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Photo-assisted water splitting over a NiCoP/g-C;N,
heterostructure: understanding the role of visible light in
electrochemical water splitting

A photoresponsive NiCoP/g-C;N, heterostructure enables efficient
electrochemical water splitting under visible-light illumination.
Graphitic carbon nitride (g-CsN,) acts as a visible-light absorber,
generating photocarriers that are effectively transferred to the
catalytic sites of nickel cobalt phosphide (NiCoP). This interfacial
charge-transfer synergy accelerates the kinetics of hydrogen and
oxygen evolution reactions, significantly reducing overpotentials
and the overall cell voltage, while delivering stable, high-efficiency
water splitting at practical current densities.
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1. Introduction

Photo-assisted water splitting over a
NiCoP/g-CzN4 heterostructure: understanding the
role of visible light in electrochemical water
splitting

Mahesha P. Nayak, ' John D. Rodney,” Sushmitha S22 and
Badekai Ramachandra Bhat (2 *@

Visible-light assistance plays a pivotal role in enhancing the electrochemical reaction kinetics of
photoresponsive electrocatalysts by generating additional photocarriers that participate in the interfacial
HER and OER processes. Herein, we report the synthesis of a NiCo-MOF grown in situ on an optimised
amount of g-CsN4 nanosheets, followed by phosphidation to yield a NiCoP/g-CsN,4 heterostructure via a
two-step process. The electrocatalytic performance of the NiCoP/g-CsN4 heterostructure was
systematically evaluated under both visible-light irradiation and in the dark. Under visible-light illumination,
the catalyst required overpotentials of 222 mV and 210 mV (iR-corrected) for HER and OER, respectively,
at a current density of 100 mA cm™2 with Tafel slopes of 859 mV dec™ and 68.8 mV dec™. In contrast,
under dark conditions, the overpotentials increased to 277 mV and 260 mV (iR-corrected) for the HER and
OER, with Tafel slopes of 98.8 mV dec™! and 86.5 mV dec™?, respectively. Notably, the overpotentials
required are reduced by 1.25 times compared to dark conditions. Furthermore, in a two-electrode system
comprising NiCoP/g-CsN4|[NiCoP/g-C3zN,, a cell voltage of 1.57 V under illumination and 1.65 V in the dark
was required to achieve a current density of 10 mA cm™2. The catalyst also demonstrated excellent
stability, maintaining activity for 24 hours at a high current density of 400 mA cm™2 without noticeable
degradation, and delivering a faradaic efficiencies of 97% for HER and 96% for OER under illumination. This
study highlights how visible-light integration, via photoexcitation of g-C3zN,4 and synergistic coupling with
NiCoP, enhances electrochemical water splitting performance, providing a practical strategy for designing
highly efficient heterointerface electrocatalysts for photo-assisted water splitting.

to drive overall water splitting, corresponding to a reversible
cell potential (AE) of 1.23 V. However, the major challenge lies

Hydrogen, with its high energy density (142 MJ kg™ ") and clean
combustion characteristics, is considered a promising solution
for a sustainable and efficient energy carrier system."” Among
the various production methods, electrocatalytic water splitting
is particularly attractive due to its high efficiency and increas-
ing industrial maturity.® This process involves two fundamental
half-cell reactions: the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER). Thermodynamically, a
Gibbs free energy change (AG) of 237.2 k] mol ' is required
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in the development of cost-effective electrocatalysts that not
only rival the activity of commercial noble-metal-based catalysts
but also efficiently overcome the sluggish kinetics of both HER
and OER."

Metal-organic frameworks (MOFs), particularly bimetallic sys-
tems, have attracted considerable attention as promising candi-
dates for application in electrocatalysis,® supercapacitors,” gas
storage, and separation.®® Their advantages arise from the high
surface area, tunable electronic structures, abundant active sites,
rich redox chemistry, and low cost, which collectively promote
efficient charge transfer and mass transport throughout the
electrochemical process.’® Notably, the synergistic interplay
between different redox-active metal centres in bimetallic MOFs
markedly enhances catalytic activity compared to their monome-
tallic counterparts."' To further enhance the catalytic perfor-
mance of pristine MOF-based systems, recent efforts have
focused on incorporating semiconducting components or
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heteroatoms into the MOF architecture,>"®> where Ubaidullah
et al. reported a ZnO@NMC nanocomposite derived from MOF-5,
which served as an efficient hybrid bifunctional electrocatalyst,
delivering overpotentials of 0.39 V for the HER and 0.57 V for the
OER at 10 mA cm™>."* Similarly, Shabbir B et al. synthesised Pr-
MOF/Fe,0; via a hydrothermal route, which exhibited an OER
overpotential of 238 mV at a current density of 10 mA cm™ > and a
low Tafel slope of 37 mV dec ".'> Khan S et al used the
hydrothermal method to synthesise g-C;N,@ZIF-67 composites
with varying g-C;N, loadings (1-8 wt%). The 3 wt% g-C;N,@ZIF-
67 composite exhibited excellent bifunctional activity for the HER
and OER with low overpotentials of 152 mV and 176 mV at 10 mA
em™? in alkaline media and achieved overall water splitting at
1.34 V and remained stable for 24 h. The enhanced performance
was attributed to improved charge transfer, a high surface area,
and the hydrophilic nature of the optimised material (contact
angle 54.4°)."° This strategy has shown considerable promise in
advancing both electrochemical and photoelectrochemical water-
splitting applications."” In particular, when MOFs are modified to
incorporate photoactive components, it becomes crucial to
account for the influence of visible light during electrocatalytic
evaluation. The introduction of a photoactive component can
lead to significant variations in catalytic activity under illumi-
nated and dark conditions, which is a key component that plays a
critical role in the overall performance.'® In the context of
electrochemical water splitting, coupling a photoactive semicon-
ductor with an electrocatalyst enables photo-assisted electrocata-
lysis, where visible light-generated charge carriers directly
contribute to the electrochemical half-reactions.

