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Abstract 

In this work, ZnS/Ni3S2 electrode material was synthesized by a simple self-template approach. 

The synthetic route includes chemical precipitation of Zn-Ni precursor in a polyvinylpyrrolidone 

(PVP)/Milli-Q water solution by dropping ammonia solution and subsequent conversion of the 

Zn-Ni precursor to ZnS/Ni3S2 via chemical reaction with thioacetamide (TAA), as the sulfur 

source. Here, Zn-Ni precursor can be considered as a template that is converted to ZnS/Ni3S2 

during the sulfidation process. The synthesized ZnS/Ni3S2 material displays a porous texture and 

a high specific surface area. These properties are beneficial for the investigation of the developed 

material as electrode in supercapacitors. Indeed, the obtained ZnS/Ni3S2 material exhibits 

improved specific capacity of 890.1 C g-1 at 1 A g-1 along with a good rate capability (70% 

retention of its initial value from 1 A g-1 to 20 A g-1). Furthermore, the ZnS/Ni3S2 electrode 

achieves a good cycling stability (~82% retention of its capacitance capacity at 10 A g-1 after 

6000 charging-discharging cycles). Moreover, ZnS/Ni3S2 is used as a positive electrode and 

porous reduced graphene oxide (PrGO) as a negative electrode to assemble a hybrid 

supercapacitor. The fabricated hybrid supercapacitor offers a specific capacity of ~112.5 C g-1 at 

0.5 A g-1, and delivers an energy density of 30.6 W h kg-1 at a power density of 880 W kg-1. This 

work not only demonstrates that ZnS/Ni3S2 material can serve as an efficient electrode material 

for supercapacitors, but also provides an easy operation way for preparing high performance 

metal-sulfide electrodes for energy storage application. 

 

Keywords: ZnS/Ni3S2; Self-template; Chemical precipitation; Hybrid supercapacitor. 
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1. Introduction 

As convenient energy storage devices, electrochemical supercapacitors have attracted 

substantial attention, because they represent the most promising devices to bridge function of 

dielectric capacitors with high power output, and batteries/fuel cells with high energy storage [1]. 

Other remarkable benefits of supercapacitors are related to their ultra-long lifecycle, fast 

charge/discharge process and higher power density, which are all necessary for applications in 

digital products, hybrid electric vehicles and other portable electronic devices [2-5].  

Usually, supercapacitors could be classified into either symmetric, asymmetric or hybrid 

supercapacitors. Generally, a symmetric supercapacitor is made up of two same electrode 

materials (the same material, having the same mass, thickness and so on). An asymmetric 

supercapacitor comprises a positive electrode and a negative electrode whenever the weight, 

thickness or the material is different, while a hybrid supercapacitor consists of a non-faradaic and 

a faradaic type electrode material such as carbonaceous and metal oxides (metal sulfides or metal 

hydroxides) electrode materials, respectively [6-8]. In previous reports [9, 10], hybrid 

supercapacitors usually provide wide operation voltage range and improved energy density. 

Generally, the working voltage and energy density of hybrid supercapacitors are much larger than 

symmetric supercapacitors. However, the practical application of hybrid supercapacitors remains 

limited because of the lack of suitable electrode materials with good electrochemical performance. 

Recently, a huge attention has been devoted to metal sulfides electrode materials in hybrid 

supercapacitors, because of their appreciable stability, wide range of morphological properties 

and good electrical conductivity [11-13]. The usage of ZnS in energy storage devices has also 

been extensively investigated [14, 15]. However, like other mono-metal sulfides [13, 16, 17], 

ZnS experiences volume expansion and low conductivity during the cycling process, leading to 
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poor electrochemical performance. Bimetal sulfides are found to offer suitable performance 

because of enhanced electrochemical properties, better thermal and mechanical stability than that 

of mono-metal sulfides [5, 18, 19]. Ni-based sulfide materials have received extensive attention, 

because of their high theoretical specific capacitance values, rich oxidation states and cost 

effectiveness [20-25]. Additionally, the preparation of nickel-based bimetal sulfides/selenides has 

proven to enhance their electrochemical performance as electrode materials for supercapacitors. 

