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The development of excellent bifunctional electrocatalysts is an effective way to promote the industrial

application of electrolytic water. In this work, a free-standing W-doped cobalt selenide (W-CoSe300/NF)

electrocatalyst with a snowflake-like structure supported on nickel foam was prepared by a hydro-

thermal–selenization strategy. Benefiting from the high specific surface area of the 3D snowflake-like

structure and the regulation of tungsten doping on the electronic structure of the metal active center,

W-CoSe300/NF shows remarkable electrocatalytic water decomposition performance. In 1.0 M KOH, the

W-CoSe300/NF electrocatalyst achieved an efficient HER and OER at a current density of 50 mA cm−2

with overpotentials as low as 84 mV and 283 mV, respectively. More importantly, W-CoSe300/NF acts as

both the anode and cathode of the electrolytic tank, requiring only a potential of 1.54 V to obtain 10 mA

cm−2 and can operate continuously for more than 120 hours at this current density. This study proposes a

new way for the design of high efficiency and affordable bifunctional electrocatalysts.

1. Introduction

With the accelerated consumption of unsustainable fossil
fuels, electrocatalytic overall water splitting (OWS) has
emerged as the most reliable route to prepare portable hydro-
gen fuel.1–4 Moreover, the anodic oxygen evolution reaction
(OER) is a complex process with multiple electron transfer
reactions, a slow reaction rate and a high overpotential, which
seriously hinders the development and industrial application
of electrolytic water.5,6 Noble metal-based materials (such as
Pt, Ir, Ru, etc.) were once considered to be excellent catalytic
materials for water electrolysis, but their low Earth abundance
and high cost make them unable to be used in large-scale
industrial applications.7–9 Therefore, it is of excellent practical
importance to develop efficient, cheap and Earth-abundant
electrocatalysts to promote the industrialization process of
electrocatalytic water decomposition.10–12 For the past few
years, a large number of inexpensive transition metal-based

electrocatalysts have been designed, such as transition metal-
based oxides, sulfides, selenides, nitrides, phosphates and
carbides.13,14 In particular, transition metal selenides exhibit
excellent electrocatalytic activity in water electrolysis under
alkaline conditions due to their outstanding electrical conduc-
tivity and antioxidant capacity.15,16 However, the single com-
ponent selenide material may still have insufficient active sites
and poor stability, which will affect the actual electrocatalytic
performance.17,18 Therefore, it needs to be further modified to
improve its electrocatalytic activity and stability.19,20

Metal element doping has been proved to optimize the
energy band structure and active site density of electrocata-
lysts, thereby improving their electrocatalytic activity.21–23 For
example, Xin Yue et al. demonstrated that the addition of a
few Mo heteroatoms (∼0.5 wt%) to Co3O4 can enhance its
activity and stability in the acidic OER.24 This enhancement
can be ascribed to the activation of lattice oxygen by the
doping of Mo, leading to a well-defined etching process and
oxygen vacancy generation. The obtained oxygen vacancies
promote a rapid oxygen evolution reaction (OER) pathway,
while the variable valence state of Mo contributes to its stabi-
lity. Ji-Shuang Zeng et al. reported an IrRuOx/C catalyst.25 This
study showed that the introduction of Ir can stabilize the
lattice oxygen structure of RuOx, enhance the Ru–O bond inter-
action, stabilize the solvation of Ru at high potentials, and
accelerate the nucleophilic attack of water molecules, thus
greatly improving the OER activity and durability. Liqing Wu
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et al. confirmed that Bi doping can effectively improve the
initial valence state of metal Ru, which is the active center of
the metal in Bi0.15Ru0.85O2, thus improving the acidic OER
kinetics of the catalyst.26 Moreover, the interaction of electrons
is significantly strengthened by the existence of bismuth by
reducing the energy barrier, avoiding excessive oxidation of
the active substance, maintaining the stability of the structure
and improving the OER activity of the electrocatalyst. Yang
Wang et al. reported a W-NiS0.5Se0.5 electrocatalyst with excellent
HER and OER activities.27 Theoretical calculations confirm that
the increase in catalytic activity can be ascribed to the delocaliza-
tion of the spin state of Ni by the introduction of a single atom
W, resulting in an increase in the electron density of Ni, which
optimizes the adsorption/desorption capacity of the H intermedi-
ate in the rate-determining step (O*-OOH*). Compared with other
previously reported doping elements, tungsten (W) is an ideal
dopant due to its ability to induce a phase transformation in the
catalyst structure even at a very low doping content, resulting in
improved catalytic activity and stability.28 Based on the above con-
siderations, the rational design of W-doped selenide electrocata-
lysts is of vital importance for the realization of efficient overall
water decomposition.29–31

