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ABSTRACT  

 

The fascinating properties of transition metal chalcogenides, including their distinctive 

morphologies, large surface areas, crystal structures, tunnel bandgaps, and structural stability, 

have led to a widespread acceptance of these compounds as ideal electrode materials for energy 

and environmental applications. Incorporating additional metal chalcogenides into metal 

chalcogenides to form a heterostructure can further enhance their electrical conductivity and 

provide them with more active sites. Herein, a simple hydrothermal method is used to synthesize 

a heterostructure CuS@CdS nanocomposite by integrating Copper sulphide and Cadmium 

sulphide. X-ray diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy were 

used to ascertain the phase formation and structural properties of the synthesized compounds. 

The electrochemical properties of the obtained materials were investigated. In a three-electrode 

configuration, a heterostructure CuS@CdS nanocomposite delivers high-specific capacitance 
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(543.6 Fg
−1

 at 1 Ag
−1

) with excellent rate capability and outstanding cycling stability. A 

heterostructure CuS@CdS nanocomposite and activated carbon were employed as the negative 

electrode/positive electrode to construct an all-solid-state asymmetric supercapacitor device for 

real-world applications. This fabricated device exhibits a high energy density of up to 34.9 

Wh.kg
-1

 and power density of 798.1 W.kg
-1

 and outstanding cyclic stability and retains up to 

95.5 % over 3000 cycles. The outstanding results demonstrate that the CuS/CdS nanocomposite 

is an appropriate electrode material for a high-performance supercapacitor. 

 

Graphical Abstract 

 

 

 

Keywords: Copper sulfide, Cadmium sulfide, heterostructures, electrochemical measurements, 

solid state supercapacitor device. 

1 INTRODUCTION  

With the tremendous development of electronic devices, environmental consequences 

associated with them have introduced new pathways for developing renewable energy sources 
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and storage technologies with promising prospects like high energy/power density, extended 

cycle stability, etc [1-5]. Among the various energy storage systems, batteries and 

supercapacitors (SCs) are the most well-known energy storage technologies with notable 

accomplishments for next-generation electronic devices [6]. Unfortunately, batteries have long 

been limited to ambient temperature because of their constraints of producing thermal 

fluctuations during the performance and having a low power density [7]. On the other hand, 

supercapacitors have fascinating characteristics such as being cost-effective, high-power density, 

prolonged cyclic stability, high columbic efficiency and eco-friendly as compared to other 

energy storage devices, namely, fuel cells and batteries [8-10]. Three types of supercapacitors-

battery-type capacitors, pseudocapacitors, and electrochemical double-layer capacitors (EDLCs) 

can be distinguished from each other based on their storage mechanism. Moreover, three 

different types of supercapacitor devices can be commercialized: symmetric, asymmetric, and 

hybrid, these devices are sustainable energy storage with a variety of applications, including the 

automotive industry, hybrid electric cars, and military equipment [11]. Electrochemical double-

layer capacitors' charge storage mechanism involves electrostatic energy storage; as a result, the 

electrode/electrolyte interfaces cause electrolyte ions to be absorbed and desorption at the surface 

of the electrode materials during the charge/discharge mechanism. In general, EDLC electrode 

materials are activated carbon (AC), graphene oxide, carbon nanotubes (CNT), and carbon black 

[12-14]. In the meantime, pseudocapacitors have electrochemically stored the energy; when the 

external voltage is applied to the electrode materials, the electrochemical reaction occurs 

between the electrode and electrolyte solutions because of the oxidation and reduction process 

between electrode materials and electrolyte solutions [15]. Pseudocapacitors utilize conducting 

polymers, and transition metal oxides/metal sulphides as their electrode components. [16,17]. In 

comparison to EDLCs, the pseudocapacitors electrochemical performances showed better 

specific capacitance and higher energy density. In battery-type supercapacitors, energy is stored 

electrochemically; during the redox reaction, anions/cations are intercalated into the crystal 

matrix of the active materials as a result of this phenomenon, the active materials are changed 

into a new phase [18]. Compared to EDLCs and pseudocapacitors materials, battery-type 

materials exhibit higher capacitance. Nevertheless, compared to batteries, supercapacitors have a 

lower energy density (10 Wh kg-1), which limits their use in several electronic devices. Hence, 
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the research community still has to be addressed to enhance the energy density of 

supercapacitors. 

To increase the energy density of supercapacitors, it is necessary to address two key 

characteristics: the operating potential window (V) and the specific capacitance (Csp) of the 

device. Developing electrode materials with characteristic morphologies that have a wide surface 

area, a porous structure, and high electrical conductivity can increase the specific capacitance 

while employing the right electrolytes can improve the operating potential window (V) of the 

device. The energy density of supercapacitor devices is commonly increased using the 

techniques mentioned above. Recently, the research community has investigated and developed a 

variety of electrode materials to improve the overall performance of the supercapacitor device, 

but much more effort is still essential. 

