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gy for active site modification in
Co3O4 to enable concurrent hydrogen production
and glycerol valorization for efficient formate
production

Shobharajsinh Rathod, Kinjal K. Joshi, Pratik M. Pataniya, C. K. Sumesh
and Sanni Kapatel *

The electrocatalytic glycerol oxidation reaction (GOR) has emerged as a sustainable and energy-efficient

alternative to the oxygen evolution reaction (OER), offering the dual advantage of hydrogen (H2)

generation through the hydrogen evolution reaction (HER) and selective upgrading of biomass-derived

glycerol into value-added chemicals like formate. However, to address the contemporary challenge of

developing low-cost and stable electrocatalysts for the GOR we have synthesized a niobium-doped

cobalt oxide (Nb-Co3O4) based electrode with a binder-free approach. Herein, we report Nb–Co3O

architecture (designated as 3NCO for 3% doping of Nb) on nickel foam (NF) via a hydrothermal strategy,

serving as a high-performance, bifunctional electrocatalyst for the HER, OER, and GOR. Nb

incorporation into the Co3O4 lattice, evidenced by XRD peak shifts, Raman mode alterations, and XPS

valence changes, introduces lattice distortion and electronic modulation, and FESEM morphological

advancements, which collectively enhance active site density and charge transfer kinetics under alkaline

conditions. As a result, the 3NCO/NF electrode exhibits excellent activity, requiring only 196 mV

overpotential to achieve 10 mA cm−2 for the HER, and 1.50 V vs. RHE for the OER in 1 M KOH. Notably,

in 0.1 M glycerol + 1 M KOH, the GOR proceeds at just 1.19 V vs. RHE, achieving a remarkable potential

drop of 330 mV compared to the OER, and enabling overall electrolysis at 1.46 V in a two-electrode

system. This work highlights the role of lattice Nb doping in boosting active site availability and electron

transfer, positioning 3NCO/NF as a robust platform, by sustaining more than 90% of faradaic efficiency,

for energy-saving H2 production and electrochemical glycerol valorization.
1. Introduction

Hydrogen energy is an eco-friendly and valuable energy carrier
with the potential to achieve carbon neutrality, address energy
crises, and protect the environment. Unlike traditional
hydrogen production methods such as fossil fuel-based
processes, steam methane reforming, and industrial byprod-
uct extraction, water electrolysis has gained attention for its
lower environmental impact and ability to produce high-purity
hydrogen.1 The development of electrocatalytic water-splitting
technology is largely constrained by the high energy demand
of the Oxygen Evolution Reaction (OER). Despite the theoretical
minimum potential of 1.23 V, even the most advanced catalysts
fail to operate below this limit.2,3 To address this challenge, an
effective strategy involves replacing the OER with the oxidation
of organic molecules that have lower oxidation potentials,
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thereby reducing overall energy consumption and enhancing
hydrogen production efficiency. Recent research has explored
various easily oxidizable compounds, including hydrazine,
urea, glycerol, methanol, ethanol, isopropanol, and ethylene
glycol, as alternatives at the anode.4 While these molecules can
signicantly decrease the energy input required for water
splitting, their widespread adoption is hindered by their high
cost.5,6

In this context, glycerol, an abundant and low-cost byproduct
of biodiesel production, emerges as an ideal anode reactant for
electrochemical applications. Due to its high accessibility and
low cost, glycerol is an important bio-derived material for the
anodic oxidation process.7 It can be efficiently converted into
valuable chemicals, including glycolic acid, oxalic acid, formic
acid, and glyceric acid. Particularly, formic acid is an attractive
product due to its low toxicity, ease of availability, and role as
a hydrogen storage carrier in direct formic acid fuel cells.8

Replacing the oxygen evolution reaction (OER) with the more
favourable glycerol electrooxidation reaction (GOR), the over-
potential required for hydrogen production can be signicantly
This journal is © The Royal Society of Chemistry 2026
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reduced, thereby improving overall energy conversion
efficiency.

However, the widespread adoption of the GOR is limited by
the high cost and selectivity concerns of noble metal (e.g.,
platinum, iridium, rhodium, palladium, ruthenium, etc.) based
catalysts. Therefore, there is a need for the development of low-
priced, highly selective alternative catalysts. In recent years,
cobalt oxides have garnered signicant interest as promising
candidates for the OER and GOR due to their relatively stable
structure and high intrinsic activity. Their exible composition,
featuring a tuneable Co2+/Co3+ redox pair, allows for further
optimization of catalytic performance.9 Additionally, the simple
fabrication methods for cobalt oxides enable additional cus-
tomization of their properties, which can signicantly enhance
their catalytic effectiveness.10,11 The incorporation of single
atoms into Co3O4 signicantly improves its catalytic efficiency
for the HER, OER, and alcohol oxidation reactions.12 This
enhancement stems from the introduction of highly active,
isolated catalytic sites that adjust the electronic structure,
accelerate reaction kinetics, and increase the density of active
sites.13,14 These modications collectively elevate catalytic
activity, selectivity, and durability. Notably, embedding single
atoms within spinel structures has emerged as a promising
approach for boosting electro-oxidation performance.15 More-
over, the integration of niobium (Nb) into cobalt-based mate-
rials has emerged as a highly effective approach for improving
electrochemical activity. Nb, with its high oxidation state (Nb5+)
and strong ability to modulate the electronic structure,
promotes the formation of oxygen vacancies, enhances elec-
trical conductivity, and accelerates charge transfer
processes.16,17 Furthermore, Nb doping signicantly perpetuates
structural stability under harsh electrochemical conditions,
ensuring greater catalyst resilience and maintaining high
selectivity during prolonged operation. These synergistic effects
make Nb atom a powerful dopant for advancing both electro-
oxidation and hydrogen evolution reactions. For example, Wang
et al. demonstrated a catalyst design strategy by doping single-
atom Bi into the spinel oxide structure of Co3O4, signicantly
enhancing the GOR towards formate production. In addition,
both experimental and theoretical studies revealed that Bi
single atoms at CoOh

3+ sites promote CoTd
2+ oxidation,

increasing OH* generation, which is crucial for catalyzing the
oxidation of hydroxyl groups and C–C bond cleavage in glyc-
erol.18 Furthermore, Zhu et al. reported that incorporating
iridium (Ir) single atoms into cobalt oxide (Co3O4) enhances the
oxygen evolution reaction (OER) under acidic conditions.19 In
this study, the Ir and Co atoms, with bridged electrophilic
oxygen ligands, act as active sites, improving electronic
conductivity and lowering the energy barrier, outperforming
IrO2 catalysts. Gao et al. developed a Ru-Co3O4 catalyst for
hydrazine oxidation, demonstrating superior electrochemical
performance with a low onset potential of −0.15 V vs. RHE.20

The catalyst's design enhances active site utilization and
stability, enabling efficient energy conversion in direct hydra-
zine fuel cells.