Among several photoactive components, graphitic carbon
nitride (g-C3N,), an organic semiconductor, has garnered sig-
nificant attention in recent years for photocatalytic applica-
tions. It has unique properties, such as exceptional chemical
and thermal stability,'® abundant active sites, an optimal band
gap (~2.7 eV) for visible-light absorption, and a favourable
valence band position (—0.93 V vs. NHE at pH = 0) for driving
both water oxidation and reduction, making it a highly promis-
ing photocatalyst.>*>* g-C;N, also has the ability to form
composites with inorganic materials and MOFs, which will
arise from the interaction of unpaired n-electrons and surface
oxy, hydroxy and amine functional groups.”® In addition, the
facile synthesis, two-dimensional layered structure, and low
cost of g-C;N, further validate its enhanced appeal as a sustain-
able material for photocatalysis. However, despite all of these
advantages, g-C3N, suffers from intrinsic limitations, such as
its low surface area and rapid recombination of photogenerated
charge carriers, which significantly hinder its efficiency.>* To
overcome these challenges and promote effective charge
separation, incorporating co-catalysts, constructing heterojunc-
tions with other semiconductors, and introducing metal or
non-metal dopants into its layered framework are commonly
employed strategies.

In this study, a NiCoP/g-C;N, heterostructure was synthe-
sised via in situ growth of NiCo-2-methylimidazole on an
optimised amount of g-C;N,, followed by a phosphidation
process. By systematically comparing the catalytic performance
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of NiCoP/g-C3;N, under dark and visible-light-illuminated con-
ditions, this work dissects the specific contribution of visible
light to the overall water-splitting reaction, demonstrating how
photoexcitation of g-C;N, lowers the operational overpotential
and enhances the reaction kinetics in a practical electrochemi-
cal configuration. The engineered NiCoP/g-C;N, interface pro-
vides abundant accessible active sites and facilitates efficient
charge-transport pathways, thereby improving the bifunctional
electrocatalytic performance toward both HER and OER in
alkaline media. Under visible-light illumination, notable
enhancements in overpotential, faradaic efficiency and reaction
kinetics are observed relative to dark operation, while the
catalyst also exhibits outstanding durability in both two and
three-electrode configurations, maintaining stable operation
for 24 hours at high current densities. These findings under-
score the potential of the NiCoP/g-C;N, heterostructure as a
robust and efficient bifunctional electrocatalyst for visible-light
assisted overall water splitting.

2. Experimental methods

2.1. Synthesis of g-C;N, and NiCoP/g-C3N,

2.1.1. Preparation of g-C;N,. g-C;N, was prepared via ther-
mal polymerisation of melamine. 5 g of melamine was placed
in a covered silica crucible and heated in a muffle furnace at
550 °C for 4 hours at a ramp rate of 5 °C min~". After natural
cooling to room temperature, the pale-yellow powder was
washed several times with deionised water to remove residual
impurities, then dried in a vacuum oven at 80 °C for 12 h. The
schematic representation of the synthesis is shown in Fig. 1(a).

2.1.2. In situ growth of NiCo-MOF on g-C3N,. 2-
Methylimidazole (8 mmol) was dissolved in 25 mL of methanol
under constant magnetic stirring. To this, predetermined
amounts of g-C;N, were introduced to prepare NiCo-MOF/x-
wt% g-C3N, (x = 2.5, 5.0, and 7.5 wt%) composites, followed by
30 min of stirring to ensure homogeneous dispersion. Sepa-
rately, cobalt(un) nitrate hexahydrate (2 mmol) and nickel(u)
nitrate hexahydrate (2 mmol) were dissolved in 25 mL of
methanol and stirred for 15 min to obtain a clear precursor
solution. This metal salt solution was then added dropwise to
the 2-methylimidazole/g-C;N, dispersion under continuous
stirring. The resulting purple suspension was treated with
ultrasonication (100 W) for 30 min, followed by an additional
30 min of magnetic stirring. The mixture was subsequently
heated at 70 °C under reflux conditions for 12 h. The final
product was recovered by centrifugation, washed three times
with methanol, and dried at 60 °C for 8 h. The pristine NiCo 2-
methylimidazole-MOF was synthesised under identical condi-
tions without adding g-C;N, and designated as NiCo-MOF.

2.1.3. Synthesis of NiCoP/g-C;N,. Based on electrochemical
optimisation studies, the NiCo-MOF containing 5 wt% g-C;N,
exhibited good catalytic activity for both HER and OER. There-
fore, the subsequent phosphidation was performed using the
NiCo-MOF/5 wt% g-C3N, sample. The optimised NiCo-MOF/
5 wt% g-C3;N, precursor (40 mg) and sodium hypophosphite

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis of (a) g-C3N4, and (b) NiCoP/g-C3Ny.

monohydrate (120 mg) were placed in separate alumina boats, with
NaH,PO,-H,O positioned at the upstream side of a tubular
furnace.”® The system was heated to 300 °C at a rate of 10 °C min ™"
and the temperature was maintained for 2 h under a continuous
argon flow. During heating, NaH,PO,-H,0O decomposed to release
PH;, which promoted the phosphidation of Ni and Co species in
the composite, leading to the formation of bimetallic phosphides.
The resulting product was thoroughly washed with deionised
water and ethanol, followed by drying in a vacuum oven at 60 °C
for 12 h. The schematic illustration of the synthesis of NiCo-MOF/
x-wt% g-C;N, and NiCoP/g-C3N, is shown in Fig. 1(b).