Thus, various materials such as Ni3S2@Co9S8 and NiS@NiSe2 [26], Ni3S2@β-NiS [27], 

Ni3S2−NiS nanowires [28], Ni3S2–Cu1.8S nanosheets [29], hollow Ni3S2/NiS@Ni3S4 core/shell 

submicrospheres [30], Ni3S2−NiS/N-doped graphene [31] have been prepared and investigated as 

electrodes for supercapacitors.  

Unlike nickel sulfides, the preparation of Ni-Zn electrodes has been reported only in a few 

reports [25, 32]. Zhao et al. were the first to report the synthesis of ZnS/Ni3S2@Ni composite 

with a core–shell structure using a two-step process consisting of solution reduction and template 

method, and applied the resulting material for electromagnetic absorption [25]. In a recent report, 

Li et al. adopted a two-step hydrothermal method to produce cactus-like ZnS/Ni3S2 hybrid with 

high electrochemical performance for supercapacitors [32]. The ZnS/Ni3S2 electrode displayed a 

specific capacitance of 2093 F g-1 at 1 A g-1 and a cycling stability of 64% after 5000 cycles at a 

current density of 3 A g-1.  

Compared with various synthetic routes such as hydrothermal [32, 33], solvothermal [34], 

electrodeposition [35], microwave-assisted approach [22] or other methods [36, 37], self-template 

route [38] is expected to be an effective operation method to prepare metal sulfides, because both 

structure and morphology of the final product are controllable and the step of template removal is 

avoided. Indeed, by using this technique, we were able to successfully synthesize ZnS/Ni3S2 
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sulfides with a large specific capacity of 890.1 C g-1 at 1 A g-1, good rate capability (70% 

retention from 1 to 20 A g-1), and good cycling stability (~82% of capacitance capacity retention 

at 10 A g-1) after 6000 charge-discharge cycles. Moreover, a hybrid supercapacitor, comprising 

ZnS/Ni3S2 as a positive electrode and porous reduced graphene oxide as a negative electrode, 

achieved a specific capacity of ~112.5 C g-1 at 0.5A g-1 and an energy density of 30.6 W h kg-1 at 

a power density of 880 W kg-1, making it a suitable electrode material for electrochemical energy 

storage devices. 

 

2. Experimental  

Preparation of ZnS/Ni3S2 electrode materials  

ZnS/Ni3S2 was prepared following the method in Figure 1. Briefly, a solution A was prepared 

by dissolution of polyvinylpyrrolidone (1 g) in Milli-Q water (15 mL) at room temperature under 

magnetic stirring. Separately, a solution B was prepared by successive dissolution of 

Zn(CH3COO)2•2H2O (1 mmol) and NiCl2•6H2O (2 mmol) in 5 mL Milli-Q water. The solutions 

A and B were mixed together and 286.5 μL of ammonia (35%) were added dropwise to this 

mixture under vigorous magnetic stirring at room temperature. The reaction was kept overnight at 

50 °C in an oven. After cooling to room temperature, the formed precipitate was separated by 

centrifugation, rinsed copiously with ethanol and Milli-Q water until the pH of the rinsing 

solution is ~7. The resulting precipitate was re-dispersed in Milli-Q water (30 mL) for further 

use. An aqueous solution of thioacetamide (100 mg in 10 mL Milli-Q water) was mixed with the 

above solution (10 mL) at room temperature under magnetic stirring. After 30 min of stirring, the 

solution was heated for 5 h at 130 °C. After natural cooling to room temperature, a black solid 



6 

 

precipitate was formed. It was separated by centrifugation, rinsed sequentially with Milli-Q water 

and ethanol, and dried overnight at 60 °C to give ZnS/Ni3S2. 

 

Figure 1. Schematic of the synthetic route of ZnS/Ni3S2 electrode materials. 

 

3. Results and discussion 

3.1 Characterization of the electrode materials 

Information on the chemical composition and oxidation states of surface elements of the 

synthesized samples were assessed using X-ray photoelectron spectroscopy (XPS). The XPS full 

spectrum of the obtained ZnS/Ni3S2 is depicted in Figure 2a, revealing the presence of Zn, Ni, 

and S. The presence of C, O, N in the XPS spectrum originates from residual PVP stabilizer.  
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The high resolution XPS spectra of the Ni, Zn and S elements are additionally provided (Fig. 

