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Abstract
A new integration strategy of transition metal sulfide with carbon-based materials is used to boost its catalytic property and 
electrochemical performances in supercapacitor application. Herein, crystalline reduced graphene oxide (rGO) wrapped 
ternary metal sulfide nanorod composites with different rGO ratios are synthesized using hydrothermal technique and are 
compared for their physical, chemical, and electrochemical performances. It is found that their properties are tuned by the 
weight ratios of rGO. The electrochemical investigations reveal that β-NiCu2S/rGO nanocomposite electrode with 0.15 wt.% 
of rGO is found to possess maximum specific capacitance of 1583 F  g−1 at current density of 15 mA  g−1 in aqueous electrolyte 
medium. The same electrode shows excellent cycling stability with capacitance retention of 89% after 5000 charging/discharg-
ing cycles. The reproducibility test performed on  NiCu2S/rGO nanocomposite electrode with 0.15 wt.% of rGO indicates that 
it has high reproducible capacitive response and rate capability. Thus, the present work demonstrates that the β-NiCu2S/rGO 
nanocomposite can serve as a potential electrode material for developing supercapacitor energy storage system.

Keywords Ternary metal sulfide · Reduced graphene oxide · Hydrothermal · Electrochemical behavior · Energy storage · 
Supercapacitor

Introduction

Supercapacitors have attracted major attention as an energy 
storage device because of their ability to deliver excellent 
power density, fast charging rates with slow discharging time, 
and superior cycling stability (Ghosh and Pumera 2021; Lin 
et al. 2021), thus making it a suitable choice to combat the 
increasing demand for portable devices and electric vehi-
cles. The properties of materials being used as the electrodes 
highly influence the performance of a supercapacitor. Various 
materials in the form of oxides (Zhai et al.2020), nitrides 
(Maity et al. 2020), hydroxides, sulfides (Wang et al. 2020a, 
b), phosphates (Iqbal et al. 2021c), polymers (Khanam et al. 
2020), etc. have been studied for their supercapacitor perfor-
mances (Hsu et al. 2021; Kang et al. 2022). Among them, 
binary sulfide materials based on transition metals (Lin et al. 
2021) such as NiS,  Ni3S4 (Guan et al. 2017; Gou et al. 2017), 
CoS (Liu et al. 2015; Aloqayli et al. 2017), MnS (Pujari 
et al. 2016; Tang et al. 2015a),  MoS2 (Karade et al. 2016; 
Ghosh et al. 2021),  Cu2S, and  Cu7S4 (Yue et al. 2021; Gao 
et al. 2021; Zhang et al. 2021d) have been shown to pos-
sess enhanced supercapacitor performances. However, these 
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binary sulfides offer low energy density, which hinders its 
practical application. In order to improve energy density as 
well as to obtain superior supercapacitor performances, ter-
nary metal sulfides are preferred over binary sulfides due 
to their excellent optical property, high catalytic efficiency, 
and superior electrical conductivity (Liu et al. 2018). Unlike 
transition metal oxides, the reports on the discussion of 
supercapacitor performances of ternary metal sulfides are 
limited. Recently, it has been observed that, compared with 
transition metal oxides, transition metal sulfides offer unique 
stoichiometric compositions, enhanced redox reaction, and 
higher specific capacitance due to different valence states 
and crystal structure (Niu et al. 2021; Wang et al. 2018). 
Particularly, nickel-copper-sulfide nanomaterials have drawn 
increasing interest as a result of their superior redox charac-
teristics and high theoretical specific capacitance arising as 
a result of Cu atom offering different oxidation states when 
combined with high electrochemically active Ni element (Li 
et al. 2021a). They are also cost-effective and least polluting. 
Thus, integrating Ni and Cu results in high electrochemi-
cal properties (Shinde et al. 2021; Kiey and Hasanin 2021) 
and, when combined with sulfur, the material Ni-Cu-S gives 
rise to high conductivity, narrow band gap, better ionic dif-
fusivity, and large anion polarizability, contributing largely 
towards enhanced supercapacitor performances (Iqbal et al. 
2021b). Apart from the above-mentioned advantages, metal 
sulfides in general suffer from poor long-term cycling stabil-
ity due to the insulating nature of sulfur. Also, the volume 
expansions of sulfides and thermodynamically unstable and 
oxidizing nature of sulfides are the most common problems 
when dealing with metal sulfides in supercapacitor applica-
tion (Iqbal et al. 2021a).

On the other hand, carbon materials derivatives such as 
graphene, graphene oxide, reduced graphene oxide, carbon 
nanotubes, and nanocarbon have been synthesized in dif-
ferent routes (Gurzęda et al. 2017; Trikkaliotis et al. 2020; 
Deng et al. 2022; Peng et al. 2022; Ghosh et al. 2021; Ojha 
et al. 2021) and extensively studied for various energy and 
environmental applications such as batteries (Liu et al. 2022; 
Alidoost et al. 2022; Xu et al. 2022a), solar cell (Bandara 
et al. 2022; Murugadoss et al. 2016; Murugadoss et at. 
2015), supercapacitors (Arora et al. 2022; Chen et al. 2022; 
Shokry et al. 2022; Reina et al. 2022; Yibowei et al. 2021), 
oxygen reduction reaction (Xu et al. 2022b; Karanfil et al. 
2022; Singla et al. 2021), photocatalytic/electrocatalytic 
water splitting (Antony et al. 2015; Shah et al. 2022; Zhu 
et al. 2022; Purabgola et al. 2022; Truong et al. 2022), and 
pollutant removal (Oliveira et al 2019; Tan et al. 2016). 
Especially, carbon-based materials (Zhang et al. 2021c) 
as electrodes for supercapacitor have acquired potential 
attraction due to their excellent electrochemical properties, 
high active surface area, and good conductivity resulting 
in efficient charge storage with high power density though 

