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Exploring transition metal sulfide electrocatalysts with high-efficiency for hydrogen evolution reaction
(HER) is essential to produce H, fuel through water splitting. Herein, novel nickel tungsten sulfide het-
erojunction (NiS-WS,) with a nanowoven ball-like structure were directed synthetized by a facile hy-
drothermal method. The hierarchical NiS-WS, exhibited excellent HER activity with a relatively small
overpotential of 142 and 137 mV at 10mA/cm? in 0.5 mol/L H,S04 and 1 mol/L KOH, which is much better
than that of single NiS and WS,. The impressive performance of NiS-WS, heterojunction is owed to the
collective synergy of special morphological and more exposed active sites between the crystal interfacial
of NiS and WS,. In addition, the hierarchical NiS-WS, can facilitate the transport of charge/mass by op-
timized electronic structure, which further improves the HER activity of electrocatalysts. These outcomes
provide a simple method to prospect towards the design and application of heterostructures as efficient

Synergy

electrocatalysts, shedding some light on the development of functional materials in energy chemistry.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous progress of science and technology and
the rapid growth of global economy, energy crisis has become
worldwide issues. Hydrogen energy has received extensive atten-
tion because of its high efficiency, cleanliness and renewability
[1-4]. For sustainable hydrogen production, electrochemical water
splitting is a promising technology, and has been widely studied.
As an important reaction for water splitting, hydrogen evolution
reaction (HER) usually required additional overpotentials to over-
come the slow water decomposition kinetics and unfavorable ther-
modynamics [5-8]. Therefore, effective HER electrocatalysts with
high reaction rates are required to afford high current at low
overpotential. Among many hydrogen evolution catalysts, transi-
tion metal sulfide (such as WS;) has received growing attention
due to its low price, environmental friendliness and Pt-like elec-
tron configuration [9-12]. However, their performance is still infe-
rior to that of Pt-based catalysts for HER [13,14].

To improve the HER catalytic activity of WS,, several strategies,
including morphology engineering and electron structure modula-
tion, have been proposed to overcome the intrinsic activity limita-
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tion [15-18]. For example, higher conductivity and more catalytic
active sites can be obtained by combining WS, with other metal
sulfides (such as FeS,, CoS, and Ni3S,) to form heterojunction [19-
23]. This heterointerface engineering can modulate the electronic
properties, as well as chemisorption behavior and composition of
catalysts, thereby improving the catalytic efficiency. More impor-
tantly, the heterointerface effect can generate new catalytic active
centers and charge carriers, which not only increase the number of
catalytic active sites, but also promote the mass transport involved
in the catalytic reaction. Finally, the kinetic characteristics and ad-
sorption conversion of reactants on the multiphase catalysts were
optimized.

Nowadays, prominent progress has been made on the electron
structure modulation of Ni-based and W-based sulfide catalysts by
heterointerface means [24-28]. And the catalytic performance of
multiphase catalysts is superior to their single-component coun-
terpart. However, most of the geometric structures for Ni-based
and W-based sulfide catalysts are concentrated in nanosheets,
nanorods, nanospheres, as well as their composites [29-31]. Some
novel morphologies with more catalytic active sites are neglected.
In addition, the Ni-based sulfide with different phase were usu-
ally integrated together to enhance their electrochemical proper-
ties, and the incorporation of Ni into sulfide catalysts can lead to
a distorted structure [1,8,32]. However, the fabrication of these Ni-
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based and W-based multiphase sulfides required multisteps, and
even desired sulfidation process with poisonous sulfurcontaining
gas [33-35]. Therefore, to maximize the catalytic performance of
Ni-based and W-based multiphase sulfides, a simple and cost-
effective method for the integration of morphology engineering
and electronic modulation is highly needed. Especially, the synthe-
sis of nanowoven ball-like polymetallic sulfides for HER remains a
significant challenge.

In this paper, a novel nanowoven ball-like NiS-WS, with more
catalytic active sites were prepared by a simple and cost-effective
hydrothermal and annealing treatment. The influence of Ni con-
tent on the morphology and catalytic performance of NiS-WS, was
studied, and the possible catalytic mechanism of the sample was
explored. This nanowoven ball-like catalyst has both abundant cat-
alytic active sites and low charge transfer resistance by optimized
electronic structure, which further improves the electrocatalytic
performance for HER. This work will provide important experimen-
tal and theoretical support for revealing the relationship between
HER catalytic activity and morphology of the catalyst.

