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high-performance tungsten-
based electrocatalysts on graphene for hydrogen
evolution†

Fanke Meng,a Enyuan Hu,a Lihua Zhang,b Kotaro Sasaki,*a James T. Muckermana

and Etsuko Fujita*a

We report a new class of highly active and stable tungsten-based catalysts to replace noble metal materials

for the hydrogen evolution reaction (HER) in an acidic electrolyte. The catalyst is produced by heating an

earth-abundant and low-cost mixture of ammonium tungstate, soybean powder and graphene

nanoplatelets (WSoyGnP). The catalyst compound consists of tungsten carbide (W2C and WC) and

tungsten nitride (WN) nanoparticles decorated on graphene nanoplatelets. The catalyst demonstrates an

overpotential (h10, the potential at a current density of 10 mA cm�2) of 0.105 V, which is the smallest

among tungsten-based HER catalysts in acidic media. The coupling with graphene significantly reduces

the charge transfer resistance and increases the active surface area of the product, which are favorable

for enhancing the HER activity. Therefore, the approach of employing biomass and other less expensive

materials as precursors for the production of catalysts with high HER activity provides a new path for the

design and development of efficient catalysts for the hydrogen production industry.
1. Introduction

In comparison with fossil fuels, hydrogen is a green source of
energy that does not generate carbon dioxide during direct
combustion or in hydrogen fuel cells that could play an
important role in meeting the growing energy needs of the
world.1–4 One attractive approach to generating hydrogen fuel is
via the electrocatalytic hydrogen evolution reaction (HER) in
splitting water.4–8 In this scenario, developing efficient and
durable electrocatalysts is extremely critical. Until now, Pt-
group metals (Pt, Ir, Ru, Rh, and Pd) have been the most effi-
cient catalysts for the HER for the reason that, as a typical
example, Pt exhibits an optimal hydrogen binding energy to
balance the hydrogen adsorption and release on the catalyst
surface.9–11 However, its precious nature and scarcity hinder
scale-up production and market penetration of noble metals to
satisfy the goal of competitive hydrogen production ($2.00–3.00
kg�1) of the U.S. Department of Energy.12 For this reason, the
development of noble-metal-free materials to substitute for Pt-
group catalysts to lower cost without a signicant loss in cata-
lytic activity is strongly motivated. Recently, a family of tung-
sten-based materials (WS2, WSe2, WP, WC, WxC, etc.)13–24 has
al Laboratory, Upton, New York, 11973,
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72–18577
been extensively investigated as effective electrocatalysts for the
HER because of their favorable structural and electronic prop-
erties.25,26 For example, as one of the layered transition-metal
dichalcogenides (MX2: M ¼ Mo or W, X ¼ S or Se), WS2 has a
graphite-like structure, consisting of two dimensional S–W–S
layers that are hexagonally stacked by weak van der Waals
interactions.1,8 Electrons prefer to move along the basal plane of
the S–W–S layers towards the edge sites that are favorable for
the catalytic HER. The WS2 catalyst showed reasonably good
electrocatalytic activity with an overpotential of 140–260 mV at a
current density of 10 mA cm�2 (h10), but suffered from some-
what limited durability.3,6,8,13,16 More excitingly, Levy and Bou-
dart discovered the “Pt-like” catalytic performance of tungsten
carbide phases, which is an alternative path for the develop-
ment of new noble-metal-free catalysts.25 Tungsten carbides
performing similarly to Pt in catalytic behavior resulted from
the establishment of a “Pt-like” d-band electronic density of
states by intercalation of carbon atoms into the tungsten
lattice.26 Consequently, tungsten carbides demonstrated effec-
tive surface catalysis in many research domains, for example,
cellulose conversion, methanol oxidation, water reduction,
etc.24,35,36 In addition, high tolerance to CO, N and S poisoning is
another meritorious property of tungsten carbides for the
replacement of precious metals in renewable energy systems,
such as fuel cells and electrolyzers.20,27,28