energy density is limited (Iqbal et al. 2021a; González and 
Colet 2019). In order to overcome the shortcomings of metal 
sulfides in supercapacitor application, metal sulfides have 
been made composites with carbon-based materials and 
studied for their supercapacitor performances. Recently, 
cobalt sulfide was made composite with nitrogen doped 
carbon derived from zeolitic imidazolate frameworks-67 
using chemical vapor deposition technique (Wang et al. 
2022) which were proposed to have advanced electrode 
performances in supercapacitor application. The compos-
ite electrode exhibited specific capacitance of 789 F  g−1 at 
current density of 1 A  g−1 with a rate capacity of 80.2% 
under a current density of 20 A  g−1. The fabricated capaci-
tor with the CoS-carbon composite obtained a high energy 
density of 32.8 Wh  kg−1 with the power density of 620 W 
 kg−1 and possessed 89.2 of capacity retention after 10,000 
charge-discharge cycles at current density of 5 A  g−1. On 
the other hand,  Mn2+ doped  CoS2-carbon nanotube compos-
ites synthesized by wet-chemical approach (Agboola et al. 
2022) were found to have excellent electrical conductivity 
(0.063 S  cm−1) with specific capacitance of 603 F  g−1 at 5 
mV  s−1 and 82.2% capacitance retention. It was proposed 
that the CNT support increased the electrical conductivity 
of Mn-CoS2, reduced its aggregation which facilitated the 
ease transfer of ions during electrochemical reactions. Simi-
larly, Ramesh et al. (2022) fabricated  NiCo2S4-metal organic 
framework nanostructured multiwalled carbon nanotube 
composites which were found to possess a specific capaci-
tance of 455 F  g−1 at 1 A  g−1 with excellent capacitance 
retention of 98.43% after 10,000 cycles. Recently, Rana 
et al. (2022) studied the electrochemical behavior of rGO 
wrapped chromium sulfide nanoplates on nickel foam for 
supercapacitor application. They found that the robust and 
porous structure of the electrode facilitated the electrolyte 
diffusion and thus showcased outstanding electrochemical 
performance by exhibiting a specific capacitance of 2563.12 
F  g−1 at 5 mV  s−1 with energy density of 87.50 Wh  kg−1 and 
power density of 1607 W  kg−1 at 2.0 mA  cm−2. The fabri-
cated electrode also obtained a stability up to 1000 cycles 
which was attributed to the outstanding electrical conduction 
provided by rGO between the nickel foam and  Cr2S3. Fur-
ther, the ternary composite such as  Ti3C2/carbon nanotubes/
MnCo2S4 electrodes designed by Dang et al. (2022) which 
showed gravimetric capacitance of 823 F  g−1 at a current 
density of 1 A  g−1 with 63.5% specific capacity retention at 
5 A  g−1 and had excellent cycling stability of 94.09% after 
5000 cycles. The high performance of this electrode is due 
to the conductive network provided by  Ti3C2/CNT hybrid 
sheets which efficiently accommodate the volume swelling 
of  MnCo2S4. Thus because of extraordinary electrochemi-
cal behavior, facile synthesis, economical, and low toxicity 
of carbon materials, they are made composite with other 
materials to obtain the desired supercapacitor performance.
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Likewise, it has been found that ternary metal compounds 
offer the best supercapacitor performances when made com-
posites with different carbon materials due to high surface 
area offered by carbon materials that improves the redox 
reactions (Li et al. 2021b; Liu et al. 2021), thus enhanc-
ing the conductivity, stability, and electrochemical activity 
(Tang et al. 2015b; Zhang et al. 2021a). Among different 
carbon materials, rGO has been widely studied and found 
to be one of the most promising supports for nanomateri-
als in supercapacitor applications (Patil et al. 2021). For 
example, Hoa et al. (2021) exhibited the electrochemical 
supercapacitor performances of needle-like RGO/NiCo2S4 
aerogel synthesized using hydrothermal technique. The pre-
pared aerogel electrode showed a high specific capacity of 
813 F  g−1 in the 3 M KOH aqueous electrolyte at a current 
rate of 1.5 A  g−1, due to its high porosity and conductive 
nature. The asymmetric supercapacitor of RGO/NiCo2S4//
RGO delivered a specific capacitance of 45.3 F  g−1 at 1 A 
 g−1 and capacitance retention of 84.3% after 2000 cycles. 
It also delivered high energy density of 40.3 Wh  kg−1 at 
375 W  kg−1 and a power density of 26.2 kW  kg−1 at 3.7 
kWh  kg−1. Similarly, Xu et al. (2020) synthesized  NiMoS4/
RGO lamella structure by a hydrothermal approach and got a 
specific capacity of 124 mAh  g−1 at 1 A  g−1. The fabricated 
 NiMoS4/RGO//activated carbon device possessed an excel-
lent energy density of 63 Wh  kg−1 at power density 1125 
W  kg−1 with stable capacitance retention of 81% after 5000 
cycles, owing to the high chemical activity of Ni with bet-
ter conductive support provided by Mo and RGO. Another 
study reported the synthesis of sandwich-like  NiCo2S4/RGO 
using vacuum filtration method (Wu et al. 2018), exhibiting 
specific capacity of 1000.5 F  g−1 at 1 A  g−1 and the asym-
metric supercapacitor (ASC) fabricated with  NiCo2S4/RGO//
AC hybrid electrode delivered high energy density of 15.4 
Wh  kg−1 and power density 2227.3 W  kg−1 with cycling 
stability of 80.5% over 5000 cycles, due to the increase in 
interlayer spacing, thus aiding the efficient penetration and 
diffusion of ions. Recently, manganese cobalt sulfide/rGO 
nanocomposites synthesized through dispersion method by 
Tung et al. (2022) were found to exhibit specific capacitance 
of 3812.5 F  g−1 at 2 A  g−1 and 1780.8 F  g−1 at a high cur-
rent density of 50 A  g−1 with the capacitance retention over 
92% after 22,000 cycles at 50 A  g−1. It was observed that 
the presence of rGO decreased the charge transfer resist-
ance and enhanced ion exchange during the electrochemical 
studies. To the best of our knowledge, there are no reports 
which demonstrate the electrochemical performances of ter-
nary Ni-Cu sulfide/rGO nanocomposites. Due to the unique 
supercapacitor properties of NiCuS and rGO materials, 
fabricating β-NiCuS/rGO composites and using them for 
supercapacitors application could be a promising strategy 
for improving the performances of energy storage devices 
(Zhang et al. 2020).

