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Abstract: Herein, a facile one-step electrodeposition route was presented for preparing Ni3 S2 /NiS
composite film on Ni foam substrate (denoted as NiSx /NF). The NiSx granular film is composed
of mangy interconnected ultra-thin NiSx nanoflakes with porous structures. When applied as
electrodes for supercapacitors, the ultra-thin nanoflakes can provide more active sites for redox
reaction, and the interconnected porous structure has an advantage for electrolyte ions to penetrate
into the inner space of active materials quickly. As expected, the obtained NiSx /NF sample exhibited
high gravimetric capacitance of 1649.8 F·g−1 and areal capacitance of 2.63 F·cm−2 . Furthermore, a
gravimetric capacitance of 1120.1 F·g−1 can be maintained at a high current density of 20 mA·cm−2 ,
suggesting a good rate capability. The influence of the different molar ratios of electrodeposition
electrolyte (NiNO3 and thiourea) on the morphology and electrochemical properties of NiSx /NF
sample was investigated to provide an optimum route for one-step electrodeposition of Ni3 S2 /NiS
composite film. The outstanding performance indicated the Ni3 S2 /NiS composite film on Ni foam
has great potential as an electrode material for supercapacitors.
Keywords: supercapacitors; nickel sulfide; electrodeposition; nanoflakes

1. Introduction
At present, the traditional non-renewable fossil energy represented by oil, coal, and natural
gas is rapidly consumed, leading to vigorous development of new energy resources (such as solar,
wind, and tidal energy). However, these new energy resources are subject to natural environmental
conditions. For example, the efficiency of solar energy is limited in rainy and cloudy weather areas.
Therefore, the electrochemical energy storage devices connected with them can solve these energy
storage and conversion problems [1–4]. At present, new types of batteries such as lithium-ion batteries,
potassium-ion batteries, and lithium–sulfur batteries have the advantage of high energy density, but
their low power density and short life cycle limit their application, especially in energy storage systems,
which require high-speed and high-power storage devices. Supercapacitors are a new type of energy
storage device, which are complementary to batteries because of their high power density and long life
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cycle, resulting in great advantages in fast energy storage [5,6]. Therefore, energy storage technology
based on supercapacitors has attracted much attention.
Currently, supercapacitors have been widely used in aviation, military, vehicle, and electronic
devices; they are some of the research focuses in the field of new energy research; but, their energy
density is very low, far lower than that of batteries [7]. Among the factors related to energy density, the
main component of supercapacitors is electrode materials, so researchers focus on the development
of high-performance electrode materials to solve the problem of low energy density [3,8]. In recent
years, transition metal sulfides have been widely applied in the field of electrochemistry such as
batteries [9], capacitors [10], and the electrochemical detection of glucose [11]. As electrode materials for
supercapacitors, transition metal sulfides can provide more electron transport channels and abundant
active sites for charge storage. Among various metal sulfides, nickel-based sulfides (NiS, Ni3 S2 , and
Ni3 S4 , etc.) show a great potential as battery-type materials in the application of supercapacitors,
due to their high theoretical specific capacitance, abundant resources, and relatively low cost [12].
However, low conductivity is still a prominent disadvantage of the battery-type materials, and
nickel-based sulfides are no exception. In addition, these factors, such as the lower electroactive sites
and reaction kinetics, also hinder the charge storage performance of nickel sulfide materials. Therefore,
nickel sulfide materials exhibit unsatisfactory capacitance performance and rate capability. Building
nanostructures is an effective method to improve the charge storage performance of such battery-type
materials [13–15]. Previous studies have shown that these nanostructures such as nanoparticles [16],
nanowires [17], nanorods [18,19], nanoflakes [20,21], and nanoflowers [22] have great advantages in
improving performance of nickel sulfide materials. For example, Ni3 S2 nanoparticles prepared by
the mechanical alloying method showed high specific capacitance of 911 F·g−1 [16]. Furthermore,
nanostructures can be combined with self-supporting strategies of direct growth of active materials on
the conductive current collector to further optimize the charge storage performance of materials [23–25].
Without an additional binder, the active material can be firmly composited on the conductive substrate,
which greatly increases the contact surface between the active materials and the conductive substrate,
and has a positive effect on the improvement of the conductivity and specific surface area of the
active materials. For example, self-supported Ni3 S2 nanosheets array on Ni foam showed a very high
capacitance of about 1000 F·g–1 [26]. Hierarchical Co3 O4 @Ni3 S2 core-shell nanowire arrays on Ni foam
exhibited an ultrahigh specific capacitance of 1710 F·g−1 at 1 A·g−1 [27]. In order to further improve the
charge storage capacity of nickel sulfide, it is a common strategy to construct the sulfide compounds of
nickel and other metals. For example, Li et al. reported that the specific capacitance of the unique
Ni3 S2 @CoS core-shell arrays is 4.89 F·cm−2 (376.06 F·g−1 ), which is far larger than that of pure Ni3 S2
material (1.97 F·cm−2 , 164.47 F·g−1 ) [28]. However, it is rarely reported that different crystal structures
coexist in the single metal sulfide. Therefore, to effectively enhance the charge storage capacity of
nickel-based sulfides, we tried to build a combination of various nanostructured Ni-based sulfides
(NiS, Ni3 S2 , and Ni3 S4 , etc.) as hybrid electrode materials of supercapacitors.
