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ABSTRACT Nickel sulfide (NiS) nanostructures were synthesized by simple and low-cost hot injection method
(HIM). The effects of sulfur concentration on the compositional, morphological, optical and structural prop-
erties of NiS nanoparticles were investigated in detail. The X-ray diffraction pattern confirms the formation
of NiS nanoparticles without any impurities. The Raman spectra show the presence of NiS active modes in
the synthesized material prepared at different sulphur concentration. The electrochemical performance of the
synthesized NiS powder was estimated through cyclic voltammetry, galvanostatic charge-discharge, and elec-
trochemical impedance spectroscopy in KOH electrolyte. The specific capacitance (CS) of the NiS powder
electrode was measured with the three-electrode method, and it confirms the maximum CS of 315.8 F/g at a
scan rate of 5 mVs−1. The calculated value of energy density and power density of the NiS powder electrode
is 3.324 WhKg−1 and 199 WKg−1 respectively at a lower current density. Present study provides a simple and
low-cost HIM is capable for controlling the structural, optical, and morphological properties of nickel sulfide
series, which would be of great potential for the synthesis of other metal sulfides.
KEYWORDS nickel sulfide, nanoparticles, nanostructures, electrochemical measurements, supercapacitor, hot
injection method
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1. Introduction

The development of efficient, clean and high-performance energy storage systems is a basic need of the community.
There are different energy storage systems like batteries, fuel cells, supercapacitors etc. among them supercapacitors have
attracted much attention due to their excellent electrochemical performance. The supercapacitors are significant part of
energy storage systems due to its outstanding properties like high power densities, fast charge-discharge rates, relatively
low costs, long operational life, and environmental friendliness. Moreover, the supercapacitor possesses more energy
and power density as compared with rechargeable lithium batteries. Supercapacitors have been extensively used in many
fields including electronics, defense, transportation, communications etc. To develop high-performance supercapacitors,
good choice of electrode materials is important. It is the key parameter for the capacitance performance in the energy
storage device applications [1]. So, the synthesis of novel materials using low-cost techniques along with higher specific
capacitance and power densities is a challenge for many researchers. Hence, there is a strong inspiration to search inex-
pensive and promising alternative electrode materials for supercapacitor applications. The metal oxides/metal hydroxides,
conductive polymers, carbonaceous materials etc. have been used to construct supercapacitor electrodes [2–4]. The high
resistivity of metal oxides affects the storing capacities and cyclic performance. Various conducting polymers have been
utilized for the fabrication of supercapacitor electrodes but they have poor cyclic stability. Nowadays, transition metal
sulfides like NiS, CoS, CuS, ZnS etc. have attracted more attention in energy applications because of their excellent
properties such as high electrical conductivity, better electrochemical stability, eco-friendly nature, and low-cost [5].

Among all the existing electrode materials, transition metal sulfides have been studied more due to their excellent
electrical properties and capacity to exhibit various redox states [6–9]. Among the transition metal sulfides, NiS has made
more interest due to its superior properties such as high electron conduction, low cost, rich chemical composition, natural
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abundance, environmental benignity, ease of fabrication and low toxicity [10–13]. Thus, due to its outstanding properties,
nickel sulfide has been widely used in rechargeable lithium batteries, infrared detectors, hydro sulfurization catalysis, pho-
toconductive material, dye-synthesized solar cells, solar energy storages etc. [14]. There are several methods used for the
synthesis of nickel sulfide which includes high temperature solid state and vapour phase reaction [15], hydrothermal [16],
solvothermal [17], microwave radiation [18], sonochemical method [19] etc. In solvothermal and vapor phase, process
requires high temperature; in this method, it is difficult to get a controlled NiS phases. In the hydrothermal method, other
phases are created in the synthesized material. In this work, we have synthesized device quality NiS nanoparticles at dif-
ferent sulphur concentrations by using a locally fabricated hot injection system, particulars of which have been explained
elsewhere [20].

