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ABSTRACT 
The target for developing electrode materials with unique architecture and tailored 

composition is essential for influencing their electrochemical properties. The innovative 

porous zinc cobalt sulfide (ZnCo2S4/ Ni foam (NF)) nanocoral reef-like structure 

supported by 3D NF is fabricated by the hydrothermal method. Here is an advanced 

electrode for supercapacitors (SCs), which demonstrates the notable electrochemical 

performance of the electrode in terms of the specific capacity of 2055.2 C g-1 (specific 

capacitance of 1957.4 F g-1) at 1 A g-1 and excellent cyclic stability of 89.2% capacity 

retention and 98% coulombic efficiency after 5000 cycles. Furthermore, the battery-type 

symmetric supercapacitors based on ZCS/NF have an ultrahigh energy density of 39.1 

Wh kg-1 at a power density of 1637 W kg-1 with excellent cyclic stability, 93.3% capacity 

retention, and 100% coulombic efficiency after 6000 cycles. The outstanding 

characteristics can be attributed to the synergistic contribution of the ZnCo2S4/NF coral 

reef hierarchical architecture and the bimetallic sulfide with great valence states for rich 

redox reactions. Therefore, the nano coral reef ZnCo2S4/NF is promising electrode 

material for battery-type supercapacitors. 
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1. INTRODUCTION 
The need to develop new, higher-performance working electrodes for electrochemical 

devices with higher power/energy densities for more efficient use of renewable energy 

sources cannot be overstated [1-3]. Despite having larger energy densities, the currently 

overtaking Li-ion batteries disadvantage from lower power capabilities, owing to the 

intrinsic controlled character of both ionic diffusion and charge transfer inside the bulk 

electroactive electrodes [4-7]. Not only for its appealing electrochemical properties, but 

sustainable energy-based applications such as lithium-ion batteries, fuel cells, and 

supercapacitors (SCs) are also energy-based applications such as lithium-ion batteries, 

fuel cells, and supercapacitors (SCs) are currently being super-developed. SCs have a 

significant advantage over LiBs, including higher power densities, longer life spans, and 

fast charge-discharge abilities [8, 9]. Generally, Supercapacitors are classified according 

to storage mechanism into three types double-layered capacitors, pseudocapacitors, and 
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battery-type capacitors, based on their energy storage strategies [10-15]. Battery-type 

capacitors have a greater specific capacity due to the short ion diffusion length and 

interfacial influence that improves redox kinetics for matched electrode materials. As a 

result, battery-type electrode materials such as transition metal sulfides, hydroxides, 

oxides, and phosphides, selenide, among others, have received much attention [16-19]. 

Construction and fabrication of electroactive sources with particular construction and 

compositions have motivated a significant research study. Transition metal sulfides have 

long been studied as suitable faradaic electroactive electrodes attributed to their attractive 

electrochemical properties. This includes great valence states, excellent 

electrochemical conductivities, and activities. In particular, ternary metal sulfides 

MCo2S4 (M=Ni2+, Mn2+, Zn2+, Fe2+ and Cu2+) exert a synergistic effect on faradaic 

processes via incorporating one metal element [20, 21]. Furthermore, sulfur takes the 

place of oxygen, resulting in a much more flexible structure [22, 23]. Because of these 

concerns, MCo2S4 is likely to display higher electrochemical performances. Among these 

MCo2S4 electrode materials, ZnCo2S4 material has recently attracted rising attention and 

interest owing to its low cost, [24] nontoxicity, and excellent electrochemical 

performances in recent years [25]. Coral reef-like structures and electrode materials have 

combined advantages in electrochemical energy storage, which can effectively improve 

the interface areas between electrode and electrolyte and offer rich transfer channels for 

ions and electrons, leading to notable improvement of the electrochemical performances 

[26, 27]. 

 

Furthermore, significant research efforts have been focused on the synthesis of ZnCo2S4 

nanostructures and the exploitation of their energy storage properties [28, 29]. Zinc-

cobalt sulfide rhombic dodecahedral cages and ZnxCo3-xS4 hollow tubular structures were 

successfully fabricated [30], and they similarly displayed high performances in energy 

storage [24]. Despite these advances, the design and synthesis of hollow ZnCo2S4 core-

shell structures with desirable electrochemical performances are much fewer reported. 