Noble metals have been employed as an electrode material for supercapacitors and, 

because of their various oxidation states, offer excellent capacitance than other materials. Due to 

their poisonous and restricted nature, many noble metals are not suitable for practical 

application. On the other hand, due to their additional valence states, morphologies, surface 

areas, and crystal structures, transition metal chalcogenides are widespread on Earth and exhibit 

outstanding physiochemical properties. These characteristics have the fascinating potential for 

use in a wide range of sectors, including energy conversion and storage [19]. For instance, ZnS, 

[20], CdS [21] and CoS [22] have drawn considerable interest because of their high-performance 

energy storage. Copper sulphide, one of several metal sulphides, has drawn a lot of attention 

from researchers because of its narrow band gap (1.63-1.87eV) energy, intriguing structure, 

morphologies, an abundance of electronic and defect states, and environmental friendliness. As a 

result, it is employed in a vast array of applications, including energy conversion and storage, 

switches, optical filters, chemical sensors, catalysis, and many more. Besides, due to the valance 

state of 3p in the sulphur S atom's role as an electron acceptor, CuS has been exploited as a 

suitable electroactive material in recent years [23]. Hence, CuS nanoparticles effectively interact 

with other materials to form heterostructures, which will change the characteristics of the 

material such as surface area and band gap variation and so improve its electroactive capabilities. 

Because of their excellent electrical conductivity, rich valence state, and smaller bandgap, CuS-

based heterostructures nanocomposite materials, such as CuS/CoS [24] and CuS/MnS [25], are 
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suitable for energy storage applications (0 to 2 eV). The superb n-type semiconductor cadmium 

sulphide (CdS) has numerous exceptional physicochemical characteristics. It has prospective 

uses in several scientific domains, including solar cells, photocatalysis, and light-emitting diodes 

for large-screen displays [26]. Many studies have documented the existence of CdS 

nanostructures with various morphologies, including nanorods, due to an overabundance of 

cadmium atoms, it has sulphur vacancies, which is what gives it its semiconducting properties 

[27]. To address the issues, it is essential to have a rational structure design in order to increase 

the storage performance. CuS-based heterostructures play a significant role in improving the 

performance of storage systems among all techniques. As one of the reasons for this, there are a 

number of active components utilized in the storage of metal ions, all working synergistically in 

order to combine the advantageous characteristics of each structure without the disadvantages, it 

is easy to build p-n junctions at the boundary between CuS and CdS, which can assist the 

movement of photoexcited electrons from CuS to CdS due to the generation of internal electric 

fields. 

Considering the above-mentioned discussions, it was decided to synthesize CuS 

nanoparticles decorated CdS (CuS/CdS) heterostructure using a simple hydrothermal approach. 

The morphologies, crystal structures, porous nature, and thermal characteristics were examined 

to evaluate the physicochemical parameters. In addition, a half-cell configuration was employed 

to investigate the electrochemical performances of the obtained materials. The resultant CuS/CdS 

nanocomposite electrode exhibits prolonged cyclic stability and higher specific capacitance than 

CuS and CdS nanoparticle electrodes. Furthermore, a complete solid-state asymmetric 

supercapacitor (AC||CuS/CdS) device was designed. The fabricated ASC provided improved 

cyclic stability along with higher energy and power densities. The interaction between the 

nanomaterials CuS and CdS ultimately provides the ASC with its enhanced performance. As a 

result, the constructed all-solid-state supercapacitor device exhibits an outstanding 

electrochemical performance with a unique combination. 

2 EXPERIMENTAL SECTIONS 

2.1 Materials  

The following substances were acquired from Sigma-Aldrich: sodium sulphide 

nonahydrate (Na2S9H2O), cadmium (II) acetate monohydrate (C4H8CuO5), and copper (II) 
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acetate dihydrate (Cd(CH3COO)2 2H2O). Merck Chemicals provided the polyvinylidene 

difluoride (PVDF), carbon block, and N-methyl pyrrolidone (NMP). The Millipore water 

purification facility provided deionized water that was used for synthesis and cleaning. 

2. Preparation of CuS@CdS core-shell nanocomposite 

In this study, a straightforward one-pot hydrothermal technique was used to synthesize a 

CuS@CdS core-shell nanocomposite. The precursors Copper (II) acetate monohydrate 

(C4H8CuO5), Cadmium (II) acetate dihydrate (Cd(CH3COO)22H2O), and thiourea (CH4N2S) were 

combined in a 1:1:2 ratio for Cu, Cd, and S, and then dissolved in 60 ml of water while being 

continuously stirred for 60 minutes. The resulting solutions were then put into an autoclave that 

was lined with Teflon. For 24 hours, a sealed autoclave was held at 180 °C in a furnace. The 

black precipitate was produced and repeatedly rinsed with 100% ethanol and deionized water 

after cooling to room temperature. To remove the moisture of the materials, it was dried in a 

vacuum oven at 80 °C overnight to obtain the CuS@CdS nanocomposite. In the synthesis of CuS 

and CdS nanoparticles, a similar method was followed without adding the cadmium and copper 

precursor. The formation of the CuS@CdS nanocomposite is described in the figure. 1 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

 

Scheme.1. Schematic illustration of the preparation of CuS@CdS nanocomposite 

2.5 Materials Characterization 

Powder X-ray diffraction was used to study the phase identification (PANalytical, using 

Cu K radiation, =0.15405 nm). Thermo Scientific K-Alpha X-ray photoelectron spectroscopy 

(XPS) and Fourier transforms infrared spectroscopy were used to assess the chemical 

composition and functional groups of the materials. SEM (Zeiss 18 SEM) and transmission 

electron microscopy were used to examine the morphologies and chemical content of the 

prepared materials. N2 adsorption-desorption isotherms were utilized to estimate parameters, and 

then the Brunauer-Emmett-Teller method was used to calculate the specific surface area and pore 

size distribution using the QUADRSORP SI analyzer. 