In this work, we present a systematic investigation of a Nb-
doped Co3O4 electrocatalyst supported on nickel foam for
This journal is © The Royal Society of Chemistry 2026
hybrid water electrolysis and glycerol electrooxidation. The
catalyst was synthesized via a one-step in situ hydrothermal
method and characterized using various techniques such as
XRD, XPS, HRTEM, FESEM, and EDX techniques to conrm
successful Nb incorporation into the Co3O4 lattice and its
impact on the electronic structure. The electrocatalytic perfor-
mance of the Nb-Co3O4/NF electrode was evaluated for the
hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), and glycerol oxidation reaction (GOR) using linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy
(EIS), and chronoamperometry. With the addition of glycerol to
the electrolyte, the electrode displayed enhanced current
densities at signicantly reduced overpotentials, indicating
a strong promotional effect of glycerol on electrochemical
performance. HPLC analysis conrmed formate as the major
oxidation product, underscoring the dual functionality of the
system for hydrogen and value-added chemical production. The
electrode demonstrated remarkable stability over prolonged
operation and achieved low cell voltages at industrially relevant
current densities. An Nb-doping strategy was employed to tune
the electronic structure of Co3O4, enhancing OH* intermediate
formation and boosting both glycerol oxidation and hydrogen
evolution. The resulting catalyst achieves concurrent hydrogen
generation and selective glycerol-to-formate conversion with
outstanding durability, advancing a sustainable pathway for
clean energy production. To our knowledge, this is among the
rst reports on Nb-doped Co3O4 for glycerol-assisted electrol-
ysis, offering insights into the design of low-cost, non-noble
metal-based catalysts for energy-efficient hydrogen and
formate co-generation.
2. Experimental
2.1 Chemicals

Cobalt(II) chloride hexahydrate {CoCl2$6(H2O)}, (AR, 99%),
ammonium uoride {NH4F} (AR, 98%), urea {CO(NH2)2} (AR,
99%) and niobium(V) chloride {NbCl5} (AR, 99%) were
purchased from Merck Life Science Private Ltd. Potassium
hydroxide {KOH} (AR, 85%) was purchased from Sisco research
laboratories Pvt Ltd. Glycerol {C3H8O3} (AR, 99.5%) was
purchased from Loba Chemie Pvt Ltd. All of these chemicals
were used as received. Nickel foam (NF) was obtained from
Vritra Technologies. Silver/silver chloride {Ag/AgCl} electrodes
were obtained from Metrohm.
2.2 Procedure of electrode fabrication

The 3% niobium-doped cobalt oxide (3NCO/NF) electrode was
synthesized using a hydrothermal method. To prepare the
precursor solution, 9.7 mmol of cobalt(II) chloride hexahydrate
(CoCl2$6H2O) and 0.3 mmol of niobium(V) chloride (NbCl5)
were dissolved in 30 mL of deionized water, along with 30 mmol
of urea (CO(NH2)2) and 75mmol of ammonium uoride (NH4F).
Urea served as a slow-release source of hydroxyl (OH−) and
carbonate (CO3

2−) ions, which promoted the controlled
precipitation of Co–Nb hydroxide species, while NH4F released
uoride (F−) ions that acted as morphology-directing agents by
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4269
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Fig. 1 Hydrothermal synthesis of NbxCo3−xO4/NF.
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selectively adsorbing on crystal planes and guiding the aniso-
tropic growth of nanostructures on NF. The mixture was stirred
magnetically for 15 minutes to ensure homogeneity. The
resulting solution was then transferred into a 100 mL Teon-
lined stainless-steel autoclave containing a pre-treated (SN 1)
nickel foam (NF) substrate. The autoclave was sealed and
maintained at 120 °C for 12 hours to promote hydrothermal
growth of the precursor material. Aer naturally cooling to
room temperature, the obtained Nb-Co(OH)2/NF composite was
thoroughly washed with deionized water and acetone, followed
by drying at 60 °C for 6 hours. Subsequently, the dried sample
was calcined in air at 350 °C for 2 hours in a tube furnace,
forming crystalline 3NCO/NF. Pristine Co3O4/NF was synthe-
sized using the same hydrothermal method, excluding the
niobium precursor. For comparison, Nb-doped samples with
1%, 2%, and 3% doping levels were prepared by adjusting the
stoichiometric ratios of the metal precursors to obtain Nbx-
Co3−xO4/NF electrodes and characterized using various physi-
cochemical techniques (SN 2) (Fig. 1).
2.3 Electrochemical performance

The electrochemical performance of the binder-free catalytic
electrodes toward the hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), and glycerol oxidation reac-
tion (GOR) was evaluated using an Autolab/PGSTAT-M204
electrochemical workstation (Metrohm). All measurements
were performed at room temperature in a standard three-
electrode conguration, with the prepared electrode as the
working electrode, platinum (Pt) wire as the counter electrode,
and a saturated Ag/AgCl electrode as the reference. The elec-
trodes were immersed in 50 mL of 1 M KOH, with and without
the addition of 0.1 M glycerol as the electrolyte. Linear sweep
voltammetry (LSV) for the HER was conducted at a scan rate of
5 mV s−1 and measured potentials were converted to the
reversible hydrogen electrode (RHE) scale using the relation-
ship: ERHE = EAgCl/Ag + 0.1976 + {0.059 × pH} (V). The over-
potential (h) was determined as: (h) = −E (V vs. RHE). Tafel
slopes were obtained by tting the linear regions of the Tafel
equation: h = b logjJj + a (here J stands for current density in
LSV). Electrochemical impedance spectroscopy (EIS) was
carried out over a frequency range of 0.01 Hz to 1 MHz to
analyze the charge-transfer resistance. Cyclic voltammetry (CV)
4270 | J. Mater. Chem. A, 2026, 14, 4268–4281
was performed within the non-faradaic potential region at scan
rates of 10–100 mV s−1 to determine the electrochemical
double-layer capacitance (Cdl). Cdl was extracted from the slope
of the plot of capacitive current density (DJ/2 = (Janodic −
Jcathodic)/2) vs. scan rate, providing an indirect estimate of the
electrochemically active surface area (ECSA). To assess the
intrinsic activity of the catalysts, the turnover frequency (TOF)
was calculated using the expression TOF = (j × A)/(2 × F × n),
where j denotes the current density, A the electrode area, F the
Faraday constant, and n the number of active sites involved in
the reaction. The factor of 2 corresponds to the number of
electrons transferred per H2 molecule evolved during the HER.
Chronopotentiometry was employed to evaluate the long-term
stability of the catalysts under HER conditions.

To further assess practical electrolytic performance for
hydrogen and formate co-production, a single-compartment
electrolyzer was assembled using a symmetric 3NCO/
NF‖3NCO/NF conguration, with electrodes positioned 1 cm
apart and immersed in 50 mL of 1 M KOH + 0.1 M glycerol. For
comparison, conventional alkaline water electrolysis was per-
formed in 1 M KOH under identical conditions. Polarization
curves and ve consecutive chronoamperometric cycles at xed
potentials were recorded in a two-electrode conguration. Aer
12 hours of glycerol electrolysis, electrolyte samples were
collected for product identication and quantication (SN 3 &
4).

3. Results and discussion
3.1 Physical characterization

Fig. 2A presents the X-ray diffraction (XRD) analysis of the Nb-
doped Co3O4/NF (NCO/NF) electrode, where the diffraction
patterns show prominent peaks corresponding to the spinel
Co3O4 phase (JCPDS #09-0418), conrming the successful
synthesis of the material without the presence of any other
impure phase. Notably, a shi of the diffraction peaks towards
higher 2q values is observed with increasing Nb content, indi-
cating the successful incorporation of Nb into the Co3O4 lattice
via substitutional doping.21 This shi is attributed to the
smaller ionic radius of Nb5+ (0.69 Å) compared to Co2+ (0.72 Å)
ions, resulting in a reduction of the lattice spacing and,
consequently, a contraction of the lattice. Specically, the (311)
diffraction peak, which is the characteristic peak of the Co3O4

phase, shis from 2q = 37.23° for the pristine Co3O4/NF to
37.90° upon Nb incorporation. The change in lattice spacing (d)
can be quantied using Bragg's law, where the initial d-spacing
of 2.41 Å decreases to 2.37 Å upon Nb doping, resulting in
a contraction of approximately 0.041 Å. This decrease in the d-
spacing further conrms the lattice contraction due to Nb5+