In order to understand the performances of β-NiCuS/
rGO composites for supercapacitor application, herein we 
synthesized β-NiCu2S (NC) and β-NiCu2S/0.05 wt.% of 
rGO (NCR-1), β-NiCu2S/0.1 wt.% of rGO (NCR-2), and 
β-NiCu2S/0.15 wt.% of rGO (NCR-3) nanocomposites 
via one-step hydrothermal approach. The structure, mor-
phology, composition, and chemical state of synthesized 
pristine β-NiCu2S and composites are characterized using 
X-ray diffraction (XRD), Fourier transform infrared (FTIR) 
spectroscopy, Raman spectroscopy, field emission scanning 
electron microscope (FESEM), and X-ray photoelectron 
spectroscopy (XPS). Electrochemical studies are carried 
out with three-electrode cell configuration. The fabricated 
β-NiCu2S (NC) and different composites NCR-1, NCR-2, 
and NCR-3 are also evaluated in detail for their supercapaci-
tor performances.

Experimental procedure

Materials

All chemicals used here are analytical grade and used with-
out further purification. Nickel chloride  (NiCl2·6H2O), cop-
per chloride  (CuCl2·6H2O), thiourea  (NH2CSNH2), poly-
vinylidene difluoride (PVDF), carbon black, nickel foam 
(NF) and hydrazine hydrate  (N2H2·H2O) were procured 
from Sigma Aldrich. N-methyl-2-pyrrolidone (NMP) was 
obtained from SDFCL, India. Potassium hydroxide (KOH), 
hydrochloric acid (HCl), deionized (DI) water, acetone, and 
ethanol were purchased from SRL chemicals, India.

Sample preparation

Preparation of NC nanorods

In order to prepare NC nanorods, 0.48 g  NiCl2·6H2O, 0.54 g 
 CuCl2·6H2O, and 1.52 g  NH2CSNH2 were added into 40 mL 
DI water and continuously stirred for 30 min. After this, 
20 mL of  N2H2·H2O was added dropwise into the above mix-
ture and stirred for other 30 min to obtain black precipitate. 
The obtained transparent black precipitate was further trans-
ferred into a 100-mL autoclave and hydrothermally treated at 
160 °C for 20 h. Once reaching room temperature, the sam-
ple was centrifuged with DI water and ethanol several times. 
The obtained final product was dried at 80 °C for 12 h. This 
is labeled as NC. The same procedure was repeated for the 
preparation of NCR-1, NCR-2 and NCR-3 composites where 
the stipulated amount of graphene oxide (synthesis proce-
dure of GO is given below) was added into the black pre-
cipitate mentioned above, stirred for 30 min, and transferred 
to autoclave for hydrothermal treatment at 160 °C for 20 h. 
The GO is reduced to rGO due to the presence of hydrazine 

18548



Environmental Science and Pollution Research (2023) 30:18546–18562

hydrate present in the reaction mixture and hence leads to 
the formation of NC-rGO composites.

Preparation of graphene oxide

Modified Hummers method was followed for the synthe-
sis of graphene oxide (GO). Graphite (10 g) and sodium 
nitrate  (NaNO3) (4 g) were mixed into 185 mL of con-
centrated sulfuric acid  (H2SO4) and the reaction mixture 
was magnetically stirred in an ice bath for 1 h. Later, 
potassium permanganate  (KMnO4) (32 g) was added 
slowly into the reaction mixture while maintaining its 
temperature below 5 °C and the suspension was continu-
ously stirred for 1 h. After vigorous stirring, ice bath was 
removed, which resulted in dark brown color solution to 
which deionized water was added until suspension vol-
ume reaches 500 mL, followed by addition of hydrogen 
peroxide  (H2O2) (15 mL). Finally, the obtained suspen-
sion was centrifuged and washed repeatedly with water 
and hydrochloric acid (HCl). The product was dried at 
80 °C for 24 h to obtain GO, the pH of which was found 
to be 5.7 after washing.

