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a self-supporting Ni2P–WO3

heterostructure for highly efficient hydrogen
evolution under both caustic and acidic
conditions†

Benzhi Wang,‡a Lixia Wang,‡a Yongteng Qian, c Yuting Yang, a

Tayirjan Taylor Isimjan*b and Xiulin Yang*a

The development of low-cost and highly efficient hydrogen evolution reaction (HER) catalysts remains

a significant challenge for the advancement of sustainable energy conversion systems. Herein, we have

reported the successful preparation of an amorphous WO3 adjusted nickel phosphide (Ni2P–WO3/CC)-

based HER catalyst through a facile and scalable method. The optimized Ni2P–WO3/CC catalyst has

excellent HER performance under both 1.0 M KOH (105 mV@10 mA cm�2) and 0.5 M H2SO4 (107

mV@10 mA cm�2) conditions, respectively. Moreover, in a simulated industrial two-electrode alkaline

system, the developed catalyst can provide current densities of 500 and 1000 mA cm�2 at cell voltages

of 1.8 and 1.9 V, respectively. Such excellent HER activity is significantly higher than those of noble-

metal-based catalysts. These results indicate that WO3 has an important role in inducing the

transformation of the nickel phosphide crystal structure. The remarkable catalytic performance is due to

the synergy between WO3 and Ni2P, as well as the unique porous structure, which can enhance electron

transfer, supply more active sites, and accelerate electrolyte transfer and gas emission. This study

facilitates the development of new design strategies for HER catalysts and the promotion of their

industrial applications.
Introduction

Finding renewable energy sources to replace increasingly
depleted fossil fuels is a key challenge facing humanity in the
21st century.1–3 As an abundant and efficient energy carrier with
broad application prospects, hydrogen is an ideal choice to
replace fossil fuels.4–7 Hydrogen production from water elec-
trolysis is an important source without pollution or greenhouse
gas emissions.8–11 Around 44.5 million tons of hydrogen are
generated annually from various sources; only 4% is produced
from water electrolysis and the rest is from steam methane
reforming and coal gasication.12 This is because it is difficult
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to nd suitable water splitting catalysts. At present, platinum-
based catalysts are still the most effective hydrogen evolution
catalysts.3,13 However, the high cost and limited Pt reserves limit
their practical application. Thus, alternative materials must be
urgently developed.

Recently, transitionmetal phosphides (TMPs) have proved to
be a new type of catalyst with great development prospects due
to their excellent physical and chemical properties.14–16 More-
over, compared with metal oxides and metal suldes, the P
atom is considered as a good proton acceptor compared to S
and O atoms, and hence, TMPs have become the most prom-
ising HER catalysts and are also considered as potential
substitutes for Pt.17,18 Among the many transition metal ions,
Markovic and co-workers conrmed that Ni active species
enhance water dissociation kinetics to generate atomic H that
needs to be combined on the active site to form H2 molecules.19

Therefore, various combinations of Ni and P have been widely
investigated for the development of high efficiency HER cata-
lysts.20–23 However, the synthesis of nickel phosphide-based
electrocatalysts with high HER activity still has challenges, such
as harsh reaction conditions, expensive equipment and
complicated processes.18,24 These disadvantages greatly limit
their wide application. Most recently, many reports have high-
lighted tungsten oxide (WOX) as an excellent co-catalyst because
This journal is © The Royal Society of Chemistry 2021
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its thermodynamic stability in acidic solutions is much higher
than that of most metal oxides. At the same time, the conduc-
tivity of tungsten oxide (10–20 S cm�1) is higher than that of 1T-
WS2 (7 S cm�1).25,26 For example, Jin et al. observed that amor-
phous tungsten-doped nickel phosphide (a-WNP) microspheres
with ravine-like nanostructures require 110 mV overpotential at
20 mA cm�2.27 However, the poor catalytic performance, low
current density and difficulty in large-scale preparation greatly
limit their practical applications.28 In addition, it is still a very
challenging task to combine phosphides with various excellent
properties and thermodynamically stable tungsten oxide in the
hydrogen evolution reaction.