substitution. The incorporation of Nb is substantiated by the
absence of additional diffraction peaks corresponding to
niobium oxides (Nb2O5), suggesting that Nb is uniformly inte-
grated into the Co3O4 lattice or possibly exists in an amorphous
phase. Moreover, the diffraction spectra display distinct peaks
of the NF substrate, corresponding to the (111) and (200) planes
of the cubic nickel structure (PDF #04-0850) at 2q values of 44.5°
and 51.8°, respectively. These peaks can be clearly identied
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (A) XRD patterns of CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/NF; (B) high-resolution transmission electron microscopy
(HRTEM) image; (C) inverse fast Fourier transform (iFFT) lattice analysis; (D) selected area electron diffraction (SAED) pattern; (E) field-emission
scanning electron microscopy (FESEM) image of pristine CO/NF; (F) FESEM image of 3NCO/NF; and (G–I) elemental mapping images of Co, Nb,
and O in 3NCO/NF.
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and serve as a reference for distinguishing the NF substrate
from the Co3O4 peaks. It is expected that Nb doping, along with
enhanced structural integrity, will improve electrochemical
performance by facilitating more efficient charge transfer,
reducing resistance, and increasing the density of catalytically
active sites, thereby boosting the overall efficiency of water
splitting.22

To validate the crystal structure of the Nb-doped Co3O4/NF
catalyst, high-resolution transmission electron microscopy
(HRTEM) was utilized, as shown in Fig. 2B. The corresponding
inverse Fast Fourier Transform (iFFT) analysis (Fig. 2C) reveals
distinct lattice fringes with interplanar spacings of 0.260 nm,
0.205 nm, 0.206 nm, and 0.240 nm, indexed to the (101), (002),
(111), and (311) crystal planes of Co3O4/NF, respectively. These
values conrm the high crystallinity and structural integrity of
the Nb-doped Co3O4 nanosheets. The selected area electron
diffraction (SAED) pattern in Fig. 2D further shows concentric
diffraction rings indexed at (002), (101), (102), (001), and (112),
which are consistent with JCDPS 09-0418, revealing poly-
crystalline property, and conrming successful Nb incorpora-
tion into the Co3O4 lattice. The surface morphology of both the
pristine Co3O4 and Nb-doped Co3O4 (3NCO/NF) catalysts was
This journal is © The Royal Society of Chemistry 2026
investigated using eld emission scanning electron microscopy
(FESEM). The FESEM image of pristine Co3O4 (Fig. 2E) shows
vertically aligned nanosheets uniformly grown on the nickel
foam substrate. These nanosheet structures, formed via
a hydrothermal reaction, exhibit open and porous architecture,
with exposed edges contributing to a moderately high surface
area.23 In contrast, the incorporation of Nb into the Co3O4

lattice results in a notable morphological transformation.
Fig. 2F shows that the 3NCO/NF catalyst forms a densely
interconnected network of vertically aligned nanowires
uniformly covering the nickel foam. This transition from
nanosheets to one-dimensional nanowire structures is attrib-
uted to the inuence of Nb5+ ions, which modulate nucleation
and crystal growth during the hydrothermal synthesis. Niobium
likely serves as a structure-directing agent, promoting aniso-
tropic growth and enhancing crystallinity in the Co3O4 phase.
This structural evolution increases the number of accessible
electroactive sites and improves electrical connectivity among
the nanowires.24 Fig. 2G–I presents the elemental mapping of
the 3NCO/NF catalyst, highlighting the uniform spatial distri-
bution of Nb, Co, and O elements across the nickel foam
substrate. This homogeneity conrms the successful
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4271
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Fig. 3 XPS spectra of pristine Co3O4 and 3NCO/NF: (A) Co 2p, (B) Nb 3d, and (C) O 1s, showing the binding energy and chemical states of Co, Nb,
and O in the Nb-doped Co3O4/NF catalyst.
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integration of niobium into the Co3O4 framework without phase
segregation. Complementary energy-dispersive X-ray spectros-
copy (EDS) (Fig. S1) further corroborates the elemental
composition and distribution, revealing the presence of Nb, Co,
and O, with corresponding weight percentages of 1.30%,
39.80%, and 58.70%, respectively. These ndings affirm the
uniform integration of Nb and Co throughout the 3NCO/NF
catalyst, with oxygen consistently distributed, thus supporting
the formation of a well-dened and chemically homogeneous
Nb-Co3O4 phase.

Furthermore, X-ray photoelectron spectroscopy (XPS) was
performed to investigate the surface composition and electronic
states of Co, Nb, and O in pristine CO/NF and electrodes. The
survey spectra (Fig. S2) conrm the successful incorporation of
Nb into the 3NCO/NF structure, as evidenced by the presence of
characteristic Nb signals. The Co 2p spectrum reveals two
distinct spin–orbit doublets, corresponding to Co3+ and Co2+,
along with characteristic satellite peaks indicative of multiplet
splitting. The binding energies of Co3+ are observed at 779.69 eV
(Co 2p3/2) and 794.50 eV (Co 2p1/2), while those of Co

2+ appear at
781.33 eV (Co 2p3/2) and 796.54 eV (Co 2p1/2), with an additional
satellite peak at 802.84 eV. A notable negative shi in the Co 2p
binding energies upon Nb doping (Fig. 3A) suggests an increase
in electron density at Co sites, likely due to electron transfer
from Nb to Co, which alters the local electronic environment
and enhances metal–ligand interactions. Furthermore, the
observed decrease in Co3+ peak intensity upon Nb5+ doping
suggests a subtle perturbation of the Co3+ sites, likely due to
electron redistribution and modication of the local coordina-
tion environment. This indicates that Nb incorporation affects
the electronic structure and may inuence the relative pop-
ulation of Co oxidation states within the spinel lattice.25 This
charge redistribution signicantly improves electrical conduc-
tivity, lowers charge-transfer resistance, and facilitates electro-
catalytic reactions during the HER, OER, and GOR, thereby
enhancing overall catalytic efficiency. Furthermore, Nb doping
4272 | J. Mater. Chem. A, 2026, 14, 4268–4281
optimized electronic structure of Co3O4 for the glycerol oxida-
tion reaction (GOR) by increasing electron density at Co sites,
which strengthens hydroxyl (OH) adsorption*, lowers the
oxidation overpotential, accelerates electron transfer kinetics,
and stabilizes active oxygen species, ultimately improving
reaction efficiency.26 The Nb 3d spectrum (Fig. 3B) exhibits two
peaks at 207.3 eV and 210.5 eV, corresponding to Nb 3d5/2 and
Nb 3d3/2, conrming the presence of Nb5+ oxidation state and
its successful incorporation into the Co3O4/NF structure. Addi-
tionally, the deconvoluted O 1s spectrum (Fig. 3C) reveals three
distinct peaks: lattice oxygen (O2−) at 529.52 eV, indicating the
stability of the spinel structure, adsorbed oxygen species
(O_ads) at 531.25 eV, which contribute to catalytic activity, and
physically adsorbed water (H2O) at 532.57 eV, representing
surface-bound species.
3.2 Hydrogen evolution reaction