Electrode fabrication

The working electrode was fabricated using the synthe-
sized materials by mixing them with carbon black (super 
P) and polyvinylidene fluoride (PVDF) (binder) in the 
weight ratio of 80:10:10. The above mixer was well 
ground and N-methyl-2-pyrrolidone (NMP) solvent was 
added to make it slurry. Then, the obtained black color 
slurry was uniformly coated on pure Ni foam (NF) and 
dried at 60 °C for 5 h. The dried NF was used as working 
electrode for supercapacitor studies. The weight of the 
electrode materials, coated on the Ni foam, is calculated 
by finding the difference of weight of Ni foam before 
and after slurry coating. Prior to the electrode prepara-
tion, the NF was washed with 3 M HCl, acetone, ethanol, 
and DI water, respectively, in an ultrasonic bath for each 
10 min to eliminate NiO layer on the NF surface. The 
cleaned NF was dried in a vacuum oven at 60 °C for 2 h.

Material characterization

Crystalline nature and phase identifications of the as-
prepared samples are carried out using powder XRD with 
Cu Kα radiation (D8, Bruker). The functional groups of 
prepared samples were investigated by FTIR spectros-
copy (PerkinElmer-1600). The morphology analysis of 
NC and different weight ratio of rGO NCR (1–3) samples 
is performed by FE-SEM (JEOL 6360). A Raman spec-
troscopic study of the synthesized samples was carried 
out using Renishaw Raman spectrometer coupled with 

laser source of wavelength 514 nm. XPS was performed 
using hemispherical analyzer EA 15 (PREVAC) equipped 
with dual anode non-monochromatic X-ray source RS 
40B1 (PREVAC). The measurements were performed 
using Al Kα (1486.6 eV) radiation and analyzer pass 
energy of 100 eV. The electron binding energy (BE) scale 
was calibrated at the maximum of C 1 s core excitation 
at 285 eV.

Electrochemical studies

The electrochemical measurements were carried out 
on Bio-Logic (SP-300) electrochemical workstation in 
a three-cell electrode configuration. The as-fabricated 
NF electrode was used as working electrode; saturated 
calomel electrode (SCE) and Pt-wire were utilized as 
reference and counter electrode, respectively. The elec-
trochemical activities of the as-prepared pristine NC and 
ternary material composites (NCR-1, NCR-2 and NCR-3) 
were evaluated using cyclic voltammetry (CV), galva-
nostatic charge–discharge (GCD), and electrochemical 
impedance spectroscopic (EIS) techniques. The electro-
chemical performance was measured within the potential 
range of 0 to 0.6 V in 3 M KOH aqueous electrolyte. 
The specific capacitance (SC) of the fabricated electrode 
materials was estimated from the CV profiles using the 
following Eq. 1:

where SC represents the specific capacitance (F/g), v denotes 
the scan rate (mV/s), m is the mass loading of the active 
material, ΔV  represents the potential window (V), and 
∫ Vf

Vi
I(V)dV  denotes the integral area under the CV curve. 

The specific capacitance (SC) of the fabricated electrode 
was calculated from the GCD curves by the following Eq. 2:

where SC represents the specific capacitance (F/g), I denotes 
the current density (A), Δt is the discharge time (s), Δv rep-
resents the potential window (V), and m denotes the mass 
(g) of the active material (Narthana et al. 2021; Gholami 
and Arvand 2021).

To understand the reproducibility of NCR compos-
ites, four similar electrodes were fabricated using the 
best sample. The reproducibility of the electrodes of the 
best sample was conducted by analyzing CV measure-
ments carried out at 20 mV  s−1 and GCD measurements 
carried out at a current density of 15 mA  g−1 in 3 M 
KOH electrolyte using electrochemical work station. The 

(1)SC =
1

v × m × (ΔV)∫
Vf

Vi

I(V)dV

(2)SC =
I × Δt

m × Δv
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reproducibility of the samples was also tested by compar-
ing GCD measurements obtained at 15, 16, 17, 18 and 
20 mA  g−1 current densities for all the four electrodes. 
The electrodes were thoroughly cleaned with distilled 
water several times, dried it and placed inside the vac-
uum desiccator before every measurement.

Results and discussion

The crystal phase purity of the prepared samples was 
evaluated by powder X-ray diffraction (PXRD) experi-
ment, depicted in Fig. 1. The XRD spectra of all the 
samples (Fig. 1a, b, c, d) exhibit the diffraction peaks 
at 2θ angles of 18.44°, 30.33°, 32.68°, 35.73°, 37.39°, 
40.49°, 48.87°, 50.17°, 52.68°, 56.29°, 57.48° and 
59.76°, which can be indexed to the planes (110), 
(101), (300), (021), (220), (211), (131), (410), (401), 
(321), (330) and (012) of rhombohedral phase of β-NiS 
(JCPDS: 12–0041), respectively (Xie et al. 2021; Bhag-
wan et al. 2020). Similarly, they exhibit the diffraction 
peaks at 2θ angles of 27.89°, 28.09°, 29.38° and 46.63°, 
which can be indexed to the planes of (024), (262), (342) 
and (076) of orthorhombic  Cu2S, respectively (JCPDS: 
12–0227) (Rahaman et  al. 2020). In addition to the 
above diffraction planes, the XRD patterns of NCR-1, 
NCR-2 and NCR-3 also exhibit newer diffraction peaks 
at 2θ = 27.85° and 29.27°, corresponding to (024) and 
(342) planes of  Cu2S, the intensity of which increases 
as we increase the concentration of rGO. This clearly 
indicates that the increased rGO concentration in NCR-2 

and NCR-3 nanocomposites induced a phase change in 
 Cu2S. The XRD of all samples possesses distinct peaks 
at 44° and 51.2°, which correspond to (111) and (200) 
peaks of Ni-Cu (JCPDS: 65–7246). Thus, from the char-
acteristic XRD, peaks analysis indicates the formation 
of β-NiCu2S.