Herein, the ZnCo2S4 nanocoral reef-like form is successfully synthesized on the NF as 

binder-free via an efficient hydrothermal method. The ZnCo2S4 nanocoral reefs perform 

as expected, with a high specific capacity of 2055.2 C g-1 at a current density of 1 A g-1 

and just 10.8% loss, with 98% coulombic efficiency after 5000 charging-discharging 

cycles. Furthermore, a battery-type symmetric supercapacitor constructed of two 

electrodes ZnCo2S4/NF as cathode and anode provides specific energy of 39.1 Wh kg-1 at 

a power density of 1637 W kg-1 at the current density of 1 A g-1 and 93.3% capacity 

retention and 100% coulombic efficiency after 6000 cycles. The remarkable 

electrochemical performance of hollow ZnCo2S4 nanocoral reefs shows that they could 

be a promising candidate for energy storage. 

 

2. EXPERIMENTAL SECTION 
 

2.1. Materials 

All the chemicals used in this study were analytical grade and were not purified further. 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 98%), cobalt nitrate hexahydrate 

(Co(NO3)2.6H2O, 99%), and sodium sulfide (Na2S.9H2O, 99.0%) were all provided by 

Sigma-Aldrich. In addition, urea (CO(NH2)2), Ammonium fluoride (NH4F), potassium 

hydroxide (KOH), and absolute ethanol (C2H5OH) were obtained from Alfa Aesar. 

Nickel foam (NF) was purchased from MTI Korea. The NF (1 cm x 3 cm) was washed 
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with 3M HCl, ethanol, and deionized water to remove the surface contaminants and oxide 

layer. 

 

2.2. Synthesis of ZnCo2S4 /NF 

Inside a study, 2 mmol Zn (NO3)2.6H2O, 4 mmol Co(NO3)2.6H2O, 8 mmol NH4F, and 10 

mmol urea were dissolved in a mixed solution of 35 ml deionized water. Nickel foam (1 

cm * 3 cm) was cleaned with acetone and a 3 M HCl solution to remove the oxide from 

the surface before being treated for 15 minutes with deionized water and absolute ethanol. 

The solution and clean Ni foam were then placed in a 50 mL Teflon-lined autoclave and 

heated for 12 h at 120 ºC. The resultant Ni foam was rinsed multiple times with deionized 

water and absolute ethanol before being dried at 60 ºC for 24 h to acquire the Ni precursor 

for producing ZnCo2S4. By exposing the precursor to a sulfurization procedure, the 

ZnCo2S4 was developed on Ni foam. The ZnCo2S4 precursor/Ni foam was heated for 12 

hours at 160 ºC in a 50 mL Teflon-lined autoclave with 30 ml of 0.25 M Na2S solutions. 

To obtain the ZnCo2S4 coral reef-like structure on Ni foam, the autoclave was cooled to 

room temperature, and the products were rinsed with deionized water several times before 

being dried at 60 ºC for 12 hours. The load of the active ingredient ZnCo2S4 on Ni foam 

is determined to be ~ 3 mg cm-2 based on the weight difference of Ni foam before and 

after the reaction. 

 

2.3. Materials Characterization 

The morphology and microstructure of the investigated electrodes were examined using 

field emission scanning electron microscopy (FE-SEM; ZEISS Germany) supported by 

energy-dispersive X-ray (EDX) elemental mapping. As well as transmission electron 

microscopy (TEM, FEI Tecnai G2F20) with an acceleration voltage of 200–103 V. An 

X-ray diffraction (XRD-6000, Shimadzu) technique utilizing CuK radiation was used to 

interpret the crystal structures of the samples. The electrodes’ elemental compositions 

were also determined using (XPS) X-ray photoelectron spectroscopy using 

monochromatized AlK radiation (Thermo Scientific). 