The electrochemical performance of Nb-doped Co3O4 nano-
sheets on nickel foam was evaluated using a three-electrode
system in an alkaline electrolyte. Fig. 4A presents the linear
sweep voltammetry results recorded at a scan rate of 5 mV s−1,
showing a distinct cathodic current response for the HER across
NF, CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/NF,
where nickel foam exhibits the poorest activity. In contrast,
Nb-doped Co3O4/NF with an optimized Nb content demon-
strates signicantly enhanced HER performance compared to
pristine CO/NF. Among all tested electrodes, the 3NCO/NF
electrode unveils the best HER activity, requiring an over-
potential of 196 mV vs. RHE at 10 mA cm−2 and 289 mV vs. RHE
at 100 mA cm−2. Additionally, 3NCO/NF shows the most
favourable potential across all current densities. The electrodes
exhibit overpotentials (h) of 267 mV vs. RHE, 258 mV vs. RHE,
248 mV vs. RHE, and 215 mV vs. RHE at 10 mA cm−2 for CO/NF,
1NCO/NF, 2NCO/NF, and 4NCO/NF, respectively. The signi-
cantly lower overpotential of 3NCO/NF highlights the
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Electrocatalytic performance for the hydrogen evolution reaction (HER) in 1.0 M KOH. (A) Linear sweep voltammetry (LSV) curves, (B)
corresponding Tafel slopes, (C) Nyquist plots from electrochemical impedance spectroscopy (EIS), (D) multi-step chronopotentiometry to
evaluate operational stability, (E) overpotential comparison at 10mA cm−2, and (F) double-layer capacitance (Cdl) values of CO/NF and Nb-doped
Co3O4/NF electrodes (1NCO, 2NCO, 3NCO, and 4NCO), highlighting the effect of Nb doping on HER performance.
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effectiveness of 3% Nb doping in enhancing HER activity,
making it the most efficient catalyst among the tested compo-
sitions. The Tafel plots were derived from polarization curves to
analyse the HER kinetics (Fig. 4B). The Tafel slope of 3NCO/NF
is 75 mV dec−1, compared to 103 mV dec−1 for CO/NF, 95 mV
dec−1 for 1NCO/NF, 103 mV dec−1 for 2NCO/NF, and 82 mV
dec−1 for 4NCO/NF. The lower Tafel slope observed for the
3NCO/NF electrode indicates enhanced hydrogen evolution
reaction (HER) kinetics, signifying a more efficient electron
transfer process at the electrode–electrolyte interface. The Tafel
slopes for all electrodes fall between the characteristic values of
the Heyrovsky (∼40 mV dec−1) and Volmer (∼120 mV dec−1)
steps, suggesting that the HER proceeds via the Volmer–Heyr-
ovsky mechanism. This implies that both the initial electro-
chemical dissociation of water molecules to form adsorbed
hydrogen intermediates (Volmer step) and their subsequent
electrochemical desorption through interaction with another
water molecule (Heyrovsky step) are kinetically signicant.27

Notably, the 3NCO/NF electrode exhibits the lowest Tafel slope
within the series, pointing to the Heyrovsky step as the likely
rate-determining step. This observation implies more com-
mending kinetics for the electrochemical desorption of adsor-
bed hydrogen intermediates, thereby enhancing the overall
HER activity. To gain deeper insights into the electronic charge
transport mechanism, electrochemical impedance spectros-
copy (EIS) was performed. The Nyquist plot, shown in Fig. 4C,
exhibits a characteristic semicircle that corresponds to the
charge transfer resistance (Rct) at the electrode–electrolyte
interface, providing a direct measure of the efficiency of elec-
tron transfer during the electrochemical reaction. The Rct values
extracted from the tting of the equivalent circuit model for the
This journal is © The Royal Society of Chemistry 2026
various electrodes are as follows: 4.04 U cm2 for CO/NF, 2.30 U

cm2 for 1NCO/NF, 1.92 U cm2 for 2NCO/NF, 0.80 U cm2 for
3NCO/NF, 1.18 U cm2 for 4NCO/NF, and 18.0 U cm2 for bare NF.
Notably, the 3NCO/NF electrode demonstrates the lowest Rct,
indicating a marked improvement in charge transport effi-
ciency, which can be attributed to its superior conductivity. This
enhancement is likely the result of the optimized hydrogen
adsorption energy, which is a consequence of the modied
electronic structure of the 3NCO/NF electrode. Furthermore, the
synergistic effects of Nb doping and themultichannel electronic
transport facilitated by the porous nanostructure of 3NCO/NF
lead to a signicant reduction in charge-transfer resistance.
These structural and electronic optimizations directly
contribute to the enhanced hydrogen evolution reaction (HER)
kinetics, as they facilitate faster electron transfer and lower
overpotentials during water splitting. Fig. 4D presents a multi-
step chrono-potentiometry analysis performed at various
current densities (10, 100, 200, and 300 mA cm−2) to assess the
charge transfer and mass transport efficiency of the electrodes.
The 3NCO/NF electrode exhibits stable electronic charge
transport across the entire range of current densities, indicating
robust performance under high-demand conditions. Moreover,
the dimensionally stable 3NCO/NF electrode demonstrates
effective mass transport, as evidenced by the step-like potential
transitions that occur with changes in current density. These
transitions highlight the electrode's ability to maintain efficient
electrochemical processes even at high current densities. The
overpotentials (h) of the various electrodes are compared in the
bar chart shown in Fig. 4E. The 3NCO/NF electrode shows
signicantly lower overpotentials, with values of 196 mV,
289 mV, and 329 mV vs. RHE at current densities of 10, 100, and
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4273
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Fig. 5 Oxygen evolution reaction performance: (A) linear sweep voltammetry curve, (B) Nyquist plots, (C) step chronopotentiometry in 1 M KOH.
Glycerol oxidation reaction performance: (D) linear sweep voltammetry curve, (E) Nyquist plots, (F) step chronopotentiometry in 1 M KOH+ 0.1 M
glycerol of CO/NF and 1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/NF. In situ Raman spectra of 3NCO/NF at varied potentials in (G) 1 M KOH,
and (H) 1 M KOH + 0.1 M glycerol, and (I) chronoamperometric curves of 3NCO/NF in 1 M KOH, and 1 M KOH + 0.1 M glycerol.
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200 mA cm−2, respectively. These values outperform both
pristine Co3O4/NF and other Nb-doped Co3O4/NF electrodes,
demonstrating superior catalytic efficiency for the hydrogen
evolution reaction (HER). This superior performance can be
attributed to the enhanced electrochemical activity and opti-
mized structural characteristics of the 3NCO/NF electrode,
which facilitate both charge transfer and mass transport during
water splitting. To further evaluate the intrinsic catalytic activity
and electrochemically active surface area (ECSA) of the elec-
trodes, cyclic voltammetry (CV) curves were recorded at various
scan rates within the non-faradaic potential region (Fig. S3(A–
E)). These measurements were used to calculate the double-
layer capacitance (Cdl), which serves as a proxy for the ECSA
and provides valuable insight into the surface properties and
electrochemical behaviour of the electrodes. The calculated Cdl

values for the electrodes are as follows: 1.72 mF cm−2 for CO/
NF, 1.24 mF cm−2 for 1NCO/NF, 1.04 mF cm−2 for 2NCO/NF,
0.327 mF cm−2 for 3NCO/NF, and 1.10 mF cm−2 for 4NCO/NF
(Fig. 4F). These values indicate that the 3NCO/NF electrode,
with its lower Cdl, has a more compact electrochemical double
layer, suggesting a higher density of electrochemically active
sites. Since electrocatalytic performance depends on both the
electrochemically active surface area and intrinsic catalytic
4274 | J. Mater. Chem. A, 2026, 14, 4268–4281
activity, the turnover frequency (TOF) was calculated to further
evaluate the intrinsic activity of the synthesized electrodes. The
obtained TOF values are 0.48 s−1 for CO/NF, 0.68 s−1 for 1NCO/
NF, 0.74 s−1 for 2NCO/NF, 2.54 s−1 for 3NCO/NF, and 0.79 s−1

for 4NCO/NF. Among them, the 3NCO/NF electrode demon-
strates the highest TOF of 2.54 s−1 at a current density of 10 mA
cm−2, clearly outperforming the other samples and previously
reported catalysts (Fig. S3(F)). Furthermore, normalization of
the ECSA for each electrode (Fig. S3(G)) conrms the enhanced
electrochemical surface area of the 3NCO/NF electrode. The
3NCO/NF electrode exhibits superior hydrogen evolution reac-
tion (HER) performance, demonstrated by its lowest Tafel slope
and overpotential compared to the other electrodes. In terms of
stability, the 3NCO/NF electrode retains excellent HER catalytic
stability, as shown by chronopotentiometry measurements at
200 mA cm−2, where only a minimal change in current density
is observed over a 14-hour period (Fig. S3(H)), indicating
negligible degradation in catalytic performance.
3.3 Oxygen evolution and glycerol oxidation