The fabrication process of nanowoven ball-like NiS-WS, by one-
step hydrothermal method is schematically shown in Fig. 1a. The
synthesized samples by the same route with different amount
of NiC4Hg04-4H,0 (0.15, 0.3, 0.45, 0.6g) were named as NBI1-
NiS-WS,, NB2-NiS-WS,, NB3-NiS-WS, and NB4-NiS-WS,, respec-
tively. This process does not require complicated equipment and
conditions. The crystal structure of WS,, NiS and NB3-NiS-WS,
composite was analyzed by X-ray powder diffraction (XRD). As
shown in Fig. 1b, the diffraction peaks of WS, and NB3-NiS-
WS, at 28.8°, 33.3°, 39.5°, 43.5°, 48.9°, 58.4°, 60.6° and 69.1° as-
sign to the 2H WS, phase (PDF#08-0237). The XRD pattern of
NiS and NB3-NiS-WS, composite shows diffraction peak at 30.2°,
32.2°, 35.6°, 37.4°, 40.4°, 48.8°, 52.5°, 56.2°, 57.4°, 59.6° and 67.3°,
which can be indexed to the B-NiS phase (PDF#12-0041, space
group: R3m, a=b=9.62A and c=3.15A). Besides, several diffrac-
tion peaks of NiS and NB3-NiS-WS, composite at 34.4°, 45.9° and
53.4° match well with the crystal planes of «-NiS phase (PDF#02-
1280, space group: P63/mmc, a=b=3.41A and c=5.32A), con-
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firming the formation of a mixed phase («-NiS and S-NiS). The
XRD patterns of NiS-WS, with different Ni precursor were also
examined (Fig. S1 in Supporting information). The characteristic
peaks of NiS-WS, revealed the formation of mixed phase («-NiS
and B-NiS). The excessive Ni precursor gave rise to the increased
intensity of NiS phase. For comparison, the Fe-WS, and Co-WS,
were also synthesized by the same route (Supporting information).
The incorporation of Fe precursor into WS, formed the WS,-Fe{_S
and WS,-Fe3S4, named as Fe-WS, (Fig. S1). And the incorpora-
tion of Co precursor formed WS,_CoS, and WS,_CoS, named as
Co-WS,.

The microstructure of WS,, NiS-WS, and NiS catalyst was ob-
served by scanning electron microscopy (SEM). The SEM image
(Fig. 1c) shows that the flower-like WS, consist of nanosheets with
lengths of microns. While the NiS-WS, (Figs. 1d-g and Fig. S2 in
Supporting information) with an average size of around 1.2pm
show a semblable spherical appearance, like a nanowoven ball (in-
set of Fig 1d). Obviously, the spherical structures inherit well while
the surface consist of convex prismatic fringes, and many small-
sized nanosheets are vertically arranged and closely interconnected
with each other to form the convex prismatic fringes. This pris-
matic fringes on spherical structures provide abundant adhesion
points to grow more small-sized nanosheets. These nanosheets ex-
poses more edges active sites on the same volume of nanospheres.
As exhibited in Figs. 1d-g, the amount of Ni precursors can effec-
tively control the number and size of small-sized nanosheets. The
EDS analysis (Fig. S3 in Supporting information) confirms the pres-
ence of Ni, W and S elements in NiS-WS,, and the ratio of Ni:W
has been influenced by the quantity of Ni precursors. By contrast,
the surface morphology of NiS in Fig. 1Th becomes loose and the ir-
regular structure on the surface stack together. The SEM images of
Fe-WS, and Co-WS, in Fig. S4 (Supporting information) verifies the
Ni element are conducive to form nanowoven ball-like structure.
Therefore, the nanowoven ball-like NiS-WS, heterostructures with
highly exposed small-sized nanosheets and abundant edges active
sites were successfully synthetized through in situ self-organized
strategy.

40 50 60
20 (degree)

Fig. 1. (a) Illustration for the preparing of nanowoven ball-like NiS-WS, by in situ self-organized strategy. (b) The XRD images of WS,, NB3-NiS-WS, and NiS. The SEM
images of (c) WS, (d) NB1-NiS-WS,, (e) NB2-NiS-WS,, (f) NB3-NiS-WS,, (g) NB4-NiS-WS, and (h) NiS.
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Fig. 2. (a) TEM, (b) HRTEM and (c) SAED images of NB3-NiS-WS,. (d-g) The map-
ping diagram of S, W and Ni elements in NB3-NiS-WS,.