Herein, we prepared a W-doped cobalt selenide
(W-CoSe300/NF) electrocatalyst and used it as a high-efficiency
HER/OER dual functional electrocatalyst. The electrocatalytic
water splitting experiments showed that W-CoSe300/NF could
achieve efficient HER and OER processes at a current density
of 50 mA cm−2 with overpotentials of 84 mV and 283 mV,
respectively, in 1.0 M KOH. Furthermore, by using W-CoSe300/
NF as both the cathode and anode of the cell for the overall
electrolysis of water, the two-electrode system exhibits a fasci-
nating electrolytic potential of 1.54 V and electrochemical
durability of up to 120 hours. The outstanding electrocatalytic
activity and stability of water decomposition shown by
W-CoSe300/NF can be chiefly ascribed to the following four
points: (i) cobalt selenide has significant electron transport
capacity, which contributes to electron transfer during the
electrocatalytic reaction, thus improving the efficiency of the
electrocatalytic water decomposition. (ii) The doping of W
adjusts the electronic environment of the metal, effectively
increasing the number of catalytically active sites, thereby
endowing the electrocatalyst with significant intrinsic activity.
(iii) The 3D snowflake-like structure effectively increases the
contact area between the electrode material and the electrolyte
during the water decomposition reaction, so that more correct
active sites are exposed. (iv) The free-standing structure of
nickel foam effectively reduces the contact resistance between
the electrocatalyst and the conductive substrate, which effec-
tively promotes the activity and stability of W-CoSe300/NF.

2. Results and discussion

Materials, synthesis of the electrocatalyst, physical characteriz-
ation, and electrochemical measurements in this study can be
found in the ESI.†

The schematic diagram of the synthesis route of
W-CoSe300/NF is shown in Fig. 1. The W-CoSe300 electrocata-
lyst was prepared by adding H3PW12O40 and C4H6CoO4 to NF
under the conditions of hydrothermal and selenization heat
treatment.

Scanning electron microscopy (SEM) is a technique to
characterize the morphology and microstructure of the pre-
pared catalysts. As seen in Fig. 2a, the W-CoO/NF precursor
synthesized by a one-step hydrothermal reaction shows that
the slices are cross-agglomerated to form snowflake flakes,
and they are uniformly attached to the surface of nickel foam.
Fig. 2b shows the SEM images of W-CoSe300/NF. The spherical
morphology of the W-CoO/NF precursor is not damaged after
high temperature selenization, and the snowflake flakes are
evenly distributed on the sheets. Subsequently, transmission
electron microscopy (TEM) is used to further affirm the snow-
flake-like structure of W-CoSe300/NF (Fig. 2c). In addition, it
can be seen from Fig. S1† that W-CoSe300/NF synthesized at
different selenization temperatures (200, 300 and 400 °C) all
exhibit similar snowflake-like structures, with only differences
in size. High-resolution transmission electron microscopy
(HRTEM) images of W-CoSe300/NF are shown in Fig. 2d. It can
be observed that the lattice spacing of 0.366 nm corresponds
to the (220) plane of Co9Se8 (PDF#09-0223). Meanwhile, the
lattice spacings of 0.316 nm and 0.321 nm observed in Fig. 2e
can correspond to the (111) plane of Ni3Se2 (PDF#23-1227) and
the (004) plane of WSe2 (PDF#38-1338), respectively. It is worth
noting that the appearance of W-CoSe300/NF can be attributed
to the selenization of the nickel foam, which is consistent with
previous reports.32,33 Fig. 2f shows the selected area electron
diffraction (SAED) pattern of W-CoSe300, in which the Co9Se8
(220), Ni3Se2 (111) and WSe2 (004) planes can be observed,
further confirming the analyses of HRTEM. Furthermore, the
mapping images of energy dispersive X-ray spectroscopy (EDS)
along with the corresponding table of elemental contents con-
firmed the coexistence of Co, Ni, Se, and W elements on the
surface of the prepared catalyst samples (Fig. 2g and Fig. S2†).
It is worth noting that trace amounts of O element can be
observed in W-CoSe300/NF, which can be attributed to the
partial oxidation of the surface of the catalyst after long-term