The XRD graph of as synthesized graphene oxide is 
given in Fig. 1a. A strong peak at 2θ = 11.9° correspond-
ing to (001) plane of GO clearly indicates that the synthe-
sized GO is of high quality and good crystallinity (Sibu-
rian et al. 2018). There is also a weak peak present at 
2θ = 26.49° that can be ascribed to the disordered charac-
ter of graphitic structure caused by oxidation process and 
also indicates the traces of unoxidized graphite (Gurzęda 
et al. 2017). Whereas in Fig. 1b, c, d, the signature peak 
of GO (2θ = 11.9°) is totally absent and whereas the peak 
at 2θ = 26.3° which corresponds to the π-conjugated 
structure of graphene is of high intensity which clearly 
indicates that the added GO into the β-NiCu2S reaction 
mixture was completely reduced to reduced graphene 
oxide (rGO) after hydrothermal treatment due to the pres-
ence of hydrazine hydrate (Shoeb et al. 2021; Hu et al. 
2020; Hidayah et al. 2017). In Fig. 1b, c, d, there are weak 
intensity peaks present at approximately 2θ = 26.32°, 
42.63°, and 54.97°, which correspond to the (002), (100) 
and (004) reflection planes of rGO, respectively (Singh 
et al. 2021). It is clearly evident that the added GO into 
the β-NiCu2S reaction mixture is completely reduced to 
reduced graphene oxide (rGO) after hydrothermal treat-
ment due to the presence of hydrazine hydrate (Shoeb 

Fig. 1  XRD pattern of (a) GO, (b) NC, (c) NCR-1, (d) NCR-2 and (e) 
NCR-3 Fig. 2  FTIR spectrum of (a) NC, (b) NCR-1, (c) NCR-2 and (d) 

NCR-3
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et al. 2021; Hu et al. 2020). It can be seen that the XRD 
patterns of prepared nanocomposite peak has no other 
impurity peaks. Also, it is noticed that the intensity of the 
peaks increases with respect to increase in rGO composi-
tion, as evident from Fig. 1. This clearly indicates that 
the synthesized samples are highly pure and crystallinity 
increases with increase in rGO concentration. Pure and 

high crystalline sample can provide a fast diffusion chan-
nel for ions and promote the electrochemical reaction in 
supercapacitor application (Wang et al. 2019).

The FTIR spectra of the as-synthesized materials such 
as pristine NC and their rGO nanocomposites (NCR-1, 
NCR-2 and NCR-3) are shown in Fig. 2. All the samples 
exhibit stronger absorption bands around 632  cm−1 and 
740   cm−1, which can be ascribed to Ni–S bond vibra-
tion in c (Jansi et al. 2019) and Cu–S vibration in  Cu2S 
(Yu et al. 2016). The appearance of peak at 1612  cm−1 
metal–OH stretching vibration in NCR-1 to NCR-3 sam-
ples indicates the formation of NC-rGO composites 
(Kamalanathan and Gopalakrishnan 2015). The peak at 
3466  cm−1 is ascribed to the stretching vibration of O–H 
bonds due to the presence of moisture in all the com-
posite samples. The absorption bands at 1738, 1367 and 
1111  cm−1 observed in NCR-1 to NCR-3 samples can be 
ascribed to the stretching vibrations of C = O from car-
bonyls groups, carboxyl stretching C–OH of O = C–OH, 
and C–O alkoxy groups present in the rGO, respectively. 
Similarly, the characteristics rGO absorption peaks at 
2920 and 2850  cm−1, corresponding to C–H stretching 
in asymmetric and symmetric vibrations, respectively, 
are found to be absent in NC. As it is noticed that these 
characteristics rGO peaks are less in intensity in NCR-1 
to NCR3 samples. This indicates the maximum reduction 
of GO to rGO during the hydrothermal synthesis. Among 
NCR samples, NCR-3 possesses slightly higher intensity 
characteristic peaks of rGO, which can be due to the 
presence of high rGO concentration. The additional peak 

Fig. 3  Raman spectrum of (a)  NC, (b)  NCR-1, (c)  NCR-2 and 
(d) NCR-3

Fig. 4  FE-SEM images of (a) 
NC, (b) NCR-1, (c) NCR-2 and 
(d) NCR-3
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present at 1027  cm−1 corresponds to C–O stretching mode 
that arises from the adsorbed carbon and oxygen atom in 
the samples from the atmosphere (Narthana et al. 2021).

The Raman spectra of all the synthesized samples have 
been analyzed and presented in Fig. 3. The Raman peaks 
around 245 and 280  cm−1 correspond to β-NiS vibration 
(Bishop et al. 1998). These peaks are weakly present in 
NC and NC-3, whereas these peaks are intense in NCR-1 
and NCR-2. A weak vibrational mode observed around 
341   cm−1 present in all the samples belongs to β-NiS 
vibration (Li et al. 2007). On the other hand, the vibra-
tional mode at 472  cm−1 corresponds to  Cu2S (Lai et al. 
2010), which is present in all the samples. The difference 
in the characteristic bands of Raman spectra among differ-
ent samples is thought to be caused by the change in the 
coordination state of metal ion and/or the microstructure of 
the NiS or  Cu2S nanoparticles, which is evident from the 
FESEM images in Fig. 4. Thus, the Raman analysis of all 
the samples confirms the presence of β-NiCu2S, which is 
in agreement with the XRD results. The presence of rGO 
in the samples is analyzed using D and G bands in Raman 
spectra. All the composite samples have their D and G 
band present at 1352  cm−1 and 1580  cm−1, whereas these 
peaks are absent in pristine NC sample, thus confirming 
the presence of rGO in composites. The D band observed 
at around 1352  cm−1 indicates the features of  sp3 defects 