In this work, self-supported Ni3 S2 /NiS composite on Ni foam (NiSx /NF) was prepared by one-step
electrodeposition using the cyclic voltammetry method. This electrodeposition method is one with
green, low-cost, and scalable properties for preparing electrode nanomaterials. As far as we know, it is
the first report about the preparation of Ni3 S2 and NiS composite by the one-step electrodeposition
route. In order to optimize the charge storage performance of the as-prepared Ni3 S2 /NiS composite
materials, we explored the effect of electrodeposition solution concentration on the performance of
NiSx /NF electrode materials. NiSx /NF was prepared by electrodeposition using different molar ratios
of Ni(NO3 )2 and thiourea. The optimum route was obtained by analyzing the morphology, structure,
and electrochemical results of the three samples. As expected, the obtained NiSx /NF sample exhibited
remarkable specific capacitance (1649.8 F·g−1 ) and excellent rate capability.
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2. Experimental Section
2.1. Materials and Reagents
Chemical reagent Ni(NO3 )2 ·6H2 O and KOH were purchased from Guangdong Guanghua Sci Tech Co., Ltd. (Guagndong, China), and thiourea was purchased from Afar Sally chemical co. LTD
(Tianjin, China). Ni foam (thickness: 1 mm; purity: 99.9%; porosity: 95%; pore size: 0.2–0.5 mm,
PPI: 110; and density: 320 g·m−2 ± 20) was bought from Shanxi Lizhiyuan Battery Materials Co., Ltd.
(Shanxi, China). All the chemical reagents were used as received without further purification.
2.2. Preparation of Ni3 S2 /NiS Composite on Ni Foam
Ni3 S2 /NiS composite (denoted as NiSx /NF) was electrodeposited into the Ni foam by cyclic
voltammetry(CV) method using Gamry electrochemical workstation (Reference 1000, Gamry
Instruments). In a typical synthesis, the electrodeposition process was carried out at a scan rate of
5 mV·s−1 in the range of −1.2–0.2 V for 30 cycles in a three-electrode system with Ni foam as the working
electrode, Ag/AgCl as the reference electrode, and Pt as the counter electrode. The electrodeposition
solution was prepared by mixing Ni(NO3 )2 ·6H2 O and thiourea in 80 mL H2 O. The Ni3 S2 /NiS composite
on Ni foam was prepared using a different solution concentration of Ni(NO3 )2 ·6H2 O and thiourea.
For better comparison, the molar concentration of thiourea was fixed as 0.5 mol/L−1 , and the molar
concentration of Ni(NO3 )2 ·6H2 O was 1, 2.5, and 5 mmol/L−1 , respectively. The resulting Ni3 S2 /NiS
composites were denoted as NiSx /NF-1, NiSx /NF-2.5, and NiSx /NF-5, respectively.
2.3. Material Characterizations
X-ray diffraction (XRD) patterns were obtained by a Rinku Miniflex 600 diffractometer (Rigaku,
Tokyo, Japan). The morphology and elemental composition of as-prepared NiSx/NF were analyzed
using a scanning electron microscope (SEM, JSM-6510, JEOL, Tokyo, Japan), field-emission scanning
electron microscope (FE-SEM, Zeiss Gemini 500, ZEISS, Oberkochen, Germany), and transmission
electron microscope (TEM, Tecnai F20, Philips, Eindhoven, the Netherlands), respectively.
2.4. Electrochemical Measurement
The electrochemical measurements were carried out on a three-electrode system with NiSx /NF
as the working electrode, Hg/HgO as the reference electrode, and Pt sheet as the counter electrode.
An amount of 6 M KOH aqueous solution was used as electrolyte. The cyclic voltammetry (CV) was
performed at scan rates of 2, 5, 10, 20, 30, 40, and 50 mV·s−1 in the range of 0–0.7 V (vs. Hg/HgO) on
the Gamry electrochemical workstation (Reference 3000, Gamry Instruments Co., Ltd., Philadelphia,
PA, USA), respectively. The galvanostatic charge–discharge (GCD) test was carried out at different
current densities of 1, 2, 3, 4 5, 6, 8, 10, 12, 16, and 20 mA·cm−2 on the Arbin electrochemical
workstation (Arbin Instruments Corp., College Station, Texas, USA), respectively. The electrochemical
impedance spectroscopy (EIS) measurement was carried out within a frequency response in the
range of 0.01–100 kHz and an AC amplitude of 5 mV on the Gamry electrochemical workstation
(Reference 3000).