In order to further investigate the microstructures and compo-
sitions of nanowoven ball-like NiS-WS,, transmission electron mi-
croscopy (TEM) was performed. Fig. 2a shows that the NB3-NiS-
WS, have spherical morphology with some nanosheets on the sur-
face. In the high-resolution TEM (HRTEM) image in Fig. 2b, the
lattice spacing of 0.611 nm can be clearly observed, which is as-
signed to (003) plane of WS,. The lattice fringe with a distance of
0.2511 nm can be assigned to the (021) plane of NiS. The legible
interface marked with a white dashed line indicate the existence
of a heterointerface between NiS and WS,. The corresponding se-
lected area electron diffraction (SAED) is displayed in Fig. 2c, the
diffraction circles are clearly indexed to NiS and WS,. Furthermore,
the elemental mapping was employed to analyze the atomic ar-
rangement of NB3-NiS-WS, catalyst (Figs. 2d-g). The S, W and Ni
elements are dispersed homogeneously on the sample. All these
results reflect that the incorporation of the Ni and W species mod-
ulates the micromorphology of NiS-WS, heterostructure to form a
uniform nanowoven ball-like NiS-WS,.

The surface elemental compositions and chemical states of WS,
NiS and NB3-NiS-WS, composite were investigated using X-ray
photoelectron spectroscopy (XPS). Fig. 3a exhibits the XPS survey
spectra of WS,, NiS and NB3-NiS-WS,. The signal of C and O is
attributed to CO, and oxygen impurities adsorbed on the surface
of sample. The high-resolution W 4f spectra of WS, and NiS-WS,
composites (Fig. 3b) displays two sets of spin-split peaks, indicat-
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Fig. 3. (a) The XPS survey spectra for WS,, NiS and NB3-NiS-WS,. High-resolution
XPS spectra of (b) W 4f, (c) Ni 2p and (d) S 2p in WS,, NB3-NiS-WS, and NiS.
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ing the presence of W4+ and W%+ peaks. Here the W8t could be
derived from the oxidation of W caused by exposure under the air
atmosphere. The different peak positions of W between WS, and
NB3-NiS-WS, suggest that the Ni influences the electronic struc-
ture of W, resulting in richer valence states and a negative shift
in binding energy. The Ni 2p XPS spectra of NiS and NB3-NiS-WS,
composite in Fig. 3c is fitted with three sets of peaks, which dis-
plays two valence species of Ni3+ and Ni%+. Compared to NiS, NB3-
NiS-WS, exhibits higher energy shifts in the Ni’* and Ni3+ peaks,
suggesting a decrease in electron density for Ni. Additionally, the
S 2p spectrum (Fig. 3d) of NB3-NiS-WS, mainly exhibits four dif-
ferent peaks, the peak at 162.1/163.3 eV attributes to S2-, the peak
at 169.2/170.4 eV attributes to the peak of S-O. These peaks exhibit
a significantly negative shift compared to WS, and NiS, implying
higher charge density at S sites. These findings suggest a strong in-
terfacial interaction between WS, and NiS is generated, leading to
the electron transfer from Ni to WS,. This modifies the electronic
properties of the electrocatalyst and optimizes the adsorption and
desorption abilities of active species at active sites, consequently
improving their HER catalytic activity [36].

The HER activities of the as-prepared catalysts were inves-
tigated in 0.5mol/L H,SO4 electrolyte using a standard three-
electrode system without iR compensation. Fig. 4a displays linear
sweep voltammetry (LSV) curves of different catalysts with a scan
rate of 5mV/s. Clearly, the HER activity of carbon fiber cloth (CF)
substrate was low. The various NiS-WS, composite catalyst exhibit
significant enhancements in the HER (Fig. 4a and Fig. S5 in Sup-
porting information). The polarization curve of the NB3-NiS-WS,
catalyst exhibits the best HER activity among these catalysts, re-
quiring a low overpotential of 142 mV to achieve the current den-
sity of 10mA/cm?2. This is superior to that of NiS (197 mV) and
WS, (318 mV). The Tafel slope is used to reflect the kinetic char-
acteristics of the electrocatalyst in HER. As shown in Fig. 4b, Pt/C
has the smallest Tafel slope of 47.1 mV/dec, which is attributed
to its optimal kinetic advantage. The NB3-NiS-WS, composite dis-
plays a Tafel slope of 78.6 mV/dec, exhibiting a more rapid HER
kinetics than that of NiS (106.3 mV/dec) and WS, (141.3 mV/dec)
electrocatalysts. The Electrochemical impedance spectroscopy (EIS)
measurement was used to evaluate the electrocatalytic kinetics be-
tween the interface of electrolyte and electrocatalyst. As exhibited
in Fig. S6 (Supporting information), a smaller charge transfer re-
sistance (the diameter of the semicircle) of NB3-NiS-WS, imply a
faster electron transport kinetic in the hierarchical heterostructure.
These results confirm that the Ni doping play an important role
in promoting the HER activity of WS,. Moreover, as exhibited in
Fig. 4c, the catalytic performance of NB3-NiS-WS, composite sur-
passes most of the W-based and Ni-based electrocatalysts reported
[22,23,37-40].