 

2.4. Electrochemical Investigations 

The electrochemical performance of ZnCo2S4 growing on NF electrode for battery-type 

SCs was evaluated using a three-electrode system with ZnCo2S4/NF electrode as the 

working electrode, Ag/AgCl as the reference electrode, and a platinum plate as the 

counter electrode. Cyclic voltammetry (CV) curves were performed at several scan rates 

from 5 to 50 mV s‒1 over a potential window of –0.8 to 0.9 V. Galvanostatic charge-

discharge (GCD) tests were undertaken at various current densities ranging from 1 to 20 

A g‒1 over a potential window of −0.6 to 0.45 V. Electrochemical impedance 

spectroscopy (EIS) was conducted in the frequency range of 0.01 Hz to 100 kHz. All 

electrochemical measurements were performed using OrigaFlex-OGF01A (OrigaLys 

ElectroChem SAS, France) electrochemical workstation in a 6 M KOH solution. With 

equations (1) and (2), the specific capacitance and specific capacity are calculated in a 

specific method using GCD curves to determine discharge times [31, 32]: 

 

𝐶𝑠 = 2 I ×  ∫ Vdt/( m ×  Δ𝑉2)                                                  (1)   

𝐶 = 2 𝐼 ×  ∫ 𝑉𝑑𝑡/( 𝑚 ×  𝛥𝑉)                                                     (2) 
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To design the symmetric battery-type SC cell, the ZnFeNiCo2S4/NF electrodes were used 

as both positive and negative. The specific energy (Wh kg-1) and the specific power (W 

kg-1) of the cell were calculated using equations (3) and (4) [33, 34]. 

 

E =  I × ∫ Vdt/ 3.6 ×m                                             (3) 

P = 3600 E/∆t                                                  (4) 

Where E is the specific energy, P is the specific power, and ∆t is the discharge time. 

 

3. RESULTS AND DISCUSSION 
 

3.1. XRD Investigation 

To confirm the crystal structure of the prepared samples, high-quality XRD data were 

collected using a Bruker AXS X-ray diffractometer with Cu-Kα (λ=1.54056 A˚) radiation 

source in the 2θ range of 10-80° for each sample. 

 

3.1.1. XRD investigation of ZnCo2S4/NF 

XRD analysis was performed to survey the crystal structure of the obtained ZnCo2S4/NF. 

The diffraction peaks at 2θ of 31.2°, 37.9°, 50.1°, 55.3°, and 63.0° should be assigned to 

the (311), (400), (511), (440), and (620) lattice planes of ZnCo2S4 (JCPDS No. 20-0782) 

(figure 1) [35]. The peaks at 2θ of 44.6°, 52.1°, and 76.5° are ascribed to NF [36]. The 

impurity peak at 2θ of 21.9° corresponds to the Ni3S2 phase formed during 

the sulfidation treatment [37]. 

 

 
 

Fig. 1: XRD patterns of ZnCo2S4@NF. 

 

https://07101ci32-1105-y-https-www-sciencedirect-com.mplbci.ekb.eg/topics/chemistry/sulfuration
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3.2. X-ray Photoelectron Spectroscopic of ZnCo2S4/NF 

The oxidation states and chemical composition of ZnCo2S4 were illustrated in figure 2 

using XPS. Figure 2a displays the XPS spectrum survey, revealing the existence of O, C, 

S, Zn, and Co elements. The appearance of O 1s and C 1s peaks is attributed to exposing 

the sample to the air [38]. Peak deconvolution was performed using a Gaussian fitting 

method based on the Shirley background correction. Figure 2b displays the high-

resolution spectrum of Zn 2p, in which two pronounced peaks appeared at binding 

energies of 1044.5 and 1021.5 eV, corresponding to Zn 2p1/2 and Zn 2p3/2, proving the 

presence of Zn2+ ion [39]. 

 

 
 

Fig. 2: XPS spectra of ZnCo2S4 on the NF: (a) survey spectrum, high resolution XPS 

spectra of (b) Zn 2p (c) Co 2p and(d) S 2p. 

 

From the XPS results, the chemical composition of the ZnCo2S4 included Zn2+, Co2+ , 

Co3 +, and S2−. Figure 2c shows the high-resolution spectrum of Co 2p, which is 

deconvoluted into two satellites (denoted as “Sat”) and two spin-orbit doublets, 

confirming the presence of both Co2+ and Co3+. The peaks at binding energies of 

approximately 778.5 and 797.5 eV correspond to Co3+, whereas the peaks at binding 

energies of 782 and 798.5 eV are attributed to Co2+ [37]. The high-resolution spectrum 

of S 2p (figure 2d) shows two peaks at 161 and 163 eV that are well assigned to S 2p1/2 

and S 2p3/2, respectively [34], which can be set to metal–sulfur bonds. In contrast, the 
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satellite peak at 169 eV (sat.) was attributed to the surface-adsorbed oxidized sulfur 

species [32, 37]. 

