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3D coral-like Ni-Mo—-S/NF bifunctional
electrocatalyst for concurrent glycerol valorization
to formate and energy-efficient H, evolution
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Electrolytic hydrogen production from water is a cost-effective renewable energy technology, but its
development is severely constrained by high energy consumption, precious metal catalysts, and low-
value products of anode. Given that inexpensive glycerol exhibits a significantly lower redox potential
than water, this study developed a 3D coral-like nickel-molybdenum sulfur bifunctional nanocatalyst
(Ni-Mo-S/NF) based on nickel foam, which served as both the anode and cathode in an alkaline
glycerol electrolyte, enabling the simultaneous production of high-value formate at the anode and high-
purity hydrogen at the cathode. Notably, in a two-electrode system, the alkaline glycerol electrolyzer
required only 1.37 V to achieve a current density of 10 mA cm™2, which was 280 mV lower than that of
an alkaline aqueous solution system, indicating an about 17% reduction in energy consumption
compared to conventional water electrolysis. Meanwhile, this system reached a faradaic efficiency of
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performance of the noble-metal-free Ni-Mo—-S/NF catalyst, the proposed technology for simultaneous

DOI: 10.1039/d5ra08754f formate and hydrogen production via glycerol electrooxidation offers a novel pathway for the green
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1. Introduction

In today's world marked by rapid technological advancement
and escalating climate challenges, the concept of sustainable
development and the urgent demand for clean energy tech-
nologies have reached a global consensus.' Electrocatalytic
technology has garnered significant attention as an efficient
and environmentally benign approach for energy conversion
and storage, particularly in hydrogen production through water
electrolysis powered by renewable energy sources such as wind
and solar power.”? In conventional water electrolysis for
hydrogen production, the anodic oxygen evolution reaction
(OER) exhibits sluggish kinetics and requires high over-
potential, resulting in high overall energy consumption.®*
Additionally, the low-value oxygen byproduct generated at the
anode may mix with cathodic hydrogen, creating potential
explosion hazards. Therefore, identifying thermodynamically
favorable alternative anode reactions to replace OER has
emerged as a key strategy for reducing the energy consumption
and safety risks of electrocatalytic hydrogen production.
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production of high-value chemicals and energy-saving hydrogen generation.

In recent years, electrocatalytic oxidation of more easily
(e.g:, urea and
hydroxylamine),>” has been recognized as an effective method
for significantly reducing the electrolysis voltage for hydrogen
generation, replacing the water splitting reaction. Although the
theoretical voltage for water electrolysis is 1.23 V, the actual
operating voltage typically ranges from 1.5 to 2.0 V due to

oxidized small molecules ammonia,

reaction energy barriers and could be even higher in commer-
cial electrolyzers.®® In contrast, the operational voltage for these
small-molecule electrolysis systems can be substantially low-
ered to 0.6-1.5 V, with potential for further reduction under
optimized conditions, thereby dramatically cutting energy
demands.' However, since these small molecules solely served
as sacrificial agents at the anode, their utilization inevitably
increased hydrogen production costs. Glycerol, with a theoret-
ical oxidation potential of only 0.69 V, regarded as an ideal
organic molecular alternative, is a low-value byproduct mass-
produced in biodiesel manufacturing."»** Beyond enabling
reduced cell voltages, its selective electrooxidation simulta-
neously yields multiple high-value chemicals including glycer-
ate, glycolate, and formate.”* Among these, formic acid
(formate) is particularly noteworthy as both a crucial chemical
intermediate and a promising hydrogen energy carrier for fuel
cell applications due to its high hydrogen storage capacity.*
However, conventional industrial production of formic acid
involves complex processes and high costs, making the
electrochemical oxidation of low-value glycerol to formic acid
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an attractive alternative. Therefore, in alkaline electrocatalytic
systems, replacing the oxygen evolution reaction (OER) with the
glycerol oxidation reaction (GOR) presents a promising low-
energy hydrogen production strategy, while simultaneously
yielding high-value-added formate.'>*®

