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The hydrogen evolution reaction is a key reaction in the field of sustainable energy, and platinum is
recognised as a state-of-the-art catalyst for this reaction. The cost and scarcity of platinum drive us to
look for low-cost and effective alternatives. Among the various metal nitrides, tungsten nitride has been
less explored as an HER electrocatalyst despite its stability under extreme pH conditions. WN-carbon com-
posites were synthesised using urea as a nitrogen precursor, and the synthesised WN/NC catalyst exhibits a
lower HER overpotential of 200 mV in an acidic medium and 230 mV in an alkaline medium. The mass

Received 30th August 2025, activity was estimated as 242 A g~! in 0.5 M H,SO,, which is much higher than the mass activity in 1 M

Accepted 7th December 2025 KOH electrolyte (13.5 A g~). A homemade water electrolysis system demonstrates that the WN-carbon
composite-coated carbon electrode exhibits hydrogen evolution up to 770 mL min~! gt at a constant

current density of 100 mA cm~2. The results demonstrate that the WN with an appropriate carbon support

DOI: 10.1039/d5ya00253b

Open Access Article. Published on 10 December 2025. Downloaded on 1/2/2026 6:03:14 AM.

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

(cc)

rsc.li/energy-advances

Introduction

With growing concerns over global warming and environmen-
tal degradation, a shift towards renewable and sustainable
energy sources has become mandatory.' Hydrogen is identified
as a clean source of energy due to its environmental friendli-
ness, earth abundance and high energy density.>® Despite
various methods currently employed to produce hydrogen,
fossil fuels are the primary source of hydrogen production.*
Water electrolysis is one of the desirable methods for hydrogen
production as it avoids greenhouse gas emissions. However, the
sustainability of the green hydrogen production depends on the
energy source (solar, wind, hydro, biomass, etc.).

Water electrolysis is an energy-intensive process that needs
appropriate catalysts to minimise the energy intake and to split
the water into H, and O,. Water electrolysis involves the
hydrogen and oxygen evolution reactions (HER and OER) at
the cathode and anode of the water electrolyser, respectively.®
The source of hydrogen is usually H' in an acidic medium and
H,O in a neutral/alkaline medium. Generally, the HER pro-
ceeds via two pathways: (i) the adsorption of H'/H,O on the
active site (Volmer step), followed by the recombination of two
nearby adsorbed hydrogens to evolve H, (Tafel step) or (ii) the
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may be a promising alternative to platinum-based electrocatalysts for the hydrogen evolution reaction.

adsorption of H'/H,O on the active site (Volmer step), followed
by combining with another H'/H,O near the surface to evolve
H, (Heyrovsky step).® The former mechanism involves two
active sites, whereas the latter needs only one active site. The
platinum-based materials are the state-of-the-art catalysts for
the HER.” Transition metal-based materials (TMX, where X = O,
S, Se, Te, N, P, C and B) are predominantly explored for HER
electrocatalysis due to their metallic-like conductivity and
corrosion resistance under extreme pH conditions, as well as
their low cost and availability.®*® The design principles for
enhancing the HER activity of TMX -catalysts are well-
documented in the literature."* 2D transition metal chalcogen-
ides are widely recognised for their HER activity and stability."?
Alloying or combining with precious metals substantially
improves the HER activity.">"*