Herein, we constructed a novel catalyst having heterostructures
containing Ni5P4, Ni2P4O12–WO3, and Ni2P–WO3 by controlling the
introduction of amorphousWoxide. Scanning electronmicroscopy
(SEM, Quanta FEG 200, Holland) and X-ray diffractometry (XRD, D/
Max 2500 V PC system with Cu Ka radiation, Rigaku, Japan)
analyses showed that the morphology and crystal structure of the
prepared catalyst changed with the introduction of WO3. X-ray
photoelectron spectroscopy (XPS, JPS-9010 TR Photoelectron
Spectrometer, Japan) indicated that the introduction of amorphous
WO3 enhances the electronic interaction between Ni and P. Elec-
trochemical experiments showed that the optimized Ni2P–WO3

exhibits excellent hydrogen evolution performance under acidic
and alkaline conditions, with a low overpotential, small Tafel slope,
and long-term durability. In addition, the two-electrode system
composed of Ni2P–WO3 and RuO2 in 30% KOH solution requires
cell voltages of only 1.8 and 1.9 V to achieve current densities of 500
and 1000 mA cm�2, respectively. Its performance is higher than
that of a two-electrode system composed of RuO2 and commercial
Pt/C, which proves that the as-prepared catalyst has excellent
prospects for commercial applications.
Experimental
Preparation of Ni–W-species/CC by stepwise electrodeposition

The specic steps for the purication of carbon cloth (CC, 1 cm
� 1.5 cm) are as follows: ultrasonic cleaning of CC with H2SO4,
H2O and ethanol sequentially for 5 min respectively, and then
cycling three times. Then, the puried CC was employed as the
working electrode and electrodeposited in Ni(NO3)2 solution at
�10 mA cm�2 for 1.0 h to prepare Ni-species/CC. Aer rinsing
with abundant water and natural drying, Ni-species/CC was
used as a working electrode again for electrodeposition for 10,
30, 60, and 90 min at �10 mA cm�2 in 0.1 M (NH4)10H2(W2O7)6.
The maximum W content was achieved at 30 min, and then the
W content started to decrease with the increase of time indi-
cating that the dissociation dominates in the later stage of the
electrochemical process. We reported a similar result in our
earlier work.29 The electrodeposited products are named as Ni–
W-species/CC-10, Ni–W-species/CC-30, Ni–W-species/CC-60,
and Ni–W-species/CC-90, respectively.
Synthesis of Ni5P4/CC, WO3/CC, and Ni2P–WO3/CC

The phosphating process was carried out in a tube furnace. The
white NaH2PO2 powder is placed upstream of the quartz tube as
This journal is © The Royal Society of Chemistry 2021
the precursor of PH3 gas in a ceramic boat, and the phosphating
samples are placed downstream in another ceramic boat. The
temperature of the tube furnace is increased to 350 �C at a rate
of 5 �Cmin�1 in an Ar atmosphere (20 sccm). Aer being kept at
a constant temperature for 2 h, it is cooled naturally to room
temperature. Then, a series of products were prepared and
identied as Ni2P–WO3/CC-10, Ni2P–WO3/CC-30, Ni2P–WO3/
CC-60, and Ni2P–WO3/CC-90. By comparison, commercial Pt/C-
modied CC was fabricated. In brief, the commercial Pt/C (5.0
mg) was ultrasonically dispersed in 0.5 mL of 0.2 wt% Naon
solution for 30 min. Then, the resulting mixture was pipetted
onto the surface of CC (1 cm2) and dried naturally in air.

Ni5P4/CC was prepared by electro-deposition of Ni metal on
CC followed by a similar phosphating approach to that
described above. However, WO3/CC was prepared by the drop-
casting method whereas certain drops of 1.0 M
(NH4)10H2(W2O7)6 were placed on the surface of the CC, and
dried naturally. The objective of preparing Ni5P4/CC and WO3/
CC is to investigate the contributions of Ni and W towards the
activity of Ni2P–WO3/CC while highlighting the signicance of
the synergy between the two species.