To date, noble metals and their compounds remain the most
widely used catalysts for both HER and electro-oxidation reac-
tions, yet their scarcity and high cost severely limit large-scale
applications.”*®* Consequently, the rational design of earth-
abundant, cost-effective non-noble metal electrocatalysts
exhibiting comparable activity and durability to noble metal
benchmarks represents a crucial research direction for
sustainable energy conversion."?° Recent studies have reported
that transition metal sulfides appeared considerable catalytic
activity and stability in electrocatalytic processes such as OER
and HER, representing a class of highly promising and
application-worthy electrocatalysts.”® Bi et al successfully
synthesized CoS,/MoS, on carbon cloth via a facile one-step
method,” demonstrating exceptional HER performance in
1.0 M KOH with a low overpotential of 73 mV at 10 mA cm ™ and
a Tafel slope of 80.42 mV dec™". Xue et al. in situ grew nano-
structured NiTe/NiS on nickel foam,* achieving outstanding
OER activity in 1.0 M KOH (overpotential of 257 mV at 100 mA
cm ™ ?) with a Tafel slope of 49 mV dec™'. Mechanistic studies
revealed that strong electronic interactions at the nano-
interfaces induced electronic structure modulation, which
optimized the binding energy of OOH ™ intermediates and
consequently enhanced OER performance. Furthermore, Liu
et al. developed a Ni;S,-FeS/NF catalyst and maintained
continuous operation for over 200 hours under industrial
conditions (500 mA ecm 2 at 1.71 V and 70 °C) in an alkaline
exchange membrane water electrolyzer,* highlighting its strong
potential for practical applications. Despite extensive investi-
gations into transition metal sulfides for pure water splitting
reactions, their bifunctional capability to simultaneously drive
hydrogen evolution and organic valorization (e.g., GOR-to-
formate conversion) remains underexplored, creating a critical
knowledge gap in sustainable electrochemical energy conver-
sion systems.

Herein, we developed three-dimensional coral-like Ni-Mo-S
nanostructured catalysts directly grown on nickel foam (NF)
substrates via a precisely controlled one-pot hydrothermal
method. When configured as both anode and cathode in an
alkaline membrane-free electrolyzer of glycerol, this Ni-Mo-S/
NF bifunctional electrode system enabled concurrent: (i)
anodic glycerol valorization to formate, and (ii) cathodic
hydrogen evolution. In this work, the glycerol oxidation reaction
(GOR) at the anode successfully replaced the oxygen evolution
reaction (OER), producing high-value formate with remarkable
faradaic efficiency (95%) and selectivity (86%). Since glycerol is
more readily oxidized than water, this system required only
1.31 V to drive hydrogen evolution at 10 mA cm ™2, indicating an
about 17% reduction in energy consumption compared to
conventional water electrolysis. This study achieved simulta-
neous value-added conversion of chemicals and energy-efficient
hydrogen production wusing transition metal sulfide
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bifunctional electrocatalysts, representing a highly promising
and impactful strategy in sustainable energy research.

2. Experimental section

2.1 Materials and chemicals

Nickel acetate tetrahydrate (Ni(CH;COO),-4H,0, 99%), ammo-
nium molybdate tetrahydrate ((NH,)¢M0,0,4-4H,0, 99%),
thiourea (CH4N,S, 99%), urea (CO(NH,),), ammonium fluoride
(NH,F), ethylene glycol (C,HgO,), glycerol (C3HgOs3, 99%) and
potassium hydroxide were purchased from Shanghai Aladdin
Reagent Co., Ltd and all reagents were analytical grade. Plat-
inum carbon (Pt/C, 20%) and Iridium dioxide (IrO,, 99.9%) were
obtained from Suzhou Sinero Technology Co., Ltd. Nickel foam
(NF) was bought by Kunshan Material Co., Ltd and pretreated by
ultrasonication in 3 M hydrochloric acid and acetone solutions
for 15 minutes each, followed by cleaning, drying, and storage
for later use.

