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Abstract
A facile method to prepare nitrogen anion-decorated cobalt tungsten disulfides solid solutions,
retaining ultra-thin WS2-like nanosheet structures (The N–CoxW1−xS2) anchored on carbon
nanofibers (CNFs), is developed. The synergistic effect of the WS2 nanosheets provides a secure
framework for stabilizing the amorphous Co–S clusters, CNFs substrate and nitrogen anion-
decoration significantly enhances the inherent conductivity of the catalyst, resulting in a
significantly promoted hydrogen evolution reaction activity and stable performance compared to
pure Co9S8 nanoparticles or ultra-thin WS2 nanosheets. The N–CoxW1−xS2 electrode
demonstrates the excellent electrocatalytic performance, with current density of 10 mA cm−2 at a
low overpotential of 93 mV and Tafel slope of 85 mV dec−1, as well as the long-term stability in
acid electrolyte. The present investigation may provide a feasible strategy for incorporating other
heteroatoms into transitional metal disulfides materials to design catalysts with highly active and
stable performance for water splitting.
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1. Introduction

The increasing depletion of traditional fossil fuels impels
researchers to develop eco-friendly and renewable resources, to
alleviate the energy crisis and environmental pollution hazards
[1, 2]. Hydrogen, with high energy density, could be a potential
alternative to fossil fuels as a clean and renewable resource.
Water electrolysis is one of the most sustainable and cleanest
methods for the production of hydrogen through hydrogen

evolution reaction (HER) [3–5]. To date, Pt is still the most
active HER catalyst, but the scarcity and high cost severely
limit its practical applications [6–8]. Therefore, it is crucial to
develop Pt-free electrocatalysts with earth-abundant elements
while maintaining comparable HER performance to Pt.

Recently, considerable effort has been devoted to
developing earth-abundant electrocatalysts and TMDs which
have been recognized as the promising alternatives to noble
metal catalysts [9–13]. WS2, similar to MoS2, is one of the
most efficient two-dimensional TMDs and is widely used for
the HER application [14]. However, the HER performance is
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limited by the low electrical conductivity and insufficient
active sites, which are mainly located at the edges [15, 16].
Therefore, numerous methods have been developed to either
increase the number of active edge sites or activate the inert
basal planes. Another effective alternative is to increase the
electrical conductivity to facilitate charge transport by cou-
pling with various conductive supports [17, 18], e.g., growing
nanolayer WS2 nanosheets on Au foils [19], preparing a
WS2/graphene hybrid structure [20] and growing MoS2@Ni
core/shell nanostructures on carbon cloth [21]. Therefore, it
is important to not only increase the active sites but also
improve the electrical conductivity at the same time for higher
HER performance.

Introducing heteroatoms into MoS2 or WS2 can increase
the HER catalytic activity typically because of the significantly
decreased Gibbs free energy of hydrogen adsorption [22–24].
It has been documented that forming a solid solution of
MII(M=Co, Ni)WS can not only increase the HER activity
but also improve the stability [25, 26]. Tran et al indicated that
the catalytic active sites are located at MIIS cluster in the single
Co–S–W phase, while the WS2 layer functions as a coordi-
nation ligand stabilizing and tuning the catalytic performance
[27]. What’s more, nitrogen anion-decoration may be an effi-
cient way to enhance the electrical conductivity of the catalysts
and expedite electron transfer during HER due to the fact
that the TMDs nitrides were reported to be classical metallic
or half-metallic materials with high electrical conductivity
[23, 28, 29]. Chen et al took the metallic pyrite CoS2 as a
proof-of-concept study and rationally develop nitrogen anion-
decorated CoS2 porous nanowire arrays for the first time,
serving as the high-active electrocatalyst for HER [30].