It is therefore of considerable interest to fabricate low-cost
and highly efficient tungsten-based catalysts for hydrogen fuel
production. Although tungsten carbides showed high HER
performance, solitary tungsten carbides exhibited limited
This journal is © The Royal Society of Chemistry 2015
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durability in long-term catalytic reactions unless coupled with
WN as a stabilizer.4 In our previous research, we discovered
highly efficient HER composite catalysts consisting of Mo2C and
Mo2N by sintering soybean powder and ammonium molyb-
date.29 Soybean provided C and N for forming both Mo2C and
Mo2N in the catalysts, in which Mo2N imparted a strong stabi-
lizing effect against corrosion in acids. Thus, the long term
durability of MoSoy catalysts for the HER was signicantly
enhanced. Inspired by our previous work on biomass-derived
MoSoy catalysts,29 herein we report the synthesis of WSoy
catalysts comprising tungsten carbides (WC and W2C) and
tungsten nitride (WN) decorated on graphene for the HER by
sintering abundant and environmentally friendly precursors,
ammonium tungstate (AMT), soybean powder and graphene
nanoplatelets (GnP). In the composite product, tungsten
carbides and WN worked as catalysts and a catalysis stabilizer,
respectively, in the HER. Graphene acted as a good catalyst
support because of two advantageous properties: rst, graphene
is able to impede particle growth of the catalyst, which is
benecial to obtain more reaction sites on the catalyst
surface30,31 and second, owing to its high electron mobility
(>15 000 cm2 V�1 S�1) and inherent exibility, it is a good
medium for establishing contact and improving conduction
between catalyst particles and electrodes.31,32 With optimization
of the contents of graphene and soybean powder in the
precursors, the composite product, WSoy0.7GnP1.0, was found to
be the most highly active HER catalyst in both catalytic activity
and stability among all WSoyxGnPy electrocatalysts examined.
This paper thereby introduces an easy and inexpensive method
to synthesize high-performance biomass-derived HER catalysts.
2. Results and discussion

Our methodology began with the synthesis of a series of WSoyx
(x ¼ 0.2, 0.5, 0.7, 1.0 and 2.0) to optimize the mass ratio of AMT
and soybean powder. The detailed synthesis method is
Fig. 1 (a) Polarization curves of WSoy0.2 (a), WSoy0.5 (b), WSoy0.7 (c), W
catalyst (f) and commercial Pt/C (g). (b) Polarization curves of WSoy0.7,
along with carbon paper without catalyst and commercial Pt/C. Also sho
our previous research reported in ref. 4. All the polarization curves were o
of 2 mV s�1. 10 mg of the samples were loaded onto each carbon paper e
WSoy0.7, and WGnP1.0 are listed in Table 1. The Pt loading on each elect

This journal is © The Royal Society of Chemistry 2015
described in the Experimental section of the ESI.† The electro-
chemical behavior for the HER of a series of WSoyx catalysts is
shown in Fig. 1(a). The overpotential (h10) was used to evaluate
the HER activity of the electrocatalysts.4,8,9 Among the ve
samples, the WSoy0.7 showed the best HER performance with
the smallest h10 of 0.16 V. Then, based on the WSoy0.7 compo-
sition, three other catalysts (WSoy0.7GnP0.5, WSoy0.7GnP1.0 and
WSoy0.7GnP1.5) with different graphene contents were fabri-
cated using the same method as described in the ESI.† As
shown in Fig. 1(b), all the WSoy0.7GnPy samples had a smaller
h10 than either WSoy0.7 or WGnP1.0 in the polarization curves.
This indicates that both soybean and graphene can improve the
electrocatalytic HER performance of the catalysts. Among the
three catalysts of the WSoy0.7GnP0.5, WSoy0.7GnP1.0 and
WSoy0.7GnP1.5 series, the WSoy0.7GnP1.0 showed signicantly
superior HER activity with a much smaller h10 of 0.105 V than
the other two catalysts. We note that the bare carbon paper
without catalyst did not show any HER activity as shown in both
Fig. 1(a) and (b).