Synthesis of Ni2P/CC

The synthesis of Ni2P nanoparticles was based on a previously
reported method.30 Briey, 0.66 g of NaH2PO2 and 0.3 g of
NiCl2$6H2O were mixed and ground together at room temper-
ature. The resulting solid was placed in a quartz boat and
transferred into a tubular furnace. The temperature of the tube
furnace was increased to 250 �C with a heating rate of 5 �C
min�1 and maintained for 1.0 hour under a constant ow of N2.
The color of the solid mixture changed from green/white to
black during the heating process. The resulting solid was then
cooled to ambient temperature. The black solid was collected
and ground. Side products and impurities were washed off
using distilled water. The nanoparticles were dried overnight in
an oven at 50 �C. The Ni2P modied CC electrode (Ni2P/CC) was
prepared by ultrasonic dispersion of Ni2P particles (10.0 mg) in
0.5 mL of 0.2 wt% Naon solution for 30 min, and then pipet-
ting the resulting slurry onto the surface of CC (1 cm2) and
drying it naturally in air. The material characterization and the
electrochemical measurements are shown in the ESI.†

Electrochemical measurements

The electrochemical performance of the as-prepared catalysts
was investigated using an electrochemical workstation (Biologic
VMP3) with a typical three-electrode system in a 1.0 M KOH
electrolyte. The catalyst modied carbon cloth, a graphite plate,
and a saturated calomel electrode (SCE) were used as working,
counter, and reference electrodes, respectively. The loading of
Ni2P–WO3 on CC is approximately 11.82 mg cm�2. CV tests were
carried out for approximately ve cycles to stabilize the elec-
trocatalytic performance of the catalyst at a scan rate of 20 mV
s�1. Subsequently, linear sweep voltammetry (LSV) curves were
obtained at a low scan rate of 0.5 mV s�1, and electrochemical
impedance spectroscopy (EIS) was performed near the onset
potential over the frequency range from 200 kHz to 10 MHz. All
Sustainable Energy Fuels, 2021, 5, 2884–2892 | 2885
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potentials (vs. SCE) in this work were calibrated to the reversible
hydrogen electrode (RHE) using the average CV curves of the
two potentials at which the current crossed zero (1.040 V). This
value was considered to be the thermodynamic potential in H2-
saturated 1.0 M KOH (Fig. S1†). All reported curves were cor-
rected by iR compensation, and all electrochemical tests were
performed at room temperature (25 � 1 �C).
Results and discussion

The schematic diagram of the preparation of the Ni2P–WO3/CC
composite is shown in Fig. 1a. The synthesis process is
combining an in situ electrodeposition process with a phos-
phating treatment.

XRD analysis was conducted to study the crystal phase of the
product. Fig. 1b and c show the diffraction peaks and standard
spectra aer the electrodeposition of W species for different
times using Ni-species/CC as electrodes and aer the phos-
phating treatment. The crystal structure aer the phosphating
treatment without the electrodeposition of W species is
consistent with the Ni5P4 standard (JCPDS: 18-0883). When the
W electrodeposition time was 10 min, the crystal structure
corresponded to the Ni2P4O12 (JCPDS: 76-1557) and Ni2P stan-
dards (JCPDS: 74-1385). When theW electrodeposition time was
>30 min, the crystal structure was in good agreement with the
Ni2P standard. However, we are not able to nd corresponding
components that match with all the peaks. Therefore, we used
the majority peaks to nd the closest structure possible that is
pointing towards Ni2P. The two distinctive peaks of Ni2P at 40.7�

and 44.6� correspond to (111) and (201) crystal planes,
Fig. 1 (a) Schematic illustration of the synthesis of Ni2P–WO3/CC. XRD
different times (inset: histograms of standard Ni5P4, Ni2P4O12 and Ni2P).

2886 | Sustainable Energy Fuels, 2021, 5, 2884–2892
respectively, and they were also conrmed by TEM (Fig. 2c).
Interestingly, the change in peak intensity is presumably due to
the strong interaction between the W and Ni components.
Moreover, a new peak that appeared at 52� could be the indi-
cation of surface oxidation that may belong to (332) of Ni2P4O12.
It is worth noting that the diffraction peak of tungsten oxide is
not detectable in Ni2P–WO3/CC, indicating that the tungsten
oxide content in the composite is low or exists in an amorphous
form. As a control, the synthesized N2P particles and WO3/CC
control samples are basically consistent with the crystal
diffraction peaks of their standard samples (Fig. 1c and S2†),
indicating that the target control materials have been synthe-
sized for the next study. Among them, synthesized N2P powder
showed an irregular particle shape with obvious agglomeration
(Fig. S3†). Especially it was noted that when electroplating the
precursor of W on CC was attempted, almost no tungsten
species was detected, indicating that electroplating the Ni
species rst is a prerequisite for the construction of Ni–W
composites.