2.2 Synthesis of electrocatalysts

The Ni-Mo-S electrocatalyst was synthesized via a modified
one-pot hydrothermal method based on a previously reported
approach.” In brief, 2.50 g of Ni(CH3;COO), -4H,0, 1.77 g of
(NH4)6M0,0,4-4H,0, 1.52 g of CH,4N,S, 0.60 g of CO(NH,), and
0.74 g of NH,F were dissolved in 50 mL of a 20% ethylene glycol
aqueous solution under ultrasonication and magnetic stirring.
Then, two pieces of pre-treated nickel foam (1 cm x 1 cm) were
cut and placed into the mixed solution, and the mixture was
transferred into a 100 mL Teflon-lined autoclave. The autoclave
was maintained at 160 °C for 8 hours. After cooling to room
temperature, the electrode sheets were taken out and washed
several times with deionized water, followed by freeze-drying to
obtain the final electrocatalyst. For comparison, the Ni-Mo-Pre
electrocatalyst was synthesized following the same protocol but
without the addition of thiourea. Additionally, commercial Pt/
C/nickel foam and IrO,/nickel foam electrodes were prepared
as reference electrodes according to previously reported
methods in the literature.

The detailed electrocatalyst characterizations can be seen in
the SI of Text S1.

2.3 Electrochemical measurements

All HER, OER, and GOR measurements were conducted in
a standard three-electrode cell configuration using a CHI 760E
electrochemical workstation,> where a carbon rod and Ag/AgCl
(saturated KCl) served as the counter electrode and reference
electrode, respectively. The measurements were carried out in
1.0 M KOH solution at room temperature, varying only in
glycerol addition. Linear sweep voltammetry (LSV) curves were
measured at a potential scan rate (v) of 10 mV s and used
without IR compensation. All potentials were calibrated against
the reversible hydrogen electrode (RHE), calculated using eqn

(D).

Erug = Eagiagar T 0.059 pH + 0.195 (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using a 10 mV AC perturbation ampli-
tude across the frequency range of 0.1-10° Hz. All
electrochemical measurements were conducted in N,-saturated
electrolyte.

The theoretical H, yield was computed via eqn (2).

VHZ = Qtotal X Vm/(nl x F x NA) (2)

where Vi, represents the hydrogen production volume, Qo is
the total charge passed through the electrode, V;, denotes the
molar volume of gas, n; = 2 corresponds to the number of
electrons required to produce one H, molecule, N, is the Avo-
gadro constant, and F = 96 485 C mol " stands for the Faraday
constant.

The formate production yield (%) and selectivity (%) are
determined by eqn (3) and (4).

Yield (%) = (;formate/(3 X C(glycerol)o) x 100% (3)
Selectivity (70) = Crormate/(3 X Cgiyceronyy) X 100% (4)

The faradaic efficiencies (FE, %) for formate production and
hydrogen evolution were quantified via eqn (5) and (6),
correspondingly.

FE (%) =ny X F x Cformatc X Vq/Qtotal (5)
FE (O/o) =n; X F x NA X VHZ/(Qlotal X Vm) (6)

where Ciormace i the concentration of produced formate, Cgiye-
erolyo and Cigiyceronx Tepresent the initial glycerol concentration
and consumed glycerol concentration, respectively, n, = 8/3
corresponds to the number of electrons required to produce
one formate molecule, and V, denotes the volume of the
solution.

3. Results and discussion
3.1 Characterization of catalysts

The SEM images (Fig. 1a and b) reveal that the originally
smooth nickel foam surface became uniformly covered with
coral-like Ni-Mo-S nanostructures after the hydrothermal
reaction. These structures consisted of densely packed
branched nanorods with diameters of approximately 50-
100 nm and lengths reaching 1-2 pum, exhibiting a radiating
cluster morphology extending outward from the substrate,
resembling the porous hierarchical structure of natural coral.
Higher-magnification SEM image (Fig. 1c) further demonstrates
that the nanorod surfaces were rough and contain numerous
nanopores (5-20 nm in diameter), which significantly increased
the material's specific surface area and provided abundant
exposed active sites for catalytic reactions. Elemental mapping
(Fig. 1d) via energy-dispersive X-ray spectroscopy (EDS)
confirms the uniform spatial distribution of nickel, molyb-
denum, and sulfur constituents within the coralloid framework,
with no detectable phase separation or elemental clustering.
The experimentally determined stoichiometry (Ni:Mo:S =1:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.8:2.3, Table S1) agrees well with the designed NiMoS,
composition. Minor oxygen contamination (<5 at%) detected in
localized regions likely originate from either surface partial
oxidation or adsorbed species.