Among the above-mentioned non-precious metal catalysts,
transition metal nitrides (TMN) are more attractive due to their
unique physical and chemical characteristics, which increase
the inherent activity of the catalyst.">*” A theoretical analysis of
the HER activity on various metal nitrides demonstrates that
TaN showed the lowest overpotential towards the HER.'® The
experimental results of HER activity on various mono and
bimetallic nitrides are summarised in review articles.'®** The
monometallic nitrides, such as Ni3N;_,,>* MosNg,>* TaN,?
TiN,?® etc., show the best HER activity. Besides, the bimetallic
nitrides were reported for their enhanced HER activities in
Co,Ni,N,*” FeNi;N,*® Ni,MO;N** and NiTiN,.*’
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Among various metal nitrides, tungsten nitrides draw atten-
tion for their flexible phase/electronic structure, noble metal-
like catalytic behaviour and earth abundance.*" Also, tungsten
nitride-based materials exhibit excellent stability under both
acidic and alkaline conditions.>®> Wang and co-workers have
synthesised WN nanoarrays on carbon cloth via N, plasma
treatment, which requires a small overpotential (17,0 = 130 mV)
with exceptional stability.* Similarly, W,N/WP carbon nanofi-
bers exhibit better activity and stability in both alkaline and
acidic electrolytes with an #,, value of 157 mv.>* A MOF-derived
Co/WN** and WN/rGO on an N,P-doped carbon composite*®
exhibit a minimum overpotential of 76 and 85 mV, respectively.

Herein, the importance of WN with a carbon support is
discussed. A simple one-step pyrolysis process was adopted to
synthesise the hexagonal phase of WN using Na,WO,, urea and
conductive carbon. The uniformly distributed WN nano-
particles were synthesised on the carbon support. The tungsten
nitride carbon (WN/NC) composites were analysed for their
HER activity in both acidic and alkaline media.

Methodology

The WN/NC composites were synthesised by a high-temperature
pyrolysis method. The Ketjen Black 300] (KB) conductive carbon
(100 mg) was dispersed in 20 mL of deionised water under
constant stirring, and 20 mL aqueous solution of 0.05 M
Na,WO0,-2H,0 (Avra Chemicals) was added to it. Furthermore,
the mixture was heated to 100 °C under continuous stirring to
evaporate the water, allowing effective dispersion of tungsten
precursor on the carbon matrix. The composite material was
mixed with urea (a composite-to-urea ratio of 1:10) and heated
to 900 °C for 2 hours under a N, atmosphere. Then, the pyrolysed
material was washed with deionised water, designated as WN/
NC-1. A few other materials were synthesised by changing the
initial carbon content to 300 and 500 mg, referred to as WN/NC-2
and WN/NC-3, respectively. Apart from this, a control sample was
synthesised by mixing Na,WO,-2H,0, KB and urea (3:1:40), and
the same procedure was followed as mentioned above to yield
WN/NC-1A. The formation of WN from the precursor is probed
using powder XRD. The temperature-dependent XRD pattern
indicates that WN forms at 900 °C (Fig. S1). The TGA curves
demonstrate that the urea decomposed to ammonia, which
combines with WO; (formed from the decomposition of
Na,WO0,-2H,0) to form B-W,N. Later, p-W,N transformed into
5-WN at higher temperatures.

The synthesised WN/NC composites were analysed using a
X-ray diffraction (XRD) technique (PANalytical Empyrean XRD
with a Cu Ko source, 1 = 1.5406 A) to understand the structure
of the materials. Raman spectroscopy was performed using an
HR800 LabRAM confocal Raman spectrometer. The morphol-
ogy of the samples was studied using scanning electron micro-
scopy (SEM, Nova-NANOSEM 450) and transmission electron
microscopy (TEM, FEI Tecnai G2 Spirit Bio-Twin TEM 300 kV).
Thermogravimetric analysis (TGA) was performed using a Hita-
chi thermal analysis system, STA200. The surface area and
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porosity analyses were performed using the Micromeritics 3Flex
system at 77 K using liquid nitrogen. The X-ray photoelectron
spectroscopy (XPS) measurements were performed using a PHI
VersaProbe 4 instrument with an Al-Ko excitation source in a
CAE mode with a pass energy of 50 eV.