3. Material characterisation

The XRD patterns of g-C3N, and NiCoP/g-C3;N, are presented in
Fig. 2(a). Distinct diffraction peaks for g-C;N, appear at 12.9°
and 27.7°, which can be indexed to the (100) and (002) planes,

© 2026 The Author(s). Published by the Royal Society of Chemistry

respectively. The reflection at 12.9° is associated with the in-
plane structural ordering of triazine units, whereas the peak at
27.7° corresponds to the interlayer stacking of the conjugated
aromatic frameworks along the (002) direction.>® After phosphi-
dation, the XRD profile of the NiCoP/g-C;N, composite exhibited
distinct diffraction peaks ascribed to NiCoP, alongside the
characteristic reflections of g-C3N,. These peaks were consistent
with those of pristine NiCoP and matched well with the standard
reference card (PDF#71-2336). The diffraction maxima observed
at 40.8°, 44.6°, 48.3°, and 56.1° were indexed to the (111), (201),
(210), and (211) crystallographic planes of NiCoP, respectively.>”
The composite retains the representative diffraction features of
both g-C;N, and NiCoP, suggesting that the intrinsic crystalline
frameworks of the two components were preserved within the
heterostructure. The average crystallite size of the composite was
determined using the Debye-Scherrer equation, and was esti-
mated to be ~14.25 nm.

Mater. Adv., 2026, 7,1417-1431 | 1419
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FT-IR spectroscopy was employed to investigate the surface
chemistry of the NiCoP/g-C3N, nanocomposites. As depicted in
Fig. 2(b), characteristic absorption features were observed for
both pristine g-C3N, and the NiCoP/g-C;N, composite within
the 500-2500 cm ™' region. The band at 803 cm ™" is assigned to
the breathing vibration of the tri-s-triazine units, while multiple
absorptions in the 1200-1600 cm ™' range correspond to the
stretching vibrations of C-N linkages in g-C;N,. Additional
peaks at 1380 cm ™' and 1577 cm ™' can be attributed to COO™
stretching, indicating the successful carboxylation of the compo-
site surface.”®*® A broad absorption band between 3000 cm™*
and 3500 cm™ ' is attributed to -NH stretching from terminal
-NH, groups and -OH groups from adsorbed water, suggesting
incomplete condensation of amino functionalities.>” The incor-
poration of NiCoP did not significantly modify the characteristic
features of g-C;N,, confirming the preservation of its intrinsic
microstructure in the composite.

The morphological transformation of the NiCo-MOF, NiCo-
MOF/g-C3N,, and NiCoP/g-C3N, was characterised by FESEM
analysis, as illustrated in Fig. 3(a)-(c), respectively. Pristine
NiCo-MOF (Fig. 3(a)) exhibits uniform cubic microcrystals with
smooth faces indicative of high crystallinity and a well-defined

NiCoP|(210) |
d=0.203/nm

e

Fig. 4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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MOF architecture. Fig. 3(b) depicts the structure of NiCo MOF/
¢-C3N,, where the structural framework remains largely intact,
with a slight increase in surface roughness, indicating the growth
of g-C;N, layers on the MOF architecture, which facilitates the
contact between the MOF and g-C3N, nanosheets. Fig. 3(c)
depicts the porous cubic networks composed of sponge-like
nanoclusters formed in the NiCoP/g-C3N, composite after phos-
phidation. This porous morphology is expected to facilitate
electrolyte penetration and maximise the exposure of active
catalytic sites. Elemental mapping presented in Fig. 3(d) confirms
the homogeneous distribution of Ni, Co, P, C, and N throughout
the NiCoP/g-C;N, matrix. The EDS map in Fig. S4 reveals the
distribution of all elements within the material, further confirm-
ing the composition of the NiCoP/g-C;N,,.

The TEM and HRTEM images of the NiCoP/g-C;N, nano-
composite are presented in Fig. 4. g-C;N, displays a typical two-
dimensional nanosheet morphology, while darker NiCoP nano-
particles are uniformly distributed over the nanosheet surface,
as shown in Fig. 4a and b, confirming the successful formation
of the NiCoP/g-C3N, composite. The homogeneous dispersion
of NiCoP nanoparticles on the g-C;N, surface suggests strong
interfacial interaction between the two components, which is

(a) and (b) TEM images of NiCoP/g-CsNg4, and (c) and (d) HR TEM images of NiCoP/g-C3zNy.

Mater. Adv., 2026, 7,1417-1431 | 1421
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favourable for efficient charge transfer. The HR-TEM image in
Fig. 4c shows clear lattice fringes with an interplanar spacing of
about 0.203 nm, indexed to the (210) plane of NiCoP, confirm-
ing the crystalline nature of the phosphide phase. The lattice
spacing of 0.328 nm, as observed in Fig. 4d, corresponds to the
(002) plane, which is consistent with the XRD results of g-C3Nj.

The comprehensive elemental composition and surface
chemical states of the NiCoP/g-C3;N, material were analysed
using XPS. The survey spectrum, as shown in Fig. 5(a), confirmed
the presence of Ni 2p, Co 2p, P 2p, C 1s, N 1s, and O 1s signals,
verifying the successful incorporation of all expected elements.
Gaussian fitting was employed to deconvolute the spectra.