2.6 Electrochemical measurements 

The as-synthesized CuS@CdS core-shell nanocomposite, activated carbon, and 

polyvinylidene fluoride were mixed in a weight ratio of 80:10:10 to construct the working 

electrode. The resultant slurry was then applied to a processed Ni foam substrate of 1cm ×1cm 

and it was dry for 12 hours at 80 
○
C in the oven, then it was observed that there was around 2 mg 
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of active electrode materials on the nickel foam. The electrochemical methods of cyclic 

voltammetry (CV), galvanostatic charge/discharges (GCD), and cyclic stability were carried out 

in the potential window of 0 V to 0.65 V. The following equation was used to determine the 

specific capacitance and areal capacitance from cyclic voltammograms and galvanostatic charge 

discharges. 

Specific capacitance from CV 

𝐶𝑠𝑝 = ∫
Idv

mυ V
                 (1) 

Specific capacitance from GCD 

𝐶𝑠𝑝 =  
𝐼×∆𝑡

𝑚×∆𝑉
         (2) 

Where, I represents the applied current (A), m signifies the mass of the active material (g), V 

denotes the potential window (V), and t denotes the discharge period of one cycle (s). Csp 

denotes the specific capacitance of the electrode (F/g). 

2.7 Fabrication of the all-solid-state asymmetric supercapacitor device (ASC)  

To developing electrode materials for commercial applications, an all-solid-state 

asymmetric supercapacitor was fabricated. In a full-cell setup, activated carbon and the 

nanocomposite were used as the anode and cathode, respectively. The aforementioned method 

was used to prepare each electrode. The whatman paper and fabricated electrodes were immersed 

in a prepared 3M KOH aqueous gel electrolyte solution. The all-solid-state supercapacitor was 

constructed with an anode and a cathode. The whatman paper was firmly sealed and acted as a 

separator between the electrodes. The electrochemical properties of the all-solid-state 

asymmetric supercapacitor device were evaluated. The device specific capacitance as well as its 

energy and power density were calculated using the formulas below.  

𝐶𝑠𝑝 =
𝐼 × ∆𝑡

∆𝑉 ×𝑚
     (3) 

 

𝐸 =
𝐶𝑠𝑝 × ∆𝑉2

2
       (4) 
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𝑃 =  
∆𝑉 × 𝐼

2𝑚
                 (5) 

 

In this equation, E is the energy density (Wh kg
-1

), P is the power density (W kg
-1

), I is the 

discharge current (A), t is the discharge duration (s), and V is the cell operating potential (V) (g). 

3 RESULTS AND DISCUSSION 

3.1 Structural analysis  

 The phase identification and crystal structure of as-prepared materials including CuS, 

CdS, and CuS@CdS core-shell nanocomposite was evaluated using an X-ray diffractometer. The 

obtained X-ray diffraction patterns of the materials are depicted in Fig.1 (a). According to 

JCPDS data (JCPDS No. 06-0464), the obtained CuS nanoparticles diffraction peaks 2 at 27.80, 

29.32, 31.81, 32.87, 48.15, 52.90, and 59.32 are interpreted as reflecting the hexagonal crystal 

structure of CuS. [22]. The conventional hexagonal phase crystalline structure with (a = 4.121, b 

= 6.682) the lattice parameter of CdS NPs can be ascribed to the diffraction peaks at 23.907, 

25.807, 27.982, 43.681, 47.839, and 51.824, corresponding to the (100), (002), (101), (110), 

(103), and (112) planes (JCPDS No. 41-1049) [21]. Interestingly, the P-XRD pattern of the 

CuS@CdS nanocomposite was correlated including both CuS and CdS diffraction peaks, which 

is validating the formation of CuS@CdS nanocomposite. According to the results, the 

CuS@CdS nanocomposite was formed with a well-refined crystalline structure without any 

impurity peaks. The average crystallite size of the electrode materials was determined using the 

Debye-Scherrer formula. 

  𝐷 =  
0.9 λ 

𝛽𝑐𝑜𝑠𝜃
                        (6) 

 Where K is the slope factor (0.9), is the Bragg diffraction angle, D is the average 

crystalline size of the materials, λ is the X-ray beam wavelength, and is β is the full width at half 

maximum (FWHM). It was determined that the average crystallite size of CuS, CdS, and 

CuS@CdS nanocomposite was 42.9 nm, respectively. 

 Raman spectroscopy was used to determine the crystallization nature and structural 

defects of the materials. Fig. 2 (b) illustrates the results of an investigation into the 200-2000 cm
-

1
 region of the prepared materials Raman spectra at ambient temperature. Two distinguishable 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

peaks were seen in the CuS nanoparticles. The Cu-S bond's vibration mode causes the first peak 

to be positioned at 270 cm
−1

, while the covalent S-S bonds between S2 ions vibrational mode are 

responsible for the second peak at 474 cm
−1 

[28]. CdS nanoparticles have three prominent peaks: 

a prominent intense peak at 302 cm
−1

, which corresponds to the fundamental optical phonon 

mode (LO), and two broad peaks at 603 and 903 cm
−1

, which are associated with the first and 

second overtone modes (2LO and 3LO) of CdS nanoparticles [29]. Raman spectra of CuS and 

CdS peaks were observed in the CuS@CdS nanocomposite, which indicates the formation and 

confirmes the existence of CuS and CdS nanoparticles, which is corroborated by XRD data [30]. 