The electrochemical surface areas (ECSA) of electrocatalysts
were evaluated by means of electrochemical double layer capaci-
tance (Cq) tests. The cyclical voltammetry (CV) measurement with
different scan rate was used to calculate the Cy, (Fig. 4d and Fig.
S7 in Supporting information). As displayed in Fig. 4e, the NB3-
NiS-WS, electrocatalyst exhibits a Cy; value of 45.3 mF/cm?, higher
than those of WS, (8.5 mF/cm?2), NiS (1.9 mF/cm?2), and CF (0.22
mF/cm?2). This suggests the electrochemical active area of the pre-
pared NB3-NiS-WS, catalyst is the largest, which is consistent with
the N, adsorption-desorption result in Fig. S8 (Supporting infor-
mation) and the HER catalytic activity in Fig. 4a. Fig. 4f shows the
LSV curves of NB3-WS,_NiS before and after 300 cycles. It can be
observed that the sample almost has no HER current loss, suggest-
ing a good stability. These results suggest that the smaller charge
transfer resistance and larger ECSA of the special nanowoven ball-
like structure account for the excellent HER performance of NB3-
NiS-WS,.
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Fig. 5. (a) LSV curves at 2mV/s in 1mol/L KOH. (b) Tafel slope and (c) EIS curves
for different catalysts. (d) LSV curves of NB3-NiS-WS, before and after 500 cycles.

We further evaluated the HER performance of BN3-NiS-WS,
and the control catalysts in alkaline media (1 mol/L KOH). Fig.
5a shows that BN3-NiS-WS, exhibits excellent electrocatalytic be-
havior for HER (119 =137 mV), exceeding NiS (1719 =241 mV), WS,
(n10=381mV) and other WS,-based catalysts (Fig. 5a and Fig. S9
in Supporting information). The dynamic process related with the
Tafel slope can also be used to reveal the improved HER per-
formance. As shown in Fig. 5b, the NB3-NiS-WS, catalyst dis-
plays a Tafel slope of 81 mV/dec, much smaller than that of NiS
(134 mV/dec), WS, (214 mV/dec), indicating the largest catalytic re-
action kinetics. The interfacial charge-transfer kinetics was eluci-
dated by means of EIS measurements. As exhibited in Fig. 5c, the
four curves have similar changing trends and are all composed of
semi-circles in the high frequency region. The low charge trans-
fer resistance of NB3-NiS-WS, suggests the rapid catalytic reaction
kinetics for HER at the electrocatalyst/electrolyte interface. There-
fore, the excellent HER performance of NB3-NiS-WS, is mainly due
to the abundant edge active sites and interfaces on the special
nanowoven ball-like structure, which improving the intrinsic elec-
tronic conductivity. The stability of the NB3-NiS-WS, is finally elu-

cidated by using the LSV curves (Fig. 5d) before and after 500 cycle
CV measurement. The LSV curve remains almost the same as the
initial curve. These results indicate that the NB3-NiS-WS, electro-
catalyst exhibits an outstanding and robustness HER performance
in the alkaline solution.

In conclusion, a novel nanowoven ball-like NiS-WS, were suc-
cessfully prepared through a simple and scalable hydrothermal
process. The surface of the as-prepared NB3-NiS-WS, catalyst con-
sists of convex prismatic fringes, and many small-sized nanosheets
are vertically arranged and closely interconnected with each other
to form the convex prismatic fringes. This NB3-NiS-WS, catalyst
exhibited an excellent HER activity and stability in both acid and
alkaline solutions. The excellent HER activity is mainly due to the
abundant edge active sites and interfaces on the same volume of
nanospheres, which improving the intrinsic electronic conductivity.
This facile and scalable method can open the door for the discov-
ery of low-cost electrocatalyst.
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