
c)). These spectra were compared with those in Fig. 2(c–f). In the
Ni 2p region, a clear transformation from metallic Ni0/Ni–B
(851.9 eV) to oxidised species is observed. Following prolonged
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 XPS analysis of (a) Ni 2p, (b) Co 2p and (c) O 1s regions of NixB/CoO-100@CC following 70 h of continuous operation at 1.6 V Vs RHE in
1.0 M KOH, (d) LSV of NixB/CoO-100@NF at 2 mV s−1 in purified and un-purified 1.0 M KOH and (e) EDX analysis showing Fe incorporation
following activation and (f) following 70 h of continuous operation at 1.6 V vs. RHE in 1.0 M KOH.
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exposure to OER conditions, the Ni0 disappears entirely,
replaced by dominant features at 853.2 eV (Ni–O), 855.0 eV
(Ni(OH)2), and a new feature at 856.3 eV attributed to NiOOH/
Ni3+, consistent with progressive oxidation reported for nickel
boride surfaces undergoing electrochemical activation and
reconstruction.13 This progressive oxidation indicates the in situ
formation of a catalytically active nickel (oxy)hydroxide phase
during OER. Similarly, the Co 2p spectra support oxidation from
the initial mixed Co3O4 to higher valent species. Following the
long-term stability, prominent peaks at 782.1 and 784.0 eV are
assigned to Co(OH)2 and CoOOH, respectively, consistent with
This journal is © The Royal Society of Chemistry 2026
the oxidation of the cobalt support under OER conditions.45 The
O 1 s spectra support these ndings. Initially, peaks at 531.0 and
529.1 eV correspond to hydroxide (Ni(OH)2/Co(OH)2) and oxide
(Ni–O/Co–O) species, respectively. Aer extended testing, the
hydroxide signal shis to 531.6 eV, suggesting further oxidation
and the formation of oxyhydroxide phases, consistent with the
growth of NiOOH and CoOOH. Notably, B 1s signals present
aer activation, specically B–O (191.9 eV) and B2O3 (193.0 eV)
are no longer detectable following extended OER testing. This
suggests substantial boron loss from the surface, likely as
soluble borate species under alkaline conditions. This
Sustainable Energy Fuels, 2026, 10, 1348–1360 | 1357
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Scheme 2 Schematic representation of the NixB/CoO-100 and its surface reconstruction to give oxyhydroxide CoOOH and NiOOH species.
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behaviour is consistent with reports for TM boride electro-
catalysts, where surface boron is oxidised to soluble B(OH)4

− at
OER-relevant potentials, leaving behind a boron-decient (oxy)
hydroxide surface.46 While some studies have observed retained
oxidised boron (e.g., BO2

−) inuencing OER-active sites, the
complete disappearance of B species in our system supports
a model where NixB serves as a pre-catalyst that transforms into
a NiOOH/CoOOH-rich surface during OER. This aligns with the
broader classication of TM borides as pre-catalysts rather than
persistent active phases.7,47 In our system, the emergence of Ni3+

and Co3+ species alongside the disappearance of B signals
supports a similar pre-catalytic mechanism, wherein the NixB/
CoO interface reconstructs into a mixed (oxy)hydroxide-rich
surface.48,49 This supports the role of the boride phase as
enhancing catalytic activity through in situ transformation,
rather than via direct involvement of B-containing species in the
OER process. On the basis of this reconstructed oxyhydroxide-
rich surface, the OER mechanism is assumed to proceed via
the adsorbate evolution mechanism (AEM) described in eqn
(5)–(8) and shown schematically in Scheme 2.

H2O + * / OH* + e− + H+ (5)

OH* / O* + e− + H+ (6)

O* + H2O / HOO* + e− + H+ (7)

HOO* / * + O2 + e− + H+ (8)

The rst step involves OH* adsorption, followed by depro-
tonation of the hydroxyl species, O–O bond formation via OOH*

and subsequent O2 release. In this system, surface CoOOH is
expected to favour OH* adsorption and stabilisation of O*
intermediates, while NiOOH sites facilitate O–O bond forma-
tion, providing a synergistic environment for the AEM which
is consistent with the enhanced OER activity observed
(Scheme 2).50

Consistent with previous studies, EDX (Fig. 5(e)) elemental
mapping revealed the early-stage post-activation incorporation
of Fe into the catalyst surface, and this appears to increase with
1358 | Sustainable Energy Fuels, 2026, 10, 1348–1360
prolonged electrochemical operation, as evidenced by post-
stability EDX analysis (Fig. 5(f)). This incorporation, likely into
the Ni(OH)2 layer, is well documented to enhance OER activity
in alkaline media.51 The purication method developed by
Marquez et al. was followed.52 As shown in Fig. 5(d), the
performance was improved when using unpuried KOH (UnP-
KOH) compared to the puried (P-KOH) electrolyte, further
suggesting that trace Fe in the electrolyte contributes to the
formation of a more active FeNi(OOH) layer at the surface of the
NixB/CoO.
4. Conclusion

In this study, we demonstrate the development of a mixed-
phase NixB/CoO-100@NF pre-electrocatalyst for OER in alka-
line media. The catalyst, fabricated via a simple chemical
reduction method, integrates amorphous nickel boride parti-
cles with cobalt oxide rods and hydroxide sheets to yield
a highly active and stable composite. Among the series, the
NixB/CoO-100 composite exhibited the best performance,
achieving an overpotential of just 370 mV at 100 mA cm−2. Post-
OER XPS analysis revealed a dynamic reconstruction mecha-
nism wherein the initial boride and oxide phases transform into
catalytically active Ni3+/Co3+ (oxy)hydroxide species. The disap-
pearance of B 1s signals and the formation of NiOOH/CoOOH
suggest a pre-catalyst behaviour, with the boride acting as
a sacricial precursor. Additional evidence of Fe incorporation
during activation further highlights the dynamic nature of the
catalytic surface and its role in boosting OER activity.

Finally, the successful translation of the optimised catalyst
coated onto an NF substrate underscores its potential for
application in practical alkaline electrolysis systems. The
stability of thematerial under prolonged electrolysis positions it
as a promising candidate for scalable, cost-effective water
splitting technologies.
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