The electrochemical evaluation of the HER was performed in
both acidic and alkaline media using a potentiostat (Origalys
OGF500) and an electrode rotator (PINE Instruments). A 5 mg
sample was measured and transferred into a vial containing
150 pL of isopropanol, 150 uL of Milli-Q water and 50 pL of 5
wt% Nafion (D521) solution. This mixture was sonicated under
ice-cold conditions for 30 minutes to ensure thorough disper-
sion and the formation of a homogeneous ink. As reported
previously,®” 6.9 uL of uniformly dispersed catalytic ink was
coated on the glassy carbon rotating ring electrode (RDE,
5.6 mm diameter). The estimated loading density of the catalyst
was 0.4 mg cm™ . Finally, the electrode was dried under a N,
atmosphere. This catalyst-modified glassy carbon disk, Ag/AgCl
(sat. KCl), and carbon cloth wrapped around a graphite rod
served as the working, reference and counter electrodes, respec-
tively. Furthermore, the potentials were corrected to a reversible
hydrogen electrode (RHE) using the pH of the electrolyte. The
linear sweep voltammogram (LSV) experiment was performed
by scanning the potential from 0 V to —0.6 V in both alkaline
(1 M KOH) and acidic (0.5 M H,S0,) electrolytes under deaer-
ated conditions at a scan rate of 5 mV s~ . A cyclic voltammo-
gram experiment was performed in the same region as the
electrochemical pre-treatment.

A homemade water electrolyser was assembled using
catalyst-coated carbon paper (Toray) as the cathode in both
acidic and alkaline electrolytes with a loading density of
1 mg cm 2 The area of the electrode was calculated to be
3 cm®. The Ni-foam was used in alkaline electrolyte due to the
intrinsic activity of the Ni electrodes towards the OER, and IrO,-
coated Pt-mesh was used as the anode in acidic electrolyte due
to its stability. Both anodic and cathodic compartments were
separated using an alkaline exchange membrane (alkaline
medium) and Nafion-212 membrane (acidic medium). A chron-
opotentiometry experiment was performed at 10 mA cm ™~ (for
100 h) and 100 mA cm? (for 24 h) to evaluate the stability of
the catalyst in real-time application.

Results and discussion

The materials were fully characterised using spectroscopic and
microscopic techniques. First, the compounds were charac-
terised using powder XRD, as shown in Fig. 1(a). The XRD
pattern exhibits distinct diffraction peaks at 20 values of 31.7°
(001), 35.8° (100), 48.5° (101), and 64.3° (110), indicating the
hexagonal phase of WN (3-WN phase).?® This shows the phase
purity and crystalline nature of the WN/NC composites. The
pristine WN without a carbon support was synthesised, and
its XRD pattern exhibits a face-centred cubic W,N structure
(B-W,N), as shown in Fig. 1(a). Hence, the carbon support
facilitates the formation of the 3-WN phase. The materials were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Powder XRD patterns of the WN/NC catalysts and (b) their
Raman spectra. The TEM images of the (c) WN/NC-1, (d) WN/NC-2, (e)
WN/NC-3 and (f) WN/NC-1A catalysts.

further analysed using Raman spectra, as shown in Fig. 1(b).
Typically, the defect density of the carbon support was evalu-
ated using the intensity ratios of the D and G bands (Ip/Ig). The
Ip/Ig values of all the materials vary from 1.16 to 1.27, indicat-
ing a slight decrease from the pristine carbon support (KB)
value.?® Besides, two additional peaks at 680 cm " and 800 cm !
were observed, corresponding to WN.>® Though tungsten nitride
was not Raman active, these two peaks arise due to the presence
of anion vacancies in the WN structure.’” The intensity is
decreased as the tungsten loading decreases.

