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Abstract: Ni3S2 is a kind of transition metal sulfide (TMD) with excellent electrical conductivity and
electrochemical activity. To further enhance the specific capacity of Ni3S2-based supercapacitors,
we synthesize several nanosheet-decorated Ni3S2@NiMo-LDH nanostructures by a combination of
hydrothermal and electrodeposition processes. The mesoporous structure provides a large number
of electroactive sites, which shortens the charge transfer distance and increases the specific surface
area of electrode materials. The assembled asymmetric supercapacitor shows an energy density of
62.8 W h kg−1 at 2701.6 W kg−1 and long-term cycling stability.
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1. Introduction

With the growing global shortage of energy sources, it is imperative to develop some
renewable materials for energy storage and conversion systems [1–5]. Therefore, super-
capacitors are regarded as suitable candidates in energy storage fields because of their
excellent electrochemical performance, environmental friendliness, and safety [6–8]. How-
ever, the low theoretical capacity remains a significant barrier to its practical application.
One of the main components of the supercapacitor, electrode materials, is critical for improv-
ing the total electrochemical performance. Thus, it is necessary to design some emerging
materials with superior performance [9–12].

Transition metal sulfides (Ni3S2, Co9S8, MoS2, WS2, and SnS2) have attracted extensive
attention because they possess higher electrochemical activity than metal oxides [13–16].
However, they present small, specific surface areas and poor cycling stability [17–19].
Moreover, due to their multiple redox reactions, layered double hydroxides (LDHs) show a
large specific surface area [20–22]. However, their performance is still hampered by their
low structural stability and poor dielectric properties [23,24]. The combination of Ni3S2
and NiMo-LDH structures might provide abundant electrochemical active sites and protect
the active material from clumping or collapsing during charging and discharging. To the
best of our knowledge, there are no reports about Ni3S2@NiMo-LDH electrode materials
for electrochemical capacitors. The synthesis of Ni3S2@NiMo-LDH composites does not
need to calcinate, which reduces the complexity of the process and the cost of production
in mass production.

In this work, we prepare Ni3S2 microspheres by a facile hydrothermal route. Then,
the NiMo-LDH nanosheets are coated on Ni3S2 samples by electrodeposition to obtain
porous structures. The synthesized Ni3S2@NiMo-LDH-150 electrode material delivers a
capacitance of 1940 F g−1 at 1 A g−1 and a capacity of 77% after 10,000 cycles. At the
same time, the as-fabricated ASC device provides an energy density of 63.7 W h kg−1

at 2708 W kg−1. It has been found that the effect of repeated bending at various angles
is negligible on capacitance. The capacitance hardly decreases at low temperatures after
2000 times of charging and discharging.
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2. Experimental Section
2.1. Materials

All chemicals were analytical grade and used as purchased. The NF was purchased
from Kunshan Guangjia New Material Co., Ltd. (Nantong, China). Ni(NO3)2·6H2O and
thiourea were obtained from Shanghai Aladdin Biochemical Technology Co. (Shanghai,
China). Na2MoO4·2H2O was obtained from Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Activated carbon (AC), polyvinylidene fluoride (PVDF), acetylene black,
and N-methylpyrrolidone (NMP) were acquired from Taiyuan Lizhiyuan Technology
Co., Ltd. (Taiyuan, China). Because of the experimental process, we need to sulfide the
electrode material. Therefore, it was necessary to wear a protective mask throughout the
process and carry out the process in a hood. The waste liquid generated was poured into a
waste liquid bucket for disposal.

2.2. Synthesis of Ni3S2 Samples

A piece of NF (4 × 4 cm2) was immersed in a 1 M HCl solution for 30 min. The NF
was then repeatedly cleaned using deionized (DI) water and ethanol while being sonicated,
and it was dried in an oven at 60 ◦C for 24 h. In a typical process, 3 mM of thiourea were
dissolved in sequence in 30 mL of ethanol and stirred for 30 min. Then, the pretreated NF
was placed into an autoclave and heated to 160 ◦C for 6 h. The as-prepared samples were
gradually cooled to room temperature and then washed with deionized water and ethanol.
Afterward, the precursors were dried at 60 ◦C under vacuum conditions for 8 h. The mass
loading of active materials is 1.8 mg cm−2.