To understand the effect of phase compositions of the
catalysts on the HER, X-ray Diffraction (XRD) was employed to
analyze three catalysts (Fig. 2). The WGnP1.0 catalysts consist of
two tungsten carbides, a-W2C (JCPDS: 35-0776) and d-WC
(JCPDS: 72-0097) without tungsten nitride because no soybean
powder was present in the precursor mixture for supplying
nitrogen. Both the WSoy0.7GnP1.0 and the WSoy0.7 contain three
tungsten compounds, a-W2C, d-WC, and WN (JCPDS: 65-2898).
Phase fractions of the catalysts were obtained through Rietveld
renement (see ESI† for detailed information) of the XRD
spectra, as shown in Fig. S1 and Table S1.† To obtain the mass
content of each compound in the catalysts, the samples were
analyzed by thermogravimetric analysis (TGA) by heating up to
950 �C with a temperature ramping rate of 20 �C min�1 in
oxygen, and then the temperature was kept at 950 �C for an extra
10 min to ensure that the product was completely tungsten
oxide (WO3). The eventual WO3 content of the WSoy0.7GnP1.0,
Soy1.0 (d), and WSoy2.0 (e) samples, along with carbon paper without
WSoy0.7GnP0.5, WSoy0.7GnP1.0, WSoy0.7GnP1.5, and WGnP1.0 samples,
wn is the polarization curve of WN with a loading of 2.2 mg cm�2 from
btained in a H2-purged 0.1 M HClO4 aqueous solution with a scan rate
lectrode (1 cm2). The loadings of W2C, WC, and WN for WSoy0.7GnP1.0
rode was 2 mg cm�2.

J. Mater. Chem. A, 2015, 3, 18572–18577 | 18573
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Fig. 2 XRD patterns of the WSoy0.7GnP1.0, WSoy0.7 and WGnP1.0
samples. The assignments of the diffraction peaks are included (solid
circle: a-W2C, hollow circle: d-WC, asterisk, WN).
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WSoy0.7 and WGnP1.0 was 23%, 58%, and 72%, respectively, by
weight normalization in Fig. S2.† With a total 10 mg sample
loaded onto the carbon paper electrode, the masses of each
compound are able to be calculated by using both WO3 content
and phase fractions,4 which are shown in Table 1.

The mass of the tungsten carbides in the WSoy0.7GnP1.0
(W2C, 1.41 mg; WC, 0.34 mg) was much smaller than that in the
WSoy0.7 (W2C, 2.64 mg; WC, 2.76 mg) and WGnP1.0 (W2C, 2.22
mg; WC, 2.61 mg). This was due to a smaller amount of AMT in
the precursor mixture of the WSoy0.7GnP1.0, which was also
observed in the Mo1Soy/RGO samples.29 For example, the 33%
ammonium molybdate in the precursor of Mo1Soy/RGO led to
0.47 mg Mo2C; however, 50% ammonium molybdate led to
1.40mgMo2C inMo1Soy.29 Our previous study4 and a later study
by Esposito et al.23 showed that W2C exhibited slightly higher
catalytic activity for the HER and a smaller Tafel slope than WC.
However, WN more likely functioned as a stabilizer in the
composite catalyst with considerably less catalytic HER activity
than either the W2C or the WC.4 Comparing the WSoy0.7GnP1.0
and WSoy0.7 compositions in Table 1, both catalysts contained
W2C,WC andWN. Tungsten carbides were evenmore abundant
in theWSoy0.7 than in theWSoy0.7GnP1.0; however, the h10 of the
WSoy0.7 (0.160 V) was larger than that of the WSoy0.7GnP1.0
(0.105 V). Actually, graphene played an important role in the
WSoy0.7GnP1.0 to function as a metal-like connector and a
carrier to establish more efficient charge transfer between the
catalyst particles and the electrode.30–32 Therefore, the reason
that the WSoy0.7GnP1.0 performed better in the HER than the
Table 1 Mass contents of the phases in the WSoy0.7GnP1.0, WSoy0.7
and WGnP1.0 samples on each electrode

Sample
WSoy0.7GnP1.0
(mg cm�2)

WSoy0.7
(mg cm�2)

WGnP1.0
(mg cm�2)

W2C 1.41 2.64 2.22
WC 0.34 2.76 2.61
WN 0.15 0.60 —
GnP + carbonizations 8.10 4.00 5.17

18574 | J. Mater. Chem. A, 2015, 3, 18572–18577
WSoy0.7 even with less tungsten carbide content is considered to
stem from the interaction of the graphene–catalyst interface.
These details are discussed below.

On the other hand, the WSoy0.7GnP1.0 catalyst, despite con-
taining a very small amount of WN, showed a higher HER
activity (h10 of 0.151 V) than that of the WGnP1.0 (Fig. 1),
although the tungsten carbide content in WSoy0.7GnP1.0 was
lower than that in WGnP1.0 (Table 1). We note that WGnP1.0
contains no WN phase. In our previous research, solitary WN
exhibited only a slight activity towards the HER, as shown in
Fig. 1(b).4 Thus, the result of the present study suggests that in
addition to acting as a stabilizer, WN may impart a synergistic
effect to enhance the HER activity of the tungsten carbides even
though the WN content involved is fairly small. There would be
an electronic coupling between the nitride and carbides,
although the detailed mechanism has yet to be explained but is
being pursued.