The SEM images reveal a rough surface morphology of the
materials, which may be due to the agglomeration of the
smaller particles (Fig. S2). The high-resolution TEM images
exhibit a uniform dispersion of WN particles on the carbon
support (Fig. 1(c)-(f)). There is no significant difference
observed between the composites WN/NC-1 (W/KB as the pre-
cursor) and WN/NC-1A (Na,WO,-2H,0 + KB + melamine mix-
ture as the precursor), as both composites have almost similar
tungsten content. This clearly demonstrates that the method of
synthesis does not affect the material’s morphology. Conver-
sely, the carbon support plays a crucial role in morphology, as
B-W,N synthesised without carbon leads to a large aggregation
that tends to form a sheet-like morphology (Fig. S3). The lattice
fringes of WN/NC-1 exhibit an interplanar distance of 0.25 nm,
which corresponds to the 100 plane of WN, and the selected
area electron diffraction (SAED) pattern also exhibits a similar
d-spacing value of 0.25 nm (Fig. 2(a) and (b))."* This strongly
suggests the formation of tungsten nitride in the composite
material. The high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) image reveals a highly
interconnected morphology, with brighter spots indicating the
presence of tungsten in the carbon composite (Fig. 2(c)). The
presence of tungsten and nitrogen in the carbon matrix was
further confirmed with elemental mapping using electron
energy loss spectroscopy (EELS). This indicates the homoge-
neous dispersion of W, N and C in the composite material,
where tungsten is present in both nitrogen and carbon con-
centrated areas, as in Fig. 2(d)—(f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High resolution transmission electron microscopy analysis of the
WN/NC-1 catalyst: (a) lattice fringes, (b) selected area electron diffraction
(SAED) pattern, (c) high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image and (d)-(f) elemental mapping
of carbon (red), nitrogen (green) and tungsten (blue) elements.

The N,-sorption isotherm was used to estimate the surface
area and porosity of the materials. The isotherms are analysed
using the Brunauer-Emmett-Teller (BET) method at 77 K. The
adsorption isotherms indicate that the materials exhibit a type-
IV adsorption isotherm with H4 hysteresis loop, suggesting the
presence of mesopores in the material (Fig. 3(a)).** It is
also observed that the surface area increases with the carbon
content. The WN/NC-1 catalyst exhibits a surface area of
128.4 m”> g~ ', whereas the WN/NC-3 catalyst has the highest
surface area of 480.2 m”> g~ " (Table S1). The non-local density
functional theory (NLDFT) pore size analysis revealed that WN/
NC-1 and WN/NC-1A did not exhibit any clear micropores due
to their lower carbon content. However, WN/NC-2 and WN/NC-
3 exhibit clear microporosity, as indicated by the pore size
distribution plot in Fig. 3(b). Although the mesopore distribu-
tion shows pore sizes from 3 to 11 nm, the maximum pores
have a diameter of 3 nm. The NLDFT method indicates the
presence of mesopores in samples with a lower carbon content,
whereas the microporosity increases with the carbon content.

The absolute weight percentage of tungsten present in the
composite was quantified using a thermogravimetric analysis
experiment performed in an air atmosphere (Fig. 3(c)). A slight
increase in the weight percentage was observed between 400 °C
and 500 °C, corresponding to the conversion of WN to WO;.
Later, a significant weight loss was observed after 500 °C due to
the removal of carbon as CO,. The residual weight percentage
corresponds to WOj3, as confirmed by powder XRD (Fig. S4).
The weight percentages of WN are calculated from the WO;
obtained from TGA, and the values are 59.1% (WN/NC-1),
37.2% (WN/NC-2), 31.5% (WN/NC-3), and 64.5% (WN/NC-1A).

The X-ray photoelectron spectroscopic technique is used to
analyse the chemical environment and oxidation states of the
elements. The survey spectrum of WN/NC-1 indicates the
presence of C, N, O, and W elements, with relative percentages
of 90.3%, 3.3%, 4.6%, and 1.8%, respectively (Fig. S5). The core-
level C-1s spectrum confirms the presence of typical sp>-C and
sp>-C at 284 and 284.9 eV, respectively (Fig. 3(d)). The N-1s XPS
shows the presence of W-N with a peak at 396.9 eV coexisting
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Fig. 3 (a) The N,-sorption isotherms of the WN/NC catalysts and (b) their