2b-d). The Ni2p XPS high resolution spectrum of the obtained sample (Fig. 2b) comprises Ni2p3/2 

and Ni2p1/2 spin-orbit doublets along with two shakeup satellite peaks.  

 

Fig. 2. XPS analysis of ZnS/Ni3S2: (a) full spectrum; (b), (c) and (d) are respectively the Ni2p, 

Zn2p and S2p high resolution spectra. “Sat” in Fig. 2b denotes satellite peaks. 

The Ni2p3/2 at ~855.0 eV, Ni2p1/2 at ~872.9 eV, and the two shake-up satellite peaks at ~859.6 and 

~878.5 eV are characteristic of Ni2+ [39, 40]. In the Zn2p XPS high resolution spectrum (Fig. 2c), 

two strong peaks at ~1021.3 and ~1044.3 eV attributed to Zn2+ are visible, suggesting the 

presence of Zn2+ in the synthesized sample. The S2p high resolution XPS spectrum (Fig. 2d) can 

be fitted with two peaks at ~160.9 and 162.1 eV assigned to S2p3/2 and S2p1/2, respectively [24, 41].   

 

 

0 300 600 900 1200

Z
n

 2
p

N
i 
2
pO

 1
s

N
 1

sC
 1

sC
P

S

Binding energy / eV

S
 2

p

(a)

850 860 870 880

Sat.Sat. 2p
1/2

2p
3/2

Ni 2p

C
P

S

Binding energy / eV

(b)

1010 1020 1030 1040 1050

2p
3/2

2p
1/2

Zn 2p

C
P

S

Binding energy / eV

(c)

160 162 164 166

2p
1/2

2p
3/2

S 2p

C
P

S

Binding energy / eV

(d)



8 

 

The crystalline phase of the as-synthesized ZnS/Ni3S2 was investigated by XRD analysis (Fig.  

3a). Two different phases could be observed. The diffraction peaks at 28.6°, 47.6° and 56.5°, 

attributed to the (1 1 1), (2 2 0) and (3 1 1) crystal planes, match the diffraction peaks of the face 

centered cubic sphalerite ZnS structure (JCPDS 05-0566) [12]. Additionally, the diffraction 

peaks at 2θ values of 21.8°, 31.0°, 49.4° and 55.1° are assigned to the (1 0 1), (1 1 0), (1 1 3) and 

(1 2 2) crystal planes of Ni3S2 (JCPDS 44-1418) [39, 42, 43]. The observed diffraction peaks 

indicate that the product is a mixture of ZnS and Ni3S2 phases. 

Using the Bragg’s law (Eq. 1), the interplanar distance d can be determined: 

 

Where d corresponds to the interplanar distance, θ represents the scattering angle, n is a positive 

integer, and λ=1.54056 Å. 

Using equation 1, interplanar distance d values of the diffraction peaks at 2θ of 21.8°, 28.6°, 

31.0°, 47.6°, 49.4°, 55.1° and 56.5° are determined to be ~0.40, 0.30, 0.28, 0.19, 0.18, 0.17 and 

0.16 nm, respectively.  

The crystallite size of the synthesized sample was determined using the Scherrer formula [14]:  

 

Where β corresponds to the full width half maximum (FWHM) intensity, and λ=1.54056 Å. 

Using the FWHM of the (1 1 1) peak, an average crystallite size of 8 nm was estimated.  

Figure 3b-d depicts typical TEM images of as-prepared ZnS/Ni3S2. Figure 3b shows a low 

resolution TEM image, from which a quasi-sheet-like structure can be observed.  

                  2����� = ��                                    (1) 

                  D =
�.��

�����
                                    (2) 
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Figure 3. (a) XRD patterns, (b, c, d) TEM images, and (e, f, g) SEM images of ZnS/Ni3S2; the 

insets in (c), (d) are the HRTEM images. 