Following the investigation of the hydrogen evolution reaction
(HER) activity, the focus was shied to the evaluation of the
oxygen evolution reaction (OER), which is critical for enabling
This journal is © The Royal Society of Chemistry 2026
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efficient overall water splitting. A signicant positive shi in the
OER onset potential was observed, indicating an enhancement
in the intrinsic catalytic activity of the electrodes. This obser-
vation underscores the importance of a comprehensive analysis
of OER kinetics in alkaline electrolytes to fully understand the
electrochemical performance of the catalyst. Thus, the OER
characteristics of the 3NCO/NF electrode were systematically
studied and compared against those of bare NF, 1NCO/NF,
2NCO/NF, and 4NCO/NF electrodes. The electrocatalytic
activity for the OER was evaluated in both 1.0 M KOH and
a mixed electrolyte of 1.0 M KOH + 0.1 M glycerol. Glycerol,
a trihydric alcohol, is a key platform molecule for electro-
oxidation, facilitating its conversion into value-added chemicals
during electrochemical reactions. Fig. 5A presents the linear
sweep voltammetry (LSV) curves of bare NF, 1NCO/NF, 2NCO/
NF, 3NCO/NF, and 4NCO/NF electrodes at a scan rate of 5 mV
s−1 in 1.0 M KOH electrolyte. Each electrode exhibits two
distinct anodic peaks within the potential range of 1.20 to 1.55 V
vs. RHE, as shown in Fig. S4(A), corresponding to the oxidation
of Co sites and the OER response. This behaviour suggests
a two-step oxidative reconstruction process, where Co2+ is rst
oxidized to Co3+, followed by a further oxidation to Co4+, ulti-
mately resulting in the formation of (hydro)oxide species.28

These higher-valence Co sites are well-established as the
primary active centres for the oxygen evolution reaction (OER).
Notably, the incorporation of Nb sites further enhances OER
performance by promoting the efficient stabilization and opti-
mization of reaction intermediates, thereby accelerating the
overall catalytic process.29

Nb modulation of oxygen binding strength plays a crucial
role in striking a balance between stability and desorption,
facilitating the efficient formation of OH* and O* intermedi-
ates. This precisely tuned interaction enhances the OER
kinetics, leading to improved catalytic activity of the electrode.
Among the electrodes tested, the 3NCO/NF electrode exhibits
superior OER performance, achieving current densities of 10
mA cm−2 and 100 mA cm−2 with low overpotentials of 1.50 V vs.
RHE and 1.58 V vs. RHE, respectively. In comparison, the
control electrodes—NF (1.50 V vs. RHE), CO/NF (1.53 V vs. RHE,
1.64 V vs. RHE), 1NCO/NF (1.52 V vs. RHE, 1.62 V vs. RHE),
2NCO/NF (1.51 V vs. RHE, 1.60 V vs. RHE), and 4NCO/NF (1.51 V
vs. RHE, 1.59 V vs. RHE)—demonstrate relatively higher over-
potentials, thereby highlighting the exceptional OER perfor-
mance of the 3NCO/NF electrode. At an overpotential of 1.71 V
vs. RHE, the 3NCO/NF electrode exhibits outstanding oxygen
evolution reaction (OER) performance, delivering a high current
density of 350 mA cm−2. As shown in Fig. 5B, the Nyquist plots
highlight both the series resistance (Rs) and the charge transfer
resistance (Rct) of the electrodes. Notably, the 3NCO/NF elec-
trode demonstrates the lowest Rct value of 0.6 U cm2, suggesting
signicantly improved electrical conductivity and efficient
charge transfer at the electrode–electrolyte interface. This
reduction in Rct is a key indicator of enhanced electrochemical
kinetics, which is crucial for optimizing OER performance. The
observed enhancement in conductivity and charge transfer is
attributed to the Nb doping, which promotes better electron
transport through the strong covalent bonding between Nb and
This journal is © The Royal Society of Chemistry 2026
Co, as well as the improved contact between Co–O bonds. This
modication not only facilitates efficient electron transfer but
also stabilizes the active sites, which further contributes to the
overall catalytic efficiency of the 3NCO/NF electrode.30 To
compare, the bare NF shows a higher Rct of 16 U cm2, and other
electrodes, such as CO/NF, 1NCO/NF, 2NCO/NF, and 4NCO/NF,
exhibit Rct values of 1.17 U cm2, 1.01 U cm2, 0.81 U cm2, and
0.77 U cm2, respectively. Fig. 5C shows the multi-step chrono-
potentiometry curves at various current densities ranging
from 10 to 300 mA cm−2 to comprehend the efficacy of charge
transfer and mass transport. The potential values exhibit
stability across a range of current values, suggesting stable
electronic charge-transport of 3NCO/NF electrodes. The 3NCO/
NF electrode demonstrates excellent OER performance with its
low overpotential, minimal Rct, and Rs, alongside outstanding
stability for reliable, long-term operation. Also, the stability of
the 3NCO/NF electrode was conrmed through chro-
nopotentiometry analysis at 200 mA cm−2, showing no signi-
cant change in current density over 12 hours, highlighting its
high OER catalytic stability (Fig. S4(B)).

Fig. 5D presents the linear sweep voltammetry (LSV) curves
for glycerol electrooxidation in an alkaline medium (1 M KOH +
0.1 M glycerol). In contrast to the oxygen evolution reaction
(OER), glycerol oxidation reaction (GOR) occurs at signicantly
lower potentials, demonstrating both thermodynamic and
kinetic advantages. Notably, the enhanced anodic response,
particularly in the Nb-doped electrodes, indicates that Nb
incorporation facilitates the oxidation of Co active sites by
improving chemisorption and enhancing electronic interac-
tions with glycerol molecules. The addition of 0.1 M glycerol
leads to a marked increase in anodic current above 1.20 V vs.
RHE, which is considerably lower than the typical OER onset
potential of approximately 1.55 V vs. RHE. This suggests more
favorable glycerol oxidation kinetics. The anodic activity
observed between 1.20 V and 1.55 V vs. RHE is primarily
attributed to glycerol oxidation, aligning with the characteristic
reactivity of glycerol as a polyol, which can undergo oxidation at
relatively low potentials due to its multiple hydroxyl groups. The
3NCO/NF electrode demonstrates superior GOR performance,
requiring an ultralow potential of 1.19 V vs. RHE and 1.30 V vs.
RHE to achieve current densities of 10 mA cm−2 and 100 mA
cm−2, respectively. In comparison, the control electrodes—CO/
NF (1.34 V vs. RHE, 1.61 V vs. RHE), 1NCO/NF (1.31 V vs. RHE,
1.47 V vs. RHE), 2NCO/NF (1.24 V vs. RHE, 1.45 V vs. RHE),
4NCO/NF (1.26 V vs. RHE, 1.43 V vs. RHE), and Ni foam (1.43 V
vs. RHE, 1.71 V vs. RHE)—require higher potentials, further
underscoring the superior GOR activity of the 3NCO/NF elec-
trode. This enhanced performance is likely attributed to the
synergistic effects of Nb doping, which not only improves
charge transfer efficiency but also optimizes the adsorption and
activation of glycerol molecules on the catalyst surface, thus
promoting faster and more efficient glycerol oxidation. The
charge-transfer resistances, represented by the arc diameters,
were measured to be 3.87, 3.08, 2.00, 1.85, 0.74, and 1.35 U cm2