NLDFT pore size distribution plot. (c) Thermogravimetric plots of the WN/
NC catalysts in an air atmosphere. The (d) C-1s, (e) N-1s and (f) W-4f XPS of
WN/NC-1 and their deconvoluted peaks.

with pyridinic nitrogen atoms (Py-N, 399.0 eV), graphitic nitro-
gen atoms (Gr-N, 400.7 eV) and nitrogen oxides (402.2 eV)
(Fig. 3(e)). The relatively lower percentage of W-N peak can be
rationalised due to the formation of tungsten oxide on the
surface. The tungsten XPS peaks were characterised using the
W-4f peak.”® The peak at 31.9 eV corresponds to the W-4f,,
peak in the WN. The W-4f;,, peak appears at 34.1 eV (4 = 2.2 eV).
The peaks appearing at 35.6 and 37.8 eV (4 = 2.2 eV) correspond
to the W-4f;,, and W-4f;, of tungsten oxide, which forms as a
passivating layer on the surface (Fig. 3(f)).

The hydrodynamic voltammetry technique was employed to
analyse the HER activity of the WN/NC catalysts in a 0.5 M
H,S0, electrolyte, as shown in Fig. 4(a). The WN/NC-1 catalyst
exhibits a lower overpotential of 200 mV to achieve a current
density of 10 mA ¢cm™ %, whereas the WN/NC-2 and WN/NC-3
catalysts exhibit a slightly higher overpotential of 220 mV and
225 mV, respectively. This reveals that the loading of tungsten
plays a crucial role in enhancing HER activity, as WN/NC-2 and
WN/NC-3 have a relatively lower tungsten content than the WN/
NC-1 catalyst. A few control experiments were carried out to
understand the active sites and the synergy between the carbon
support and the WN. The pristine W,N (Fig. 1(a) and Fig. S3)
and N-doped carbon (Fig. S6) were synthesised and charac-
terised using XRD and SEM. Both materials exhibit poor HER
activity with an overpotential greater than 600 mV (Fig. S7).
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Fig. 4 Linear sweep voltammogram of the WN/NC catalysts in N,-
saturated 0.5 M H,SO,4 electrolyte at a scan rate of 5 mV s~ and 1600
rotational speed, and the (b) Tafel plots, (c) electrochemical impedance
spectroscopy analysis of the WN/NC catalysts at an overpotential of
190 mV and (d) linear sweep voltammogram of the HER on the WN/NC-1
catalyst before and after 5000 cycles of accelerated durability test (ADT).

Hence, the synergy between the carbon support and WN plays a
crucial role in enhancing the activity by increasing the con-
ductivity and surface area of the catalysts. On the other hand,
the WN/NC-1A catalyst exhibits 30 mV higher overpotential
than the WN/NC-1 catalyst. Despite having a similar tungsten
content and morphology, the difference in the HER activity
indicates the importance of the synthetic method. The bench-
mark Pt/C catalyst was coated on the RDE electrode with a
loading density of 15 pgp, cm™>, which exhibits an onset
potential of —0.03 V.

The HER activity of the catalysts is evaluated using the area-
specific and mass-specific kinetic current densities (ji). The
electrochemical surface area (ECSA) was estimated from the
double-layer capacitance as reported earlier (Fig. $8),** and the
values are reported in Table 1. The ECSA of the benchmark Pt/C
catalyst was estimated from the hydrogen under potential
deposition (H-UPD) region (Fig. S9). Linear sweep voltammetry
was performed at different rotational speeds, and a subtle or no
change was observed at lower current densities (Fig. S10).