High-resolution TEM analysis (Fig. 1e) demonstrates distinct
lattice spacings of 0.277 nm, 0.227 nm, and 0.203 nm, which are
indexed to NiS (300), MoS, (103), and Ni (111) crystallographic
planes, respectively, confirming the coexistence of both sulfide
phases and metallic molybdenum in the nanostructure. The
XRD pattern (Fig. 1f) shows diffraction peaks at 26 = 44.5°,
51.8°, and 76.4° are attributed to the (111), (200), and (220)
planes of the nickel foam substrate, respectively, which
matched well with the standard JCPDS no. 04-0850 card. The
intense peaks at 26 = 39.2°, 50.1°, and 73.0°, corresponding to
the (103), (105), and (203) planes of MoS, (JCPDS no. 02-1133
card), confirming the formation of layered MoS,. Diffraction
peaks at 26 = 31.0° is attributed to the (300) planes of the NiS
lattice (JCPDS no. 03-0760 card). Diffraction peaks at 26 = 55.2°
falls between the three compounds and may be attributed to
their minimal coexistence. The above XRD analysis was
consistent with the TEM results, further verifying the effective
synthesis of the Ni-Mo-S/NF catalyst. Notably, the (300)
diffraction peak exhibits a 0.6° shift toward higher angles, likely
resulting from lattice shrinkage caused by Mo atom incorpo-
ration into the NiS lattice. Such lattice distortion could effec-
tively modulate the electronic structure of the catalyst and
enhance its adsorption capacity for reaction intermediates.

The XPS survey spectrum (Fig. S1) confirms the presence of
Ni, Mo, S, and O elements in the catalyst. The atomic percentage
of O is approximately 4.5%, which may originate from surface-
adsorbed hydroxyl groups (-OH) or slight oxidation. The atomic
ratios of Ni, Mo, and S, calculated by peak integration, are 1:
0.92:2.15, close to the stoichiometric ratio of NiMoS,, indi-
cating a relatively pure phase composition of the catalyst. High-
resolution XPS spectral deconvolution results reveal that the Ni
2p region exhibited characteristic peaks of divalent nickel (Ni*")
and zerovalent nickel (Ni’) (Fig. 2a). The Ni*" 2p;, peak was
located at 855.9 eV, with a satellite peak at 862.0 eV, while the
Ni° peak appeared at ~852.3 €V (2ps/2).>**” Quantitative analysis
of peak areas indicated that Ni** accounted for ~83% of the
total Ni 2p intensity, whereas Ni° contributed ~17%, reflecting
the distribution of nickel chemical states on the catalyst
surface. The presence of Ni’ enhanced the electrical conduc-
tivity of the catalyst, providing efficient electron transport
pathways for electrocatalytic reactions.?® Meanwhile, Ni** likely
participated in active site formation, where its synergistic
interaction with neighboring atoms facilitated the adsorption
and activation of reactant molecules, playing a critical role in
redox processes. In the Mo 3d region (Fig. 2b), the characteristic
peaks at 231.8 eV (3d3,,) and 229.2 eV (3ds),) were assigned to
Mo**, while the peak at 235.2 eV corresponds to Mo®".>® The
Mo**/Mo°" ratio (~4:1) indicated that molybdenum primarily
existed in a sulfided state (MoS,), which was crucial for the
hydrogen evolution reaction (HER).*

The presence of Mo®" suggested the formation of a mixed Mo-
S/O coordination environment in the catalyst. This unique
configuration may facilitate adsorption of oxygen-containing