in carbon, while the G band observed around 1579  cm−1 
represents the in-plane vibrations of  sp2 bonded carbons 
(Perera et al. 2012; Rao et al. 2011). The intensity ratio of 
the D band to the G band (ID/IG) is calculated in general 
to study the order of defects in rGO or graphene (Perera 
et al. 2012). The ID/IG values are calculated to be 1.1, 0.95, 
and 0.6 for NCR-1, NCR-2 and NCR-3, respectively. It is 
observed that the ID/IG value decreases with increase in 
rGO concentration in the composite samples. The high 
ID/IG ratio of NCR-3 implies that the sample has lower 
density of defects present in rGO compared to NCR-1 and 
NCR-2 composites. Also, the decrease in the ID/IG ratio 
denotes the increase in the number of rGO layers (Yoon 
et al. 2009). This can be attributed to the increase in rGO 
composition in NCR-3. It is also noted that, in NCR-3, the 
G band is broadened, while the intensity of the D band 
increases slightly when compared to NCR-1 and NCR-2, 
which can be attributed to the significant decrease in size 
of the in-plane  sp2 domains (Shen et al. 2011). A weak 
peak at 1430  cm−1 in NCR-3 could be attributed to  sp3 
hybridization-rich phase of amorphous carbons (Chadha 
et al. 2021), which may be present due to the high con-
centration of rGO. The results from Raman spectra analy-
sis demonstrate the successful reduction of GO to rGO 
during hydrothermal treatment as well as the formation of 
β-NiCu2S/rGO composites.

Fig. 5  XPS spectra of NCR-3 
nanocomposite: (a) Ni 2p, (b) 
Cu 2p, (c) S 2p and (d) C1s 
level spectra
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The morphology of as prepared pristine NC and NCR-
1, NCR-2 and NCR-3 composites was analyzed using FE-
SEM (Fig. 4). The SEM image of pristine NC (Fig. 4a) 
exhibited distinct rod like structure. Thereby in Fig. 4b, 
c, d, it is noticed that the β-NiCu2S nanorods are wrapped 
with rGO nanosheet on their surface. The rGO nanosheet 
wraps around β-NiCu2S nanorods increase their contact 
surface area, which paves way for efficient redox reaction 
due to enhanced charge transfer and conductivity of the 
composite samples. The nanorods are less visible and 
rGO sheet morphology is more prominent with increase 
in rGO weight percent as in NCR-3, indicating a dense 
wrap of rGO nanosheets over  NiCu2S nanorods compared 
to NCR-2 and NCR-1 (Hu et al. 2021; Huang et al. 2021).

The wrapping of rGO nanosheets over β-NiCu2S 
nanorods increases their contact surface area, which 
paves the way for efficient redox reaction due to 
enhanced charge transfer and conductivity (Xu et  al. 
2020). The protective layers of rGO also aid in improving 

the material conductivity and also avert the aggregation 
of β-NiCu2S nanoparticles (Wang et al. 2020a). The aver-
age length and diameter of the nanorods are calculated 
to be 270 and 100 nm for NC, 220 and 75 nm for NCR-1, 
250 and 60 nm for NCR-2 and 230 and 63 nm for NCR-3.

The chemical composition and the oxidation state of 
NiCuS/rGO are studied using XPS. The Ni 2p spectra 
of NiCuS/rGO are deconvoluted, as shown in Fig. 5a. 
The peaks located at 873.5 eV and 855.9 eV represent 
Ni  2p1/2 and Ni  2p3/2, respectively, with their satellite 
peaks present at 883.6, 864.7 and 860.8 eV (Beigbaghlou 
et al. 2018). This indicates that Ni is present in the form 
of  Ni2+. The peak at 852.9 eV is due to the presence of 
metallic Ni  (Ni0) on the surface (Hengne et al. 2018; 
Cao and Cheng 2019) due to NiCu alloy phase. The Cu 
spectra of the sample have Cu  2p3/2 peak at 932.8 eV 
and Cu  2p1/2 peak at 952.8 eV, which suggest that Cu is 
in the form of  Cu2S (Kar et al. 2014), which is evident 
from the XRD, Raman, and FTIR spectra results. The 

Fig. 6  CV profile of (a) NC, (b) NCR-1, (c) NCR-2 and (d) NCR-3
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deconvolution of Cu 2p spectra is presented in Fig. 5b, 
in which the peaks centered at 954.6 eV and 952.2 eV 
correspond to Cu  2p1/2, whereas the peaks centered at 
934.8 eV and 932.7 eV correspond to Cu  2p3/2. The peaks 
centered at 962.1 eV and 942 eV are the satellite peaks 
of Cu 2p (Cao and Cheng 2019). In Fig. 5c, the decon-
volution of S 2p spectra gives rise to three peaks, in 
which the peaks centered at 163.8 eV and 162.1 eV cor-
respond to S  2p1/2 and S  2p3/2, respectively. The shake-up 
satellite peak present at 168.2 eV can be attributed to 
the presence of surface adsorbed sulfur species, such as 
 SO4

2− and  HSO4
− (Khani and Wipf  2017; Justin et al. 

2019). From Fig. 5d, the presence of rGO is confirmed 
by analyzing the C 1 s spectra of the sample. The decon-
volution of C 1 s spectra gives rise to four peaks centered 
at 284.5, 286, 287.6 and 290 eV, which correspond to 
the graphitic  sp2 hybridized graphitic carbon (C = C), the 
graphitic  sp2 carbon atom (C–O), the carbonyl (C = O), 

and the carboxyl carbon (HO–C = O), respectively, which 
confirm the presence of rGO in the sample (Zhang et al. 
2021b).