The deconvoluted Ni 2p spectrum presented in Fig. 5(b)
shows peaks at 851.8 eV and 860.4 eV, corresponding to Ni 2p3,
and its satellite peak, while the peaks at 868.1 eV and 880.9 eV
correspond to Ni 2p,,, and its satellite peak, respectively, which
are assigned to nickel in the Ni-P bond, confirming that the
phosphidation process induced partial covalent bonding
between Ni and P.>**" A peak at 872.6 eV is assigned to a Ni
oxide species, suggesting the presence of surface oxidised Ni
species.’>** The deconvoluted Co 2p spectrum shown in
Fig. 5(c) displays distinct features corresponding to the Co
2pz» and Co 2p,), spin-orbit components. Peaks located at
776.1 and 793.6 eV are assigned to the Co-P bond, confirming
the successful formation of cobalt phosphide.***> The major
peaks observed at 783.7 eV (Co 2ps,) and 799.6 eV (Co 2p;,,) are
attributed to Co>" species (CoO/Co(OH),), arising from surface
oxidation of the samples.>®*” In addition, satellite features are
evident at 789.2 eV and 805.9 eV, corresponding to the Co 2p;,
and Co 2p,,, states, respectively. The N 1s spectrum shows

View Article Online
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peaks at 399.3 eV and 400.8 eV as shown in Fig. 5(d), corres-
ponding to sp>-hybridised nitrogen (N-(C);) and C=N function-
alities within aromatic CN heterocycles, respectively.*® An
additional peak at 402.2 eV is assigned to nitrogen atoms
associated with amino functional groups.®® The high-resolution
C 1s spectrum in Fig. 5(e) reveals two prominent peaks at 285.5 eV
and 288.5 eV. The peak at 285.5 €V is attributed to adventitious
carbon associated with sp®-hybridised C-C bonding, while the
peak at 288.5 eV corresponds to C—=N bonding environments.*®
The P 2p spectrum of Fig. 5(f) exhibits a small and broad peak at
129.9 eV, assigned to the P 2p;, component, indicating the
formation of Ni/Co-P bonds in the NiCoP/g-C;N, catalyst.*’
Additional peaks at 133.7 eV and 136.2 eV correspond to oxidised
phosphorus species (P 2ps,), attributed to the surface oxidation
of the phosphide phase.*'™** Moreover, compared with the stan-
dard XPS data reported for pure g-C3N,, the C 1s and N 1s peaks
of NiCoP/g-C;N, exhibit slight binding-energy shifts. Such core-
level shifts of C 1s/N 1s in g-C;N, based heterostructures, together
with the appearance of metal-phosphide features, are interpreted
as indirect evidence of interfacial electronic interaction and
charge redistribution between the metal phosphide phase and
the g-C3N, framework.>**

According to the Kubelka-Munk function, the Tauc plots of
2-C3N,, NiCoP, and NiCoP/g-C;N, are presented in Fig. 6(a),
yielding band gaps (E) of 2.7 eV, 1.4 eV, and 2.1 eV, respec-
tively. The notable reduction in the bandgap of the composite is
attributed to interfacial electronic coupling at the heterojunc-
tion, which introduces additional states near the valence band
edge. These interfacial states facilitate bandgap narrowing,
extending optical absorption into the visible region and

— NiCoP@gC3N4 : rooe Ni 2p . Co2p
Ni 2p Ni2p 3/2 B Co 2py,
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Fig. 5 XPS spectra of NiCoP/g-C3sNy: (a) survey spectra of NiCoP/g-C3Ny,
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(b) Ni 2p, (c) Co 2p, (d) N 1s, (e) C 1s, and (f) P 2p.
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enhancing photocatalytic activity.””*> Fig. 6(b)-(d) shows the
Mott-Schottky (M-S) plots of g-C3N,, NiCoP, and NiCoP/g-C;N,,
respectively, recorded at different frequencies (500 Hz, 800 Hz,
and 1000 Hz). All samples exhibit positive slopes, confirming
their n-type semiconducting behaviour. The flat-band poten-
tials (Eg,), determined from the x-axis intercepts, are —0.99,
—0.85, and —0.93 V vs. Ag/AgCl (sat. KCl), for the g-C3N,, NiCoP
and NiCoP/g-C;N, composite, respectively. The slight increase
in Eg, for NiCoP/g-C3;N, relative to g-C3N,, and its slight
decrease relative to NiCoP, indicates interfacial electron redis-
tribution within the composite.

Ecg (vs. NHE) = Eg, (vs. Ag/AgCl) + 0.198 — 0.0591 x pH

1)
Eyg = Ecp t Eg (2)

According to eqn (1), the conduction band potential (Ecg)
values of g-C;N,, NiCoP, and NiCoP/g-C;N, were estimated to
be —1.62 'V, —1.48 V, and —1.56 V vs. NHE, with corresponding
valence band potential (Eyg) values of +1.08 V, —0.08 V, and
+0.54 V vs. NHE, calculated from eqn (2). These findings

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

—o— 500 Hz
—o— 3800 Hz
30 —o—1000 Hz

g-C;N,
-0.99V

""" . .
-12 -11 -10 -09 -08 -07

Potential / V vs. NHE

==0==800 Hz
==3==1000 Hz

12

1/C%2 /10" F2 cm*

NiCoP/g-C;N,
7 093V

“09  -08  -07
Potential / V vs. NHE

(a) Tauc plots of g-C3Ny4, NiCoP, and NiCoP/g-C3sNy; (b)—(d) are Mott—Schottky plots of g-CsN4, NiCoP, and NiCoP/g-CsN,, respectively.

suggest that the band edges of NiCoP/g-C;N, are positioned
between those of g-C3N, and NiCoP, confirming that its band
gap lies intermediate to the two parent materials.