2.3. Preparation of Ni3S2@NiMo-LDH Composite

NiMo-LDH nanosheets were grown on Ni3S2 samples. In detail, the Ni3S2 sam-
ples were immersed into an electrolyte containing 0.1 mol/L Na2(MoO4)2·2H2O and
0.1 mol/L Ni(NO3)2·6H2O for 100 s, 150 s, and 200 s, respectively, at a potential of 0.9 V.
The as-fabricated samples were named Ni3S2@NiMo-LDH-100, Ni3S2@NiMo-LDH-150,
and Ni3S2@NiMo-LDH-200, with average mass loadings of 2, 2, and 2.2 mg cm−2, respec-
tively. A single NiMo-LDH sample was also synthesized for comparison.

2.4. Preparation of Activated Carbon Anode Material

In an onyx mortar, AC, acetylene black, and PVDF were combined in a 7:2:1 ratio.
Ethanol was then incorporated into the mixture. Before the following grinding, the ethanol
in the agate mortar was fully ground and evaporated each time. The NMP solution was
dropped into the agate mortar and ground thoroughly after the third time. Using a spatula,
the obtained slurry was spread evenly over the pretreated NF. It was then dried at 60 ◦C
for 10 h.

2.5. Preparation of PVA-KOH Gel Electrolyte

Throughout the preparation, slow and uniform magnetic stirring was used to keep
the hydrogels from clumping and agglomerating. First, a beaker filled with 20 milliliters of
deionized water was submerged in a water bath. Then, 2 g of PVA were carefully added to
the beaker once it reached a temperature of 60 ◦C. The 1.5 M KOH solution was gradually
added to the PVA hydrogel in the water bath once the beaker reached a temperature of
90 ◦C. Finally, turn off the heat and let the gel cool to room temperature until the gel clarifies.

2.6. Structure Characterization

An X-ray diffraction analyzer (XRD, 7000, Shimadzu, Tokyo, Japan, λ = 0.1541 nm)
over a coverage range of 10 to 90◦ was utilized to study the crystallographic structure
of the as-synthesized samples. A scanning electron microscope (SEM, Gemini 300-71-31,
Zeiss, Oberkochen, Germany) was conducted to characterize the morphology and structure.
X-ray photoelectron spectra (XPS, ESCALAB250, Thermo Fischer, Waltham, MA, USA)
were employed to investigate the element composition. N2 absorption and desorption
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isotherms were used to perform their specific surface areas via a Brunauer-Emmett-Teller
(BET, Micromeritics ASAP, Micromeritics, Norcross, GA, USA).

2.7. Electrochemical Characterization

The electrochemical characteristics of the samples were investigated in a three-electrode
system. The electrodes were used directly as the working electrode, Hg/HgO as the ref-
erence electrode, and the Pt electrode as the counter electrode. The specific capacitance
(C g−1) of the electrodes was determined by the following equations [25]:

C = I∆ t/m (1)

where I is the discharge current (A), ∆t refers to the discharge time (s), and m is the weight
of active materials (g).

The electrochemical performance of a hybrid supercapacitor was studied in a two-
electrode system. ASC was assembled with Ni3S2@NiMo-LDH-150 samples as positive
materials, active carbon as negative ones, and PVA-KOH gel as an electrolyte. According
to the principle of charge conservation (Q+ = Q−), the optimum mass ratio of negative to
positive electrode material is controlled by the following equation [26]:

Q+ = Q− (2)

Q = It = Cm ∆V (3)

where Q, I, t, C, m, and ∆V denote the charge storage capacity, discharge current (A),
discharge time (s), specific capacitance (C g−1), the mass of the materials (g), and the voltage
window (V), respectively. The mass balance can be calculated according to equation [27]:

M+/m− = Cm−(∆V)/Cm+(∆V)+ (4)

C and ∆V are specific capacitance and voltage windows of the negative electrode materials.
The energy density (E) and power density (P) were calculated by the following equations:

E = 1/2CV2 (5)

P = 3600E/t (6)

where E and P correspond to the energy density and power density of the device, respec-
tively. V refers to the operating voltage. t represents the discharge time.

3. Results and Discussion

Figure 1 illustrates the growth process of the synthesized Ni3S2@NiMo-LDH samples.
Firstly, Ni3S2 microspheres are uniformly grown on the nickel foam surface in a heating
reaction. Then, a coating of NiMo-LDH nanosheets is formed on Ni3S2 microspheres by
controllable electrodeposition.