RSC Adv, 2025, 15, 48487-48497 | 48489
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Fig. 1 (a—d) SEM-EDS patterns, (e) TEM pattern and (f) XRD patterns.
intermediates, conversion during redox processes and desorp-
tion of reaction products. These features collectively enhanced
the catalyst's oxygen evolution activity. The synergistic effect
between Mo*" and Mo®" species likely played a pivotal role in
achieving bifunctional electrocatalytic performance for both HER
and GOR.* In the S 2p region (Fig. 2c), the characteristic doublet
at 163.3 €V (2p;;,) and 164.5 eV (2py,) corresponded to S>~
species (including Ni-S, and Mo-S bonds in respective sulfides).*?
The observation of a well-defined metal-sulfur (S>7) spectral
feature indicated that sulfur predominantly existed as metal
sulfides in the catalyst. In the O 1s spectrum (Fig. 2d), the peaks
at 529.7 eV and 531.3 eV were assigned to metal-oxygen bonds
(M-O, M = Ni or Mo) and hydroxyl groups (OH "), respectively.**
The presence of OH™ groups suggested a hydrophilic surface,
which facilitated electrolyte access during electrocatalysis, while
M-O bonds may stabilize the catalyst structure.

3.2 Electrocatalytic performance for GOR

Building upon the morphological and compositional charac-
terizations, the electrocatalytic performance of the Ni-Mo-S/NF

48490 | RSC Adv, 2025, 15, 48487-48497
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anode for glycerol oxidation reaction (GOR) was systematically
investigated in a standard three-electrode cell configuration
using 1.0 M KOH electrolyte. Fig. 3a shows the linear sweep
voltammetry (LSV) curves of Ni-Mo-S/NF in the electrolyte
system with and without glycerol. In the absence of glycerol, the
electrode exhibited moderate OER activity, achieving an anodic
current density of 10 mA cm ™ at a potential of 1.59 V versus the
reversible hydrogen electrode (vs. RHE). The peak center of OER
at approximately 1.42 V vs. RHE may be attributed to the
oxidation peak of Ni**/Ni**. Upon the introduction of 0.1 M
glycerol, the current density increased significantly, and the
anodic potential at 10 mA cm ™ > decreased markedly to 1.31 V vs.
RHE. For further comparison, the potentials at different current
densities were obtained from the LSV curves, as shown in
Fig. 3b. Compared to the OER, the addition of 0.1 M glycerol
reduced the anodic potential by 250-350 mV at current densi-
ties of 10, 20, 50, 100, and 150 mA cm 2. This significantly
lowered energy consumption, with the overpotential being
lower than that of most reported electrochemically assisted
water-splitting systems.** Furthermore, the Tafel slope of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution XPS survey of (a) Ni 2p, (b) Mo 3d, (c) S 2p and

catalyst can serve as an effective indicator for investigating the
underlying reaction mechanism of electro-oxidation from
a kinetic perspective. As derived from the LSV data and shown
in Fig. 3c, the Ni-Mo-S/NF exhibited a remarkably low Tafel
slope of only 93 mV dec™" for glycerol oxidation, which was
significantly lower than the 187 mV dec™ " observed for the OER.
This clearly demonstrated that the catalytic kinetics of glycerol
oxidation reaction (GOR) were substantially faster. Since glyc-
erol concentration significantly affects the electrooxidation
performance, SI Fig. S2 presents the LSV curves of the anode
within a glycerol concentration range of 0.01-0.2 M. The results
demonstrated that the anode exhibited optimal -electro-
oxidation activity in the electrolyte containing 0.1 M glycerol.
Excessive glycerol concentrations showed adverse effects, likely
due to reduced solution conductivity.*

For comparison, the benchmark electrocatalytic activities of
Ni-Mo-Pre/NF, bare NF, and pristine IrO,/NF were evaluated
under identical experimental conditions in a 1.0 M KOH elec-
trolyte containing 0.1 M glycerol. The LSV curves (Fig. 3d)
demonstrate that Ni-Mo-S/NF exhibited significantly stronger
glycerol electrooxidation performance than other anode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Binding energy (eV)

534
(d) O 1s.

catalysts, while its corresponding Tafel slope was the lowest
(Fig. 3e), indicating the fastest reaction kinetics. Furthermore,
electrochemical impedance spectroscopy (EIS) in Fig. 3f reveals
that Ni-Mo-S/NF exhibited a significantly lower charge transfer
resistance compared to Ni-Mo-Pre/NF and NF electrodes, indi-
cating its excellent electrical contact, extremely low impedance,
and rapid charge transfer rate.