The material morphology and microstructure were studied
by SEM and TEM. The SEM image shows that the Ni2P–WO3

composite with a needle-like structure on the surface grew
vertically and uniformly on the carbon tube and formed
a porous structure (Fig. 2a). This porous structure promotes
mass transfer and formation of many reaction sites, which
improve the electrochemical activity. The morphology of the
material changes with the W electrodeposition time (Fig. S4†).
Notably, when the deposition time of the W component is
longer than 30 min, the surface of the phosphating product has
a part of needle-like (60 min) or ake-like (90 min) structure.
patterns of (b) nickel phosphide and (c) after electrodepositing W for

This journal is © The Royal Society of Chemistry 2021



Fig. 2 (a) SEM, (b) TEM, and (c) HRTEM image of Ni2P–WO3/CC. (d) HAADF-TEM elemental images of Ni2P–WO3/CC.

Paper Sustainable Energy & Fuels
These results indicated that the WO3 species in the composite
remains constant during the phosphating process, while some
of the Ni species will overow to the surface of the composite
with the morphology changing from particulate to needle-like
or ake-like. These ndings are consistent with the gradual
decrease in the mass fraction of W species detected by ICP-AES
aer 30 min electrodeposition (Table S1†). The TEM image
Fig. 3 XPS spectra of (a) Ni 2p, (b) P 2p, and (c) W 4f regions from Ni2P

This journal is © The Royal Society of Chemistry 2021
reveals that the needle-shaped Ni2P–WO3/CC composite is
composed of abundant grains (Fig. 2b), consistent with the SEM
results, and particles with the average size of �8.85 nm. The
HRTEM image of the catalyst shows areas with high crystallinity
and amorphous nature (Fig. 2c). The distances of the lattice
fringes of �0.20 and �0.22 nm in the high crystallinity region
are matched with the (201) and (111) crystal planes of Ni2P,
–WO3 and Ni2P.

Sustainable Energy Fuels, 2021, 5, 2884–2892 | 2887
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respectively.31,32 The amorphous region is attributed to amor-
phous tungsten oxide. The high-angle annular dark-eld
(HAADF) TEM result shows that the elements of W, Ni, P and O
are uniformly distributed throughout the composite (Fig. 2d),
which is consistent with the assumed uniform heterostructure
between Ni2P and WO3 species. In addition, the specic surface
area and porosity of Ni2P–WO3-60 scraped from CC were
explored using nitrogen adsorption–desorption isotherms
(Fig. S5†), and the results showed that the Brunauer–Emmett–
Teller (BET) specic surface area of the material was about 20
m2 g�1, and the average pore size was about 5 nm. The relatively
high BET surface area and porosity indicate a faster mass
transfer rate and a higher chance of exposing active sites, which
are crucial for high catalytic performance. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) was conducted
to analyse the mass fraction of W and Ni in the composite
materials aer electrodepositing W for different times. The
amounts of W and Ni in the sample with the W electrodeposi-
tion time of 1.0 h, were 17.11 and 38.45 wt%, respectively, and
the molar ratio of W/Ni was 1/7.04 (Table S1†).