2. Experimental

2.1. Materials

Oleylamine (OAm, 70 %), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 99.999 %), sulphur powder (S, 99.98 %), ace-
tone (99.9 %), toluene (99 %) and isopropanol (IPA, 99.5 %) were used for NiS synthesis with the purity level mentioned
in parenthesis. The chemicals mentioned above used for the synthesis of nickel sulfide were procured from Sigma-Aldrich
and used without further filtering and processing.

2.2. Synthesis of high-quality NiS nanoparticles

The colloidal NiS nanoparticles were synthesized by the hot injection method. The oleylamine is used as a solvent,
surfactant and capping ligand. In a 100 mL three naked glass flask, 0.2 molar nickel nitrate hexahydrate [Ni(NO3)2 ·6H2O]
and 15 mL of oleylamine were added. The one end of three naked flasks is connected to alternately vacuum and argon
gas balloon, the other end is used for injecting sulfur and the third end is used for thermocouple to measure reaction
temperature. The resultant solution was constantly stirred using a magnetic stirrer and heated to a steady temperature of
140 ◦C in an alternate vacuum and argon gas environment to remove moisture and air from the reaction zone. Once the
Ni-Oleyamine complex turned into the light brown-black solution, the reaction temperature was raised to 210 ◦C and kept
constant for an hour, as the required crystal size and morphology depend on the temperature of the reaction.

Meanwhile, another solution was prepared, for which one molar sulphur powder was mixed with 5 mL oleylamine,
which is named as S-Oleyamine solution. The S-Oleyamine solution was stirred and heated at 80 ◦C for 45 minutes.
The resulting heated S-Oleyamine solution was rapidly injected into the preheated Ni-Oleylamine complex solution. The
resulting mixture was heated to 210 ◦C for 30 minutes, getting a homogeneous blackish solution. All reactions were
carried out in alternate vacuum and argon gas atmospheres. After that the three-necked glass flask was kept in a cold
water bath to cool the reaction mixture. The same experiments were repeated in this set for 2 and 3 molar sulphur
concentrations. The 1, 2 and 3 molar sulphur concentration means 1, 2 and 3 molar sulphur powder was mixed with 5 mL
oleylamine.

The NiS nanoparticles are dispersible in organic solvents such as toluene and isopropanol, so 5 mL of toluene and
40 mL of isopropanol were added in resulting mixture to precipitate the NiS nanoparticles. The precipitate was recovered
by centrifugation at 3000 rpm to yield colloidal black NiS nanoparticles. The isopropanol and toluene were used to remove
polar and non-polar impurities respectively. The colloidal NiS nanoparticles were annealed at a temperature of 350 ◦C for
one hour. Finally, NiS powders were taken out for characterization and confirmation. Fig. 1 shows the schematic for the
synthesis of NiS powder.

2.3. Characterization

The structural properties of NiS nanoparticles were confirmed from the XRD pattern recorded on a Bruker D8 ad-
vanced diffraction meter with CuKα radiation at a wavelength of λ = 1.54 Å. The optical properties of synthesized mate-
rials were confirmed from a UV-Vis spectrophotometer (Jasco, model V-670) in the wavelength range of 200 – 1400 nm.
Scanning Electron Microscopy (SEM) (JEOL-6360-LA instrument) is used for the study of surface morphology. The
elemental compositions were confirmed from Energy Dispersive X-ray Analysis (EDAX). The Raman Spectroscopy is
used to identify active modes of Nis nanoparticles and it is recorded with a Renishaw Raman Microscope with argon
laser at 532 nm in the 200 – 900 cm−1 range. The bonding configurations in the materials were confirmed from Fourier
Transform Infrared Spectroscopy (FTIR) (Jasco, 6100-type A) in the range 400 – 4000 cm−1. The electrochemical per-
formance of synthesized NiS powder electrode was estimated by cyclic voltammetry, galvanostatic charge-discharge and
electrochemical impedance spectroscopy.

