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Abstract. Nickel-doped hexagonal pyramid-like tungsten disulfide (WS2) has been synthesized via a simple hydrothermal
synthesis method and offers great promise for use in electrochemical energy storage devices such as supercapacitors. The nickel
concentration of 3, 4.5, and 6 at. % was added to WS2. Three-electrode and two-electrode configurations are used to test the
electrochemical performances of the materials as prepared. The nickel doping of 4.5 at. % exhibits a high specific capacitance
of 144 F g−1 at a current density of 1 A g−1 with an energy density of 13.3 Wh kg−1 and power density of 802 W kg−1 for
the symmetric supercapacitor device. Increased electrochemically active surface area and decreased impedance are attributed
to the improved supercapacitive performances. Finally, high specific power retention (92.1%) and Coulomb efficiency (86.0%)
were demonstrated after 3,000 cycles. These results demonstrate that the synthesized nickel-doped WS2 can be used for high-
performance supercapacitor flexible electrodes.
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1. INTRODUCTION

Recent advancements in electrochemical energy storage
technologies have captured the attention of researchers,
primarily driven by concerns over the energy crisis and
ecological degradation. Among these technologies, su-
percapacitors (SCs) have garnered significant focus due
to their exceptional attributes, such as rapid charging and
discharging capabilities, prolonged lifespan, robust safety
profile, and minimal ecological impact [1-5]. Nonethe-
less, the swift evolution of electronic devices has high-
lighted the limitation of supercapacitors (SCs) in terms of
their relatively modest energy density, which poses chal-
lenges to their effective utilization [6-8]. In this con-
text, the imperative lies in the identification of appropriate
components, particularly structured electrode materials,
that can effectively enhance the performance of SCs.

Tungsten disulfide (WS2), a representative example
of layered transition-metal dichalcogenides (TMDs), has
recently attracted interest as a prospective electrode ma-
terial for supercapacitors (SCs) due to its distinctive lay-
ered configuration and favorable conductivity proper-
ties [9,10]. Numerous approaches, encompassing metal

sulfides [10,11], metal oxides [12], and metal carbides
[13], have recently emerged to achieve remarkably ef-
fective electrodes for supercapacitors. The active sulfur
atoms located on the edges have prompted a substan-
tial investigation into transition metal dichalcogenides
(TMDs) derived from Group VI elements [14], as poten-
tial electrodes with superior efficiency for supercapaci-
tors. Nevertheless, up to the present point, the current
WS2 electrode materials continue to encounter issues in
their electrochemical performance.

The incorporation of dopants and impurities into WS2
and similar transition metal dichalcogenides (TMDs) to
alter their characteristics has garnered significant atten-
tion [14]. Due to the high electrical resistivity of WS2,
which makes it less suitable for electrochemical devices,
the introduction of dopants plays a crucial role in signifi-
cantly enhancing the electrical conductivity of both WS2
and other TMDs. Metal doping such as Ni, Co, and Fe to
WS2 electrode materials offers the potential to overcome
their inherent limitations, enhancing conductivity, ion dif-
fusion, redox activity, and overall electrochemical perfor-
mance [15-17]. Nickel (Ni) enables electron transfer from
Ni to W because of its lower electronegativity compared
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to W. This electron transfer can lead to more efficient and
versatile supercapacitors for various applications, primar-
ily by augmenting the presence of active edges [15]. The
process of infusing dopants into WS2 and other TMDs
serves the purpose of adjusting the dopant’s concentration
and type for electronic applications, and these dopants
can even induce alterations in the crystal structure [18].
Nonetheless, research into metal doping to WS2 electrode
materials has been limited. For a more thorough under-
standing, more study in this area is required.

In this study, we synthesized nickel-doped pyramid-
like hexagonal tungsten disulfide supercapacitor elec-
trodes by a simple hydrothermal method and the Ni con-
tent of 4.5 at. % in WS2 shows the best electrochemical
performance such as a specific capacity of 144 F g−1 with
an energy density of 13.3 Wh kg−1 and power density of
802 W kg−1 at a current density of 1 A g−1. Improved
supercapacitor efficiency can be achieved with appropri-
ate Ni content in WS2, attributable to low charge transfer
resistance and high electrochemical surface area.