Fig. 1 Schematic diagram of the synthesis process of W-CoSe300/NF
snowflake flakes.
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exposure to air.34 In short, the results of the above morphologi-
cal analysis confirm the successful preparation of W-CoSe300/
NF with a snowflake structure, which will facilitate the
exposure of the active sites and thus promote the dissociation
kinetics of water.

Fig. 3a shows the X-ray diffraction (XRD) pattern of
W-CoSe300/NF. It can be clearly seen that the characteristic
diffraction peaks at 27.37°, 29.27°, 45.45° and 49.86° corres-
pond to the (111), (222), (511) and (440) planes of Co9Se8,
respectively. The diffraction peaks at 29.37°, 32.42° and 45.66°
correspond to the (111), (200) and (220) crystal faces of Ni3Se2,
respectively, while the diffraction peaks at 32.73°, 38.30° and
70.03° correspond to the (101), (103) and (203) crystal faces of
WSe2, respectively. In the process of W-CoO/NF selenization,
selenium replaced the O element to form a variety of transition
metal polymetallic selenized complexes, thereby changing the
original crystal structure and the electron transfer pathway,
thus improving its electrochemical catalytic performance.35

In order to research the elemental composition and surface
chemical states of samples, X-ray photoelectron spectroscopy
(XPS) spectra were recorded, as described in Fig. 3b–f.
According to Fig. 3b, the survey spectra of W-CoSe300/NF and
W-CoO/NF show that the surface of W-CoSe300/NF is com-
posed of Co, Ni, C, O, W and Se elements. Compared with the
W-CoO/NF precursor, the Se element is added, which prelimi-
narily proves the success of selenization of the precursor.
From the XPS of high-resolution Co 2p, peaks at 803.68 eV and
785.18 eV in W-CoO/NF correspond to Sat, while the main

peaks of binding energy of 797.38 eV and 781.38 eV are attribu-
ted to Co 2p1/2 and Co 2p3/2, respectively.

36–39 After seleniza-
tion, the peak positions of W-CoSe300/NF are 802.68 eV and
785.08 eV and the peak positions of Co 2p1/2 and Co 2p3/2 are
796.68 eV and 780.68 eV (Fig. 3c). As shown in Fig. 3d, two
peaks of W-CoO/NF at 874.48 eV and 856.58 eV correspond to
Ni 2p1/2 and Ni 2p3/2, respectively.40–42 The peak values of
W-CoSe300/NF are 872.88 eV and 855.18 eV, respectively. This
is also the same as the Se replaces the O, resulting in a nega-
tive peak shift. Fig. 3e shows the XPS spectrum of Se 3d. The
characteristic peak at the position of 57.8 eV belongs to the
Se–O peak, indicating that W-CoO/NF is not fully produced by
selenization, and the characteristic peaks at the positions of
53.98 eV and 52.98 eV belong to Se 3d3/2 and Se 3d5/2,
respectively.43–45 Fig. 3f shows the characteristic peaks of W 4f
for W-CoSe300/NF and W-CoO/NF. The peaks of W-CoO/NF at
37.68 eV and 35.48 eV correspond to W 4f5/2 and W 4f7/2,
respectively.46–48 The corresponding peak values of W-CoSe300/
NF are 37.08 eV and 34.98 eV, respectively. The peak value also
shifted negatively with an average value of 0.55 eV.