Furthermore, the selected area electron diffraction (SAED) pattern reveals rings and dots, 

suggesting good crystallinity of the ZnS/Ni3S2 nanoparticles (inset in Fig. 3b). The interplanar 

distance d values of the lattice fringes, calculated from the SAED pattern, are 0.30, 0.19, 0.16 

nm, in accordance with the (1 1 1), (2 2 0), and (3 3 3) lattice planes of ZnS. Moreover, additional 

three lattice fringes of 0.40, 0.28, 0.17 nm due to the (1 0 1), (1 1 0) and (1 2 2) lattice planes of 

Ni3S2 are also detected. HRTEM images of ZnS/Ni3S2 are displayed in Figure 3 c, d. The clear 

lattice fringe spacing of 0.30 nm (Fig. 3c) matches well with the (1 1 1) lattice plane of ZnS 
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phase, while the lattice fringe spacing of 0.28 nm is in good accordance with the (1 1 0) lattice 

plane of Ni3S2 phase (Fig. 3d). The results corroborate the XRD analysis.  

SEM images of ZnS/Ni3S2 are depicted in Figure 3e-g. Unlike the smooth surface of bare ZnS 

sample (Fig. S1), the SEM image of ZnS/Ni3S2 sample, at a lower magnification, reveals that the 

surface is very rough, suggesting that addition of Ni enhances the surface roughness (Fig. 3e). 

Furthermore, it could be clearly observed that this rough structure is composed of numerous 

loose particles and porous structures (Fig. 3f-g). This roughness combined with a loose and 

porous structure is expected to provide more electroactive sites between active material and 

electrolyte [44, 45].  

The synthesized ZnS/Ni3S2 is expected to exhibit a large specific surface area (SSA), owing to 

its unique roughness and loose structure. Nitrogen adsorption-desorption isotherms were used to 

assess the SSA and porous texture of ZnS/Ni3S2 (Fig. 4), which are identified as the typical type 

IV, according to the IUPAC classification. Additionally, hysteresis loops in the 0.6-0.9 relative 

pressure region are apparent (Fig. 4a). The results indicate the presence of mesoporous structures 

in the sample, as evidenced by the pore diameter distribution profile (Fig. 4b), determined from 

the desorption isotherm using the BJH model. The presence of a pore diameter peak at ~10 nm is 

a good indication of the presence of mesopores in ZnS/Ni3S2. The BET SSA of ZnS/Ni3S2 is 

147.9 m2 g-1. The SSA of ZnS/Ni3S2 sample, prepared through our method, is found to be larger 

than that reported for metal sulfides such as ZnS-NiS1.97 (105.3 m2 g-1) [18], ZnxCo1-xS (77.2 m2 

g-1) [36], Zn0.76Co0.24S@Ni3S2 (89.1 m2 g-1) [46], ZnCo2S4 core-shell nanospheres (117.3 m2 g-1) 

[47] and flowerlike Sb2S3 (14.7 m2 g-1) [48]. Accordingly, the porous structure and large specific 

surface area are necessary to achieve electrode materials with good electrochemical energy 

storage performance [49, 50]. Therefore, it is quite reasonable to hypothesize that the as-
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synthesized ZnS/Ni3S2 with such roughness and loose structure may have promising applications 

in electrochemical supercapacitors. 

 

Figure 4. (a) Nitrogen adsorption-desorption isotherm and (b) pore size distribution curve of 

ZnS/Ni3S2. 

3.2 Electrochemical properties 

In order to investigate the potential window of ZnS/Ni3S2 electrode, cyclic voltammetry (CV) 

curves along with cathodic and anodic peak current densities vs. the square root of sweep rate at 

various scan rates (10 - 100 mV s-1) in the 0 to 0.7 V potential window are recorded (Fig. S2). 

Obviously, the CV plots exhibit obvious redox peaks (Fig. S2a), indicating a faradaic battery-

type characteristic of the ZnS/Ni3S2 electrodes [10]. Additionally, when the scan rate increases 

(Fig. S2a), the current density was enhanced without affecting the shape of the CV curves. The 

results suggest a good rate capability of the ZnS/Ni3S2 electrode. Furthermore, when the scan rate 

increases, the oxidation peak shifts to high potential and the reduction peak moves towards low 

potential. This phenomenon is most likely due to electrochemical polarization during the surface 

redox reaction of the electrodes [35]. 
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The relationship between the cathodic and anodic peak current densities vs. the square root of 

sweep rate (Fig. S2b) is also recorded to determine if the capacity is related to surface redox 

processes or bulk diffusion. The linear relationship confirms that the redox reactions of 

ZnS/Ni3S2 were under OH- diffusion control rather than surface redox processes [51].  