 

Fig.1 (a) XRD patterns of CuS, CdS, and CuS@CdS nanocomposite (b) Raman spectrum of CdS, 

and CuS@CdS nanocomposite.  

The chemical composition and chemical oxidation states of the CuS@CdS 

nanocomposite were identified using X-ray photoelectron spectroscopy (XPS) analysis. The 

formation of the CuS@CdS nanocomposite is confirmed by the full survey spectrum of the 

material, which reveals the existence of Cd, Cu, and S elements and is also well-matched with 

our experiment. According to Fig. 2 (b), the core level spectra of Cu 2p depict two distinct peaks 

at 932.11 eV and 951.65 eV, which correspond to the Cu 2p3/2 and Cu 2p1/2 states, respectively. 

These peaks represent the oxidation state of Cu
2+

. A confirmation of the chemical oxidation state 

of Cd
2+

 in the CuS@CdS nanocomposite shown in Fig. 2(c) is provided by the high-resolution 

core level spectrum of Cd 3d, which displays two prominent peaks at 405.56 eV and 412.12 eV, 
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respectively, corresponding to Cd 3d 5/2 and Cd 3d 3/2 energy states. Moreover, Fig. 2 (d) depicts 

the core level spectrum of S 2p and demonstrates two peaks that are related to S
2-

 and are 

positioned at energy levels of 162.14 and 163.31 eV, corresponding to S 2p3/2 and S 2p1/2 

respectively, according to the XPS analysis, the surface composition of CuS@CdS 

nanocomposite is composed of Cu
2+

, Cd
2+

 and S
2-

 energy states respectively, which is confirming 

the formation of CuS@CdS nanocomposite and corroborated with the XRD results [31]. 

 

Fig.2 XPS survey spectrum of (a) CuS/CdS nanocomposite (b-d) High-resolution XPS scans of 

Cu 2p, Cd 3d and S 2p, respectively.  
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3.2 Morphological and elemental analysis 

Scanning electron microscope (SEM) analysis was employed to examine the surface 

morphologies and microstructures of prepared materials. Fig.3. illustrates the morphological 

details of the as-prepared components. As depicted in Fig. 3 (a&b), the obtained CuS 

nanoparticles demonstrate a ball-like structure, that was assembled by the interdigitation of 

groups of ultrathin nanosheets. The CdS nanoparticles had uneven morphologies and were made 

up of aggregates of granules distributed in a variety of orientations which is revealed in Fig. 3 

(d&e). The unique morphologies of CuS@CdS nanocomposite have been optimized by choosing 

the appropriate sulfur precursor. Interestingly, the CuS and CdS nanoparticles have been 

distributed in a variety of orientations to form a stable some ball-like nanocluster structure, 

which is shown in Fig. 3 (g&h). The irregular shape CdS nanoparticles and CuS ball-like 

structure morphologies were present here which is indicating the formation of CuS/CdS 

nanocomposite. The obtained morphologies enhance the nanocomposite materials surface area 

due to the synergistic effect of CuS and CdS nanoparticles, which will increase their active sites 

and favorable for remarkable redox reactions. The obtained nanocomposite materials possess 

high electrochemical active sites and will increase the electrode/electrolyte interaction, hence 

resulting in low resistance and outstanding electrochemical performances. EDAX analysis was 

used to determine the chemical composition and elemental identification of the components. The 

Cu and S peaks in Fig. 3 (c) correspond to CuS, demonstrating the formation of CuS 

nanoparticles. The observed peaks Cd and S in Fig. 3 (f) indicate the formation of CdS 

nanoparticles. In the context of the CuS@CdS nanocomposite, both correlating peaks for Cu, Cd, 

and S were observed which is indicating nanocomposite formation as shown in Fig 3 (i). The 

insert table provides the constituent element's weight percentage and atomic percentage. 
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Fig.3 SEM images of (a-c) CuS and (d-f) CdS nanoparticles and (g-i) CuS@CdS 

nanocomposites and its corresponding EDAX spectrum. 

Furthermore, a Transmission electron microscope (HRTEM) was used to examine the 

detailed morphology and inner nanostructure of CuS@CdS nanocomposites. Fig. 4 (a-c).  depicts 

the various magnifications of CuS@CdS nanocomposites obtained images. From these results, 

Intriguingly, ball-like structures ornamented with irregular-shaped of CdS nanoparticles were 

found here, and also CuS small ball-like structure have been have been dispersed in a range of 

orientations which is confirming the construction of CuS/CdS nanocomposite form a stable 

cluster structure, which shows strong agreement with the SEM data. To gain a better 

understanding of the crystalline structure of the composite materials has been subjected to 

selected-area electron diffraction (SAED), as shown in Fig. 4 (d). The obtained results 

demonstrate a series of diffused Debye-Scherer rings, which correspond to the CdS and CdS, 

which is in accordance with results from the XRD. These results confirmed the synergetic effect 

of CuS/CdS nanoparticles. The obtained morphologies enhance the electrode/electrolyte 
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interaction by increasing the number of active sites and structural stability. Also, the structure's 

enhanced surface area could facilitate redox reactions during electrochemical processes.  