The chemical state and elemental composition of Ni2P–WO3

were analysed by XPS, and the results conrmed W, Ni, O, P,
and C in Ni2P–WO3 (Fig. S6a†). The binding energies were
corrected using C 1s as the standard. The C 1s spectrum shows
four peaks, including C–O (286.0 eV), C]O (288.0 eV), C]C
(284.0 eV), and C–C (284.8 eV) (Fig. S6b†).33 The Ni 2p3/2 spectra
of Ni2P–WO3 and Ni2P are displayed in Fig. 3a, and two distinct
spin–orbit peaks and two broad satellite peaks can be observed.
This demonstrates that Ni exists in two different valence states
in Ni2P–WO3 and Ni2P. The binding energies of Ni2P–WO3 at
Fig. 4 (a) LSV curves of the samples, (b) Tafel slopes of the samples, (c) e
TOF profiles versus potentials for catalysts with W electrodeposition tim

2888 | Sustainable Energy Fuels, 2021, 5, 2884–2892
853.08, 856.0, 857.48, and 861.54 eV are attributed to the Ni–P
and Ni–O bonds and their satellite peaks.34,35

It is worth noting that the binding energy of Ni2P attributed
to the Ni–P bond was negatively shied by about 0.47 eV (to
852.61 eV) compared with the position of the Ni–P bond in
Ni2P–WO3. The high-resolution spectrum of Ni2P–WO3 is
mainly divided into P 2p peaks corresponding to the P–O bond
(133.32 eV)36 and the P 2p1/2 (128.93 eV) and P 2p3/2 (128.06 eV)
peaks ascribed to the Ni–P bond (Fig. 3b).37 The peaks of P 2p3/2
and P 2p1/2 are matched with the 128.69 and 129.56 eV in Ni2P,
respectively, and both are positively shied by 0.63 eV
compared to corresponding signals from Ni2P–WO3 (shown in
the inset of Fig. 3b). The shi in the peaks of P and Ni in Ni2P–
WO3 indicates that the electrons may be transferred from Ni to
P in the composite, which promotes the HER. The high-reso-
lution W 4f spectra (Fig. 3c) are divided into W 4f5/2 (37.49 eV)
and W 4f7/2 (35.32 eV) peaks corresponding to the W–O bond.
These results are consistent with most previously reported
binding energies of amorphous WO3 components,38–40 further
demonstrating that W exists in the oxide form within the Ni2P–
WO3 composite.

The electrocatalytic activity of Ni2P–WO3 with different W
electrodeposition times and the Pt/C catalyst in an alkaline
electrolyte was investigated (Fig. 4a). With an increase in the
overpotential, the cathode current density of Ni2P–WO3

increases rapidly, which proves that Ni2P–WO3 has excellent
HER activity. When the current density reached 10 mA cm�2,
the Ni2P–WO3-60 electrode showed an overpotential of �105
mV, which was lower than that of any of the other Ni2P–WO3

samples. In addition, the catalytic performance of Ni2P–WO3-60
is also superior to those of Ni2P and WO3 catalysts under
xchange current density of the samples, (d) Cdl, (e) Nyquist plots, and (f)
es and 20 wt% Pt/C in 1.0 M KOH.

This journal is © The Royal Society of Chemistry 2021



Fig. 5 (a) LSV curves of the samples, (b) Tafel slopes of the samples, (c) Nyquist plot of catalysts with different W electrodeposition times and 20
wt% Pt/C in 0.5 M H2SO4. (d) Durability test of Ni2P–WO3-60 at �50 mA cm�2 in 0.5 M H2SO4.
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alkaline and acidic conditions (Fig. S7†), as well as most of the
previously reported catalysts (Table S2†). Moreover, when the
overpotential reached 180 mV, the current densities (�92.0 mA
cm�2) of Ni2P–WO3-60 and commercial Pt/C catalysts are the
same. It was noted that the catalytic activity of Ni2P–WO3-60 was
much higher than those of noble-metal-based catalysts (Pt/C),
meaning that Ni2P–WO3-60 has great potential in industrial
applications. Particularly, a low overpotential of �262 mV can
be achieved at 500mA cm�2 in 30 wt% KOH solution, indicating
its remarkable catalytic activity (Fig. S8a†).