CV curves of ZnS/Ni3S2 electrodes over different potential windows are also recorded at a 

scan rate of 50 mV s-1 (Fig. S2c). Redox peaks, observed in all CV curves, are attributed to the 

electrochemical redox reactions of M (Zn, Ni) species at the interfaces between electrolyte and 

electrode. However, when the potential window is extended above +0.6 V, a significant increase 

of the current attributed to oxygen evolution reaction (OER) is observed. A potential window (0 

to +0.55 V) and a scan rate ranging from 5 to 50 mV s-1 were chosen to avoid the polarization 

and OER of the prepared ZnS/Ni3S2 electrode. 

Furthermore, the CV curves of ZnS/Ni3S2 electrode and bare nickel foam are measured at the 

scan rate of 10 mV s-1 in the potential range of 0 to +0.55 V (Fig. S3). The CV curve of bare 

nickel foam is almost a straight line, indicating that the capacity of bare nickel foam is almost 

negligible under our experimental conditions. The redox peaks observed in the CV curve of 

ZnS/Ni3S2 electrode, are likely due to the reversible faradaic redox reaction of M (Zn, Ni)S-OH. 

Therefore, redox peaks seen in the CV curve of ZnS/Ni3S2 electrode are attributed to the 

following faradaic redox reactions [14, 46, 52, 53]: 

��� + ��� ↔ ����� + �� 
 

����� + ��� ↔ ���� + ��� + �� 
 

����� + 3��� ↔ �����(��)� + 3�� 
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Faradaic battery-type behavior of the ZnS/Ni3S2 electrode was investigated by recording CV 

plots at different scan rates (5 - 50 mV s-1) (Fig. 5a). Redox peaks could also be seen in the CV 

curves in the potential window of 0 - +0.55 V, indicating faradaic battery-type behavior of the 

electrode. The position of anodic and cathodic peaks for ZnS/Ni3S2 electrode are given in Table 

S1.   

Figure 5b depicts the GCD plots of ZnS/Ni3S2 electrode within the current density span of 1 

to 20 A g-1. Clear potential plateaus, due to the electrochemical redox reactions of M (Zn, Ni) 

species at the interfaces between electrolyte and electrode, are visible in the charge and discharge 

processes of all GCD curves. The potential plateaus in GCD curves match the redox 

characteristics observed in the CV curves, indicating strong faradaic battery-type characteristics 

of the electrode. All GCD plots provide almost symmetric characteristics, revealing the good 

charge-discharge coulombic efficiency during electrochemical capacitive and reversible redox 

processes of the prepared ZnS/Ni3S2 electrode.  

The specific capacity (specific capacitance) values, determined from the GCD curves (Fig. 

5b), are displayed in Figure 5c. The ZnS/Ni3S2 electrode provides specific capacity (specific 

capacitance) values of 890.1, 742.0, 726.5, 700.8, 677.8, 653.1, 632.2, and 620.1 C g-1 

corresponding to 1618.4, 1349, 1320.9, 1274.2, 1232.3, 1187.4, 1149.4, and 1127.5 F g-1 at 

current densities of 1, 2, 3, 5, 7, 10, 15, 20 A g-1, respectively. When the current density increases 

from 1 to 20 A g-1, the ZnS/Ni3S2 electrode retained about 70% of its initial specific capacitance 

capacity value, revealing a good rate capability. Moreover, the specific capacity (capacitance) of 

ZnS/Ni3S2 electrode is superior to that of many metal sulfide-based electrode materials and 

slightly lower to that reported for cactus-like ZnS/Ni3S2 prepared by a two-step hydrothermal 
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method (Table 1). Such a desirable performance of the ZnS/Ni3S2 electrode indicates its potential 

usage for energy storage devices. 