 

Fig.4 HRTEM image of (a-c) CuS@CdS nanocomposite with various nm (d) CuS@CdS 

nanocomposite showing lattice images with measured d value. 

3.3 Surface area analysis 

The surface area and porous nature of the compounds play a prominent role in the 

electrochemical performances. The Brunauer-Emmett-Teller (BET) technique was used to 

determine the specific surface area and pore size distribution of the materials. The nitrogen 

adsorption-desorption isotherms and pore size distributions of the initially synthesized materials 

CuS, CdS, and CuS@CdS nanocomposite are shown in Fig. 5, respectively. According to Fig. 

5(a), all of the obtained materials' nitrogen adsorption-desorption isotherms demonstrated typical 
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IV isotherms with significant H3-type hysteresis loops, which are associated with a mesoporous 

structure (2–50 nm) [32]. The prepared materials CuS, CdS, and CuS@CdS nanocomposite have 

attained surface areas of 52.5 m
2
g

-1
, 20.8 m

2
g

-1
, and 40.3 m

2
g

-1
, respectively. Moreover, the 

obtained materials BJH pore size distribution is demonstrated in Fig. 5 (b). The average pore-size 

distribution of respective mesoporous materials CuS/CdS nanocomposite, CuS and CdS 

nanoparticles corresponds to 3.67 nm, 7.52 nm and 9.17 nm respectively.  From these results, the 

CuS@CdS nanocomposite materials demonstrated mesoporous structures as well as larger pore 

volume and high surface area compared to CuS and CdS nanoparticles that were originally 

acquired. CuS@CdS nanocomposite's enhanced specific surface area and extremely porous 

structure enable more active sites to participate in redox reactions during electrochemical 

performances. Especially, the synergistic effect of CuS and CdS composite greatly improves the 

active sides in the CuS@CdS core-shell heterostructure by enabling more channels for 

ion/electron transport kinetics, which enhances the material's specific capacitance values and the 

performance of supercapacitors. 

 

Fig.5. (a) N2 adsorption-desorption isotherm and (b) pore size distribution of CuS, CdS, and 

CuS@CdS nanocomposite. 
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3.4 Functional groups and Thermogravimetric analysis 

As-prepared materials functional groups were examined using Fourier Transform-

Infrared (FT-IR) spectroscopy, as illustrated in Fig. 6 (a). For CuS nanoparticles, the weak 

vibration peak appeared at 630 cm
-1

, which corresponds to the vibrational stretching of the Cu-S 

bond [33]. The stretching vibration of hydroxyl (O-H) is attributed to the occurrence of a broad 

vibration peak at around 3422 cm
-1

. The Cd-S stretching vibration is attributed to the intense 

vibration peaks at 1395, 1106, and 862 cm
-1

. The stretching vibration of the CdS bond is 

responsible for the existence of prominent vibration peaks at 1384 and 1128 cm
-1

. At a 

wavelength of 2921 cm
-1

, the C-H bond stretching vibration was noticed. The stretching 

vibration of the O-H bond causes the wide vibration peak at approximately 3425 cm
-1

, which 

denotes the formation of CdS nanoparticles [34]. CuS and CdS nanoparticles are formed in the 

CuS@CdS nanocomposite, which is indicated by the identification of both CuS and CdS 

corresponding peaks. These results from XRD and Raman are also consistent with this approach 

[35].  

The thermal stability of the materials was evaluated using thermogravimetric analysis 

(TGA), which involved heating the materials from room temperature to 800 °C at a rate of 10 

°C/min. Fig. 6 (b) clearly shows the apparent weight reduction for CuS, CdS, and CuS@CdS 

nanocomposite. All three materials demonstrated various thermal behaviors according to their 

functional groups. Because of the elimination of the water molecule and moisturizing, the 

minimal weight loss for CuS nanoparticles has occurred below 100 ºC. CuS nanoparticle phase 

transformation caused a moderate weight loss from 200 ºC to 300 ºC, whereas exothermic 

reactions that resulted in CuS oxidizing into CuO and CuSO4 provided a significant weight gain 

at 300 ºC. The gradual weight loss between 500 ºC to 800 ºC was then observed and 

corresponded to the decomposition of CuO.CuSO4 produces CuO [22]. Due to the removal of 

moisture and water molecules, the CdS nanoparticles exhibit a minimum weight loss of up to 100 

ºC. Thereafter, a 10% weight reduction was gradually achieved to 800 ºC [21]. Furthermore, the 

as-prepared CuS@CdS nanocomposite demonstrated minimum weight loss observed at less 

than100 ºC due to the dissociation of water molecules and moisture and then the weight loss is 

approximately 350 ºC, which might be phase transformation of CuS nanoparticles in the 

CuS@CdS nanocomposite. In addition, suddenly weight increased up to 130 w% at 350 ºC due 
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to CuS converted into CuO and CuSO4 and it withstood up to 700 ºC. Furthermore, the sudden 

weight loss observed at 700 ºC to 800 ºC due to CuSO4 converted into CuO. In comparison to 

pure CuS nanoparticles, the CuS@CdS nanocomposite showed exceptional thermal stability. The 

CuS@CdS nanocomposite has increased thermal stability due to the presence of CdS 

nanoparticles. The CuS@CdS nanocomposite has excellent thermal stability due to the presence 

of CdS nanoparticles. CuS@CdS nanocomposite's high thermal stability will assist in 

maintaining cyclic stability for a prolonged period during the electrochemical performance. 