A plausible reaction mechanism for the NiCoP/g-C3N, sys-
tem is illustrated in Fig. 7. Under visible-light irradiation, the
moderate band gap of g-C3N, (2.7 eV) enables the excitation of
electrons from the valence band (VB) to the conduction band
(CB), resulting in the generation of electron-hole pairs. The Ecg
of g-C3N, (—1.62 V vs. NHE) is more negative than that of NiCoP
(—1.48 V vs. NHE), facilitating downhill electron transfer from
g-C3N, to NiCoP. The transferred electrons are subsequently
directed to the Ni foam substrate, where, assisted by the
applied bias, they efficiently participate in proton reduction
at the cathode to generate H,.

Meanwhile, the VB potential of g-C;N, (+1.08 V vs. NHE) is
more positive, indicating that the photogenerated holes pos-
sess sufficient oxidising power to drive the OER. These holes on
the g-C;N, surface migrate toward the electrode/electrolyte
interface, where they oxidise surface-adsorbed H,O/OH™
species.*® In parallel, NiCoP undergoes surface reconstruction
under anodic conditions to form Ni/Co oxyhydroxide species,
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Fig. 7 Proposed mechanism for the HER and OER under visible light illumination.

and the photogenerated holes (together with the applied bias)
further oxidise Ni**/Co** to high-valence Ni**/Co®" states, which
serve as catalytically active centres for O, evolution. The oxidised
Ni/Co oxyhydroxides mediate the conversion of surface-bound
H,O/OH " into O, via oxyhydroxide intermediates. After O, release,
the high-valence Ni/Co species are reduced back to Ni**/Co™,
thereby completing and sustaining the catalytic cycle.”’

The visible light response of the composites was investigated
through CV analysis in a 3-electrode configuration with 1 M
KOH electrolyte, as shown in Fig. 8(a). Notably, the anodic and
cathodic currents of NiCoP/g-C;N, under illumination were
comparatively higher than those recorded under dark condi-
tions. The number of electrons participating in the redox process
was estimated from the reduction peaks observed in the CV
curves, as shown in Fig. S1(a) and (b), following the procedure
outlined in ref. 48, the calculated electron transfer values were
3.95 x 10** and 4.92 x 10** for dark and illuminated conditions,
respectively. The enhanced electron transfer can be ascribed to
the increased photogenerated charge carriers and their effective
separation at the heterostructure interface. This highlights the
critical role of light in enhancing charge dynamics by increasing

the accessible active surface area, accelerating electron transport,
and thereby promoting stronger synergistic interactions at the
NiCoP/g-C;N, heterojunction.®*°

EIS was performed to investigate the charge-transfer beha-
viour of NiCoP/g-C;N, under dark and illuminated conditions.
As shown in the Nyquist plots in Fig. 8(b), the illuminated
NiCoP/g-C3N, electrode illustrates the smallest semicircular arc
in the high-frequency region compared to under dark condi-
tions, signifying a markedly reduced charge-transfer resistance
(Re).>° The impedance spectra were fitted to an R(C(R(QR)))(CR)
equivalent circuit, which comprises the solution resistance (Rs),
charge-transfer resistance (R.), double-layer capacitance (Cq),
and constant-phase elements. The various circuit parameters
are summarised in Table S1. In the presence of visible light, the
NiCoP/g-C3N, electrode exhibits improved conductivity, with
Rs=1.00 Q, Cq; = 45.7 mF, and R, = 0.373 Q, indicating efficient
interfacial charge transport. Upon illumination, g-C3N, effi-
ciently generates electron-hole pairs, and the photogenerated
electrons are rapidly separated across the heterointerface, lead-
ing to an increased surface charge density. These electrons are
subsequently transferred to the conductive NiCoP framework,

- 1.0
a ——NiCOP/g-C.N, Dark b 4| O NiGoPlgCN,-Dark o o NiCoP/g-C,N, - Dark
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N
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N |
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Fig. 8
R(C(R(QR)))(CR) circuit, and (c) electrochemical double-layer capacitance
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(a) CV of NiCoP/g-C3N, in the dark and illuminated conditions, (b) Nyquist plot of NiCoP/g-C3N, in the dark and illuminated conditions fitted with

(Cq) of the NiCoP/g-C3N4 in the dark and illuminated conditions.
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where they participate in redox processes. The synergistic inter-
action between the photoexcited electrons from g-C;N, and the
redox-active Ni and Co centres facilitates accelerated interfacial
charge transfer, thereby improving the overall electrocatalytic
activity under illuminated conditions.

The double-layer capacitance (2Cq)) values of the NiCoP/g-C3N,
were measured in dark and illuminated conditions, as shown in
Fig. 8(c). The capacitance was measured to be 1.20 pF cm ™ in the
dark and 7.56 puF cm™ > under illumination, with corresponding
measured ECSA values of 0.015 cm” and 0.0945 cm?, respectively.
The substantial increase in ECSA under visible-light exposure
underscores the crucial role of g-C;N, incorporation in enhancing
surface activity. This improvement arises from more favourable
charge-carrier dynamics under illumination, where the generation
of photoinduced electron-hole pairs activates additional electro-
sites, thereby increasing surface accessibility and
reactivity.”’ The substantial rise in double-layer capacitance
further confirms the photo-responsive character of the catalyst.

active
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The CV was measured for the NiCoP/g-C;N, electrode under
both dark and light conditions, at scan rates ranging from
5t0 100 mV s~ " as shown in Fig. S1(c) and (d). The g-C;N, plays a
crucial role under visible-light irradiation by generating addi-
tional photogenerated charge carriers, so under illuminated
conditions, an apparent increase in both anodic and cathodic
current densities was observed with increasing scan rates,
reflecting the rapid and reversible redox transitions of the Ni
and Co centres and efficient charge-transfer dynamics.’*>?