 

Figure 5. Electrochemical properties of ZnS/Ni3S2 electrode in 2 M KOH: (a) CV curves at 

different scan rates (5 to 50 mV s-1), potential=0 - 0.55V; (b) GCD profiles at a current density of 

1, 2, 3, 5, 7, 10, 15 and 20 A g-1; (c) the corresponding specific capacities within the current 

density span of 1 to 20 A g-1; (d) Nyquist plots. 

It is well known that electrochemical impedance spectroscopy (EIS) is an extremely 

informative method for electrochemical nature (the charge transfer and the capacity) of electrode 

materials used in electrochemical supercapacitors. Therefore, EIS analysis was used to 

investigate the frequency-dependent behavior of ZnS/Ni3S2 electrode materials. Figure 5d 

depicts the Nyquist plots with frequencies of some selected points and the corresponding fitted 

spectra of ZnS/Ni3S2 electrode. An equivalent circuit, based on reported works [54-57], and the 
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corresponding calculated circuit parameters are also depicted in Figure S4 and Table S2, 

respectively. In the fitted equivalent circuit, Rs denotes the series resistance, including the 

resistance of inherent active material, electrolyte resistance and the contact resistance. Rct, and 

CPE are assigned to the faradaic charge transfer resistance and constant phase element 

accounting for the faradaic pseudocapacitor capacitance capacity. CF and W represent the 

faradaic capacitance and Warburg resistance (diffusion resistance), respectively. According to the 

fitted equivalent circuit, the obtained series resistance (Rs), related to the high frequency 

region >104 Hz (intercept at the real axis), is about 1.03 Ω/cm2; the charge transfer resistance 

(Rct), related to the depressed-semicircle in the high-to-medium frequency region (104 to 1 Hz), is 

about 1.01 Ω/cm2. The appearance of CPE may be attributed to the porosity of the prepared 

ZnS/Ni3S2 electrode material and the calculated value is about 0.26 sec1/n/cm2 (n=0.47) and the 

faradaic capacitance is found to be 0.13 F/cm2. Moreover, in the lower frequency region (< 1 Hz), 

the inclined line of the Warburg line, which is related to the electrolyte ion (OH-) diffusion from 

the electrolyte (2 M KOH) into the loose and porous ZnS/Ni3S2 electrode surface [58], represents 

a low diffusion resistance of 0.0046 sec1/2/cm2. The slope of the Warburg line is higher than 45°, 

indicating the easy access of OH- electrolyte for fast and reversible faradaic redox reaction and 

more ideal capacitor behavior [59, 60], which further confirms that the ZnS/Ni3S2 electrode can 

retain good capacitive performance. 
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Table 1. Comparison of the specific capacity values of metal-sulfide-based electrode materials 

for energy storage applications. 

Electrode material 

Specific 

capacitance 

(F g-1) 

Specific 

capacity 

(C g-1) 

Capacity retention  

(%) 
Ref 

Zn0.76Co0.24S 
486.2 

(2.0 A g-1) 
- 

86.4 

(2k cycles at 5.0 A g-1) 
[36] 

rGO-Ni3S2 - 
616.0 

(1.0 A g-1) 

92.7 

(5k cycles at 5.0 A g-1) 
[61] 

Ni3S2/carbon 

nanotube 

800.0 

(3.2 A g-1) 
- 

80 

(1k cycles at 3.2 A g-1) 
[62] 

ZnCo2S4 
1045.3 

(2.0 A g-1) 
- 

95.5 

(5k cycles at 4.0 A g-1) 
[47] 

ZnS-NiS2 
970.0 

(2.0 A g-1 ) 
- 

87 

(1k cycles at 5.0 A g-1) 
[63] 

NiS2 
1725.0 

(5 A g-1) 
- 

123.0% 

(10k cycles at 20.0 Ag-1) 
[64] 

ZnxNi1-xS/NF 
1412.0 

(1.0 A g-1 ) 
- 

81.5 

(4k cycles at 2.0 A g-1) 
[65] 

ZnS-NiS1.97 - 
696.8 

(5.0 A g-1 ) 

Less 5.5% loss 

(6k cycles at 10.0 A g-1) 
[18] 

Co-S-80 
285.0 

(0.5 A g-1 ) 
- 

86.5 

(1k cycles at 0.5 A g-1) 
[11] 

ZnS/Ni3S2 

 