3. Results and discussion

3.1. XRD Analysis

The X-ray diffraction patterns of the nickel sulfide nanoparticles synthesized using the hot injection method at various
sulphur concentrations are shown in Fig. 2. The crystallographic information of NiS nanoparticles was confirmed by the
XRD analysis. The XRD pattern of the synthesized material was recorded in the range of diffraction angle from 15 to 80◦.
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FIG. 1. Schematic for the synthesis of NiS powder

The XRD pattern of NiS synthesized at 2 molar sulphur concentration shows major diffraction peaks at two theta equal
to 30.24, 34.54, 45.74, 53.57, 60.80, 62.68, 65.31, 70.64, and 73.10◦ which is perfectly indexed to the NiS reflections of
(100), (101), (102), (110), (103), (200), (201), (004), and (202) crystal planes respectively. The observed well-defined
diffraction peaks of NiS nanoparticles are well indexed to the hexagonal phase of NiS with space group P63/mmc (JCPDS
No.: 10-075-0613) [21]. No other peaks were observed in the XRD pattern, indicating that pure NiS nanoparticles were
successfully synthesized. The NiS nanoparticles synthesized at 1 molar sulphur concentration confirm a major diffraction
peak of 100 plane whereas NiS nanoparticles synthesized at 3 molar sulphur concentrations shows 100, 101, 102 and 110
diffraction peaks. The NiS nanoparticles synthesized at 2 molar sulphur concentration show well crystalline nature as
compared with the other two samples. Thus, the sulphur concentrations play an important role in the synthesis of well
crystalline NiS nanoparticles. The intense and sharp diffraction peaks suggest that the synthesized NiS is well crystalline.
The average crystalline size of synthesized NiS materials has been calculated from the Debye–Scherrer formula

dx-ray =
0.9λ

β cos θ
, (1)

where dx-ray is the crystalline size, λ is the wavelength of X-ray, β is full width half maxima (FWHM) and θ is the diffrac-
tion angle. The average crystalline size of synthesized NiS nanoparticles synthesized at 2 molar sulphur concentrations is
found to be 58 nm. The lattice constants and average crystalline size of NiS nanoparticles synthesized at different sulphur
concentrations are listed in Table 1. The observed and calculated XRD parameters of the NiS sample are listed in Table 2.

TABLE 1. Lattice constants and average crystalline size of NiS nanoparticles synthesized at different
sulphur concentration

Sulphur
concentration

(Mole)

Lattice constant (Å) Average
crystalline
size (nm)a c

1 3.4152 5.2264 42

2 3.4197 5.3174 58

3 3.4086 5.3268 46
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FIG. 2. XRD pattern of NiS nanoparticles synthesized at different sulphur concentration

TABLE 2. Indexed X-ray diffraction pattern of NiS nanoparticles

Sr. No. 2θ
Interplaner

spacing
(observed) Å

Interplaner
Spacing

(calculated) Å
[hkl]

1 30.14 2.9618 2.9615 100

2 34.54 2.5854 2.5936 101

3 45.74 1.9749 1.9812 102

4 53.57 1.7100 1.7086 110

5 60.80 1.5172 1.5216 103

6 62.68 1.4809 1.4804 200

7 65.31 1.4262 1.4270 201

8 70.64 1.3250 1.3318 004

9 73.10 1.2927 1.2929 202

3.2. Raman analysis

The Raman spectrum of NiS nanoparticles synthesized at different sulphur concentrations is shown in Fig. 3. Raman
bands observed at 181, 345 and 533 cm−1 indicates the formation of NiS [22]. However, not all vibrational modes
of NiS have been observed, which could affect the effect of quantum confinement on the vibrational modes of NiS
nanoparticles [23]. The decrease in the sharpness of the peak is related to a reduction of the volume fraction of crystallites
in the material [24]. Fig. 3 shows that material synthesized at 2 molar suphur concentration is more crystalline as compared
with the other two samples.

3.3. Optical properties

The optical properties of NiS nanoparticles synthesized using the hot injection method at different sulphur concen-
trations are shown in Fig. 4. For NiS nanoparticles, the UV-Vis absorption spectra show peaks at 285, 287 and 290 nm
for the sample synthesized at 1, 2 and 3 molar sulphur concentrations, respectively. These peaks can be attributed to
the band edge absorption of NiS nanoparticles. The absorption spectrum shows a blue shift compared to the NiS bulk
(295 nm) [25], due to the small size of the particles [26].