The electrode potential has a direct and significant impact
on the selectivity of glycerol electrooxidation products and
Faraday efficiency. Through quantitative analysis of formic acid
production at different potentials using nuclear magnetic
resonance (NMR) spectroscopy, the potential with optimal
energy efficiency was determined. Faradaic efficiency and
selectivity of formic acid initially increased and then decreased
with rising electrode potential (Fig. 4a). This was because at
lower potential, C-C bond cleavage remained incomplete, while
at higher potential, the oxygen evolution reaction competed
with glycerol oxidation. Therefore, a potential of ~1.35 V was
identified as the optimal energy efficiency potential, at which
the formate selectivity and faradaic efficiency can reach as high
as ~86% and ~95%, respectively. The "H NMR spectra (Fig. S3)
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08754f

Open Access Article. Published on 08 December 2025. Downloaded on 5/4/2026 7:33:39 AM.

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

(cc)

View Article Online

RSC Advances Paper
2) 300
(a) (b)2.0 ©
o — 0.1 M glycerol ‘()_] M glycerol 1.8 0.1 M glycerol
§ = =
< 200 2 181 =
E & 26l
£ ¢ =
§ 2 1.6 2 187 mV dec!
Z 100+ E £ 14
5 5 g
) 131V 2144 e
E \ = — Fa 93 mV dec”
( ;, 57 & e 1.2 4
04
. : : : i5 ‘ ‘ : : :
1.2 1.4 1.6 1.8 2.0 10 20 50 100 150 0.0 0.5 1.0 1.5 2.0
Potential (V vs RHE) Current density (mA/cm?) Log (j/mA em™)
(d)IOO 20
© ®
NE 804 1.44
] —— Ni-Mo-S/NF = A Ni-Mo-S/NF 15
< =
E 60 &
Nt 14
%’ ; 216 mV dec” 8 104
= 4 = 1.3 s
5 40 = &
E E ®  Ni-Mo-S/NF
£ 201 2 54
: A 93 mV dec!
U 93 m aec -
0 12 r "‘\
0.
1.0 12 1.4 1.6 0.5 0.0 05 1.0 1.5 0 10 20 30 40

Potential (V vs RHE)

Fig.3

Log (j/mA em™)

A

(a) LSV curves of Ni-Mo—-S/NF anode with and without 0.1 M glycerol, (b) comparisons of the anodic potentials on varied current densities,

(c) Tafel plots for the anodic GOR or OER derived from (a), (d) comparisons of the GOR activities among various catalysts and (e) their corre-
sponding Tafel slopes, (f) Nyquist plots of catalysts for electrochemical impedance spectroscopy (EIS) analyses.

of glycerol oxidation products showed no detectable carbon-
containing products other than formate. While the *C NMR
spectra (Fig. S4) could identify both formate and carbonate, the
faradaic efficiency of carbonate was remarkably low (<~3%),
rendering it virtually negligible. Calculations demonstrated that
the overall system exhibited an electron transfer-to-formate
molar ratio of 2.69:1 to 2.80:1, closely approximating the
theoretical 8: 3 ratio. This corresponded to the production of 3
moles of formate per mole of glycerol consumed, indicating
that the Ni-Mo-S/NF electrode displayed exceptional selectivity
toward formate production through glycerol electrooxidation.
Stability serves as a crucial metric for evaluating catalyst
performance and application potential. Continuous glycerol

120

electrooxidation tests over 10 cycles demonstrated that the
faradaic efficiency for formate production consistently
remained high at 90-96% (Fig. 4b). Furthermore, the electro-
chemical stability of the Ni-Mo-S/NF electrode during glycerol
oxidation was evaluated by monitoring the potential-time (U-t)
curve. As shown in Fig. 4c, no significant potential increase was
observed during the 25-hour stability test (with merely a 0.06 V
potential rise, representing less than 2% change), demon-
strating excellent stability of the anode catalyst.