Figure 2a first presents the XRD pattern of the as-obtained samples. The three strongest
peaks at 43.5◦, 51.6◦, and 75.6◦ are related to the Ni phase (JCPDS No. 70-1849). The diffrac-
tion peaks at 21.2◦, 30.46◦, 37.04◦, 49.3◦, 54.52◦, 68.52◦, 72.36◦, and 76.96◦ can be well
indexed to the (101), (012), (003), (113), (300), (131), (214), and (401) planes of the Ni3S2
phase (JCPDS No. 08-0126), respectively. The diffraction peaks of Ni3S2 remained under the
continuous coating of NiMo-LDH nanosheets. The peaks located at 34.8◦ and 59.4◦ diffrac-
tion can be assigned to the (012) and (110) planes of the NiMo-LDH phase (ICC card No.
01-082-8040) [28]. When the electrodeposition time is 100, 150, and 200 s, respectively, the
XRD patterns of the materials show no significant change. The synthesis of Ni3S2@NiMo-
LDH samples was demonstrated by the simultaneous discovery of characteristic peaks of
two materials.
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Figure 2. Structural characterization. (a) XRD patterns of Ni3S2 and Ni3S2@NiMo-LDH-150 samples;
(b) XPS full spectra of Ni3S2@NiMo-LDH-150 sample; (c) Ni 2p; (d) S 2p; (e) Mo 3d; (f) O 1s; (g) C 1s;
(h) pore size distributions; (i) N2 adsorption/desorption isotherms.
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Then, XPS is used to study the elemental valence distribution of the Ni3S2@NiMo-
LDH-150 samples. In Figure 2b, the survey spectra confirm the presence of S, Ni, Mo, O,
and C elements. In the Ni 2p spectra (Figure 2c), there are two spin-orbit double peaks
(Ni 2p3/2 and Ni 2p1/2) at 855.7 and 873.4 eV and two satellite peaks (Ni 2p) at 879.6 and
861.6 eV, which are in accordance with Ni2+ and Ni3+ [29]. Figure 2d presents the XPS
spectra of the S 2p orbit. The two peaks at 162.4 and 163.5 eV correspond to the S 2p3/2 and
S 2p1/2 spin orbits, and another satellite peak at 168.6 eV is described as S 2p3/2, indicating
the presence of S2− [30]. From Figure 2e, two peaks at 235.3 and 232.2 eV are studied by
fitting to the Mo 3d3/2 and Mo 3d5/2 spin orbits of Mo 3d, respectively [31]. Three distinct
peaks are found in the O 1s region (Figure 2f) at 530.7, 531.5, and 532.8 eV. All of them are
adsorbed water, hydroxyl groups (Mo-OH or Ni-OH), and metal-oxygen bonds (Mo-O or
Ni-O) [32]. The C 1s spectrum (Figure 2g) is fitted to three signal peaks, including the C-C
bond at 284.8 eV, the C-O bond at 286.2 eV, and the C=O bond at 288.6 eV [33]. The XPS
study proves the presence of the Ni3S2@NiMo-LDH phase. Figure 2h,i show N2 isotherms
of Ni3S2 and Ni3S2@NiMo-LDH-150 samples. The typical type III isotherms demonstrate
that the samples possess a mesoporous structure and a broad pore-size distribution. The
BET surface area of the Ni3S2@NiMo-LDH-150 product is 37.654 m2 g−1, which is larger
than that of the Ni3S2 product (23.977 m2 g−1). The total pore volumes of the Ni3S2@NiMo-
LDH-150 and Ni3S2 samples are 0.027 and 0.019 cm3 g−1, respectively. The results reveal
that NiMo-LDH nanosheets capped with Ni3S2 microspheres increase the specific surface
area and active sites.