Table1 The area- and mass-specific kinetic current densities of the HER
on different WN/NC catalysts in 0.5 M H,SO, electrolyte at the onset
potential (—0.2 V) and their Tafel slope values

ECSA Jx Jx Tafel slope
Materials (em™?) (LA cm™?) (Ag™ (mV dec™)
WN/NC-1 29.4 80.8 24.2 —105
WN/NC-2 39.4 42.1 16.9 —-95
WN/NC-3 50.9 27.9 14.2 —-95
WN/NC-1A 24.2 53.9 13.3 —-99
Pt/C* 0.89 1817.1 218.0 —40

“ The ECSA is calculated from the H-UPD region, and the ji values are
calculated at —0.02 V.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the reaction is under kinetic control, and the current
is considered as kinetic current. The area-specific kinetic
current densities were calculated for all the materials
(at —0.2 V) from the linear sweep voltammograms. Among all
the materials, the highest ECSA-specific and mass-specific jj
values were obtained for WN/NC-1, as 80.8 pA cm 2gcsa and
24.2 A g ', respectively. These values are significantly higher
than those of the other WN/NC materials. While increasing the
carbon content decreases the area- and mass-specific activity,
this highlights the importance of tungsten loading. The turn-
off frequency (TOF)** was calculated for the WN/NC-1 catalysts
at an overpotential of 0.2 V, based on the tungsten content
estimated from TGA and XPS. It was estimated as 0.175 s~ (for
a 54.3 ng loading of the entire tungsten content, estimated from
TGA) and 5.42 s~ (for a 1.75 pg loading of the surface tungsten
content, estimated from XPS). The benchmark Pt/C catalyst
shows the highest ji value near the onset region (—0.02 V), as
shown in Table 1.

The kinetic analysis of the HER on the WN/NC catalysts was
performed using the Tafel plot (Fig. 4(b)). Since the Tafel
slope values of all the composites were in the range of —95 to
—105 mV dec™ ', the HER follows the Volmer-Heyrovsky route
via the adsorption of hydrogen with 1e~ reduction. A subse-
quent proton/electron transfer via the Heyrovsky step leads to
the evolution of molecular H,, wherein the Volmer step is the
rate-determining step.*®*” On the contrary, the Pt/C catalyst
follows the Volmer-Tafel mechanism, wherein the two nearby
adsorbed hydrogens form an H, molecule. The kinetic feasi-
bility was analysed using electrochemical impedance spectro-
scopy (EIS). The faradaic charge transfer resistance is obtained
from a semicircle of the complex plane plot at an overpotential
of 0.19 V (Fig. 4(c)). A semicircle was fitted with an Armstrong-
Henderson equivalent circuit modified with a constant phase
element (CPE) to account for non-ideality of the surface
(Fig. $11).**°° This equivalent circuit consists of two resistance
parameters apart from the solution resistance. This is due to
the contribution of pseudocapacitive adsorption of H atoms at
a specified potential during the course of reaction, which tends
to pseudo-resistance (Rps).”! The WN/NC-1 catalyst exhibits a
lower charge transfer resistance (R.) of 18 Q, whereas WN/NC-
2, WN/NC-3 and WN/NC-1A show 25.5 Q, 26.5 Q and 25.1 Q,
respectively. The lower R.; suggests facile electron transfer. The
R, is found to be <1 Q, which is highly insignificant in
comparison with R, resulting in a single semicircle in the
complex plane plot. The values of the resistive components (Rs,
R and Ry) are given in Table S2. The long-term durability of
the WN/NC-1 catalyst was analysed using an accelerated dur-
ability test (ADT) by a cyclic voltammetry experiment in the
HER on and off regions (—0.1 V to —0.4 V) for 5000 cycles at a
scan rate of 50 mV s~ '. The WN/NC-1 and WN/NC-1A catalysts
exhibited no degradation in their activity, confirming their
excellent stability (Fig. 4(d) and Fig. S12).