A standard three-electrode system of 1.0 M KOH was used
to assess the HER performance of all the electrocatalysts.
Firstly, a series of pre-tests were performed to explore the
material and solution ratio, reaction temperature and time
required for the reaction, and the optimal preparation con-
ditions of the precursors were determined, as illustrated in
Fig. S3–S6.† Subsequently, the HER properties of the catalyst
samples obtained under different selenization conditions were

Fig. 2 (a) SEM images of the W-CoO/NF precursor. (b) SEM image, (c) TEM image, (d and e) HRTEM images, (f ) SAED pattern, and (g) EDS elemental
mapping images of W-CoSe300/NF.
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determined by linear sweep voltammetry (LSV), as shown in
Fig. 4a and b. It can be found that W-CoSe300/NF possesses an
optimal overpotential of 84 mV at a current density of 50 mA
cm−2, which is visibly better than those of W-CoO/NF
(106 mV), W-CoSe200/NF (234 mV), W-CoSe400/NF (246 mV),
NF (427 mV) and Pt/C (85 mV). Similarly, the W-CoSe300/NF
electrocatalyst still shows the best HER performance at 100 mA
cm−2. In addition, the HER activity of the W-CoSe300/NF elec-
trocatalyst prepared in this study is superior to most recently
reported electrocatalysts (Table S1†). As illustrated in Fig. 4c,
the Tafel slope value of W-CoSe300/NF is 97 mV dec−1, which
is lower than those of W-CoO/NF (123 mV dec−1), W-CoSe200/
NF (123 mV dec−1) and W-CoSe400/NF (140 mV dec−1). It can
be observed from the electrochemical impedance spectroscopy
(EIS) Nyquist diagram that the charge transfer resistance of the
W-CoSe300/NF catalyst is small, indicating its strong charge
transport ability (Fig. 4d). The electrochemically active surface
area (ECSA) of the electrocatalyst is also a crucial parameter to
evaluate the catalytic activity, and the values of the ECSA can
be indirectly reflected by its double-layer capacitance (Cdl)
value.49–51 The Cdl values of each electrocatalyst can be
obtained by cyclic voltammetry (CV) tests at different scan
rates (from 20 to 100 mV s−1), as depicted in Fig. S7.† Through
data calculation and fitting, the Cdl values of different electro-
catalysts can be observed in Fig. 4e. Among them, the
W-CoSe300/NF electrocatalyst exhibits a maximum Cdl value of
24.96 mF cm−2, which is greater than those of W-CoO/NF
(15.92 mF cm−2), W-CoSe200/NF (2.09 mF cm−2) and

W-CoSe400/NF (1.45 mF cm−2). The remarkable Cdl value of
W-CoSe300/NF indicates that the catalyst constructed under
appropriate reaction conditions and selenide reference con-
ditions has more active sites and higher charge transfer rates.
To investigate the effect of W-doping on the intrinsic activity,
the turnover frequency (TOF) of a series of W-CoSe300/NF elec-
trocatalysts with different M (H3PW12O40)/M (C4H6CoO4) ratios
was tested. As shown in Fig. S8,† with a ratio of 0.072, the
W-CoSe300/NF electrocatalyst exhibited the highest TOF value
at any potential, indicating that moderate tungsten doping can
effectively enhance the intrinsic activity of the electrocatalyst. At
the same time, the comparison of the specific activity of the
electrocatalysts prepared at different temperatures further con-
firmed the excellent intrinsic activity of the W-CoSe300/NF elec-
trocatalyst (Fig. S9†). To meet the requirements of industrial
applications, electrochemical stability is also an important
factor for electrocatalysts. Due to the close contact between the
NF substrate and the electrocatalyst, the W-CoSe300/NF electro-
catalyst shows satisfactory stability in the HER process. The
electrochemical stability of W-CoSe300/NF was tested by the
constant potential method and cyclic voltammetry. As described
in Fig. 4f, after 5000 CV tests, the LSV curve of W-CoSe300/NF
still almost coincides with that before the test, indicating its
excellent HER activity and stability. Furthermore, it can be
observed from the inset of Fig. 4f that the current density does
not attenuate significantly during the 48 h potentiostatic
method test, which further suggests the outstanding durability
of W-CoSe300/NF under alkaline conditions.