 

Fig.6. (a) FTIR spectrum of CuS, CdS, CuS@CdS nanocomposite, and (b) TGA spectrum of 

CuS, CdS, CuS@CdS nanocomposite. 

3.5 Optical properties analysis  

The optical characteristics of the materials as-prepared were investigated using DRS UV-

Vis spectrophotometry, and the results of the measured absorption spectra are shown in Fig. 7 

(a). The CdS nanoparticles absorbance spectrum was observed at around 480 nm as a result of 

charge transfer between the valence band to the conduction band (S2
−
 to Cd2

+
). In addition, to 

CuS nanoparticles, a significant absorption spectrum was observed at 664 nm due to the d-d 

transition of Cu2
+
. In the instance of CuS@CdS nanocomposite, it exhibits that a wide 

absorption band was identified at 554 nm, indicating the decorating of the CuS over the CdS 

nanoparticles and also confirming that the CuS is not integrated into the crystal structure of CdS 
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nanoparticles. [36]. The corresponding energy band of the materials have been evaluated using 

the Tauc plot. 

(αhν)n = A(hν- Eg)                                                                             (7) 

The bandgap (Eg) values of the CdS and CuS nanoparticles were found to be 2.3 eV and 1.7 eV, 

respectively as shown in Fig. 7 (b). Using the abovementioned relation, the band gap energy of 

CuS@CdS nanocomposite was calculated, and the result was 1.75 eV which is lower than that of 

CdS and greater than CuS [37]. This result suggests that the intermediate band gap could play a 

key role in the initialization of the separation of electrons and holes, which significantly 

improves redox reaction during the electrochemical performance. 

 

Fig.7. (a) DRS UV-vis spectrum of CuS, CdS, CuS@CdS nanocomposite and its corresponding 

Optical band gap of (b) CuS, (c) CdS, and (d) CuS@CdS nanocomposite. 
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3.8. Electrochemical measurements 

To examine the electrochemical performances of the fabricated electrodes, 

Electrochemical impedance spectroscopy (EIS), galvanostatic charge-discharge (GCD), and 

cyclic voltammetry (CV) was employed in a half-cell technique using an aqueous (3M KOH) 

electrolyte solution. The fabricated electrodes CuS, CdS, and CuS@CdS nanocomposite 

comparative cyclic voltammetry curves at a scan rate of 100 mVs
-1 

are shown in Fig. 8. In these 

curves, CuS@CdS nanocomposite exhibits a larger integral area than the other two prepared 

materials. At a potential window of 0-0.65 V, the CV curves of the constructed electrodes, such 

as CuS, CdS, and CuS@CdS nanocomposites, were investigated at various scan rates, as shown 

in Fig. 8 (b-d). In the alkaline electrolyte medium, all three electrodes exhibited oxidation and 

reduction peaks indicating their pseudocapacitive nature [38]. When the scan rates are increasing 

while the shape of the CV curves also increased and the corresponding oxidation and reduction 

peaks were shifted evenly to the right and left sides due to the electrochemical polarization, these 

behaviors indicate that the materials are capable of operating at high rates. The entire sweep rates 

of all materials possess the redox peaks due to the reversible redox reaction. Moreover, the 

synergistic effect of both materials could also be attributed to the excellent performance of the 

CuS@CdS nanocomposites. 

Faradic Reaction:       

CuS + OH 
−
 ↔ CuSOH+e

− 
     (08) 

CuSOH+ OH 
−
 ↔ CuSO+ H2O + e

−
                (09) 

CdS + OH 
−
 ↔ CoSOH+e

− 
     (10) 

CdSOH+ OH 
−
 ↔ CoSO+ H2O + e

−
                (11) 

Non-Faradaic Reaction: 

(CuS@CdS) surface + K
+
 + e

−
 ↔ (CuS@CdS) surface (12) 
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Fig.8. Cyclic voltammetry response of (a) CuS, CuS, and CuS@CdS nanocomposite at a scan 

rate of (b) pure CuS nanospheres, (c) CdS nanoparticles, and (d) CuS@CdS nanocomposite over 

various scan rates. 

Galvanostatic charge-discharge (GCD) measurements are one of the widely used methods 

for assessing the capacitance properties of electrode materials. The GCD curves of the obtained 

electrodes such as CuS, CdS and CuS@CdS nanocomposite were measured at different current 

densities (1-15 Ag
−1

) with a potential window of 0-0.65 V. Fig. 9 (a) demonstrates the 

comparison GCD curves of all three electrodes at a current density of 1 Ag
−1

. As expected, the 

CuS@CdS nanocomposite electrode exhibits a longer discharging time compared to the other 

two materials. The GCD curves of all three electrodes demonstrate a non-linear shape during the 

charge/discharge processes which suggest that the redox mechanism occurs between both the 

electrolyte and the electrode. All three materials results are corroborated with the CV test.  The 
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GCD curves of CuS, CdS and CuS@CdS nanocomposite were obtained at various current 

densities which are demonstrated in (Fig. 9b), (Fig. 9c) and (Fig. 9d) respectively. 