for bare NF, CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/
NF electrodes, respectively. These results indicate that the
3NCO/NF electrode exhibits the highest catalytic efficiency for
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4275
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glycerol oxidation reaction (GOR). The GOR stability of the
1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/NF electrodes was
assessed using chronopotentiometry at various current densi-
ties (10, 100, 200, and 300 mA cm−2, as shown in Fig. 5F). The
observed initial decline in potential (V), followed by the estab-
lishment of stable plateaus, suggests that these electrodes
maintain good catalytic stability. This initial drop in potential is
more pronounced at higher current densities, likely due to the
faster consumption of glycerol and hydroxide ions at the elec-
trode surface. Based on these ndings, the catalyst demon-
strates excellent conductivity and efficient mass transport. The
potential stabilization and sustained catalytic activity at high
current densities underscore the electrode's robust operational
durability and superior intrinsic electrocatalytic efficiency.

Fig. S5 presents a bar chart illustrating potential at 10 mA
cm−2 for the CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and 4NCO/
NF electrodes in both 1 M KOH and 1 M KOH + 0.1 M glycerol
electrolytes. The chart highlights that the 3NCO/NF electrode
exhibits the lowest overpotential at 10 mA cm−2 in both elec-
trolytes, outperforming the CO/NF, 1NCO/NF, 2NCO/NF, and
4NCO/NF electrodes. This suggests its superior electrocatalytic
performance, requiring less energy to achieve the same current
density and thereby demonstrating enhanced efficiency for
both the oxygen evolution reaction (OER) and glycerol oxidation
reaction (GOR). Furthermore, the 3NCO/NF electrode is capable
of catalyzing the electrooxidation of various alcohols, including
ethanol (EtOH), methanol (MtOH), glycerol, urea, and ethylene
glycol (EG), as shown in Fig. S6(A). Despite exhibiting less
pronounced anodic responses compared to typical GOR
proles, the 3NCO/NF electrode demonstrates excellent stability
and activity for glycerol oxidation, making it a promising
candidate for efficient GOR applications. Fig. S5(B) presents
a bar chart comparing the overpotential at different current
densities for the 3NCO/NF electrode across various electrolytes:
ethanol (EtOH), methanol (MtOH), glycerol (Gly), urea, and
ethylene glycol (EG). In Fig. S6(B), at 10mA cm−2, glycerol shows
the lowest overpotential (0.20 V vs. RHE), followed by ethylene
glycol (0.46 V vs. RHE), urea (0.57 V vs. RHE), ethanol (0.94 V vs.
RHE), and methanol (0.60 V vs. RHE). At 100 mA cm−2, glycerol
again demonstrates the lowest overpotential (0.38 V vs. RHE),
while ethylene glycol (0.48 V vs. RHE), urea (0.57 V vs. RHE),
methanol (0.94 V vs. RHE), and ethanol (0.73 V vs. RHE) show
progressively higher values. This analysis underscores the
exceptional catalytic activity of the 3NCO/NF electrode, partic-
ularly for the GOR. The low overpotential observed in glycerol
conrms that the 3NCO/NF electrode efficiently facilitates the
GOR, requiring less energy to reach the desired current density.
This enhanced efficiency is attributed to the electrode's optimal
mass transport properties and outstanding conductivity, which
signicantly improve its performance in glycerol oxidation. A
comprehensive literature review (Table S1) was conducted to
benchmark the performance of the synthesized Nb-Co3O4/NF
electrocatalyst against various state-of-the-art electrocatalysts in
a three-electrode electrochemical setup. This comparative
analysis involved evaluating a key performance metric that is
overpotential in a KOH + glycerol environment. The ndings
underscore the competitive edge of Nb-Co3O4/NF in glycerol
4276 | J. Mater. Chem. A, 2026, 14, 4268–4281
electrooxidation, particularly in terms of formate production
efficiency.

To elucidate the potential-dependent surface chemistry of
the Nb-Co3O4 catalyst under electrochemical conditions, in situ
Raman spectroscopy was conducted in both alkaline (1 M KOH)
and glycerol-containing (1 M KOH + 0.1 M glycerol) electrolytes
over a potential range of 1.0–1.7 V vs. RHE. In pure KOH
(Fig. 5G), characteristic Raman bands at ∼515 cm−1 were
consistently observed across all potentials, corresponding to the
F2g vibrational modes of the Co3O4 spinel structure. Notably,
the ∼470 cm−1 Eg mode, associated with Co3+–O vibrations in
octahedral sites, exhibited a clear increase in intensity begin-
ning at 1.35 V vs. RHE, suggesting enhanced oxidation of Co2+ to
Co3+ at this potential. This spectral evolution is consistent with
the gradual transformation of surface Co2+ species into higher-
valent Co3+, reecting the early stages of surface activation.
Concurrently, a broad feature at ∼810 cm−1 began to emerge
and intensied with increasing potential, indicative of the
formation of cobalt oxyhydroxide (CoOOH), the known catalyt-
ically active phase for the OER. In stark contrast, the Raman
spectra collected in 1M KOH + 0.1 M glycerol (Fig. 5H) exhibited
a suppression of oxyhydroxide-related features and the emer-
gence of distinct bands associated with glycerol-derived oxida-
tion intermediates. While the spinel Co3O4 backbone band at
∼515 cm−1 remained detectable, the CoOOH-associated band
at ∼810 cm−1 was signicantly attenuated across the entire
potential range, suggesting that glycerol electrooxidation
predominates over the OER and prevents substantial surface
reconstruction into cobalt oxyhydroxide phases. Starting at
1.20 V vs. RHE, a peak at ∼1045 cm−1 emerged, attributed to C–
OH bending or C–C stretching vibrations of adsorbed glycerol
species. Notably, a band at ∼1350 cm−1 appeared at 1.30 V vs.
RHE, signalling the formation of carboxylate (COO−) groups,
likely formate, through C–C bond cleavage. The progressive
increase in intensity of this peak with rising potential provides
strong evidence for ongoing oxidative transformation of glyc-
erol into highly valuable formate. Furthermore, the appearance
of a distinct band at ∼1629 cm−1 at higher potentials, corre-
sponding to asymmetric stretching of C]O or COO− groups,
reinforces the formation of oxygenated intermediates such as
glyceraldehyde and formate. This behavior indicates that Nb-
Co3O4 resists signicant surface reconstruction and favors
surface-bound *OH-mediated oxidation instead. These ndings
strongly suggest that *niobium incorporation into the Co3O4

spinel framework enhances the density of surface hydroxyl (OH)
species and stabilizes glycerol-derived intermediates, thereby
promoting selective and energy-efficient glycerol oxidation
while suppressing competing oxygen evolution reaction (OER)
activity. To further substantiate this mechanistic insight,
a multi-potential step experiment (Fig. 5I) was conducted to
differentiate between direct and indirect oxidation pathways.
Surface CoOOH was rst generated at 1.60 V vs. RHE, followed
by an open-circuit potential (OCP) hold during glycerol injec-
tion, and then a cathodic bias at 1.00 V was applied. The
complete absence of a reduction current during this nal step
conrms that no spontaneous chemical reaction occurs
between glycerol and the electrogenerated CoOOH, effectively
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Overall electrolysis performance of coupling the anodic OER and GOR with the cathodic HER. (A) Schematic illustration of the overall
electrolysis configuration, (B) LSV polarization curves, (C) Nyquist plots in 1 M KOH and (D) LSV polarization curves. (E) Nyquist plots in 1 M KOH +
0.1 M glycerol, (F) cell voltage comparision of 3NCO/NF at various current density for both OER and GOR.
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ruling out an indirect oxidation mechanism. These combined
spectroscopic and electrochemical ndings unambiguously
establish that Nb-Co3O4 catalyzes glycerol electrooxidation via
a direct surface-mediated process involving Co2+/Co3+ redox
transitions and *OH-assisted proton-coupled electron transfer,
without requiring participation from bulk oxyhydroxide
intermediates.
3.4 Bi-functional electrolysis