Fig. 9(a) presents the iR-corrected LSV polarisation curves of
the NiCoP/g-C3N, electrode, recorded under both dark and
illuminated conditions using a three-electrode setup at a scan
rate of 5 mV s~ to evaluate its light-assisted electrocatalytic
HER performance. Under illumination, the NiCoP/g-C;N, elec-
trode exhibits a significantly reduced overpotential of 222 mV
at a current density of 100 mA cm 2, compared to 277 mV
under dark conditions. Furthermore, under illuminated condi-
tions, the catalyst exhibited a TOF of 6.35 x 107> s~ *. This

2

—&— NiCoP/g-C;N, - Dark

-0.16+

98.8 mV dec™

E-iR /V vs. RHE
&
2

-0.18}
-228 -222 -216 -2.10 -2.04
log(i) / mA cm
0.0
(d)
Y 0 [ e S R /S
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<
=
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E-iR/V vs RHE

(a) iR corrected LSV of NiCoP/g-C3zN, in dark and illuminated conditions, (b) Tafel plot of NiCoP/g-C3N4 in dark and illuminated conditions, (c) 24

hours of chronopotentiometry test for NiCoP/g-CsN,4 under illuminated conditions at a current density of —200 mA cm™2, and (d) iR corrected LSV of
NiCoP/g-C3N4 in illuminated conditions before and after the chronopotentiometry test.
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enhanced HER activity is attributed to the synergistic effects of
the optimised integration of g-C3;N,, favourable metal-ligand
coordination, and the presence of redox-active Ni and Co
centres, and also that the enhanced photoinduced catalytic activity
arises from heterojunction-induced charge separation, which
suppresses recombination and boosts catalytic efficiency®*
collectively delivering a performance approximately 1.25 times
higher than that observed in under dark conditions.

The Tafel slopes of the synthesised electrocatalysts are
presented in Fig. 9(b). Notably, the NiCoP/g-C;N, catalyst under
light illumination exhibits a significantly lower Tafel slope of
85.9 mV dec” " compared to 98.8 mV dec ™" under dark conditions.
Upon illumination, the photo-generated electrons move towards
the surface of NiCoP through the heterointerface, thereby enhan-
cing the surface charge density and facilitating water dissociation
and hydrogen adsorption on the surface, which accelerates the
Volmer step.>® Consequently, the rate-determining step shifts to
the Heyrovsky step. The reduced Tafel slope and TOF demonstrate
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that light illumination promotes a faster Volmer-Heyrovsky reac-
tion pathway. These findings demonstrate the improved HER
kinetics and more efficient charge-transfer processes of NiCoP/g-
C;N, under photo-assisted conditions. Also, phosphorus incor-
poration improves electrical conductivity and modulates the elec-
tronic environment of the metal centres.>® The presence of redox-
active Ni and Co sites provides abundant active centres,”” and
these combined effects synergistically strengthen the intrinsic
catalytic activity by promoting hydrogen adsorption, thereby accel-
erating the HER kinetics. Under illumination, additional photo-
excited electrons (e”) generated from g-C;N, participate in the
HER, enhancing the charge-transfer efficiency and lowering the
Tafel slope. The observed Tafel slope of 85.9 mV dec " corre-
sponds to the Volmer-Heyrovsky reaction pathway,® as illustrated
in equations (eqn (3)—(6)). In contrast, under dark conditions, the
absence of photogenerated carriers results in slower charge trans-
fer and a higher overpotential, confirming the photo-assisted
enhancement.
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124f &~
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. °/
» e
; 1.22} o°
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13 1.4
E-iR /V vs RHE

(a) iR corrected LSV of NiCoP/g-C3N, in dark and illuminated conditions, (b) Tafel plot of NiCoP/g-C3sN4 in dark and illuminated conditions, (c)

24 hours of chronopotentiometry test for NiCoP/g-CsN,4 under illuminated conditions at a current density of —200 mA cm ™2, and (d) iR corrected LSV of
NiCoP/g-C3N4 in illuminated conditions before and after the chronopotentiometry test.
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g-C3N, + hv — e~ + h" (photoexcitation of g-C3N;)  (3)
M + HyO + € photo & M~Hags + OH™
(photo-assisted Volmer step) (4)
M-Hags + HO + eiphoto - M+H, +OH
(photo-assisted Heyrovsky step) (5)
M-H,gs + M-Hyqs — 2M + H, (Tafel step) (6)

To investigate the long-term electrochemical durability of the
catalyst, chronopotentiometry was carried out at a high current
density of —200 mA cm 2. As shown in Fig. 9(c), the NiCoP/
2-C;N, catalyst demonstrated excellent long-term stability under
illumination, maintaining a constant potential with negligible
fluctuations over 24 h of continuous operation. In addition, LSV
was conducted before and after the durability test, as shown in
Fig. 9(d), and showed only a minor variation in overpotential
(221 mV before and 209 mV after), confirming the structural and
electrochemical robustness of the catalyst under prolonged high-
current HER conditions. Long-term chronoamperometry was
also performed for 12 hours, as shown in Fig. S3(b), the catalyst
demonstrates stable performance without significant variations.
These findings highlight the excellent stability and durability of
the NiCoP/g-C;N, catalyst.