According to equation (2), the specific capacitance (Cs) of the electrode materials was 

calculated from the discharge curve, and the results are summarized in Table. S1. Following 

these results, the specific capacitance values for all three materials decreased as the current 

density increased, which is consistent with the inverse relationship between the two. The 

minimum capacitance of the materials is caused by OH
-
 ion’s inability to permeate into the 

internal surface of the electrode at high current densities during the charge/discharge operation. 

Fig.10 (a).  compares the specific capacitances of nanocomposite materials constructed of CuS, 

CdS, and CuS@CdS. (c). The CuS@CdS nanocomposite outperformed the other two electrode 

materials, achieving a maximum capacitance of 543.6 Fg
−1

 at a current density of 1 Ag
−1

. 

CuS@CdS nanocomposite's high specific capacitance is induced by their large surface area and 

conducting nature. A major component of the overall performance can be attributed to the 

synergetic effect of CuS and CdS nanoparticles to form a stable structure that enhances the high 

surface area and reduces diffusion and migration paths for electrolytes ions. 
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Fig. 9. (a) A comparison of the GCD curves of the CuS, CdS, and CuS@CdS nanocomposite at a 

current density of 1 Ag
-1

. Galvanostatic charge/discharge behavior of (b) CuS, (c) CdS (d) and 

CuS@CdS nanocomposite at various current densities (1-5 Ag
-1

). 

Electrochemical impedance spectroscopy (EIS) is elucidated to comprehend the electrical 

conductivity and reaction kinetics at electrode/electrolyte interfaces of electrode materials. Fig. 

10 (b) illustrates the Nyquist plot of the CuS, CdS, and CuS@CdS nanocomposite, which was 

obtained in the frequency range of 100 kHz to 0.01 Hz. Generally, the Nyquist plot shows three 

significant areas, the high, middle, and low frequency regions. The Nyquist plot is used for 

analyzing four different resistive parameters, including the solution resistance (Rs), the charge-

transfer resistance (Rct), the equivalent series resistance (ESR) and Warburg resistance (W), 

which are the key factors in the analytical process. In terms of defining the semicircle, the 

starting point is indicated Rs, the closing point denoted as Rct, and the slope of the inclined line 

at 45° is indicated W. The calculated Rs value of CuS@CdS nanocomposite is (1.068 Ω) which 
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is lower than that of CuS (1.469 Ω) and CdS (1.373 Ω), its confirming that the lower resistance 

of the composite materials. An ESR is defined as the difference between the charge transfer 

resistance and the solution resistance. It can be calculated as follows: (ESR = Rct-Rs). It has 

been observed that the resistance values of CuS/CdS composites are much lower in comparison 

to CuS and CdS nanoparticles. In addition, this study confirmed that the synergistic effect of CuS 

and CdS nanoparticles increases the electrical conductivity. The enhanced electronic 

conductivity of CuS@CdS nanocomposite favorable charge transfer kinetics and the capacitance 

of the electrode materials during the faradic process [39]. 

The cyclic stability of the electrode materials is one of the prominent characteristics of 

commercial supercapacitor applications. The prolonged cyclic stabilities of the materials were 

obtained from charging and discharging tests for over 10000 cycles at a current density of 5 Ag
-1

, 

which is depicted in Fig.10 (c).  After this duration, the specific capacitance retention value of 

CuS@CdS nanocomposite was found to be 89.06% of its initial capacitance value, while the CuS 

and CdS electrodes can remain only (81.64%) and (80.76%) respectively. The high rate of 

capacity retention of CuS@CdS nanocomposite due to the internal architecture of the materials 

and the presence of the CdS nanoparticles enhances the mechanical stability as well as prolonged 

cyclic stability. Fig.10 (d) depicts the coulombic efficiency of the above-mentioned materials 

analyzed, and CuS@CdS nanocomposite demonstrates outstanding efficiency [40]. 
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Fig.10. (a) Specific capacitance of all three materials over various current density, (b) EIS profile 

of CuS, CdS and CuS/CdS nanocomposite, (c) Cyclic stability of CuS, CdS and CuS/CdS 

nanocomposite, and (d) Columbic efficiency of CuS/CdS nanocomposite.  

3.4. Electrochemical performance of all-solid-state asymmetric supercapacitor 

An all-solid-state asymmetric supercapacitor device has been designed for the 

commercial application of CuS@CdS nanocomposite electrode. Asymmetric supercapacitors 

were constructed employing two different types of materials, such as activated carbon and metal 

sulphide nanocomposite, to enhance the electrochemical characteristics of the device. The 

electrochemical properties of activated carbon were investigated, and the associated results are 

shown in Fig. S1. As shown in Fig. S1 a, the CV curves of activated carbon were evaluated using 

a potential window of (-1-0 V) at different scan rates. This result suggests that activated carbon 
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exhibits electric double-layer capacitive behaviour, and slight humps were seen as a result of 

oxygen functional groups being present on the surface of the carbon. The same potential window 

is used to examine the galvanostatic charge/discharge properties of AC at various current 

densities. The GCD analysis was used to determine the specific capacitance of the AC, with the 

highest capacitance being 151.3 Fg
-1 

for 1 A/g. EIS was used to assess the materials' conductivity 

and reaction kinetics, which is shown in Fig.S1(d). 