Aer conrming the outstanding HER, OER, and GOR perfor-
mances of Nb-doped Co3O4 electrodes, a full electrolyzer cell
was constructed using Nb-Co3O4 as both the anode and cathode
for overall water splitting. Additionally, NCO/NF electrodes were
congured in a two-electrode system, serving as the cathode
and anode, to investigate overall water splitting and glycerol
electrolysis. During electrolysis, the simultaneous generation of
O2 and formate at the anode, along with H2 evolution at the
cathode, highlights the efficiency of the electrocatalytic process.
This synergistic reaction enhances oxygen evolution and glyc-
erol oxidation while facilitating sustainable hydrogen produc-
tion.31,32 The electrochemical experiments were conducted in
a 1 M KOH solution, with 0.1 M glycerol introduced to evaluate
its impact on glycerol electrolysis. The LSV curves in Fig. 6B
(measured in 1 M KOH) show that the driving potentials
required to reach a current density of 10 mA cm−2 are 1.86 V,
1.84 V, 1.82 V, 1.79 V, and 1.83 V for the CO/NF, 1NCO/NF,
2NCO/NF, 3NCO/NF, and 4NCO/NF electrodes, respectively.
Fig. 6C displays the Nyquist plot, which illustrates the kinetics
of water electrolysis in 1 M KOH. The plot reveals charge
transfer resistance (Rct) values of 17.62, 13.66, 13.07, 7.36, and
This journal is © The Royal Society of Chemistry 2026
11.33 U cm2 for the CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and
4NCO/NF electrodes, respectively. Particularly, the 3NCO/NF
electrode exhibits the lowest Rct value (7.36 U cm2), indicating
a more rapid charge transfer process between the electrode and
the electrolyte interface. This enhanced kinetics can be attrib-
uted to the introduction of Nb, which optimizes the electronic
structure and improves the intrinsic conductivity of Co3O4,
thereby accelerating reaction dynamics and boosting overall
catalytic performance. However, the introduction of 0.1 M
glycerol into the 1 M KOH electrolyte suggests that glycerol may
inuence the electrochemical environment by modifying
surface adsorption properties or altering reaction kinetics,
thereby potentially impeding overall catalytic efficiency. Fig. 6D
presents the LSV curves, showing that the incorporation of
0.1 M glycerol into 1 M KOH results in driving potentials of
1.54 V, 1.49 V, 1.47 V, 1.46 V, and 1.53 V at a current density of 10
mA cm−2 for the CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/NF, and
4NCO/NF electrodes, respectively, with the 3NCO/NF electrode
exhibiting the lowest value among all. It can be inferred from
Fig. 6A and D that, at a higher current density of 100 mA cm−2,
the anodic potentials for the OER and GOR are recorded at
2.23 V and 1.99 V, respectively, demonstrating that the GOR
process requires 240 mV less potential than the OER. This
reduction highlights that the presence of glycerol signicantly
decreases the energy input required for electrolysis. Further-
more, the Nyquist plot in Fig. 6E shows that the Rct values for
these electrodes are 1.66 U cm2, 1.55 U cm2, 1.47 U cm2, 1.25 U

cm2, and 1.40U cm2 for the CO/NF, 1NCO/NF, 2NCO/NF, 3NCO/
NF, and 4NCO/NF electrodes, respectively, conrming
improved charge transfer kinetics in the glycerol-assisted
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4277
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Fig. 7 (A) Long-term stability by chronopotentiometry of 3NCO/NF in 1 M KOH, (B) photograph of the H-cell electrolyzer setup used for the
experiments. (C) Faradaic efficiency of 3NCO/NF in 1 M KOH, (D) five J–t cycles of the electrolyzer at 2.0 V voltage in 1 M KOH+ 0.1 M glycerol for
glycerol electrolysis, (E) yield calculation of number of cycles, (F) Raman spectra recorded at different applied potentials.
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environment. Notably, the 3NCO/NF electrode delivers a current
density of 100 mA cm−2 with impressive water electrolysis and
glycerol electrolysis performance at cell voltages of 2.23 V in 1 M
KOH and 1.99 V in 1 M KOH with 0.1 M glycerol, respectively,
further emphasizing the critical role of Nb doping in enhancing
catalytic activity and energy efficiency.