The galvanostatic capacitance (Cs , F·g−1 ) and areal capacitance (Ca , F·cm−2 ) were calculated using
the following formulas:
Cs = (I4t)/(m4V)
(1)
Ca = (I4t)/(s4V)

(2)

where I, 4t, 4V, m, and S are the discharge current (A), the discharge time (s), the potential voltage (V),
the total mass of the active materials (g), and the geometric area of electrode, respectively.
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3. Results and Discussion
3.1. Characteristics
The XRD patterns of the NiSx powder obtained from NiSx/NF electrode are shown in Figure 1.
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The galvanostatic charge–discharge (GCD) tests were carried out at different current densities
are shown in Figure 5. It was revealed
that the GCD curves of those three samples were all non-linear,
ranging from 1 to 20 mA cm−2. Typical GCD curves at current densities of 1, 2, 4, 6, 8, and 10 mA cm−2
further indicating that the energy storage of the NiSx /NF electrode came from the Faraday reaction.
are shown in Figure 5. It was revealed that the GCD curves of those three samples were all
Figure 5d exhibits the GCD curves at the same current density of 1 mA·cm−2 for comparison. The
non-linear, further indicating that the energy storage of the NiSx/NF electrode came from the
corresponding mass loading, areal capacitance, and gravimetric capacitance of as-prepared NiSx /NF
Faraday reaction. Figure 5d exhibits the GCD curves at the same current density of 1 mA cm-2 for
are provided in Figure 5a,b. Obviously, areal capacitance increases from 0.46 to 2.63 F·cm−2 with the
comparison. The corresponding mass loading, areal capacitance, and gravimetric capacitance of
increase of molar concentration of NiNO3 . The NiSx /NF-5 sample has the highest areal capacitance
as-prepared
x/NF are provided in Figure 5a,b. Obviously, areal capacitance increases from 0.46 to
−2 , NiS
of 2.63 F·cm−2
while NiSx /NF-2.5 exhibits the highest gravimetric capacitance of 1649.8 F·g−1 . The
2.63 F cm with the increase
of molar concentration of NiNO3. The NiSx/NF-5 sample has the highest
areal and gravimetric capacitance−2of NiSx /NF electrodes as a function of charge−discharge current
areal capacitance of 2.63 F cm , while NiSx/NF-2.5 exhibits the highest gravimetric capacitance of
densities are summarized
in Figure 6c,d. Due to the influence of electrodeposition solution, the specific
1649.8 F g-1. The areal and gravimetric capacitance of NiSx/NF electrodes as a function of
capacitance shows a great difference. The possible explanation is as follows. Under the same cycle
charge−discharge current densities are summarized in Figure 6c, d. Due to the influence of
number of electrodeposition, it is obvious that the mass loading and thickness of NiSx (Ni3 S2 /NiS) film
electrodeposition solution, the specific capacitance shows a great difference. The possible
coated on the Ni foam will increase when the molar concentration of Ni(NO3 )2 increases, as shown
explanation is as follows. Under the same cycle number of electrodeposition, it is obvious that the
in Figures 2a–f and 6a. It can also promote the increase of areal capacitance. At the same time, by
mass loading and thickness of NiSx (Ni3S2/NiS) film coated on the Ni foam will increase when the
comparing the morphologies of NiSx /NF-1, NiSx /NF-2.5, and NiSx /NF-5, it found that the porous
molar concentration of Ni(NO3)2 increases, as shown in Figure 2a–f and Figure 6a. It can also
structure and the degree of wrinkle of the film increase with the increase of the concentration, which
promote the increase of areal capacitance. At the same time, by comparing the morphologies of
means that the specific surface area of the active electrode materials will increase, and more active
NiSx/NF-1, NiSx/NF-2.5, and NiSx/NF-5, it found that the porous structure and the degree of wrinkle
points will be exposed to the electrolyte solution. In addition, the microspheres anchored on NiSx
of the film increase with the increase of the concentration, which means that the specific surface area
of the active electrode materials will increase, and more active points will be exposed to the
electrolyte solution. In addition, the microspheres anchored on NiSx film increase gradually as the
molar concentration of Ni(NO3)2 increases, which further increases the utilization of active materials.
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4. Conclusions
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3
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cm . Meanwhile, areal capacitance of 2.63 F cm can be achieved, demonstrating great application

potential of Ni3S2/NiS composite.
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