Electrochemical performance

The electrochemical performance of electrodes prepared 
with NC, NCR-1, NCR-2 and NCR-3 is evaluated by CV, 
GCD and EIS measurements via 3-electrode cell con-
figuration in 3 M KOH aqueous electrolyte. Figure 6 dis-
plays the cyclic voltammograms of NC, NCR-1, NCR-2 
and NCR-3 electrodes performed at a scan rate of 5 to 
100 mV  s−1 in the potential range from 0.0 to 0.6 V. The 
CV profiles of all the fabricated electrodes exhibited a 
pair of redox peaks, which confirm that the charges are 
stored in a Faradic manner under redox reactions (Xu 
et al. 2020). The observed pair of oxidation and reduction 
peaks in Fig. 6 resulted from  Ni2+/Ni3+ and  Cu+/Cu2+ 
redox reactions (Wu et al. 2018). From Fig. 6a, b, c, d, 
it is observed that the area under the CV curves of all 
pristine and nanocomposite samples are increasing with 
increase in the sweep rate over 5 to 100 mV  s−1 which is 
attributed to the minimal internal resistance at the elec-
trode–electrolyte interface (Xie et al. 2021).

It is noticed, from the CV of NCR composite samples, 
that as the scan rate increases, the oxidation and reduc-
tion peaks were shifted to the higher and lower potentials, 
respectively. Among all the electrodes, NCR-3 shows the 

Fig. 7  (a) Comparison of CV 
profile for all fabricated samples 
of NC, NCR-1, NCR-2 and 
NCR-3 at 5 mV  s−1; (b) scan 
rate vs specific capacitance; 
and (c) comparison of specific 
capacitance of the fabricated 
electrodes at the scan rate of 
5 mV s.−1

Table 1  Calculated specific capacitance at the scan rate of 5 mV  s−1

Electrode materials Scan rate (mV  s−1) Specific 
capacitance  
(F  g−1)

NC 5 666.7
NCR-1 5 1088.9
NCR-2 5 1333.4
NCR-3 5 1755.6
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largest CV area (Fig. 6d), hinting that the incorporation 
of rGO (0.15 wt.%) has improved the electrochemical 
performance of the  NiCu2S/rGO composite (Sabeeh et al. 
2021; Ndambakuwa et al. 2021). This electrode also pos-
sessed high stability during the electrochemical process. 
The redox peaks of NCR-3 are observed to be high due to 
the high amount of rGO present in the sample compared 
to NCR-1 and NCR-2 (Darsara et al. 2021; Miao et al. 
2020). The CV profiles of all the electrodes at 5 mV 
 s−1 (Fig. 7a) are compared and it is noticed that NCR-3 
exhibits larger area compared to other composite sam-
ples. The overall specific capacitances (SC) are calcu-
lated using Eq. 1 from Fig. 7a and displayed in Table 1.

From Table 1, it is noted that the fabricated NCR-3 
electrode delivers maximum SC of 1755.6 F  g−1 at 5 
mV  s−1, which is attributed to the enhanced surface to 
volume ratio and efficient electron transport property 
due to the presence of large amount of rGO and its effi-
cient interface with  NiCu2S. The SC values are calculated 
with respect to different scan rates and are plotted in 
Fig. 7b. It is noticed that the SC values are decreased 
when the scan rate is increased, which is because of the 
deficient time for the electrolyte ions to diffuse into elec-
trode inner pores at higher scan rates (He et al. 2020). 
Also, it is noticed that the specific capacitance value 
is dependent on the rGO concentration in the samples. 
Among all samples, it is noticed that NCR-3 has higher 
specific capacitance in all scan rates compared to other 

composites (NCR-1 and NCR-2) and pristine NC owing 
to the higher rGO concentration. Also, the CV profile of 
NCR-3 electrode shows high specific surface-active area 
compared to pristine NC, NCR-1 and NCR-2, respec-
tively, at same scan rate of 5 mV  s−1, as shown in Fig. 7c.

The galvanostatic charge/discharge studies are carried 
out for pristine NC and composite NCR-1, NCR-2 and 
NCR-3 electrodes in 3 M KOH electrolyte with potential 
window from 0.0 to 0.6 V for different current densities 
of 15, 16, 17, 18 and 20 mA   g−1, which are depicted 
in Fig. 8a, b, c, d. The distinct voltage plateaus in the 
GCD curves exhibit the battery-supercapacitor hybrid 
characteristics, which is consistent with the results of 
CV curves in Fig. 6a, b, c, d. Figure 8 shows typical 
supercapacitor characteristics with excellent electro-
chemical capacitive nature and superior electrochemical 

Fig. 8  GCD curves of (a) NC, 
(b) NCR-1, (c) NCR-2 and (d) 
NCR-3

Table 2  Calculated specific capacitance at the current density of 
15 mA  g−1

Electrode materials Current density  
(mA  g−1)

Specific 
capacitance 
(F  g−1)

NC 15 527
NCR-1 15 648
NCR-2 15 991
NCR-3 15 1583

18555

1 3



1 3

Environmental Science and Pollution Research (2023) 30:18546–18562

reversibility (Gholami and Arvand 2021). Compared to 
pristine NC electrode (Fig. 8a), the nanocomposite NCR-
1, NCR-2 and NCR-3 electrodes in Fig. 8b, c, d shows 
the longest charge–discharge time and highest specific 
capacitance, which is in good agreement with the CV 
results discussed above. The SCs are calculated from dis-
charge time in corresponding GCD curves using Eq. 2, 
which are displayed in Table 2.