Furthermore, to evaluate the long-term stability of the 3NCO/
NF electrode, chronopotentiometry was conducted at a constant
current density of 150 mA cm−2, as depicted in Fig. 7A. The
results demonstrate that the electrode maintains a steady
potential of 2.38 V for approximately 60 hours in 1 M KOH,
indicating excellent stability during overall water electrolysis.
The inset plot in Fig. 7A shows the before and aer LSV curves to
highlight the minimal degradation in electrochemical perfor-
mance. Also, Fig. S7 presents the FESEM images and corre-
sponding EDX elemental mapping, conrming the preserved
morphology and uniform elemental distribution of the catalyst
aer the stability test. This prolonged stability, coupled with its
superior electrochemical performance, underscores the poten-
tial of the 3NCO/NF electrode as a highly promising candidate
for industrial applications in water electrolysis. Further inves-
tigation into the electrolysis process was carried out at
a constant current density of 100 mA cm−2 using chro-
noamperometry, during which the evolution of hydrogen (H2)
and oxygen (O2) gases was meticulously monitored. Fig. 7B
4278 | J. Mater. Chem. A, 2026, 14, 4268–4281
shows a digital photograph of the experimental setup used for
faradaic efficiency measurements, highlighting the gas collec-
tion apparatus employed. The results, shown in Fig. 7C, indi-
cate that the volumes of H2 and O2 produced are in close
agreement with theoretical predictions, with the molar ratio of
H2 to O2 remaining consistently around 2 : 1, as expected for
water splitting reactions. In addition, Fig. S8 presents a series of
digital photographs captured at 30, 60, 90, and 120 minutes,
illustrating the accumulated volumes of H2 and O2 gases over
time. The measured gas volumes are as follows: at 30 minutes,
approximately 20 mL of H2 and 10 mL of O2; at 60 minutes,
39 mL of H2 and 19 mL of O2; at 90 minutes, 57 mL of H2 and
28 mL of O2; and at 120 minutes, 75 mL of H2 and 37 mL of O2.
These results demonstrate the expected 2 : 1 stoichiometric
ratio of hydrogen to oxygen, consistent with water electrolysis.
The images further validate the sustained generation and
collection of gases in this ideal molar ratio throughout the
entire experimental period. The faradaic efficiency (FE) was
initially measured at 99%, but it gradually decreased to
approximately 90% over the course of the experiment. The
hydrogen production rate was calculated to be 1.56 mmol h−1,
highlighting the high electrocatalytic activity and sustained
performance of the 3NCO/NF electrode during prolonged elec-
trolysis.33 The 3NCO/NF electrode exhibits superior electro-
chemical performance compared to commercially available
This journal is © The Royal Society of Chemistry 2026
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alternatives. Fig. S9 demonstrates the outstanding catalytic
performance of 3NCO/NF in the GOR during chro-
nopotentiometry measurements at a constant current density of
50 mA cm−2 with a potential of 1.99 V; the immediate addition
of 10 mL of glycerol to the 1 M KOH electrolyte results in a sharp
230 mV reduction in the reaction potential, dropping to 1.76 V.
This substantial decrease underscores the rapid and efficient
response of the 3NCO/NF catalyst in facilitating the GOR. Also,
to evaluate the long-term stability of the electrolyzer during
glycerol electrooxidation, a constant potential of 2.0 V was
applied for 12 hours. The electrochemical behavior was moni-
tored over ve consecutive J–t cycles, as shown in Fig. 7D.
Throughout the experiment, a slight decline in current density
(J) was observed, suggesting a gradual reduction in efficiency as
the reaction progressed through glycerol oxidation to formic
acid production. Aer 12 hours of electrolysis, refreshing the
electrolyte successfully restored the potential, demonstrating
the reversibility and lasting stability of the 3NCO/NF electrode
during extended operation. Fig. S10 shows FESEM images and
EDX mapping aer the GOR stability test, illustrating retained
morphology, consistent elemental distribution, and incorpora-
tion of potassium from the alkaline electrolyte. XRD patterns
recorded in 1 M KOH and 1 M KOH + 0.1 M glycerol electrolytes
show no signicant changes in the crystal structure, conrming
the structural stability of the catalyst under both conditions,
Fig. S11. This led to the coproduction of hydrogen (H2) and
formate ions, with yields that highlight the strong industrial
potential of the 3NCO/NF‖3NCO/NF electrolyzer. To further
assess formate production, high-performance liquid chroma-
tography (HPLC) was employed to quantify the formate ion
concentration aer each 12-hour electrolysis cycle. Distinct
peaks of formate were observed in the chromatograms, con-
rming the formation and accumulation of formic acid
throughout the electrooxidation process (Fig. S12). The amount
of formic acid produced was determined using a standard
calibration curve, constructed by plotting known concentra-
tions of formic acid against their corresponding HPLC peak
areas. Integration of the formic acid peak showed consistent
signals across all ve cycles, with a gradual decrease in peak
intensity, suggesting slight catalyst deactivation while still
maintaining signicant production rates. The calculated yields
of formate aer each cycle are summarized in the bar diagram
shown in Fig. 7E. The corresponding 1H NMR analysis of the
product (Fig. S13) exhibited peaks consistent with the standard
formate, further conrming the formation of formate. To
investigate the electrochemical oxidation of glycerol and
conrm the formation of formate (FA), ex situ Raman spec-
troscopy was performed on the electrode surface aer 6 hours of
glycerol electrolysis at applied potentials of 1.0, 1.5 V, 2.0 V, and
2.5 V. As shown in Fig. 7F, distinct Raman bands were observed
in the regions of 1000–1100 cm−1 and 1400–1500 cm−1, which
are attributed to characteristic vibrational modes of formate
species. The peak around 1050 cm−1 corresponds to the
symmetric C–O stretching vibration, while the prominent
signals at 1348 cm−1 are associated with the asymmetric
stretching of the formate, consistent with reported Raman
signatures of formic acid or its deprotonated form.34 The
This journal is © The Royal Society of Chemistry 2026
intensity of these peaks increases with the applied potential,
reaching amaximum at 2.0 V, which suggests that this potential
favours the accumulation of formate on the catalyst surface.
However, a subsequent decrease in intensity at 2.5 V may be
attributed to the dominance of the oxygen evolution reaction
(OER), which competes with the glycerol oxidation pathway and
can degrade the selective formation of formic acid. These ex situ
Raman observations strongly support the presence of formate
ion as a major product in glycerol oxidation, and reect the
inuence of applied potential on product distribution and
surface reaction dynamics.35 Raman spectroscopy detects
formate ions because it probes molecular vibrations of species
in their ionic form in solution, while HPLC identies formic
acid due to acidied mobile phases suppressing ionization,
causing formate to exist predominantly as undissociated formic
acid during analysis.36 A renewable solar-energy-driven electro-
lyzer (SN 5) was developed for efficient hydrogen production via
alkaline water electrolysis. The system operates stably at 1.79 V
using a solar cell, and glycerol oxidation lowers energy input
while enabling the production of hydrogen and oxygen.
Notably, the electrolyzer maintained a consistent operating
voltage over a continuous 2-hour test, as shown in Fig. S14,
conrming its excellent durability under solar-driven condi-
tions. This approach offers a sustainable and decentralized
solution for clean energy generation.37

To further explore the industrial-scale potential of the 3NCO/
NF catalyst, its bifunctional water-splitting activity was evalu-
ated by varying the KOH concentration (1, 2, 4, and 6M) at room
temperature. Fig. S15(A) shows that in 1 M KOH, the 3NCO/
NF‖3NCO/NF cell requires 1.79 V to achieve a current density of
10 mA cm−2, while in 6 M KOH, the required potential is 1.73 V.
The Nyquist plot in Fig. S15(B) indicates a decrease in charge-
transfer resistance as the KOH concentration increases, partic-
ularly in 6 M KOH. This decrease is associated with a faster
charge transfer rate at the electrode–electrolyte interface. The
enhanced ionic conductivity in 6 M KOH leads to lower charge-
transfer resistance, higher current density, and a lower overall
cell voltage, resulting in a more efficient and rapid water-
splitting process. Fig. S15(C) illustrates the LSV of the 3NCO/
NF electrode at different glycerol concentrations. The anodic
response increases with glycerol concentration up to 0.1 M,
demonstrating a more effective GOR at higher concentrations.
However, the response diminishes slightly below 1.42 V, indi-
cating that the optimal electrolyte condition for the GOR is 1 M
KOH with 0.1 M glycerol.

4. Conclusions

In conclusion, a 3% niobium-doped Co3O4 framework (3NCO/
NF) was successfully grown on Ni foam via a one-step hydro-
thermal process, yielding binder-free and additive-free elec-
trode architecture. Structural and spectroscopic analyses (XRD,
Raman, XPS) conrmed Nb incorporation into the Co3O4 lattice,
inducing lattice distortion and electronic modulation that
enhanced active site density and charge transport. In situ
Raman studies revealed that the 3NCO/NF electrode main-
tained structural integrity during glycerol electro-oxidation
J. Mater. Chem. A, 2026, 14, 4268–4281 | 4279
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while promoting the formation of formate intermediates.
Electrochemical evaluations demonstrated that 3NCO/NF
exhibited the best overall performance among all samples,
requiring only 196 mV vs. RHE for the HER, 1.50 V vs. RHE for
the OER, and 1.19 V vs. RHE for the GOR at 10 mA cm−2,
alongside outstanding durability. The electrode sustained effi-
cient operation even under industrially relevant conditions,
achieving 1.73 V at 10 mA cm−2 in 6 M KOH. Moreover, solar-
driven water-splitting tests conrmed its practical applica-
bility for decentralized hydrogen generation. In addition, the
3NCO/NF electrode exhibited remarkable electrochemical
stability with negligible performance degradation over extended
operation. The multifunctional capability of Nb-Co3O4 to co-
produce hydrogen and value-added formate establishes
a promising pathway for sustainable energy conversion and
glycerol valorization. Collectively, these results highlight the
potential of Nb-doped Co3O4 as a robust and scalable catalyst
platform for next-generation renewable energy systems.
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