The optical band gap of NiS nanoparticles is calculated using Tauc’s relation [27]

αhυ = k(hυ − Eg)n, (2)
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FIG. 3. Raman spectra of NiS nanoparticles synthesized at different sulphur concentration

FIG. 4. Absorbance spectra of NiS nanoparticles

where, α is the absorption coefficient, υ is the frequency, h is Planck’s constant, k and n are constants. The plots of
(αhυ)2 Vs. hυ for NiS nanoparticles are shown in Fig. 5. The optical band gap energy is calculated by extrapolating the
linear portion of the curve to the energy axis. The band gap energy of NiS nanoparticles synthesized at 1, 2 and 3 molar
sulphur concentration was found to be 1.9, 1.98 and 1.81 eV, respectively. We have observed that the band gap energy of
the synthesized material is higher than its bulk [28].

3.4. Morphological properties of NiS nanoparticles

The surface morphological features of NiS nanostructures were studied by using SEM. The SEM images of NiS
nanostructures synthesized at different sulphur concentrations by the hot injection method are shown in Fig. 6. From the
SEM images agglomeration of nanoparticles with irregular shapes were observed. The SEM images of NiS nanostructures
synthesized at different sulphur concentrations show porous in nature.

The EDAX spectra were used for knowing the atomic % of the elements in the synthesized samples. The EDAX spec-
trum shows the presence of nickel and sulphur in the synthesized material. Table 3 shows the elements in atomic % of the
samples synthesized at different sulphur concentrations. From Table 3, it is clear that as sulphur concentration increases
atomic % of sulphur enhances whereas the atomic % of nickel reduces in the synthesized material and it is equivalent
to the initial mixture used for the synthesis. Fig. 7 shows the EDAX spectra of the NiS nanostructures synthesized at
different sulphur concentrations.
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FIG. 5. Tauc’s plot of NiS nanoparticles

1 Molar 2 Molar 3 Molar

FIG. 6. SEM images of NiS nanostructures synthesized at different sulphur concentration

TABLE 3. The elemental compositions of NiS nanstructures synthesized at different sulphur concen-
trations in terms of atomic %

Sulphur concentrations Elements Atomic %

1 molar Sulphur 54.41

Nickel 45.59

2 molar Sulphur 56.10

Nickel 43.90

3 molar Sulphur 60.72

Nickel 39.28
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1 Molar 2 Molar 3 Molar

FIG. 7. EDAX spectra of NiS nanostructures synthesized at different sulphur concentration

3.5. FTIR analysis

The synthesized NiS nanoparticles were further examined by FTIR spectroscopy. Fig. 8 shows the FTIR spectra of
nickel sulphide nanoparticles synthesized at different sulphur concentrations by the hot injection system. The absorption
bands observed nearly at 640 and 960 cm−1 are associated to the symmetrical and asymmetrical stretching of the nickel-
sulphur (Ni–S) band in NiS particles. The bending vibrations of the sulfonated group were confirmed from the peak
observed at 1140 cm−1 [29]. The peak observed nearly at 652 cm−1 is related to Ni–S–Ni bending vibration mode and
the absorption band nearly at 503 cm−1 is due to Ni–S bending vibration [30]. The very small bands appeared in the
FTIR spectra nearly at 2920 cm−1 is due to the bending vibration of H2O molecules. The IR bands appeared nearly at
1464 and 3005 cm−1, indicating amine ligand is bound to the nanoparticles [31]. Thus, from FTIR spectra, it is clear that
no additional IR vibrational peaks were observed indicates the high purity of synthesized powder.