The morphology of the WSoy0.7GnP1.0 is shown in the
transmission electronmicroscopy (TEM) images in Fig. 3, which
demonstrate the conguration and distribution of the various
components. In Fig. 3(a), the graphene nanoplatelets exhibit a
size of 100–200 nm decorated by many black spots with a size
between 5 and 20 nm. In order to clearly show the composition
of the black spots, a high resolution transmission electron
microscopy (HRTEM) image is shown in Fig. 3(b). Four nano-
particles are shown on the graphene nanoplatelets and are
indicated by the dashed orange lines. The yellow arrows indi-
cate the edges of the exible layered structure of the nano-
platelets, while the red arrows identify the crystal facets on the
surface of the nanoparticles. The largest nanoparticle is W2C
with a lattice spacing of 2.27 Å, which is the (101) facet
according to the standard JCPDS: 35-0776. In addition, the WC
shows a clear orientation of (100) with a spacing of 2.49 Å
(JCPDS: 72-0097), and the other two small WN particles exhibit
crystal facets of (111) and (200) with spacings of 2.38 Å and 2.08
Å (JCPDS: 65-2898), respectively. The TEM and HRTEM images
of the WGnP1.0 and WSoy0.7 catalysts are presented in Fig. S3,†
in which the WGnP1.0 shows a similar morphology to that of the
WSoy0.7GnP1.0 with decoration byW2C andWC on the graphene
nanoplatelets. The size of the tungsten carbides in the WGnP1.0
sample is about 15 nm in Fig. S3 (b) and (c).† However, most of
the particles of the WSoy0.7 catalyst grew up to �20–50 nm as
Fig. 3 (a) TEM image of the WSoy0.7GnP1.0, and (b) HRTEM image of
the enlarged area in the red box in (a).

This journal is © The Royal Society of Chemistry 2015
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View Article Online
shown in Fig. S3 (d).† The much larger particle size of the
WSoy0.7 than that of the WSoy0.7GnP1.0 and the WGnP1.0 is
attributed to the absence of graphene nanoplatelets.30,31 Thus,
by comparison of the morphologies of the WSoy0.7 and
WSoy0.7GnP1.0, two merits of the graphene for enhancement of
the electrocatalytic performance were demonstrated. First,
graphene hindered the particle growth of the tungsten carbides
and nitrides, leading to more reaction sites on the catalyst
surface for the HER. Second, graphene functioned as a good
medium for charge transfer between the catalyst and electrodes.
Given that the catalyst particles were grown on the graphene,
and the catalysts were not directly attached onto the electrode,
the electrons were still able to move from the electrode to the
catalyst particles owing to the excellent conductivity and charge
mobility in graphene. Without graphene, some electron transfer
pathways are hindered by the interfaces of the particles because
the interfaces can act as recombination sites for the charges.2,32

Therefore, fewer electrons are used by the catalyst for the HER
in the WSoy0.7 than that in the WSoy0.7GnP1.0.

The electrochemical performance of the catalysts was eval-
uated as shown in Fig. 4. Tafel plots in Fig. 4(a) were employed
to calculate two indicators (Tafel slope and exchange current
density) for characterizing the electrochemical HER process of
the catalysts as shown in Table 2. In acidic aqueous media, the
HER process is described in two steps according to different
models of the two-electron reaction.6,8,9 First, the Volmer reac-
tion (also called the “discharge step”) in which the combination
Fig. 4 Electrochemical measurements on the catalysts: (a) Tafel plots; (b
WSoy0.7GnP1.0, WSoy0.7 and WGnP1.0; (c) cyclic voltammetry curves of
capacitive currents of WSoy0.7GnP1.0, WSoy0.7 and WGnP1.0 vs. scan rate