After that, we research the morphologies and structures of the samples. Figure 3a,b
show the SEM images of the Ni3S2 product. It shows interconnected microspheres with
an average diameter of 300–500 nm. This microscopic morphology facilitates NiMo-LDH
nanosheets being covered by the above materials. From Figure 3c,d, the SEM images of
the Ni3S2@NiMo-LDH-150 product show that the Ni3S2 microspheres are evenly wrapped
in NiMo-LDH nanosheets. These nanosheets possess an open surface structure, which is
beneficial to the penetration of the electrolyte. The corresponding EDS plots indicate that
the elements Ni, S, Mo, and O are present and continuously distributed throughout the
surface of the Ni3S2@NiMo-LDH-150 samples (Figure 3e,f).
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Then, the electrochemical performances are studied in a three-electrode system.
Figure 4a presents the CV curves of the several electrode materials at 50 mV s−1. The
Ni3S2@NiMo-LDH-150 sample possesses the highest storage capacity. The correspond-
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ing GCD curves (Figure 4b) reflect that the longer discharge duration indicates that the
Ni3S2@NiMo-LDH-150 electrode material possesses a larger capacitance. Compared with
the Ni3S2 product, the enhanced electrochemical performance of the Ni3S2@NiMo-LDH-150
sample is owing to the synergy between the two materials. Figure 4c shows the CV curves
of the Ni3S2@NiMo-LDH-150 sample. The CV shape of the electrode hardly changes even
at 50 mV s−1, which possesses excellent structural stability. The redox reaction associated
with Ni3S2@NiMo-LDH-150 is represented by the following equation [34,35]:

Ni3S2 + 3OH−↔Ni3S2(OH)3 + 3e− (7)

Ni(OH)2 + OH− ↔ NiOOH + H2O + e− (8)

Mo(OH)4 + 2OH− ↔ MoO3 + 3H2O + 2e− (9)
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Figure 4. Electrochemical performance of the electrode materials. (a) CV curves; (b) GCD
curves; (c) CV curves of Ni3S2@NiMo-LDH-150 sample at different scan rates; (d) GCD curves
of Ni3S2@NiMo-LDH-150 sample at different current densities; (e) Nyquist plots; (f) specific capaci-
tance; (g) b value of Ni3S2@NiMo-LDH-150; (h) capacitance contribution; (i) cycling performance.

From Figure 4d, the specific capacities of Ni3S2@NiMo-LDH-150 electrode material
calculated from the GCD curves are 970, 686, 724, 630, 576, and 460 C g−1 at 1, 2, 4, 6, 8, and
10 A g−1, respectively. EIS is an important factor used to study the conductivity of samples.
Figure 4e depicts the corresponding Nyquist plots. The Ni3S2@NiMo-LDH-150 electrode
material possesses an equivalent series resistance (Rs) value of 0.49 Ω, which is favorable to
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Ni3S2 (0.63 Ω) and NiMo-LDH (0.56 Ω) electrode materials. Figure 4f presents the variation
in the capacity of electrodes. Ni3S2@NiMo-LDH-150 sample is 970 C g−1 at 1 A g−1. The
specification capacitance was still 58.76% of the starting capacitance at 10 A g−1. Under
the same current density, Ni3S2 and NiMo-LDH maintain 37.84% and 44.55% capacitive
retention, respectively, which indicates that the Ni3S2@NiMo-LDH-150 composites possess
superior capacity stability. To better understand and explore the mechanism of charge
storage and release in the supercapacitor Ni3S2@NiMo-LDH-150 electrode material. Based
on the relationship between scan rate and current in the CV curve, the following equation
is obtained [36]:

i = avb (10)

log i = b log v + log a (11)

where a and b are constants, i corresponds to peak current, ν indicates the scan rate, and
the log(i) and log(ν) slopes can be computed to find the b value.

For electrode materials in which battery-type and capacitive charge storage exist,
the b values obtained after fitting are usually between 0.5 and 1. Figure 4g depicts the
curves obtained after fitting for the anodic and cathodic peaks, corresponding to b-values
of about 0.562 and 0.511, respectively. This shows that the dominant behavior of the energy
storage of this electrode material is battery-type charge storage controlled by diffusion. The
contribution of capacitance is further differentiated by the following equation [37]:

i(V) = k1V + k2V1/2 (12)

where i, k1, k2, and ν denote current, constant, constant, and scan rate, respectively.
From Figure 4h, it is observed that the capacity contributed by diffusion control to the

total capacity contribution of the sample decreases with the increase in scanning rate, and
the capacity contributed by surface control increases gradually. Figure 4i shows cycling
curves for each electrode material at 5 A g−1. It has been discovered that the Ni3S2@NiMo-
LDH-150 sample keeps a retention rate of 77% after 10,000 cycles, which is better than other
electrode materials. It demonstrates that the structure of nanosheet-coated microspheres is
more stable than that of single materials. A comparison of the cycling stability of electrodes
is illustrated in Table 1.