FIG. 8. FTIR spectra of NiS nanoparticles synthesized at different sulphur concentration

3.6. Electrochemical studies

3.6.1. Electrode preparation. The electrode was prepared by mixing 80 wt% nanocrystalline NiS powder as an active
material, 10 wt% activated carbon as a conducting additive and 10 wt% Polyvinyl difluoride (PVDF) as a binder in N-
Methyl Pyrrolidone (NMP) solvent. The slurry was grinded adequately in the mortar pestle to get a homogeneous mixture,
after that it was coated on a carbon paper substrate (1 cm × 1 cm area) using the doctor blade technique. This technique
was firstly developed by Glen Howatt for the fabrication of thin sheets of ceramic capacitors [32]. In this technique,
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material to be deposited (slury) is fixed between the blade and substrate. During the fabrication of the film, there is a
constant relative movement between the blade and substrate in which slurry uniformly spreads on the substrate. The
doctor blade technique is used for large area film fabrication. It is technologically simple and low-cost. Despite these
nearly 100 % materials are utilized for film fabrication and hence the small quantity of material is sufficient to form
the well defined thickness of film [33]. The mass of the material loaded on the substrate was calculated via the weight
difference method. The fabricated electrodes were dried at 150 ◦C for overnight inside a hot air oven to remove solvent
and were used as a working electrode for further electrochemical analysis.

3.6.2. Electrochemical studies. Herein, the cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and elec-
trochemical impedance spectroscopy (EIS) measurements of NiS powder electrode synthesized at 2 molar sulphur con-
centration was carried out to examine and evaluate supercapacitive performance using a potentiostat (Metrohm Autolab:
PGSTAT302N model). The measurement system consists of a cell in three-electrode configurations adopting the carbon
paper coated with active material as a working electrode, Platinum foil as a counter and Hg/HgO as a reference electrode.
All measurements were evaluated in aqueous solution of 2 M KOH. The EIS measurements were investigated using the
same potentiostat with three-electrode cell configurations under open circuit voltage with amplitude of 10 mV between
applied frequency sweeps from 1 MHz to 0.1 Hz.

3.6.3. Cyclic coltammetry (CV). The specific capacitance (CS in F/g) and energy density (E) of the NiS powder elec-
trode was calculated from cyclic voltammetry (CV) measurements using equations (3) and (4):

Cp =
1

ms∆V

∫
I(V )dV, (3)

Ecv =
1

2
Cp · ∆V 2, (4)

where m is the mass of active materials loaded on working electrode (in gm), I is the response current (in A),
∫
I(V )dV

is area under the current-voltage (CV) curve, s is the scan rate (in mVs−1) and ∆V is operating potential windows (in
volt).

CV measurements of the synthesized NiS powder electrode were carried out with potential range from 0.0 to 0.5 V
at different scan rates of 5, 10, 20, 50 and 100 mV/s is presented in Fig. 9. The material synthesized at 2 molar sulphur
concentration shows better electrochemical performance compared with the others. As the scan rate increases the shapes
of CV graphs remain almost the same showing the excellent electrode capabilities and ideal supercapacitor nature [34].
The CV measurements show that as the scan rate increases, the area of the CV curve enhances denoting the behavior of
an ideal capacitor. The highest specific capacitance value is 315.8 F/gm for 2 molar sulphur concentrations due to the
great synergistic interaction between nickel and sulphur. The maximum value of specific capacitance may be due to the
porous nature of the material as examined from SEM in which superior exposure of active sites and easier electrolyte
access [35]. As the scan rate decreases the specific capacitance enhances, and the maximum capacitance was observed at
lowest scan rate 5 mVs−1. The calculated energy density values from CV graph is 6.99 WhKg−1. Moreover, to illustrate
the importance of this work, we have compared the present study with the earlier work reported in literature by considering
different materials for supercapacitor electrode applications.