This journal is © The Royal Society of Chemistry 2015
of electrons and adsorbed protons on the active sites of the
catalyst takes place, resulting in surface-bound hydrogen
atoms. Then, the hydrogen molecules are released by electro-
chemical desorption (Heyrovsky reaction), or by recombination
of hydrogen atoms absorbed on the catalysts surface (Tafel
reaction).6,9 The slope of the Tafel plot of the Pt/C catalyst was
31 mV dec�1, which typies the recombination of adsorbed
hydrogen as the rate-limiting step.21 However, the WSoy0.7 and
WGnP1.0 catalysts had larger Tafel slopes of 49 and 55 mV
dec�1, respectively, suggesting a Volmer–Heyrovsky reaction
with hydrogen electrochemical desorption as the rate-limiting
step.3,9 The WSoy0.7GnP1.0 gave rise to a Tafel slope of 36 mV
dec�1 over a small overpotential range, suggesting a possible
pathway of the Volmer–Tafel reaction.3,9 Our WSoy0.7GnP1.0
sample has the smallest Tafel slope of any other tungsten-based
catalysts reported to date in previous research, as shown in
Table S2,†4,8,13,16,19,20,24 revealing that the WSoy0.7GnP1.0 showed
faster proton discharge kinetics than the other counterparts.5,29

Moreover, in Table 1, the exchange current density of the
WSoy0.7GnP1.0 is determined to be 0.063 mA cm�2 by linear
tting of the Tafel plot, which was larger than the other two
catalysts. The signicantly reduced Tafel slope and increased
exchange current density of the WSoy0.7GnP1.0 reect a lower
energy barrier and more accessibility of the electrocatalytic
HER, which is consistent with the decreased overpotential and
increased current density in the polarization curve in Fig. 1. In
addition, electrochemical impedance spectroscopy (EIS) was
) electrochemical impedance spectroscopy (EIS) at a bias of 100 mV of
WSoy0.7GnP1.0 in the region of 0.1–0.2 V; and (d) linear fitting of the
to obtain Cdl of each catalyst.

J. Mater. Chem. A, 2015, 3, 18572–18577 | 18575
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Table 2 Tafel slope and exchange current density calculated from the
Tafel plots of the catalysts

Catalyst
Tafel slope
(mV dec�1)

Exchange current
density (mA cm�2)

WSoy0.7GnP1.0 36 0.063
WSoy0.7 49 0.011
WGnP1.0 55 0.040
Pt/C 31 0.344
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employed to investigate the charge transfer resistance (Rct) of
the HER on the electrodes at a bias of 100 mV. In Fig. 4(b), the
Nyquist plots indicate the Rct of the WSoy0.7GnP1.0, WSoy0.7 and
WGnP1.0.4,8 The smaller Rct of the WSoy0.7GnP1.0 and the
WGnP1.0 of 10.7 and 15 U, respectively, than that of the WSoy0.7
of �50 U indicates facile charge transfer towards the HER.
Compared with other tungsten-based catalysts in Table S2,† the
WSoy0.7GnP1.0 ranked as one of the top-performing electro-
catalysts. The WSoy0.7GnP1.0 showed the smallest h10 and Tafel
slope among all the W-based catalysts, suggesting the lowest
energy barrier and fastest proton discharging, which can also be
supported by its smaller Rct than most of the others. Its rate-
limiting step is probably recombination (Tafel reaction) rather
than electrochemical desorption (Heyrovsky reaction), reect-
ing “metal-like” behavior, which is consistent with the previous
results of Pt-like surface catalysis performance.25

We also used the cyclic voltammetry (CV) method to evaluate
the electrochemically active surface area of the catalysts, which
demonstrated a proportional relationship with the double layer
capacitance (Cdl) of the solid–liquid interface.8,16,33,34 In Fig. 4(c)
and S4,† the potential range between 0.10 V and 0.20 V was
selected to measure the accurate Cdl on the CV curves with
exclusion of faradaic current. The CV was carried out at various
scan rates (10, 20, 40, 60, 80, 110, 140, and 180 mV s�1). The
difference between the positive and negative current density at
the center of the potential range was obtained as a function of
the scan rates as shown in Fig. 4(d). The Cdl value of the catalysts
was found to be equivalent to the slope of the plot of the half
current density difference (Dj at 0.15 V vs. RHE in Fig. 4(c)) over
Fig. 5 (a) Polarization curves of the WSoy0.7GnP1.0 before and after 500
rate of 200 mV s�1 and (b) plots of overpotential vs. time for the WSoy0.
20 mA cm�2 (after iR correction). Both electrochemical experiments we