The catalytic kinetics and rate-determining steps in the HER
can usually be assessed using the Tafel slope. Fig. 4b shows that
the Tafel slopes of Ni2P–WO3-0, Ni2P–WO3-10, Ni2P–WO3-30,
Ni2P–WO3-60, and Ni2P–WO3-90 were at 118.6, 95.0, 73.4, 64.2,
and 68.2 mV dec�1, respectively. These results indicate that the
Volmer–Heyrovsky step in alkaline solution is the rate-deter-
mining step during the HER.41 In addition, the Ni2P–WO3-60
catalyst shows a smaller Tafel slope than other Ni2P–WO3

catalysts, meaning that the activation energy of Ni2P–WO3-60 is
lower. The exchange current density (Fig. 4c) also signicantly
inuences the electrode performance and is calculated through
extrapolating the Tafel slope. As is shown, Ni2P–WO3-60 pres-
ents an exchange current density of 0.23 mA cm�2 that is higher
than those of Ni2P–WO3-0 (6.3 � 10�2 mA cm�2), Ni2P–WO3-10
(7.5 � 10�2 mA cm�2), Ni2P–WO3-30 (0.16 mA cm�2), or Ni2P–
This journal is © The Royal Society of Chemistry 2021
WO3-90 (0.11 mA cm�2). This conrms that Ni2P–WO3-60 has
the fastest electrode kinetics among the Ni2P–WO3 samples.42

The electrochemical double-layer capacitance (Cdl) also is
a key parameter of the catalyst.43 The Cdl values can be obtained
by cyclic voltammetry (CV) with different scan rates in non-
faradaic regions (Fig. S9†). The Cdl value of Ni2P–WO3-60 is 36.4
mF cm�2 (Fig. 4d), which is much higher than those of Ni2P–
WO3-0 (1.0 mF cm�2), Ni2P–WO3-10 (7.7 mF cm�2), Ni2P–WO3-
30 (12.7 mF cm�2), and Ni2P–WO3-90 (25.7 mF cm�2), but it is
obviously smaller than that of Pt/C (125.7 mF cm�2). Generally,
the value of Cdl is directly proportional to the electrochemically
active surface area (ECSA) (see ESI†).44 Therefore, if a catalyst
has a larger ECSA, more active sites are available. Here, the
Ni2P–WO3-60 catalyst can offer the most available catalytic
active sites among all non-noble metal catalysts. To reect the
intrinsic catalytic activity, we normalized the ECSA of catalytic
activity. As shown in Fig. S10,† the Ni2P–WO3-60 catalyst has
excellent intrinsic hydrogen evolution activity.

At the same time, the Rct of Ni2P–WO3-60 is the lowest among
the Ni2P–WO3 catalysts (Fig. 4e), which indicates that the Ni2P–
WO3-60 catalyst has good conductivity and can promote faster
ion transfer, resulting in a remarkable HER performance.3 The
turnover frequency (TOF) is the inherent intrinsic activity of
electrocatalysts and is employed to evaluate the number of H2

molecules released per second from each active site. The TOF
Sustainable Energy Fuels, 2021, 5, 2884–2892 | 2889



Fig. 6 (a) Schematic illustration of the water splitting cell by employing RuO2 and Ni2P–WO3-60 as the anode and cathode, respectively. (b)
Comparison of the water splitting activity of RuO2

(+)kNi2P–WO3-60
(�) versus RuO2

(+)kPt/C(�) in 30 wt% KOH at high current. (c) Comparison of
cell voltages for the currently available electrolytic cells in 1.0 M KOH at 100 mA cm�2. (d) Long-term cycling tests of Ni2P–WO3-60 at different
current densities in 30 wt% KOH.
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value of the catalyst increases rapidly with an increase in the
applied potential under alkaline conditions (Fig. 4f). This trend
was the most obvious for Ni2P–WO3-60. For Ni2P–WO3-60, when
the overpotential was 100mV, the TOF value was 0.31 s�1, which
is higher than those of other Ni2P–WO3 catalysts. The high TOF
value indicates that Ni2P–WO3-60 can effectively promote the
HER and that is the inherent reason for its superior
performance.45