TABLE 4. Comparisons of the earlier studies reported for supercapacitor electrode applications

Sr.
no. Material

Method of
synthesis Electrolyte

Potential
Window V

Specific
capacitance

(Fg−1)
Reference

1 CoS Chemical bath deposition Ethanol −0.4 to 0.6 41.36 [36]

2
Nickel sulfide/

reduced graphene oxide Solution combustion Method KOH 0.0 to 0.4 305 [37]

3 NiFe2O4 Chemical oxidation KOH 0.0 to 0.45 266 [38]

4 Mg0.1Mn0.9Fe2O4 Solvothermal reflux KOH 0.0 to 0.6 226.4 [39]

5 NiS Hot injection method KOH 0.0 to 0.5 315.8
Present
work
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FIG. 9. CV measurements of the synthesized NiS powder electrode recorded in the voltage range of 0
to 0.5 V at different scan rates

3.6.4. Galvanostatic charge-discharge (GCD). The GCD study of the NiS powder electrode was carried out at different
current densities 1.0, 1.5 and 2.0 A/g within the potential window 0 to 0.4 V in 2 M KOH electrolyte. Fig. 10 shows the
GCD curves of NiS powder electrode at different current densities. The specific capacitance CS (Fg−1), energy density E
(WhKg−1) and power density P (WKg−1) can also be calculated from the galvanostatic charge-discharge plot using the
following equation.

Cs =
I · td
m · ∆V

, (5)

E =
1

2
Cs · ∆V 2, (6)

P =
E

td
, (7)

where I is the response current (A), m is the mass of active material (kg), ∆V is the potential window (V), and td is the
discharge time (h). The calculated value of energy density is 3.324 WhKg−1 and power density 199 Wkg−1 for lower
current density.

FIG. 10. Charging-discharging performance of NiS electrode at different current densities
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The Nyquist plot of the NiS powder electrode synthesized at 2 molar sulphur concentrations was measured in the
frequency range from 1 Mhz to 0.1 Hz as presented in Fig. 11. The nearly vertical line in the Nyquist plot shows the
ideal supercapacitor nature and the diameter of the small semicircle in high-frequency range represents the interfacial
charge transfer resistance (Rct) between the electrolyte and electrode. The intersecting point with the real axis in the
high-frequency region represents the internal resistance (Rs) of the electrode material (including ionic resistance, inher-
ent resistance of material and contact resistance of electrode material and electrolyte). The Nyquist plot is fitted to an
equivalent electronic circuit, as shown in the inset of the Fig. 11. The values of Rs and Rct are 9 and 7.3 ohm. The
Warburg resistance was due to the diffusion of the electrolyte in the bulk of the electrode. The small semicircle arc in
high-frequency region indicates good electrical conductivity and low charge transfer resistance of the electrode materials.
Thus, the Nyquist plot shows NiS powder synthesized at 2 molar sulphur concentration shows good electrical conductance
with high specific capacitance.

FIG. 11. The Nyquist plot of NiS powder electrode synthesized at 2 molar sulphur concentrations.
Inset shows the electrical equivalent circuit used for the fitting impedance spectra.

4. Conclusion

We have successfully synthesized nickel sulfide nanoparticles using the simple and low-cost hot injection method in
oleylamine solvent. The absorption spectrum of NiS nanoparticles is blue-shifted compared to bulk material, indicating
the presence of small size of crystallites in the synthesized material. The optical band gap energy of NiS nanoparticles was
found in the range of 1.81 to 1.98 eV. It shows that the synthesized NiS nanoparticles are suitable for energy conversion
device applications. The X-ray diffraction pattern and the Raman spectra confirm the formation of high purity NiS
nanoparticles. The samples synthesized at 2 molar sulphur concentrations have a good crystalline nature as compared with
the other two samples. Thus, the crystallinity of the synthesized materials highly dependents on sulphur concentrations.
The agglomeration of nanoparticles was observed from SEM images. The electrochemical studies show that synthesized
NiS nanoparticles is a promising material for supercapacitor electrode applications. The estimated values of specific
capacitance, energy density and power density are 315.8 F/g, 6.99 WhKg−1 and 199 Wkg−1, respectively. In this work, 2
molar sulphur concentrations are optimized for the synthesis of superiority nanoparticles. The crystallinity, particle size,
morphology and electrochemical performance of NiS nanoparticles strongly depend on sulphur concentration. Thus, the
present study shows that sulphur concentration plays an important role in the synthesis of high-quality NiS nanoparticles.
This work provides that the hot injection method is a novel method for the synthesis of device quality nickel sulfide and
other metal sulfides for energy conversion and energy storage applications.
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