So far, although there has been some progress in
improving the catalytic activity of CoS2 by heteroatom metal
doping, it is well recognized that the further improvement of
the catalytic activity for CoS2 material has still been largely
limited due to the low surface active sites and inferior reaction
dynamics. Therefore, developing an effective and all-in-one
way to enhance the conductivity and stability is valuable and
desirable. In this work, we report the facile synthesis of
nitrogen anion-decorated CoWS solid solution nanosheets on
carbon nanofibers (CNFs) through a combination of electro-
spinning and post-carbonization. The as-prepared catalyst can
be directly used as the binder-free electrode for the HER
application. The composite catalyst displays a low over-
potential of 93 mV to reach a current density of 10 mA cm−2

and excellent long-term stability. It is proposed that the
improved HER performance originates from the increased
active sites, the formation of the solid solution and electrical
conductivity. The present synthetic method can be easily
scaled-up for industrial applications.

2. Experimental section

2.1. Preparation of N–CoxW1−xS2 nanosheets on CNFs

The N–CoxW1−xS2 nanosheets on CNF were prepared
through electrospinning and post-carbonization. In a typical

procedure, 0.2845 g of cobalt nitrate (Co(NO3)2) in 7.0 ml of
N,N-Dimethylformamide (DMF) was slowly added into
8.0 ml of DMF containing 0.2845 g of ammonium meta-
tungstate (NH4)6H2W12O40 with continuous stirring, followed
by addition of 1.930 g of polyacrylonitrile (PAN) powder.
The above mixed solution was then transferred to a medical
syringe. The electrospinning process was conducted at
18.0 kV, and the distance between the syringe needle tip and
aluminum foil was kept 15.0 cm. The feeding rate was
0.5 ml h−1 and the humidity was controlled to be 40%–50%.
After electrospinning, the as-formed precursor mats were
peeled from the aluminum foil and transferred to an alumi-
num boat, which was placed in the center of a quartz tube.
0.5 g of sulfur powder in another alumina boat was placed in
the upstream side. The quartz tube was then heated to 280 °C
at a rate of 5 °Cmin−1 and kept for 3 h in Ar (120 sccm). The
temperature was then increased to 600 °C and hold for 0.5 h,
and further increased to 900 °C and kept for another 3 h. For
comparison, Co9S8 and WS2 were prepared with the same
method. The as-prepared catalysis was directly used for bin-
der-free electrodes.

2.2. Characterization

The morphology of the as-prepared samples was examined by
a Zeiss Ultra 500 scanning electron microscope (SEM) at an
acceleration voltage of 3.0 kV. The transmission electron
microscope (TEM) images were taken at a JEOL JEM 2100F
at 200 kV. The elemental composition distribution of catalyst
were analyzed by high angle annular dark field scanning
transmission electron microscope (STEM) and electron dis-
persion spectroscopy (EDS) at a Tecnai G2 F30 S-Twin,
Philips-FEI at the acceleration voltage of 300 kV. The x-ray
diffraction (XRD) patterns were recorded on a Bruker AXS
D8 XRD instrument. The Raman spectras were acquired on a
Renishaw invia spectrometer. The chemical states of the
catalysts were characterized by x-ray photoelectron spectro-
meter (XPS) using Escalab 250Xi instrument with a mono-
chromatic Al Kα source (1486.6 eV).

2.3. Electrochemical measurements

The electrocatalytic performance of as-prepared catalysts was
evaluated using a standard three-electrode configuration. All
the measurements were conducted on a CHI660E electro-
chemical work station in 0.50M H2SO4 solution with a gra-
phite rod and Ag/AgCl as the counter and the reference
electrode, respectively. All the samples were cut into the
regular size with fixed area of 0.5 cm×0.5 cm and directly
used as the working electrode. During the tests, the electrolyte
solution was continuously bubbled with Ar gas. Cyclic vol-
tammetry was carried out in the range of −0.265–0.556 V at
scan rate of 5 mV s−1 to clean the catalyst surface. Line sweep
voltammetry (LSV) was performed from 0.2 V to −0.8 V
(versus which reference electrode) at scan rate of 2 mV s−1.
Electrochemical impedance spectroscopy (EIS) was con-
ducted at potential of −0.23 V versus reversible hydrogen
electrode in the frequency of 5–10MHz.
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3. Results and discussion

Figure S1(a), available online at stacks.iop.org/NANO/29/
385602/mmedia, shows the XRD patterns of as-prepared
WS2, Co9S8 and N–CoxW1−xS2. The as-prepared WS2 and
Co9S8 were assigned to the hexagonal (JCPDS No. 08-0237)
and cubic phase (JCPDS No. 19-0364), respectively. Com-
pared with pure WS2, the diffraction peaks of N–CoxW1−xS2
have slight shifts to the higher-angle side because of the cell
shrinkage caused by the smaller ionic radius of Co2+ (0.65 Å)
compared to that of W4+ (0.74 Å) [31].