ZnS/Ni3S2 

2093 

(1.0 A g-1) 

1618.4 

(1.0 A g-1) 

- 

 

890.1 

(1.0 A g-1) 

64 

(5k cycles at 3.0 A g-1) 

81.7 

(6k cycles at 10.0 A g-1 ) 

[32] 

 

Our work 
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The cycling stability of ZnS/Ni3S2 electrode was established by repeated 6000 

charge/discharge cycles at a current density of 10 A g-1 (Fig. 6a). Encouragingly, the retention of 

the ZnS/Ni3S2 electrode is about 82% of its initial capacitance capacity after 6000 

charge/discharge cycles, which is better than 64% achieved by cactus-like ZnS/Ni3S2 at 3 A g-1 

[32].  

XPS analysis was conducted to assess the chemical changes that have occurred during the 

stability test. Figure 6b depicts the XPS high resolution spectrum of the Ni2p of the ZnS/Ni3S2 

electrode after 6000 charge-discharge cycles. The spectrum can be deconvoluted with two spin-

orbit peaks at 856.4 and 874.3 eV assigned to Ni2+
2p3/2 and Ni2+

2p1/2, respectively. The presence of 

two satellite peaks (~862.1 and 880.1 eV), characteristic of Ni2+, reveals the excellent reversible 

redox process during charge-discharge cycling. 

 

Figure 6. (a) Stability test of ZnS/Ni3S2 electrode at 10 A g-1 for 6000 cycles; (b) Ni2p high 

resolution XPS spectrum after 6000 cycles. “Sat” in Figure 6b denotes satellite peaks. 

 

3.3 Fabrication of a hybrid supercapacitor 
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Hybrid supercapacitors are believed to combine the advantage of faradaic battery-type 

electrode material as a positive electrode and double-layer capacitor electrode material as a 

negative electrode; the combination of these two types of electrode materials is supposed to be 

able to enlarge the cell’s operating voltage greatly and thus improve its energy density [9, 10, 66]. 

To further assess the practical utilization of the prepared ZnS/Ni3S2 electrode, a hybrid 

supercapacitor was assembled using ZnS/Ni3S2 electrode material as a positive electrode and 

porous reduced graphene oxide (PrGO) electrode material as a negative electrode. The prepared 

PrGO electrode material has interesting features such as a porous structure (see TEM image in 

Fig. S5), mandatory to achieve efficient negative electrode materials. The electrochemical 

performance of PrGO electrode material is also depicted in Figure S6. The absence of redox 

peaks in the CV curves along with the triangle shape of the charge and discharge curves reveal 

that the PrGO electrode store energy through double-layer capacitance.  

A 3-electrode system was used to determine the optimal operating potential window of the 

hybrid supercapacitor based on the ZnS/Ni3S2 and PrGO working potential range. Figure 7a 

depicts the working potential window vs. Hg/HgO of ZnS/Ni3S2 (0 to +0.55 V) and PrGO (-0.9 to 

+0.1 V) at a scan rate of 10 mV s-1. Based on these values, the cell voltage of the fabricated 

hybrid supercapacitor was fixed at 1.5 V. 

Figure 7b displays a series of CV curves of the hybrid supercapacitor at different cell voltages 

at a scan rate=50 mV s-1. Interestingly, increasing the cell voltage does not seem to affect the 

shape of the CV curves. Additionally, redox peaks are obvious for all investigated potential 

windows. However, the polarization becomes much more obvious as the cell voltage was 

extended to 1.8 V. GCD curves were also recorded at various cell voltage values (current 

density=5 A g-1) to determine the power density (P) an energy density (E) (Fig. S7).  It could be 
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clearly seen that higher the applied cell voltage, larger energy density the hybrid supercapacitor 

could offer (30.9 W h kg-1 at 1.8 V, 26.7 W h kg-1 at 1.6 V and 18.2 W h kg-1 at 1.5 V). Both CV 

and GCD analysis indicated that the PrGO//ZnS/Ni3S2 hybrid supercapacitor operating potential 

window could be extended up to 1.8 V. However, a cell voltage of 1.6 V was used for further 

investigation of the electrochemical properties of the PrGO//ZnS/Ni3S2 hybrid supercapacitor, 

considering the energy density and the polarization of assembled hybrid supercapacitor.  
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Figure 7. (a) CV curves of the positive and negative electrodes at a scan rate of 10 mV s-1; (b) 