Fig. 3 (a) XRD pattern of W-CoSe300/NF. (b–f) XPS spectra of W-CoSe300/NF and W-CoO/NF: (b) survey, (c) Co 2p, (d) Ni 2p, (e) Se 3d, and (f) W 4f.
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The OER performance measurements of W-CoSe300/NF
and other comparable electrocatalysts were also carried out in
a three-electrode system. Fig. 5a displays the LSV curves for NF,
W-CoO/NF, W-CoSe200/NF, W-CoSe300/NF, W-CoSe400/NF and
RuO2/NF electrocatalysts. The bar chart in Fig. 5b further visu-
ally shows the overpotentials of different catalysts. It can be
found that the η50 and η100 of the W-CoSe300/NF electrocatalyst
are 283 mV and 315 mV, respectively, which are obviously
superior to those of NF (556 mV, 698 mV), W-CoO/NF (404 mV,
436 mV), W-CoSe200/NF (315 mV, 338 mV), W-CoSe400/NF
(397 mV, 468 mV), and RuO2/NF (452 mV, 530 mV), indicating
its superior OER activity. In the meantime, the OER perform-
ance of the W-CoSe300/NF electrocatalyst prepared in this
study is much better than that of most recently reported
materials (Table S2†). Moreover, the calculation results of the
Tafel slope show that the slope value of W-CoSe300/NF is
34 mV dec−1, which is much lower than those of NF (169 mV
dec−1), W-CoO/NF (149 mV dec−1), W-CoSe200/NF (82 mV
dec−1), W-CoSe400/NF (154 mV dec−1), and RuO2 (132 mV
dec−1), further revealing its excellent OER kinetics (Fig. 5c).
Meanwhile, the EIS Nyquist diagram shown in Fig. 5d displays
that W-CoSe300/NF exhibits the smallest semicircular diameter
among the four electrocatalysts, which indicates that it has
suitable charge transfer resistance, further verifying the signifi-
cant OER kinetics of W-CoSe300/NF. The CV curves at different
scan rates were measured in the non-Faraday voltage range,
and the Cdl values of each electrocatalyst were calculated, as
illustrated in Fig. S10† and Fig. 5e. The results reveal that
W-CoSe300/NF has the largest Cdl value of 10.16 mF cm−2,
which is higher than W-CoO/NF (2.24 mF cm−2), W-CoSe200/

NF (2.99 mF cm−2) and W-CoSe400/NF (1.24 mF cm−2),
indirectly suggesting that it has the largest ECSA. Notably, the
higher ECSA value of the electrocatalyst usually means that
more active sites can be exposed to participate in the reaction
during the water decomposition process, thus promoting the
OER kinetics.52–54 The OER durability of W-CoSe300/NF was
also evaluated by chronoamperometry and cyclic voltammetry.
As described in Fig. 5f, after 5000 CV cycles, the polarization
curve of W-CoSe300/NF did not deviate significantly compared
with that before the test, which confirmed its significant OER
activity and stability. Moreover, the chronoamperometry curve
shows that the current density does not decline obviously
during the 48 hours, which further confirms the desired OER
stability of W-CoSe300/NF (inset of Fig. 5f). Additionally, the
comparison of the electrochemical performance of the
W-CoSe300/NF catalyst loaded on different conductive sub-
strates also corroborated the rationale for using nickel foam
substrates in this study (Fig. S11–S13†).