18576 | J. Mater. Chem. A, 2015, 3, 18572–18577
the scan rates. The WSoy0.7GnP1.0 and WGnP1.0 exhibited Cdl

values of 49.0 and 43.4 mF cm�2, respectively, which was much
larger than that of the WSoy (1.9 mF cm�2). The increase in the
Cdl value by a factor of ca. 25 arising from coupling graphene
nanoplatelets with tungsten-based catalysts indicates a prolif-
eration of catalytic sites of the catalyst/graphene composites.
Since a very small Cdl value was obtained on graphene nano-
platelets only (1.1 mF cm�2) in Fig. S5,† the high double layer
capacitances of the WSoy0.7GnP1.0 and WGnP1.0 are mostly
attributed to an increase in the surface area of the catalysts.
Herein, the graphene plays a crucial role in hindering
the catalyst crystal growth, which serves as direct evidence of
the much better electrocatalytic HER performance of the
WSoy0.7GnP1.0 than that of the WSoy0.7 in Fig. 1. Although the
WSoy0.7GnP1.0 and WGnP1.0 had similar electrochemically
active surface areas, the WGnP1.0 showed less electrocatalytic
activity for the HER. This is attributable to the absence of WN in
the catalyst as we discussed above. Overall, as a catalyst carrier
and conductive medium, the graphene can signicantly boost
the HER performance of the tungsten carbides by decreasing
the energy barrier, enhancing charge transfer and increasing
the electrochemically active surface area of the catalyst.

Fig. 5(a) and S6† show the stability performance of the
WSoy0.7GnP1.0, WSoy0.7 andWGnP1.0, which was investigated by
potential cycle tests at potentials between �0.5 V and +0.3 V. In
Fig. 5(a), the three polarization curves of WSoy0.7GnP1.0 at
initial, 500 and 1000 cycles are almost identical at potentials
above �0.05 V; below �0.05 V, the curves are only slightly
separated. However, in Fig. S6,† the WSoy0.7 and WGnP1.0
catalysts show increased overpotentials aer 500 and
1000 cycles of the deterioration test. Without graphene, the
stability performance of the WSoy0.7 was slightly worse than
that of the WSoy0.7GnP1.0. On the other hand, without
soybean in the precursor mixture, the WGnP1.0 deteriorated
signicantly aer 500 and 1000 potential cycles. Therefore, the
WSoy0.7GnP1.0 displays better electrochemical stability perfor-
mance than either the WSoy0.7 or the WGnP1.0. In addition,
chronopotentiometric measurements of the WSoy0.7GnP1.0 at a
current density of 10 and 20 mA cm�2 are shown in Fig. 5(b).
The overpotentials at both constant current densities were fairly
and 1000 cycles at potentials between �0.5 V and +0.3 V with a scan

7GnP1.0 electrode held for 24 h at a constant current density of 10 and
re conducted in a H2-bubbled 0.1 M HClO4 aqueous solution.

This journal is © The Royal Society of Chemistry 2015
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constant during electrolysis for 24 hours. As demonstrated in
our previous research,4 the stable electrochemical performance
of the WSoy0.7GnP1.0 is also considered to result from the
presence of the stabilizer WN in the catalyst.

In conclusion, we have developed a low-cost and high-
performance tungsten-based catalyst by sintering AMT, soybean
powder and graphene nanoplatelets at 850 �C. Aer mass ratio
optimization, the WSoy0.7GnP1.0 demonstrated the best elec-
trochemical HER performance with the smallest overpotential
(h10 ¼ 0.105 V) among all the WSoyxGnPy catalysts examined.
Also, the Tafel slope of the WSoy0.7GnP1.0 (36 mV dec�1) indi-
cates a possible Volmer–Tafel reaction pathway. The low charge
transfer resistance (9 U) and high double-layer capacitance
(49.0 mF cm�2) of the WSoy0.7GnP1.0 suggest that graphene
improves charge transfer kinetics and increases the number of
catalytic reaction sites. In addition, the WSoy0.7GnP1.0 exhibited
excellent stability in the electrochemical HER aer 1000
potential cycle tests as well as the signicant long-term dura-
bility of chronopotentiometric water splitting up to 24 hours.
Owing to its excellent kinetics and stability properties, the
WSoy0.7GnP1.0 catalyst stands out as one of the few top-perfor-
mance candidates among all the tungsten-based catalysts for
the electrochemical HER.
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