CV curves recorded at different cell voltages; (c) CV curves at different scan rates; (d) GCD 

curves recorded as a function of current density; (e) the corresponding specific capacity as a 

function of current density; (f) typical Ragone plot of the hybrid supercapacitor. 
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The CV curves of the PrGO//ZnS/Ni3S2 hybrid supercapacitor vs. the scan rate (10 to 100 mV 

s-1) at a cell voltage of 1.6 V are displayed in Figure 7c. Again, under these experimental 

conditions, the shape of the CV curves is not altered. The GCD curves (Fig. 7d) of the hybrid 

supercapacitor were also recorded to estimate the specific capacity, power density (P) and energy 

density (E). The change of the specific capacity, determined from the GCD curves, is 

summarized in Figure 7e. The hybrid supercapacitor exhibited a maximum specific capacitance 

capacity of 112.5 C g-1 at a current density of 0.5 A g-1. Additionally, in Figure 7f is depicted the 

Ragone plot of the PrGO//ZnS/Ni3S2 hybrid supercapacitor. The hybrid supercapacitor exhibited 

relatively high energy density and power density values of ~30.6 W h kg-1 and ~880 W kg-1 at 0.5 

A g-1, respectively. The performance of the hybrid supercapacitor was also good even at a high 

current density of 5 A g-1; indeed, the hybrid supercapacitor attained an energy density of ~26.7 

W h kg-1 at a high power density of ~5659 W h kg-1. These values are comparable to and even 

better than those reported in the literature for many other supercapacitor devices and slightly 

lower than 51.2 Wh kg-1 at 849.4 W kg-1 recorded using cactus-like ZnS/Ni3S2 (Table 2).  

 

 

 

Table 2. Comparison with other metal sulfide hybrid supercapacitors. 

Electrode material 
Working 

voltage / V 

Energy density 

/ Wh kg-1 

Power density / 

W kg-1 
Reference 

Active carbon 

(AC)//CoS/graphene 
1.6 29 800 [67] 

AC//NiSx 1.6 4.1 53.5 [44] 
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PrGO//ZnCoS 1.5 17.7 435 [68] 

AC//NiCo2S4 1.5 28.3 245 [59] 

AEG//MoS2/GF 1.4 16 758 [7] 

AC//ZnxNi1-xS 1.6 16.2 2330 [21] 

AC//NiCo2S4/Co9S8 

AC//ZnS/Ni3S2 

1.5 

1.6 

33.5 

51.2 

150 

849.4 

[41] 

[32] 

PrGO//ZnS/Ni3S2 1.6 30.6 880 Our work 

 

The practical application of the asymmetric supercapacitor is further demonstrated through 

powering yellow, red and green LEDs using two asymmetric supercapacitors connected in series. 

As can be seen in Figure 8, the yellow, red and green LEDs can be sequentially illuminated upon 

connection to fully charged supercapacitors. 

 

Figure 8: Photographs of LEDs (yellow, red and green) powered by two asymmetric 

supercapacitors connected in series. 

4. Conclusion 

In summary, ZnS/Ni3S2 electrode material with high specific surface area was synthesized 

using a self-template method. The ZnS/Ni3S2 electrode exhibited a high specific capacity of 890.1 

C g-1 at 1 A g-1, with good cycling stability (~82% of capacitance capacity retention) at a current 

density of 10 A g-1 after 6000 cycles in 2M KOH aqueous electrolyte. Furthermore, a 
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PrGO//ZnS/Ni3S2 hybrid supercapacitor was fabricated to investigate the potential usage of the 

developed material for energy storage. Under optimized cell voltage window (1.6 V), the hybrid 

supercapacitor achieved a good electrochemical performance such as a good energy density of 

30.6 W h kg-1 at a power density of 880 W kg-1. Moreover, for practical application, yellow, red 

and green LED could be powered sequentially by using two ASC connected in series. The results 

reported in the present work hold promise for practical application of ZnS/Ni3S2 as an anode 

material for assembling high performance hybrid supercapacitors.  
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