The results of the Raman characterization are displayed
in figure S1(b). All three samples show two peaks located at
1337 and 1587 cm−1, which are assigned to the D and G band
of graphitized carbon, respectively [32]. The carbonization
process successfully converted the organic polymer to gra-
phitized carbon, which has high a electrical conductivity.
Similar with the results of the XRD characterization, WS2
and N–CoxW1−xS2 show similar Raman spectral profiles,
and both catalysts display vibrational peaks at approximately
350 and 417 cm−1, which are the characteristic E2g and
A1g vibration modes of WS2 [33, 34]. Both the XRD and
Raman characterization results suggest that as-synthesized
N–CoxW1−xS2 has a similar hexagonal phase to WS2.

The morphology of the as-synthesized samples is char-
acterized by SEM, as shown in figure 1. Co9S8 shows a
particulate morphology with nanoparticles uniformly dis-
tributed on CNFs (figures 1(a) and (b)). WS2 has a nanosheet
structure that is intimately and horizontally attached to the
CNFs (figures 1(c) and (d)). N–CoxW1−xS2 ultra-thin
nanosheets on CNFs show a hierarchical structure and stretch

out the CNFs (figures 1(e) and (f)). The results of SEM-EDS
indicate that the solid solutions have a formula of
Co0.85W1.0S2.75 (figure S2).

As shown in figure 2(a), the TEM image confirmed the
hierarchical structure. The distance of the lattice fringes in
figures 2(b) and (c) were measured to be 0.242 nm and
0.215 nm, matching the lattice distance of the (102) and (103)
planes of hexagonal WS2 with 0.249 nm for (102) and
0.227 nm for (103), respectively. In addition, the FFT image
in figure 2(d) displays hexagonal pattern spots, which can be
assigned to the (002), (004) and (006) planes of WS2. The
HRTEM results suggest the as-prepared N–CoxW1−xS2 also
belong to the hexagonal phase and are consistent with the
results of XRD and the Raman characterization. It has to be
mentioned that although N–CoxW1−xS2 can be assigned to the
hexagonal phase, the lattice parameters have a slight dis-
crepancy with those of hexagonal WS2. The reason could be
ascribed to the incorporation of the N and Co atoms. STEM
and EDX-mapping are performed to analyze the elemental
distribution, and the results are shown in figure 2(e). Both the
linear-scan and mapping scan results show the existence of N,
Co, W and S, which are uniformly distributed through the
entire nanosheet. Notably, C is also found to be homo-
geneously distributed on the entire nanosheet. The EDX-
mapping demonstrates that the N/Co signals follow the W/S
signals. The TEM and HRTEM images of the ultra-thin WS2
nanosheets and Co9S8 nanoparticles are also shown in
figure S3.

XPS measurement is carried out to analyze the compo-
sition and chemical states of N–CoxW1−xS2 nanosheets and
the obtained spectra of Co 2p, W 4f, S 2p and N 1s are shown
in figure S4(a). The Co 2p spectrum displays two doublets of
Co3+ and Co2+, and two satellites matching well with the
reported values of Co 2p [35]. The W 4f spectrum displays

Figure 1. The low-magnification SEM images and the corresponding
high-magnification SEM images of the yellow marked area of (a),
(b) Co9S8, (c), (d) WS2 and (e), (f) N–CoxW1−xS2.