The HER performance of the WN/NC catalysts was also
analysed in an alkaline medium. The hydrodynamic linear
sweep voltammograms of the WN/NC catalysts in an alkaline
medium are shown in Fig. 5(a). Similar to the acidic medium,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Linear sweep voltammogram of the WN/NC catalysts in N,-
saturated 1 M KOH as the electrolyte, (b) its Tafel plots, (c) electrochemical
impedance spectroscopy analysis of the WN/NC catalysts at an over-
potential of 200 mV and (d) linear sweep voltammogram of the WN/NC-1
catalyst before and after 5000 cycles of accelerated durability test (ADT).

the WN/NC-1 catalyst exhibits a lower overpotential of 230 mV
to reach a current density of 10 mA cm >. As the tungsten
content decreases, a significant decrease in the catalyst’s per-
formance is observed. The control samples (WN without carbon
support and N-doped carbon) show a similar trend to that of
the acidic medium (Fig. S13). The ECSAs of the catalysts are
given in Table 2 (Fig. S14 and S15). The ji values are calculated
from the hydrodynamic voltammetry, considering that the
reaction at the onset region is kinetically controlled (Fig.
S16). The ECSA-specific and mass-specific ji values are calcu-
lated as described in the acidic electrolyte at —0.2 V (Table 2).
These values indicate that the HER is more active in the acidic
medium than in the alkaline electrolyte. Similar to the acidic
electrolyte, the TOF values are calculated for the WN/NC-1
catalyst at an overpotential of 0.2 V. The TOF is estimated to
be 0.094 s~' (from TGA) and 2.90 s~' (from XPS). Similar
tungsten-based materials reported in the literature are given
in Table 3. The overpotentials at 10 mA cm™> of similar
materials reported in the literature are compared. Although a
few materials show a smaller overpotential compared to this

Table 2 The area- and mass-specific kinetic current densities of the HER
on different WN/NC catalysts in 1 M KOH electrolyte at the onset potential
(—0.2 V) and their Tafel slope value

ECSA Jx Jx Tafel slope
Materials (em™2) (LA cm™?) Ag™ (mA dec™)
WN/NC-1 34.0 38.9 13.5 —98
WN/NC-2 54.8 14.2 7.9 -89
WN/NC-3 78.5 7.0 5.6 —90
WN/NC-1A 19.9 37.3 7.6 —99
Pt/C* 0.76 548.3 56.3 —84

% The ECSA is calculated from the H-UPD region, and the jj values are
calculated at —0.02 V.
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Table 3 Tungsten-based HER catalysts reported in the literature

Mo 110 (MV)

S. no. Materials (0.5 M H,SO,)/mV (1 M KOH)/mV Ref.
1 WN nanowires 134 130 33
2 Co/WN — 76 35
3 W,C/WP@NC-2 196 116 52
3 CoW/NC — 240 53
4 P-WN/rGO 85 — 36
5 Co3W-WN/rGO 172 170 54
6 P-Ni/WN — 45 55
7 W2N/WC 130 164 56
8 Co-NC@W2N — 55 57
9 WC@C/NF 208 124 58
10 WN/NC-1 200 230 This work

study, those potential values are iR-corrected, and the loading
density is typically much higher (for example, 1 mg cm™?).

The Tafel slopes for the WN/NC materials vary from —90 to
—100 mV dec™* (Fig. 5(b)), which are more or less similar to the
Tafel slope values estimated in acidic medium. Hence, it
follows the Volmer-Heyrovsky mechanism. The Tafel slope of
the Pt/C catalysts was estimated to be —84 mV dec™". Unlike in
an acidic medium, the Pt/C catalyst follows the Volmer-Heyr-
ovsky mechanism. The EIS shows a similar trend to that of the
complex plane plot in acidic medium (Fig. 5(c) and Table S3).
The long-term durability of the WN/NC-1 catalyst was also
analysed in alkaline electrolyte using ADT with a similar pro-
tocol as mentioned above. WN/NC-1 exhibits an excellent
stability over 5000 cycles with only a 10 mV negative shift from
its overpotential (Fig. 5(d)). Conversely, the WN/NC-1A catalyst
shows a 60 mV shift after 5000 cycles, illustrating the need for
impregnating WN on the carbon support at the precursor stage
(Fig. S17).