2. Experimental

2.1 Materials

Sodium tungstate dihydrate (Na2 WO4. 2H2O, ≥99%),
thiourea (CH4N2S, ≥99%), cetyltrimethylammonium
bromide (CTAB, ≥98%), nickel(II) nitrate hexahydrate

(Ni(NO3)2.6H2O, 99.99%, trace metal basis), hydrox-
ylamine hydrochloride (NH2OH. HCl, 99%), polyvinyl
alcohol (PVA, 99%, hydrolyzed), sulfuric acid (H2SO4,
≥ 98%), and potassium hydroxide (KOH, ≥85%) were
obtained from Merck. Ethanol was purchased from Sam-
chun Pure Chemical Co., Ltd. (Seoul, Republic of Ko-
rea). A carbon cloth (CC, HCP331, thickness 0.35 mm)
was obtained from Wizmac Co., Ltd., Korea.

2.2 Sample preparation

Tungsten disulfide was synthesized using Na2WO4. 2H2O
(3.3 gm), CH4N2S (3.06 gm), NH2OH. HCl (0.7 gm),
doped WS2, in which nickel(II) nitrate hexahydrate 0.5
gm, 1 gm, and 1.5 gm were added to the powder as a
source of nickel, and the end products are named Ni-W-1,
Ni-W-2, and Ni-W-3, respectively, the Ni content was
controlled.

2.3 Physiochemical characterization

The surface properties and structural attributes were ex-
amined using a field emission scanning electron mi-

croscope (FESEM) from Hitachi in Japan. In addition,
the JEOL S-4300 energy-dispersive X-ray spectroscopy
(EDS) apparatus was used to map, configure, and de-
termine the elemental composition of the synthesized
samples.

2.4 Preparation of supercapacitor electrodes
and gel electrolyte

The commercial carbon cloth (CC) was rectangularly cut
to a size of 3 x 1 cm, washed with an HCl solution of 3
mol/L by ultrasonic cleaning for 5 min, and then washed
again for 10 min each with DI water and ethanol. This
was done to remove any remaining residue from the sur-
face. Finally, the CC strips were dried in a vacuum oven
at 65 °C for 12 h and placed in a desiccator before use.

Supercapacitor electrodes and slurry preparation were
as follows: 40 ml of DI water were combined with 200
mg of Ni-W-1, 25 mg of CB, and 25 mg of PTFE. The
produced solution was then vacuum filtered, dried in an
oven at 65 °C for 12 h, and then magnetically agitated for
30 min to create a homogenous dispersion. The 100 mg
as-prepared sample was then thoroughly mixed with 10
ml of isopropyl alcohol using magnetic stirring for 1 hour
to create the slurry. Then, using a spin coating method
(SPIN-1200D, Midas Systems Co., Ltd. Daejeon, South
Korea) at 4000 rpm for 1 h, the produced slurry was cast
on the CC strips. The prepared supercapacitor electrode
was vacuum-dried overnight at 60 °C. The weight differ-
ence before and after the deposition was used to carefully
estimate the sample’s loading amount onto the CC strips.
The loaded amount was 1.44 and 1.65 mg cm−2 for the
Ni-W electrode. The symmetric supercapacitor had two
Ni-W electrodes for both the positive and negative elec-
trodes. The separator was constructed using the Whatman
cellulose membrane. The resulting supercapacitor device
was given the name Ni-W device. The PVA-based gel
electrolyte was created by dissolving 6 gm of PVA in 54
ml of DI water at 90 °C and stirring the mixture magnet-
ically until it was clear. After stirring for 10 min, 6 ml of
DI water and 6 gm of KOH were added. After 10 min of
mixing both solutions at 90 °C while using magnetic stir-
ring, the PVA-based gel electrolyte was ultimately pro-
duced.

2.5 Electrochemical characterization

Using (Bio-Logic, SP-150, France), the electrochemical
performance of the samples was evaluated at room tem-
perature. Ag/AgCl (3M KCl saturated) was used as the
reference electrode while platinum wire worked as the
counter electrode in the 6.0 M KOH electrolyte. The
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functioning electrodes are as follows: To create a homo-
geneous mixture, 5 mg of each sample was dissolved in 2
ml of (isopropyl alcohol) IPA using a sonicator. Then, 5
microliters of the sonicated homogeneous solution were
used to disseminate the glassy carbon electrode (OD: 6
mm, ID: 3 mm). Working electrodes had a loaded ac-
tive mass of 2.5 gm/m2. Using cyclic voltammetry (CV),
chronocoulometry (CC), and electrochemical impedance
spectroscopy (EIS), materials were electrochemically an-
alyzed. To investigate capacitive behavior and evaluate
the reversibility of an electrochemical reaction of the
samples, CV measurements were carried out within a po-
tential range of 0 to 0.8 V at scan rates of 10, 25, 50,
100, and 200 mV s−1. As previously mentioned [5,7],
CC was utilized to calculate the electrochemically active
surface area. Electrochemical impedance spectroscopy
(EIS) was utilized to analyze electrochemical impedance
performances and characterize electron transfer and re-
combination processes in the frequency range of 100
MHz to 500 kHz [4,7]. The internal resistance (Rs) and
charge-transfer resistance (RCT ) might be determined us-
ing Z-fitting software based on the analogous Randle
circuit utilizing a Nyquist plot (-Im |Z| as a function of
Re |Z|). The semicircle diameter represents the charge-
transfer resistance.
The cyclic voltammetry (CV), chronocoulometry (CC),
and electrochemical impedance spectroscopy (EIS) mea-
sures were investigated using two- and three-electrode
setups. The CV curve was used to compute the specific
capacity (Cs) at F g−1 using the following formula [4,5]:

Cs =
A

2XmX∆V Xv (1)

where A is the integral area under the CV curve in
square meters, m denotes the electrode mass, ∆V denotes
the potential window in voltage units, and v denotes the
scan rate in millivolts per second. The related specific
capacitances (Cs), specific energy (E) measured in watt-
hours per kilogram (Wh kg−1), specific power (P) mea-
sured in watts per kilogram (W kg−1), and coulombic
efficiency were calculated using the formulae below. The
GCPL discharge curves provided the foundation for these
computations [4,5,7]. The discharge time (∆t) measured
in seconds and the discharge current (I) measured in am-
peres are the variables used in the equations.

Cs =
IX∆t

mX∆V (2)

E = CsX(∆V )2

2X3.6 (3)

P = EX3600
∆t (4)

Coulombic efficiency% = discharge time
charge time x 100% (5)

FIGURE 1. SEM images of (a-b) Ni-W-0.5, (c-d) Ni-W-1, and
(e-f) Ni-W-1.5 with (g) EDS mapping of Ni-W-2.

3. Results and discussion

Figure 1 shows the SEM images of Ni-W-0.5, Ni-W-1,
and Ni-W-1.5. The Ni-W-0.5, doped sample with a nickel
content of 0.5 g to WS2 has a smooth pyramid-type,
bulky, and tightly stacked together structure, as seen in
Figure 1(a-b), whereas the Ni-W-1, with a nickel con-
tent of 1.0 g to WS2 (Figure 1(c-d)), has a rough surface
which may offer many additional active edge sites, par-
tially exfoliated layers, and promotes the high surface
area, likely due to the presence of Ni dopants. Further-
more, When the nickel content was increased to 1.5 g,
a rough-like structure collapsed and agglomerated par-
ticles, as shown in Figure 1 (e-f). Figure 1(g) shows
the EDS mapping and elemental composition of Ni-W-1
confirming that nickel-doped WS2 consists of tungsten,
sulfur, and nickel. Detailed elemental information ob-
tained from the EDS results is shown in Table I, which
is another evidence of nickel doping. The nickel of 3,
4.5, and 6 at.% was doped into Ni-W-0.5, Ni-W-1, and
Ni-W-1.5, respectively.

The scan rate-dependent cyclic voltammetry (CV) re-
sults of Ni-W-0.5, Ni-W-1, and Ni-W-1.5 exhibit quasi-
rectangular-shaped CV curves at various scan rates from
10 to 200 mV s−1 as shown in Figure 2(a-c). The Ni-
W-1 sample in Figure 2(b) showed high-rate capabilities,
though, with a rectangular form and a significant inte-
grated area. Consequently, compared to the other sam-
ples, Ni-W-1 might show a stronger current response.
This difference would indicate that Ni-W-1 has distin-
guishing qualities including a large specific surface area,
improved electrical conductivity, and increased capaci-
tance.Using the CV data, Equation (1) could be used to
compute the specific capacitance (Cs), which is propor-
tional to the integrated area [5,7]. At a scan rate of 50
mV s−1, Ni-W-1 had the highest capacitance of 148 F
g−1. The capacitances of Ni-W-0.5 and Ni-W-1.5 were
also found to be 84 and 112 F g−1 at the scan rate of 50
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TABLE I. Comparison of the elemental distribution of the sam-
ples from EDS.