Figure 2. (a) The TEM image of N–CoxW1−xS2 nanoflakes. (b),
(c) HRTEM images marked the purple area in figure 2(a). (d) FFT
partner obtained from the yellow area in figure 2(b). (e) The line-
scan and element mapping of the N–CoxW1−xS2 nanoflakes.
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two sharp peaks at 33.0 and 35.2 eV attributed to the 4f7/2 and
4f5/2 of orbitals W4+ (figure S4(b)) [36]. Meanwhile, figure
S4(c) displays the double major peaks and one shake-up
satellite peak appearing at 162.5, 163.7 and 168.5 eV, which
are ascribed to the S 2p3/2 and S 2p1/2, respectively [37].
Figure S4(d) shows the N 1s spectrum with two peaks, where
the N–W bond is distinctly detected at 398.1 eV, demon-
strating the presence of N in an obtained solid solution [23].

To investigate the HER activity, the as-prepared samples,
were cut into fixed sizes and directly used as the working
electrode. As shown in figure 3(a), the Pt/C electrode exhibits
the highest current density and lowest onset overpotential
towards HER, which is in good agreement with literature
results [6]. The N–CoxW1−xS2 electrode achieves a current
density of 10 mA cm−2 at a low overpotential of 93 mV,
while Co9S8 and WS2 require much higher overpotentials,
i.e., 144 mV and 258 mV, respectively. The corresponding
Tafel slopes of the electrodes are illustrated in figure 3(b). The
N–CoxW1−xS2 electrode possess a low Tafel slope of
85 mV dec−1, which is approximately 2 times lower than that
of Co9S8 electrode (187 mV dec−1), and 2.7 times lower
than that of WS2 electrode (230 mV dec−1), suggesting the
Volmer–Heyrovsky reaction mechanism [38]. The low Tafel
slope indicates that the N–CoxW1−xS2 electrode has faster
HER kinetics than Co9S8 and WS2. The Nyquist plots derived
from EIS measurements also demonstrated that the
N–CoxW1−xS2 electrode has faster charge transfer at the
electrode surface, evidenced by the smallest charge transfer
resistance of 32Ω, as shown in figure 3(c). The fast charge
transfer kinetics of the N–CoxW1−xS2 electrode is beneficial
to the catalytic performance towards HER, which is in good
agreement with the polarization curves in figure 3(a).

Long-term stability is also an important parameter for
practical applications chronoamperometry measurements
were employed to verify the long-term stability of Co9S8,
WS2 and N–CoxW1−xS2 electrode. All the electrodes were
fixed at the same overpotentials of –0.200 V for 10 h of

operation. As shown in figure 3(d), the chronoamperometric
curves demonstrate that the N–CoxW1−xS2 electrodes possess
an excellently stable performance with ca. 8% degradation
compared to the initial current. In contrast, the current density
of Co9S8 and WS2 sharply decreased by 70% and 55%,
respectively. The increased electrochemical stability of the
N–CoxW1−xS2 electrodes is reasonable because the WS2
nanosheets provide a secure framework for stabilizing the
amorphous Co–S clusters and accommodating the presence of
the nitrogen anion-decoration. The LSV curves, SEM images
and XPS spectrum of the N–CoxW1−xS2 electrode after long-
term stability tests are presented in figure S5, S6 and S7,
respectively.

4. Conclusions

In summary, we fabricated nitrogen anion-decorated cobalt
tungsten disulfide solid solutions, retaining ultra-thin
nanosheet structures anchored on CNFs, to enhance both the
catalytic activity and stability via a single facile route. This
catalyst shows a significantly promoted HER activity and
stable performance compared to pure Co9S8 nanoparticles or
WS2 ultra-thin nanosheets. The promoted catalytic activity is
reasonable not only because the incorporated Co ion as a
promoter reduces the free energy barrier for H adsorption and
generates more active sites, leading to better HER activity,
but also because accommodating the presence of the nitrogen
anion-decoration, which can enhance the electrical con-
ductivity of the catalysts and expedite electron transfer during
HER. Meanwhile, WS2 ultra-thin nanosheets provide a robust
framework for stabilizing amorphous Co–S clusters to pre-
vent solubilization in acid solutions. This investigation may
provide a feasible strategy for incorporating other heteroa-
toms into TMDs materials, in order to better design catalysts
with highly active and stable performance for water splitting.
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