The construction of an all-solid-state asymmetric supercapacitor device would be 

AC/NF||PVA-KOH||CuS@CdS/NF, in which the activated carbon AC/NF as an anode material, 

CuS@CdS/NF cathode materials and PVA-KOH gel electrolyte act as a separator. According to 

charge balance theory, the mass ratio of the materials was calculated and kept to 1:3. The CV 

curves of the anode (-1-0 V) and cathode (0.0-.65 V) materials in the half-cell method were used 

to establish the device's potential window. Fig. 11 (a) reveals the comparison CV curves of AC 

and CuS@CdS nanocomposites, from this result, AC demonstrates the electric double-layer 

capacitive behaviour and CuS@CdS nanocomposites show pseudocapacitive behaviour. It's 

interesting to note that the capacitive behaviours of the anode and cathode materials expand the 

operating potential window range for the device to up to 1.6 V. The potential window of the 

device was optimized at 1.6 V which is well-matched with a theoretically expected value. The 

CV test of the device was performed at different scan rates from 5-100 mVs
-1

 in the potential 

range of 0.0-1.6 V. Fig 11 (b) shows the obtained CV curves indicating the combination of both 

capacitive behaviours and also the same shape from low to high scan rates, this demonstrates the 

excellent reversibility of the electrode materials. In addition, the charge-discharge behaviours of 

the device were measured at various current densities, which are shown in Fig.11(c). The 

obtained curve shows an asymmetrical shape which is the influence of Faradaic charge transfer 

reactions. The specific capacitances of the ASC device were calculated from the CGD curve 

using eq (3), the obtained specific capacitance is given in Table.S2, and the corresponding figure 

shows in Fig.11(d). Furthermore, the power and energy densities were calculated at different 

current densities according to equations (4) and (5), the obtained results are given in Table.S2. 

The obtained results demonstrate high energy and power densities compared with previously 

reported asymmetric supercapacitor devices, which are given in the Ragone plot and summarized 

in Fig. 11 (e) and Table. 2. The Nyquist plot was performed to analyze the charge transfer 

kinetics between electrode and electrolyte, and the obtained values and the corresponding 
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equivalent circuit are depicted in Fig. 11 (f). The obtained values are indicating the lower 

resistance, high electronic conductivity and fast transfer kinetics between electrode and 

electrolyte due to the synergetic effect and morphology of the CuS/CdS nanocomposite. 

Furthermore, prolonged cyclic stability is a critical requirement for asymmetric supercapacitor 

devices. Fig. 11 (f) demonstrates the cyclic performance of the device at a current density of 5 A 

g
−1

. The obtained result reveals outstanding cycling stability up to 95.5% after 3000 cycles, 

which is higher than compared to the reported materials. 

 

Fig.11. (a) CV curves of the CuS/CdS and AC electrodes at 10 mVs
-1

, (b) CV curves of the ASC 

device (c) GCD profiles of the ASC device, (d) Specific capacities of ASC device, (e) Ragone 

plots of assembled ASC and reported literature, and (f) Cycling stability of the ASC device at 10 

Ag
-1

 (inset shows the Nyquist plots of ASC). 
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Table. 2. The comparison of asymmetric CuS@CdS//AC device with reported literature results. 

S.No. Material 
Energy density 

(A g
-1

) 

Power density 

(A g
-1

) 
Ref 

1. 
CuS hollow 

micro flowers 
16 190 [41] 

2. CoS2 7.2 200 [42] 

3. MoS2//AC 20.42 750.31 [43] 

4. MoS2/NiS//AC 31 155.7 [44] 

5. Ni3S2@CoS 28.2 130 [45] 

6. CuS/CdS 34.9 698.1 This work 

 

4. CONCLUSIONS 

In conclusion, we have successfully synthesized CuS@CdS heterostructure 

nanocomposite by a facile hydrothermal method for commercial supercapacitor devices. The 

XRD result of the nanocomposite demonstrated that the two types of metal sulfides CuS and CdS 

were observed. As an electrode material, CuS@CdS nanocomposite exhibited excellent 

electrochemical performance such as high specific capacitance and prolonged cyclic stability due 

to the various oxidation states, unique morphology and higher surface area. In addition, the all-

solid-state asymmetric supercapacitor device delivered a high-power density of 798.1 (W kg
-1

) 

and energy density of 34.9 (Wh kg
-1

), along with outstanding cyclic stability of 94.07 % 

retention after 5000 cycles. These results suggest that CuS@CdS nanocomposite can hold great 

promise for commercialization in the supercapacitor device. 
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Highlights 

 Heterostructure CuS/CdS nanocomposite was prepared by simple hydrothermal method 

 Heterostructure CuS/CdS nanocomposite reveals unique Echinops flower-like 

morphology 

 The CuS/CdS nanocomposite demonstrates excellent specific capacitance of 543.6 F g
−1

 

as well as outstanding cycling stability compare than CuS and CdS nanoparticles. 
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