Since the WN/NC-1 catalyst exhibits lower overpotential and
higher stability towards the HER in acidic and alkaline electro-
lytes, it is used as a cathode material in both PEM and AEM
water electrolysers. The PEM water electrolyser was assembled
with WN/NC-1 catalyst-coated carbon paper as the cathode and
IrO,-coated Pt mesh as the anode electrodes; both the anode
and cathode compartments were separated by a Nafion-212
membrane. The typical electrolyser setup is illustrated in the SI
(Fig. S18). The electrocatalytic hydrogen production was performed
by a chronopotentiometry experiment at a constant current density
of 10 mA cm > It exhibits a cell potential of —1.78 V with
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Fig. 6 Chronopotentiometry curves of WN/NC-1-coated cathode water
electrolysers: (a) 0.5 M H,SO4 (PEM) and (b) 1 M KOH (AEM) electrolytes at
the constant current density of 10 mA cm™2. The insets indicate the
quantity of hydrogen evolved from the cathodes with time.
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exceptional stability for more than 100 hours (Fig. 6(a)). Hydrogen
gas liberated from the cathode compartment was estimated using
the eudiometry method. The inset of Fig. 6(a) shows the plot of the
volume of H, collected with time, wherein the slope of the plot
dictates the rate of hydrogen production. The rate of hydrogen
production is calculated to be 0.06 mL min~" em™? (area-specific)
and 60 mL min ' g, " (catalyst mass-specific). While increasing
the current density to 100 mA cm ™2, the H, production increased
to 770 mL min~ ' g ', with a cell potential of —2.63 V (Fig. S19).
Similarly, an AEM water electrolyser was assembled with an alka-
line exchange membrane wherein the Ni-foam was used as an
anode. It exhibits a cell potential of —1.80 V at 10 mA cm >, which
exhibits a higher stability up to 100 hours (Fig. 6(b)). The rate of
production of the H, gas is very similar to that in an acidic
medium, as is shown in the inset of Fig. 6(b). The chronopotentio-
metry experiment was performed at a higher current density
(100 mA ecm™?), exhibiting a cell potential of —2.70 V (Fig. S20).

Since WN/NC-1 exhibits excellent stability, post-mortem XPS
analysis was conducted to determine the oxidation states of
tungsten. The relative peak area was used to calculate the
relative surface tungsten contents (Fig. S21). The ratio of W**
(WN) to W®" (WO;) is largely unchanged (0.55) after the
electrolysis in an acidic electrolyte. However, this value changes
to 0.96 in an alkaline electrolyte, supporting the accelerated
durability test results. The decrease in activity is attributed to
the leaching of WO; (formed from WN) in the alkaline electro-
Iyte, leading to the formation of K,WO,.

Conclusions

Tungsten nitride (WN) on a carbon support was synthesised
from the pyrolysis of urea, Na,WO,-2H,0 and porous carbon
support (KB). The study of varying amounts of KB indicates that
the carbon content enhances the conductivity and stabilises the
WN nanoparticles. Thus, the synthesised WN/NC catalyst pro-
vides better performance towards the HER in both acidic
(0.5 M H,SO,) and alkaline (1 M KOH) electrolytes. The over-
potentials were estimated to be 200 and 230 mV for acidic and
alkaline electrolytes, respectively. Additionally, the higher tung-
sten content material (WN/NC-1) exhibits better stability for up
to 5000 cycles, demonstrating the robustness of the catalyst
under extreme conditions. The mass-specific activity was esti-
mated to be 24.2 A gf1 in 0.5 M H,SO, electrolyte, which is
twice the amount of the jj value obtained in 1 M KOH electro-
Iyte. The WN/NC-1 catalyst was tested as a cathodic electro-
catalyst in water electrolysers. The PEM and AEM water
electrolysers with the WN/NC-1 HER catalyst in the cathode
provide H, at a rate of 770 mL min~ ' g~ ' at 100 mA cm ™ ” in
both acidic and alkaline electrolytes.
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