The OER performance of the synthesised electrocatalysts is
shown in Fig. 10(a), and the iR-corrected LSV polarisation curves
demonstrate that the NiCoP/g-C3;N, catalyst exhibits significantly
enhanced activity under illumination, requiring an overpotential
of 210 mV to reach a current density of 100 mA cm™ >, whereas
260 mV is needed in the absence of light. Moreover, under
illuminated conditions, the catalyst achieves a TOF of
3.18 x 107° s ', underscoring its excellent intrinsic catalytic
activity. As presented in Fig. 10(b), the illuminated NiCoP/g-C3N,
catalyst delivers a Tafel slope of 68.8 mV dec !, which is
markedly lower than the 86.5 mV dec™ " obtained in the dark.
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This reduction reflects improved OER kinetics and superior
charge-transfer efficiency under photo-assisted conditions.

Under visible-light illumination, g-C;N, generates electron-
hole pairs, and the photogenerated electrons are transferred to
NiCoP due to the Schottky contact at the NiCoP/g-C;N, inter-
face, enriching Ni/Co sites.>*> This illumination-induced elec-
tron accumulation dynamically tunes the Ni/Co d-orbital
occupation and metal-oxygen covalency, thereby optimising
the adsorption energies of *OH, *O and *OOH and facilitating
their interconversion within the AEM pathway. Consequently,
deprotonation of adsorbed water and the *OH — *O — *OOH
steps proceed with lower energy barriers, promoting O-O bond
formation and yielding the reduced Tafel slope and
overpotential.®® Furthermore, heteroatom coordination (P in
NiCoP, N in g-C3N,) and interfacial Ni-N/Co-N bonds support
efficient electron delocalisation between the active centres and
adsorbed intermediates, so that illumination and interface-
driven electron redistribution collectively account for the super-
ior photo-assisted OER performance of NiCoP/g-C3N,.**

The long-term electrochemical stability of the NiCoP/g-C3;N,
under illuminated conditions was further assessed through
chronopotentiometric testing, as depicted in Fig. 10(c). The
catalyst maintained a stable potential with negligible fluctua-
tions over 24 hours, indicating excellent operational durability
and stable operational performance. Post-stability LSV mea-
surements, as shown in Fig. 10(d), revealed minimal shifts in
the overpotential values before and after the stability assess-
ment (210 mV and 260 mV at 100 mA cm >, respectively), and
long-term chronoamperometry was also performed for 12
hours, as shown in Fig. S3(a), and the catalyst demonstrates
stable performance without significant variations, further con-
firming the robust and sustained electrocatalytic performance
of the NiCoP/g-C3;N, catalyst even under prolonged visible-light
illumination. The LSV polarisation curves for the HER and OER
of NiCo-MOF, NiCo/2.5%g-C3N,, NiCo/5%g-C3N,4, NiCo/7.5%g-
C;3N,, and NiCoP are given in Fig. S2. The reproducibility of the
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Fig. 11 Transient photocurrent response of the NiCoP/g-CsN4 electrode under chopped visible-light illumination recorded at (a) cathodic potential, and

(b) anodic potential.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2026, 7,1417-1431 | 1427


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01279a

Open Access Article. Published on 30 January 2026. Downloaded on 6/20/2026 11:13:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

NiCoP/g-C;N, catalyst under light illumination was validated
using three separately fabricated electrodes for both the HER
and OER, as shown in Fig. S5, indicating that the catalyst
exhibits nearly identical performance.

To investigate the photoelectrochemical behaviour of the
NiCoP/g-C;N, electrode, chronoamperometric measurements
were carried out under periodic visible-light illumination with
ON-OFF cycles of 360 seconds. As depicted in Fig. 11(a), under
cathodic potential, the electrode exhibited a pronounced
increase in current density upon illumination, rising from
—45.3 mA cm~” in the dark to —77.3 mA cm > under light.
The catalyst generates a current density 32 mA cm™ > higher
than under dark conditions in the cathodic side, reflecting its
strong sensitivity to visible light and efficient generation and
separation of photogenerated charge carriers, thereby enhancing
the HER process. Similarly, with anodic potential, as shown in
Fig. 11(b), a significant increase in current density was observed,
going from 52.8 mA cm > in the dark to 79 mA cm™>
illumination. The catalyst exhibits an increase of 26.2 mA cm™
under illumination compared to under dark conditions. This

under
2

photo-assisted response demonstrates effective light utilisation

View Article Online
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and charge carrier separation by the catalyst, contributing to the
enhanced OER performance.

The NiCoP/g-C;N, catalyst, which demonstrated excellent
HER and OER activities under illuminated conditions, was
further evaluated for overall water-splitting performance in a
two-electrode configuration using 1 M KOH, with the catalyst
serving as both the anode and cathode. To examine stability,
long-term chrono-potentiometric testing was performed at a
high current density of 400 mA em™> for 24 hours under both
dark and illuminated conditions, as shown in Fig. 12(a). The
cell required markedly higher potential under dark conditions
compared to illumination due to the absence of photogener-
ated carriers, which significantly hinders the catalytic activity.
Under illumination, the heterojunction reduced the energy
barrier, which in turn lowered the operating potential, thereby
proving the beneficial role of photo-assistance in overall water
splitting. The cell voltage remained stable throughout the test,
confirming the exceptional durability of the catalyst. As shown
in Fig. 12(b), the LSV polarisation curves reveal that the cell
required 1.65 V under dark conditions to achieve a current
density of 10 mA cm™?, whereas under illumination the
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Fig. 12 (a) 24 hours of chrono potentiometric test of NiCoP/g-CsN4|NiCoP/g-C3N, at a current density of 400 mA cm™2, (b) LSV of NiCoP/g-
C3N4|NiCoP/g-C3Ny4 before and after the chrono potentiometric test in dark and illuminated conditions, (c) and (d) plots of the volumes of H, and O,
released for NiCoP/g-C3zN4[NiCoP/g-CsN, at a current density of 400 mA cm™2 and its faradaic efficiency under illuminated and dark conditions,

respectively.
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Table 1 Performance comparison of NiCoP/g-CsNy4 in dark and light conditions with recently reported MOF and g-CzNy4-based electrocatalysts for

water splitting

7 (mV@mA cm?)