3.3 HER of catalyst

In alkaline electrolyte, the Ni-Mo-S/NF electrode also demon-
strated outstanding HER performance as a cathode. As
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at varied potentials, (b) FEs of Ni-Mo—-S/NF for formate production for

10 electrolysis cycles, and (c) 25-hour stability test of Ni-Mo—S/NF for the anodic glycerol oxidation at a current density of 10 mA cm 2.
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illustrated in Fig. S5a, Ni-Mo-S/NF required merely 58 mV
overpotential to drive the HER at a current density of 10 mA
cm 2, significantly lower than those of NF (274 mV) and Ni-Mo-
Pre/NF (192 mV). Additionally, the Ni-Mo-S/NF catalyst
exhibited a remarkably low Tafel slope of 76 mV dec™ ", which
was comparable to the noble metal catalyst Pt/C/NF (69 mV
dec™') and substantially lower than those of Ni-Mo-Pre/NF
(168 mV dec™') and NF (174 mV dec™ ') (Fig. S5b). This
demonstrated the favorable HER kinetics of Ni-Mo-S/NF. The
EIS analysis in Fig. S6 reveals that Ni-Mo-S/NF possessed the
smallest charge transfer resistance, which was significantly
lower than those of other electrodes, thereby greatly facilitating
the enhancement of its catalytic activity.*® To assess potential
impacts of organic compounds like glycerol on HER perfor-
mance in electrolytes, we evaluated the HER activity of Ni-Mo-
S/NF with and without glycerol. The LSV curves in Fig. 5a
demonstrate that the HER performance of the electrode in
glycerol-containing electrolyte was minimally affected, with no
significant change in Tafel slope (Fig. 5b). This indicated that
Ni-Mo-S/NF not only exhibited excellent hydrogen evolution
activity with fast reaction kinetics but also showed remarkable
tolerance in the presence of glycerol. Furthermore, stability
tests conducted at a constant current density of 10 mA cm 2
revealed that Ni-Mo-S/NF maintained its outstanding HER
catalytic performance even after 25 hours of continuous oper-
ation (Fig. 5c¢).

3.4 Mechanism investigation

At room temperature, an electrolysis system capable of co-
producing hydrogen and formate was constructed using Ni-
Mo-S/NF as both the anode and cathode catalyst in a solution
containing 0.1 mol L ™" glycerol and 1 mol L™ ! KOH (denoted as
Ni-Mo-S/NF || Ni-Mo-S/NF), as illustrated in Fig. 6a. This
system required only a low voltage of 1.37 V to achieve a current
density of 10 mA cm™?, demonstrating excellent co-electrolysis
performance in both the hydrogen evolution reaction (HER)
and glycerol oxidation. In contrast, a Ni-Mo-S/NF||Ni-Mo-S/NF
electrolyzer using an electrolyte without glycerol required
a higher voltage (1.65 V) to reach the same current density under
identical conditions (Fig. 6b). The chemical-assisted water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) LSV curves of Ni-Mo—S/NF cathode with and without 0.1 M glycerol, (b) their corresponding Tafel slopes, (c) 25-hour stability test of
Ni—Mo-S/NF for the cathodic HER at a current density of 10 mA cm™2,

electrolysis system for hydrogen production, constructed with
Ni-Mo-S/NF as the electrocatalyst, operated at a significantly
lower cell voltage than most reported systems,*”*® representing
a novel approach to electrolytic hydrogen production. Further-
more, as shown in Fig. 6c, this electrolyzer maintained excellent
catalytic performance and charge selectivity even after pro-
longed operation. Under an applied voltage of 1.4 V (where
competing water oxidation was negligible), the average faradaic
efficiency for HCOO™ production reached as high as 95.0%.
Correspondingly, the experimentally measured hydrogen
evolution matched well with the theoretical value (Fig. 6d), with
a faradaic efficiency of 99.6% for the HER. These results
demonstrated that the constructed glycerol oxidation/hydrogen
evolution co-electrolysis system exhibited both high activity and
remarkable durability.