Table 1. Comparison of the cycling stability of electrode materials.

Electrode Materials Current Density (A g−1) Number of Cycles Retention Rate (%)

Ni3S2@NiMo-LDH 5 10,000 77%
Ni3S2 5 10,000 69.8%

NiMo-LDH 5 10,000 40.5%
Ni3S2@NiMo-

LDH//AC (25 ◦C) 2 10,000 84%

Ni3S2@NiMo-
LDH//AC (0 ◦C) 2 2000 100%

To assess the composite in practical applications, a Ni3S2@NiMo-LDH-150//AC ASC
device is fabricated. From Figure 5a, the voltage windows are found to be −1.0 to 0 V and 0
to 0.6 V for the Ni3S2@NiMo-LDH-150 and AC electrodes, respectively. Figure 5b indicates
that CV curves retain a shape, demonstrating its fast charging and discharging capability.
The GCD curve (Figure 5c) of the device delivers specific capacities of 102.5, 83.9, 67.4,
57, 48.4, and 42 C g−1 at 0.5, 1, 2, 3, 4, and 5 A g−1, respectively. Figure 5d illustrates the
Nyquist plot of an assembled supercapacitor device. The data show that Rs is 0.9, Rct is 1.35,
and CPE-P is 0.77. After six EIS measurements, the standardized deviations are computed
to be Rs (AVG = 0.898, R.S.D. = 0.92%), Rct (AVG = 1.37, R.S.D. = 4.74%), and CPE-P
(AVG = 0.767, R.S.D. = 0.88%). The calculation reveals no significant range fluctuations
in the samples, and the illustration presents the corresponding equivalent circuit. In
Figure 5e, the electrochemical properties are visually assessed by means of the enclosed
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area using some of the parameters in the picture. The integral area of the Ni3S2@NiMo-
LDH-150 product under the curve is larger than that of other reports (Table 2) [38–41]. This
demonstrates the dominance of the devices we assemble compared to other devices. As seen
in Figure 5f, cycling stability is an important indicator of supercapacitors’ performance. The
device encounters excellent cycling performance, retaining 84% of its original capacitance
and maintaining 97% coulombic efficiency throughout 10,000 cycles at 2 A g−1.
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Table 2. Electrochemical performance of the electrode materials.

Composite Materials
Specific
Capacity
(1 A/g)

Energy
Density

(W h kg−1)

Power
Density

(W kg−1)

Cycle
Number

Capacity
Retention

Rate
Ref.

RGO@NiCo2S4@NiMo-
LDH//AC 1346 F g−1 59.38 808.19 10,000 80% [36]

MoS2/Ni3S2//AC 1001 F g−1 33.75 2700 10,000 78.5% [37]
Ni2P/NiMo-LDH//AC 1620 F g−1 63.7 1138.3 10,000 91.7% [38]
MgCo2O4 @Ni3S2//AC 1123 F g−1 28.37 159.6 8000 82.9% [39]
Ni3S2@NiMo-LDH//AC 1940 F g−1 63.8 2701.6 10,000 89% This work

Finally, we explored the mechanical stability and practical application of the device
under various conditions. Figure 6a shows the photos of the device under different bending
angles. Figure 6b–d illustrate that the CV curves of the device under repeated bending at
various angles are virtually unchanged, indicating that it possesses excellent flexibility and
mechanical stability. At 0 ◦C, Figure 6e represents that the cycling stability of the device is
virtually undiminished after 2000 cycles at 2 A g−1. The inset indicates that three devices
that are connected can light up a blue LED lamp for 9 min, which provides powerful
support for real-world applications.
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4. Conclusions

In conclusion, NiMo-LDH nanosheet-decorated Ni3S2 microspheres are prepared via
a combination of hydrothermal and electrodeposition routes. Compared with Ni3S2 and
NiMo-LDH single samples, Ni3S2@NiMo-LDH-150 hybrids are characterized by a large
specific surface area, high conductivity, and strong electrochemical activity. Therefore, the
Ni3S2@NiMo-LDH-150 product provides excellent electrochemical performance. An as-
sembled ASC provides high energy and power densities and shows great low-temperature
stability and flexibility via low-temperature cycling and multi-angle bending tests. The
experiments demonstrate that the reasonable design of the Ni3S2@NiMo-LDH-150 com-
posite makes up for the deficiency of a single material and indicates excellent application
potential in supercapacitors.
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