Tafel slope (mV dec ")

Overall water splitting

MOF electrode HER OER HER OER (V@mA ecm™?) Ref.
NiC0,S,@S-g-C3N, 415/10 370/10 230 99.2 — 61
CoFe-LDH@g-C3N, 417/10 275/10 77 51 1.55@10 62

3 wt% g-C3N,@ZIF67 176/10 152/10 165 90 1.34@10 16
Fe-MOF@MOoS,-6h 118/10 187/10 68 61 1.51@10 4
NiFe-MOF-5 163/10 168/10 139 42 1.57@10 63
NiCO(ng—P 199/100 315/100 112 66 1.74@100 64
NiCoFeP/C 149/10 270/10 108 65 1.60/10 65
NiCo-LDH@NH,-UiO-66 224@50 296@50 82 56 1.65@10 66
NiCoP/g-C3N, (dark) 277@100 260@100 98 86 1.65@10 This work
NiCoP/g-C3N, (light) 222@100 210@100 85 68 1.53@10 This work

required voltage decreased significantly to 1.57 V, underscoring
the beneficial impact of the photo-assisted system in enhan-
cing overall water splitting. Furthermore, LSV measurements
conducted after the long-term stability test revealed a negligible
difference in cell potential (Fig. 12(b)), highlighting the robust-
ness of the catalyst under prolonged operation. Under illumi-
nated conditions, the NiCoP/g-C;N, catalyst exhibits a mass
activity of 7.69 A g~ at an applied potential of 2.03 V. The
catalyst exhibits high intrinsic activity, achieving an ECSA-
normalized current density of 100 mA cm *gcgs at 1.57 V,
indicating the efficient utilisation of electrochemically active
sites. The post-stability morphology of the electrodes, together
with the corresponding EDS spectra, is presented in Fig. S7,
confirming the structural and compositional stability of the
catalyst after long-term operation. These results validate NiCoP/
2-C3;N, as a highly stable and efficient bifunctional electrode
under visible-light illumination, demonstrating significant
potential for practical overall water-splitting applications.

The amounts of hydrogen (H,) and oxygen (O,) generated in
the two-electrode NiCoP/g-C3N, system were measured using
an inverted burette setup. Fig. 12(c) presents the theoretical
and experimental volumes of H, and O, gases evolved during
the operation of the NiCoP/g-C3;N, electrode under illuminated
conditions at a current density of 400 mA cm 2. Gas volumes
were subsequently recorded at 60-second intervals. Prior to the
experiment, the 1 M KOH was purged with nitrogen gas for 15
minutes to remove dissolved oxygen. The theoretical values
were calculated based on Faraday’s law of electrolysis in combi-
nation with the ideal gas law (eqn (S4)). The average Faradaic
efficiencies were determined to be 97.46% for HER and 96.22%
for OER. The associated burette reading measurement error
was estimated to be £0.2 mL. The corresponding gas evolution
profiles recorded under dark conditions are shown in
Fig. 12(d), and the average Faradaic efficiencies were deter-
mined to be 78.76% for the OER and 84.17% for the HER. A
digital image of the inverted burette setup used to measure the
evolved H, and O, gases is shown in Fig. S6. The performance
comparison of NiCoP/g-C;N, under dark and light conditions
is presented alongside recently reported MOF and g-C3N,-
based electrocatalysts for water splitting, as summarised in
Table 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The approximate energy required by the NiCoP/g-C;N, elec-
trode under illuminated conditions to generate 1 kg of H, and
O, in 1 M KOH was calculated using eqn (S6). The total charge
(Q) necessary for hydrogen generation in the two-electrode
system was determined to be 98201093.49 C, while that
required for oxygen was 6266397.32 C. Based on eqn (S6),
the corresponding electrical energy was calculated using a cell
voltage (U) of 2.03 V at a current density of 100 mA cm 2 in 1M
KOH. The resulting energy demands for hydrogen and oxygen
evolution were 199348219.8 J (55.37 kWh) and 12720786.5 ]
(3.53 kWh), respectively. These findings demonstrate that the
NiCoP/g-C;N, electrode achieves efficient overall water splitting
under illumination, with relatively low energy consumption for
both hydrogen (H,) and oxygen (O,) generation.

4. Conclusion

In conclusion, the NiCoP/g-C;N, heterostructure, synthesised via
in situ growth of NiCo-MOF on an optimised amount of g-C3N,
followed by phosphidation, has shown exceptional bifunctional
electrocatalytic activity for overall water splitting. Under visible-
light irradiation, the NiCoP/g-C3N, heterostructure exhibited
enhanced performance, with low overpotentials of 222 mV for the
HER and 210 mV for the OER at a current density of 100 mA cm ™2,
representing a decrease in overpotential by 1.25-fold compared
to dark conditions. This enhanced activity is attributed to the
synergistic interaction of g-C3N, and NiCoP, which enables
efficient light absorption, rapid charge separation, and direc-
tional electron transport across the heterointerface. The catalyst
also demonstrated excellent stability in a two-electrode configu-
ration, for 24 hours at a high current density of 400 mA cm ™2,
with Faradaic efficiencies of 97% for the HER and 96% for the
OER. These findings underscore the significance of light-assisted
electrochemical water splitting in enhancing charge-transfer
processes and establishing a cost-effective, non-noble-metal het-
erostructure for efficient and sustainable hydrogen production.
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