The prepared Ni2P–WO3 samples under acidic conditions
also show excellent HER activity. Fig. 5a shows the LSV result of
the catalysts with different W electrodeposition times and 20
wt% Pt/C in acid electrolyte. The overpotentials of the prepared
Ni2P–WO3-0, Ni2P–WO3-10, Ni2P–WO3-30, Ni2P–WO3-60, Ni2P–
WO3-90, and commercial Pt/C were 131, 168, 90, 107, 113, and
41mV at�10mA cm�2, respectively. Although the overpotential
of Ni2P–WO3-30 is lower than that of Ni2P–WO3-60 at �10 mA
cm�2, the Ni2P–WO3-60 sample exhibits high performance
when the current density increases. Moreover, the performance
of Ni2P–WO3-60 was better than that of most previous studies
(Table S3†). Moreover, the Tafel slope of Ni2P–WO3-60 is 55.9
mV dec�1 (Fig. 5b), which reveals that Ni2P–WO3-60 has a fast
kinetic reaction process that follows the Volmer–Heyrovsky
2890 | Sustainable Energy Fuels, 2021, 5, 2884–2892
reaction mechanism.29 Ni2P–WO3-60 also showed small charge
transfer impedance (Fig. 5c). A long-term test was conducted for
36 h at �50 mA cm�2 in a 0.5 M H2SO4 electrolyte (Fig. 5d),
along with a second test for 48 h in a 30% KOH electrolyte at 500
mA cm�2 (Fig. S8b†). These results indicate that Ni2P–WO3-60
exhibited stable catalytic properties in both acidic and alkaline
electrolytes.

The Ni2P–WO3-60 catalyst and RuO2 were coupled into a two-
electrode system and a high current density test was performed
using characteristics analogous to a typical industrial process
(Fig. 6a).46 The RuO2

(+)kNi2P–WO3-60
(�) steady-state potential

polarization curve is shown in Fig. 6b. Interestingly, when the
cell voltage reaches 1.71 V, the current density of RuO2

(+)kNi2P–
WO3-60

(�) is the same as that of the referenced system of
RuO2

(+)kPt/C(�). Aer that point, as the cell voltage increases, its
performance is better than that of RuO2

(+)kPt/C(�). Table S4†
and Fig. 6c show the comparison of the previous reports with
our HER catalysts. For the RuO2

(+)kNi2P–WO3-60
(�) system,

a low cell voltage (�1.73 V) can be achieved in 1.0 M KOH at 100
mA cm�2. Finally, we conducted a stability test of the RuO2

(+)-

kNi2P–WO3-60
(�) system under industrial conditions. It is worth

noting that the stability test did not involve iR correction. As
This journal is © The Royal Society of Chemistry 2021
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shown in Fig. 6d, RuO2
(+)kNi2P–WO3-60

(�) worked continuously
for 36 h at various high current densities (500–1000 mA cm�2)
with almost no apparent degradation.

As discussed above, the excellent HER activity of Ni2P–WO3

in acidic and alkaline electrolytes can be explained as follows: (i)
the 3D self-supporting binder-free electrode synthesized by in
situ electrodeposition can minimize the electrode resistance
and promote electron/ion diffusion.47 (ii) The porous
morphology promotes proton transport and hydrogen adsorp-
tion, thereby effectively enhancing electron transfer. At the
same time, Ni2P–WO3 has a higher electrochemically active
surface area and more available catalytic active sites to improve
the electrochemical performance.48 (iii) The doping of amor-
phous tungsten enhances the synergistic effect of Ni and P in
the Ni2P structure, thereby effectively adjusting the electronic
structure and minimizing the energy barrier in the electrolysis
process.49,50 (iv) Since tungsten oxide has high thermodynamic
stability under acidic and alkaline solutions, the catalyst can
work stably for a long time under harsh conditions.51
Conclusions

We constructed a series of nickel phosphides with different
crystal structures by changing the W content. Among them,
Ni2P–WO3-60 showed small overpotentials of 107 and 105mV in
0.5 M H2SO4 and 1.0 M KOH electrolytes at �10 mA cm�2,
respectively, demonstrating excellent HER activity. In partic-
ular, it demonstrated considerably higher performance at high
current density compared to the industry benchmark in a two-
electrode system. The Ni2P–WO3-60 electrocatalyst exhibited
high stability for over 36 h in a high current density gradient
stability test under industrial alkaline conditions. The superior
HER activity and excellent cycling stability are due to the unique
3D structure and the fact that amorphous WO3 promotes elec-
tron transfer between P and Ni.
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