Among the electrodes, NCR-3 exhibited higher spe-
cific capacitance values, as shown in Fig. 9a, b, which 
is in agreement with the CV results. The stability is 
tested for NCR-3 electrode, which is the best perform-
ing sample, the results of which are presented in Fig. 9c. 
It suggests that NCR-3 retained about 89% of its initial 
capacitance after 5000 cycles at 18 mA  g−1. The cycling 
stability results show remarkable rate capability of com-
posites owing to its high electrochemical stability. This is 
because of the increase in concentration of rGO, leading 
to the increase in high surface to volume ratio result-
ing in efficient ion transfer in the electrode/electrolyte 
interface (Nandhini and Muralidharan 2021; Boopathi-
raja et al. 2020).

The interfacial charge transport resistance of the elec-
trolyte/electrode material interface for all the pristine and 
composite samples is measured using EIS-Nyquist plot 

Fig. 9  GCD analysis of (a 
and b) specific capacitance of 
fabricated electrodes NC, NCR-
1, NCR-2 and NCR-3 and (c) 
represent capacitance retention 
of NCR-3 electrode at 5000 
cycles

Fig. 10  EIS profile of (a) NC, NCR-1, NCR-2 and NCR-3

Table 3  The charge transfer resistance of synthesized samples

Electrode materials Charge transfer resistance, 
Rct (Ω  cm−1)

NC 28
NCR-1 19
NCR-2 15
NCR-3 12
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analysis done in the frequency range from 100 kHz to 
0.1 Hz depicted in Fig. 10 using three electrode systems. 
The Nyquist plots of all the sample electrodes possessed 
a small semicircle in high frequency region (Rct), which 
indicates lower charge-transfer resistance at the interface 
between the electrode/electrolyte. Also, a straight line 
nearer to the imaginary axis (Rs) with shorter length fre-
quency, observed in the low frequency region, suggests 
low ion diffusion resistance from the electrolyte to the 
surface of the electrode (Ma et al. 2020). The calculated 
Rct values are displayed in Table 3.

Reproducibility analysis

The reproducibility of the performance of the best sample 
(NCR-3) was analyzed to evaluate the practical application 
of a supercapacitor. The as-fabricated four similar NCR-3 
electrodes were named as electrode a, electrode b, elec-
trode c and electrode d. The obtained CV at 20 mV  s−1 scan 
rate and GCD curves at 15 mA  g−1 current density of the 
four fabricated electrodes are depicted in Fig. 11a, b. The 
shape of the CV curves remains quasi-rectangular pattern 
for all the four prepared electrodes with least variation in 
the geometric area. The GCD curves remain almost similar 
in shape for all the four electrodes and possess excellent 
specific capacitance of 1597 F  g−1, 1590 F  g−1, 1583 F  g−1 
and 1575 F  g−1 for electrode a, electrode b, electrode c, and 
electrode d, respectively, at current density of 15 mA  g−1. 
The slight variation in specific capacitance value might be 

due to the minor change in the loaded mass of each of the 
electrode samples as specific capacitance is inversely pro-
portional to mass loading. The rate capability for the four 
NCR-3 electrodes is evaluated for three consecutive cycles 
at each current density of 15, 16, 17, 18 and 20 mA  g−1 
whose variation is depicted in Fig. 11c. Similar patterns are 
observed in the graph for three consecutive cycles for all 
the current densities. It is also found that the rate of change 
of capacitive response for all the four electrodes is almost 
same. These results indicate that the synthesized NCR-3 
composite has good stability with high reproducibility 
(Sarmah and Kumar 2019; Li et al. 2011; Li et al. 2022).

Compared with pristine NC, the performance of rGO 
wrapped NCR-1, NCR-2 and NCR-3 samples possessed 
unique structure and morphology, which provides abun-
dant electroactive sites. The higher rGO concentration 
helps in improving better stability, high contact area, and 
high electrochemical activity. The overall results illus-
trate that NCR-3 is a promising electrode material for 
supercapacitor applications, which exhibits satisfactory 
electrochemical behaviors, including high specific capac-
itance, good cycle stability, and high reproducibility.

Conclusion

The novel electrodes of pristine nickel copper sulfide and 
their composites with different concentrations of rGO 
nanosheets are synthesized using facile hydrothermal 

Fig. 11  Reproducibility test of 
(a) CV graphs of four elec-
trodes taken at a scan rate of 
20 mV  s−1, (b) GCD graphs of 
four electrodes at 15 mA  g−1 
current density, and (c) rate 
capability of the four electrodes 
at 15, 16, 17, 18 and 20 mA  g−1 
current density for three con-
secutive GCD cycles
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technique. The synthesis procedure gives rise to rGO 
sheets wrapped β-phaseNiCu2S nanorods, which is clear 
from XRD, FTIR, Raman, FESEM and XPS analysis. It 
is noted that GO is completely reduced to rGO during the 
synthesis of  NiCu2S/rGO composites. The electrochemi-
cal investigation states that the  NiCu2S/rGO composites 
perform better than pristine  NiCu2S nanorods. Among 
different rGO composites, the  NiCu2S nanorod compos-
ite with 0.15 wt.% of rGO exhibited high specific capaci-
tance of 1583 F  g−1 at 15 mA  g−1 with excellent stability 
having capacitance retention of 89% after 5000 cycles 
possessing high reproducibility and rate capability.
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