Sample Element wt.% at.%
Ni-W-0.5 W 56.0 11.0

S 18.0 22.0
C 14.0 50.0
O 5.0 14.0
Ni 3.5 3.0

Ni-W-1 W 53.0 10.0
S 17.0 19.0
C 15.0 46.0
O 9.0 20.5
Ni 6.0 4.5

Ni-W-1.5 W 52.0 9.0
S 16.0 18.0
C 14.0 44.0
O 10.0 23.0
Ni 8.0 6.0

FIGURE 2. (a-c) CV results, (d) corresponding specific capac-
itance, (e) electrochemical surface area measurements, and (f)
EIS results of the samples in a three-electrode system with 6.0
M KOH electrolyte.

mV s−1, respectively. The specific capacitance resulting
from the difference in scan rate is shown in Figure 2(d).
Ni-W-1 has a high capacitance and a low charge transfer
resistance, which indicates a large surface area.

The electrochemically active surface area was deter-
mined using chronocoulometric (CC) measurements, as
depicted in Figure 2(e). In this graph, the slope directly
correlates with the active surface area [7,11,19]. Ni-W-
0.5, Ni-W-1, and Ni-W-1.5 surface areas were 1.5 x 10−5,
5.8 x 10−5, 5.2 x 10−5, and 2.4 x 10−5 cm2, respec-
tively. The Ni-W-1 sample has the largest surface area
when compared to the others and the Ni-W-1 sample is
expected to have a higher electrochemical energy stor-
age capability than the others due to its large surface area,
which is a key characteristic of supercapacitors. Internal
resistance (Rs) and charge transfer resistance (RCT ), could
be evaluated using Z-fitting software based on the equiv-
alent Randle circuit, as described elsewhere [11,20]. As

FIGURE 3. (a) CV results, (b) under different bending condi-
tions, (c) GCD curves, (d) specific capacitance, (e) Ragone plot,
and (f) capacitance retention and coulombic efficiency of super-
capacitor device in the two-electrode system with PVA/KOH gel
electrolyte.

can be seen in Figure 2(f), internal resistance and charge
transfer resistance were calculated to be 5 and 18.9 Ohm
for Ni-W-0.5, 1.3 and 6.8 Ohm for Ni-W-1, 3.2 and 14.5
Ohm for Ni-W-1.5, respectively. It was observed that Ni-
W-1 has the lowest internal and charge transfer resistance,
implying that it will provide better specific capacitance
and expected power density.

The symmetric flexible supercapacitor device, in a two-
electrode system, was investigated with the PVA/KOH gel
electrolyte [21,22], and Figure 3 displays the results of the
electrochemical performance of the flexible supercapaci-
tors.As can be seen in Figure 3(a), the CV results of the
Ni-W device at the various scan rates from 25 to 200 mV
s−1 show a tilted quasi-rectangular shape under the poten-
tial window from 0 to 0.8 V. To examine the flexibility and
mechanical stability of the solid-state supercapacitor, the
CV measurements were carried out under three different
bending conditions (before bending, under the bending,
and after bending) at the scan rate of 100 mV s−1, result-
ing that almost no change of the CV results was obtained
(Figure 3(b)). The GCPL results of the Ni-W device are
also shown in Figure 3(c), and the obtained specific ca-
pacitance, calculated by using equation (2), was 144 F
g−1 at 1 A g−1. The specific capacitance in relation to
the current density was also depicted in Fig. 3(d), and
the corresponding Ragone plot (Figure 3(e)) was plotted,
by using the above equations (3) and (4). The maximum
specific energy of 13.3 Wh kg−1 with the corresponding
specific power of 802 W kg−1 at the current density of 1
A g−1 was obtained [23,24]. The resultant capacitance re-
tention and coulombic efficiency of the Ni-W device were
calculated by using equation (5) and presented in Figure
3(f), resulting in the capacitance retention of 92.1 % and
the coulombic efficiency of 86.0 % obtained after 3,000
cycles, resulting in the device’s reliable and stable after
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the 3,000 cycles.

4. CONCLUSION

A simple and easy hydrothermal synthesis was used to
synthesize nickel-doped hexagonal pyramid-like tungsten
disulfide (WS2) for electrode materials in supercapacitor
applications. The optimal quantity of nickel doping to
WS2 enhances surface area, charge transfer rate, and ca-
pacitance. The symmetric supercapacitor device with 4.5
at. % nickel doping has a high specific capacitance of 144
F g−1 at a current density of 1 A g−1, an energy density
of 13.3 Wh kg−1, and a power density of 802 W kg−1.
Finally, after 3,000 cycles, high specific power retention
(92.1% ) and coulomb efficiency (86.0% ) were demon-
strated. These findings show that the nickel-doped WS2
produced might be employed for all-solid-state superca-
pacitor flexible electrodes.
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