After 120 hours of OER stability testing, the microstructure
and surface elemental chemical states of the electrocatalyst
were further investigated using SEM, TEM, and XPS tech-
niques. As shown in Fig. S14a,† the SEM image of W-CoSe300/
NF after testing displayed a snowflake-like structure similar to
that before testing. Additionally, the TEM image shown in
Fig. S14b† further confirmed this result, displaying a layered
structure. Analysis of the Co 2p XPS spectrum of W-CoSe300/
NF in Fig. S14c† reveals a slight increase in the peak area ratio
of Co3+/Co2+ after OER testing, possibly indicating the pres-
ence of high-valence CoOOH, a species known to promote the
OER process.55 The W 4f XPS spectrum in Fig. S14d† shows no

Fig. 4 HER performance: (a) LSV curves, (b) the corresponding overpotential at a current density of 50 mA cm−2 (η50) and 100 mA cm−2 (η100), (c)
Tafel plots, (d) EIS Nyquist diagram, (e) Cdl values of different electrocatalysts, and (f ) electrochemical stability tests of W-CoSe300/NF.
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change in the species composition compared to before OER
testing, with only a positive shift in binding energy, likely due
to the strong oxidation effect at the anode increasing the elec-
tron cloud density of the W atoms, making them more stable
and less reactive. Based on the post-characterization analysis,
the following conclusions are obtained: during continuous
OER processes, the less electronegative Se anions effectively
promoted the contact between Co2+ and oxygen-containing
species in the electrolyte, leading to the conversion of some
Co2+ in W-CoSe300/NF into highly active CoOOH, accelerating
the reaction. Simultaneously, the W atoms with high electron
cloud density facilitated the timely repair of chemical bonds
that fractured within the catalyst, allowing W-CoSe300/NF to
maintain its original microstructure to the maximum extent.

In view of the excellent HER/OER dual functional character-
istics exhibited by W-CoSe300/NF, its use as both the anode and
cathode in the electrolytic tank is expected to show suitable
overall water splitting (OWS) performance. As demonstrated in
Fig. 6a, the W-CoSe300/NF||W-CoSe300/NF couple exhibits out-
standing OWS activity, achieving a current density of 10 mA
cm−2 at an electrolytic potential of only 1.54 V, which is signifi-
cantly superior to NF||NF (1.83 V). Meanwhile, the OWS activity
of the W-CoSe300/NF electrocatalyst prepared in this study is
much better than that of most recently reported materials
(Table S3†). Furthermore, the W-CoSe300/NF||W-CoSe300/NF
system exhibits exceptional long-term stability as it can consist-
ently operate at 10 mA cm−2 for a duration of 120 hours without
any noticeable decline in current density (Fig. 6b).

Fig. 5 OER performance: (a) LSV curves, (b) the values of η50 and η100, (c) Tafel plots, (d) EIS Nyquist diagram, (e) Cdl values of different electrocata-
lysts, and (f ) electrochemical stability tests of W-CoSe300/NF.

Fig. 6 OWS performance: (a) LSV curves of W-CoSe300/NF and NF. (b) Electrochemical stability tests of W-CoSe300/NF.
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3. Conclusion

In summary, we prepared a W-CoSe300/NF electrocatalyst with
a snowflake-like structure by hydrothermal–high temperature
selenization. Due to the formation of integration defects, dis-
tortions, doping of heteroatoms and phase transitions in tran-
sition metal selenides (TMSe), their electrocatalytic perform-
ance was greatly improved. The results of electrochemical
measurements reveal that the W-CoSe300/NF electrocatalyst
exhibits outstanding HER/OER activity, and the overpotentials
of the HER and OER at a current density of 50 mA cm−2 are
84 mV and 283 mV, respectively. More importantly, by using
W-CoSe300/NF as both the anode and cathode for overall water
splitting, a current density of 10 mA cm−2 can be obtained
with only 1.54 V cell potential, and it can be continuously
operated in this state for more than 120 h. The results show
that the catalyst activity of transition metal selenides can be
significantly improved by integrating suitable dopants into
them. This work proposes a new pathway to construct in-
expensive and efficient transition metal-based electrocatalysts.
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