To further investigate the stability and catalytic mechanism
of the dual-electrode system for glycerol electrooxidation to
formate and simultaneous low-energy hydrogen production,
various characterizations were performed on the post-reaction
Ni-Mo-S/NF catalyst. As shown in Fig. S7a, the high-
resolution Ni 2p;/, XPS spectrum of the post-reaction Ni-Mo-
S/NF anode exhibited a noticeable enhancement at 856.5 eV.
This indicated that most of the Ni(0) and/or Ni(u) species were
oxidized to NiOOH. NiOOH has been reported as an active
species for glycerol electrooxidation.**** Correspondingly, the
peak deconvolution analysis of the O 1s spectrum (Fig. S7b)
reveals that the Ni-Mo-S/NF catalyst exhibited a higher
concentration of -OH species (531.6 eV) after the reaction
compared to its pre-reaction state. This observation may be
attributed to the substitution of surface oxygen atoms, which
facilitated the formation of NiOOH.** The Mo 3d XPS spectra
(Fig. S7c) reveals a weakened signal intensity of Mo species after
the reaction, indicating partial loss of Mo during the electro-
catalytic oxidation process. Furthermore, a significant portion
of Mo*" was oxidized to Mo®". Furthermore, the corresponding
SEM image (Fig. S7e) reveal that the Ni-Mo-S/NF maintained its
coral-like morphology with minimal structural changes.
However, XRD patterns demonstrate a significant attenuation
of Mo species signals (Fig. S7d), suggesting possible structural
transformation or leaching during the reaction process. The
stability tests and of glycerol

cycling experiments
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electrooxidation revealed that despite significant Mo species
leaching during the process, the catalyst maintained high
stability and oxidation efficiency with negligible performance
degradation. This observation suggested that Mo species may
not directly participate in glycerol oxidation and were unlikely
to serve as active sites in this work.

Simultaneously, XPS analysis of the Ni-Mo-S/NF cathode after
the HER revealed that the oxidation state of Mo remained essen-
tially unchanged (Fig. S8a), while the content of S existing as
metal-S species showed only a slight decrease (Fig. S8b). This
suggested minimal Mo species leaching at the cathode, which may
be attributed to the inherent instability of Mo®" species that readily
dissolve as molybdate in alkaline electrolytes, while exhibiting
significantly improved stability in reduced states like Mo*". The
high-resolution Ni 2p;/, spectrum (Fig. S8c) demonstrated that
most Ni(0) had transformed into Ni(u), likely due to surface
oxidation caused by either water vapor or dissolved oxygen in the
electrolyte.”* Notably, such Ni(u) species have been previously
confirmed as active sites for hydrogen evolution through water
splitting.*>** Subsequent characterization revealed that the coral-
like morphology of the cathodic Ni-Mo-S/NF was well preserved,
as evidenced by SEM image (Fig. S8e), while XRD patterns indi-
cated no significant changes in its crystalline structure (Fig. S8d).
These results provided a comprehensive explanation for the
outstanding electrocatalytic performance and stability of the

48494 | RSC Adv, 2025, 15, 48487-48497

bifunctional Ni-Mo-S/NF catalyst in both electrooxidation and
HER processes.

4. Conclusions

In summatry, this study synthesized a novel nickel-molybdenum
sulfide/nickel foam (Ni-Mo-S/NF) bifunctional electrocatalyst and
constructed a two-electrode system using it as both the anode and
cathode, achieving simultaneous and efficient production of
formate and hydrogen in an alkaline glycerol electrolyte. The
catalyst exhibited outstanding electrocatalytic performance in
both roles, requiring only 1.31 V (anode) and 58 mV (cathode) to
deliver a current density of 10 mA cm 2. Furthermore, owing to
the lower redox potential of glycerol compared to water, the
alkaline glycerol electrolyzer in the two-electrode system required
just 1.37 V to reach 10 mA cm ™2, which was 280 mV lower than
conventional water splitting, corresponding to a 17% reduction in
energy consumption. This bifunctional electrocatalytic system also
enabled the highly selective upgrading of glycerol into formate,
with faradaic efficiencies reaching 95.0% for formate production
and 99.6% for hydrogen evolution. Additionally, chro-
noamperometry and cycling tests confirmed the catalyst's excel-
lent long-term stability. By employing the non-precious Ni-Mo-S/
NF bifunctional electrocatalyst, this work realized both the valo-
rization of glycerol and energy-saving hydrogen production,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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offering a new strategy for efficient formate synthesis and low-cost
hydrogen generation.
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