 

3.3. Morphology and Microstructure Investigation 

 

3.3.1. Morphology of ZnCo2S4/NF 

The proper composition and uniform morphological assembly containing the porous 

structures are the critical parameters for affecting the electrochemical performance and 

facilitating the full utilization of electrode material. So, for investigating the 

nanostructures grown on the NF substrate, FESEM was carried out for ZnCo2S4 as 

depicted in figures 3a and 3b, respectively. The surface morphology of ZnCo2S4 shows 

the sponge coral reef-like structure. Further, higher magnifications of ZnCo2S4 have been 

performed for insight structural analysis of the sponge coral reef morphology, as shown 

in figures 3c and 3d. The higher magnification images show interconnected, overlapped 

sponge moss-like structures having tiny spike-like flowers. Thus, the unique form of 

composite ZnCo2S4 will provide a highly porous morphology, enhancing the specific 

relative surface area and increasing active sites for the adsorption of electrolyte ions 

during the faradaic reactions, implying the significant improved electrochemical 

performance of the electrode.  

 
 

Fig. 3: FESEM images of (a- d) ZnCo2S4/NF at different magnifications. 

 

EDS is also conducted to examine different constituent elements in the ZnCo2S4 scraped 

powder, as depicted in figure 4. The spectra corresponding to the Zn and Co and S ensure 

their existence in the structure. The TEM and HRTEM have been elucidated to observe 

the morphology and crystallinity of ZnCo2S4, as depicted in figures 5a to 5c. The obtained 

images are consistent with our HRSEM results. Figure 5d shows the SAED pattern of 
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materials. The diffusive rings in the SEAD pattern suggest the polycrystalline nature of 

the composite material. This agrees with the XRD results. 

 

 
 

Fig. 4: The X-ray spectrometry (EDX) analysis of ZnCo2S4. 

 

 
 

Fig. 5: (a-b) TEM image, and (c) HRTEM image of ZnCo2S4, nano coral reef, and 

(d) SAED pattern. 
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3.4. Electrochemical Measurements 

3.4.1. Electrochemical performance of ZnCo2S4/NF nanocoral reef electrode 

materials. 

The electrochemical performances of  ZnCo2S4  nanocoral reef as supercapacitor 

material were determined on a three-electrode cell in a 6 M KOH electrolyte. Figure 6 

illustrates the cyclic voltammograms (CV) of ZnCo2S4/NF, located at various scanning 

rates of 5–50 mV s−1 in the potential range of about -0.8–0.9 V a pair of long redox 

peaking’s. The rectangular-quasi shape of the CV reveals participants of a significantly 

stronger faradic process in the energy storage characteristics-type of battery-based 

capacitors. Although all faradaic current increased at higher scan rates, significant shifts 

in peaking sites happen for all anodic and cathodic procedures (figure 6a). This shows 

that the redox procedures were well-control approaches without visible physical 

transportation at the electrode interfaces. 

 

Furthermore, All CV curves contain a pair of redox peaks, revealing a quasi-reversible 

Faradaic redox reaction and a property of battery-like capacitors. The redox peaks could 

be assigned to the Faradaic reactions associated with Zn-S-OH and Co-S-OH [40]. The 

Faradaic response fulfils specific electrochemical performance and may be represented 

as: 

 

ZnCo2S4 + 4OH− ↔ZnSOH + 2CoSOH + SOH− + 3e−                        (5) 

 

CoSOH + OH−↔CoSO + H2O + e−                                       (6) 

 

ZnSOH + OH−↔ ZnSO + H2O + e−                                      (7) 

 

https://07101d5qr-1105-y-https-www-sciencedirect-com.mplbci.ekb.eg/topics/materials-science/supercapacitor-material
https://07101d5qr-1105-y-https-www-sciencedirect-com.mplbci.ekb.eg/topics/materials-science/supercapacitor-material
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Fig. 6: (a) CV curves of ZnCo2S4/NF at various scan rates, (b) GCD curves 

ZnCo2S4/NF at various current densities, (c) the specific capacities of 

ZnCo2S4/NF at various current densities, (d) ESI ZnCo2S4/NF before and 

after 5000 cyclic stability. 

 

Furthermore, GCD evaluations were carried out at various current densities within the 

voltage ranges of 0–0.45 V at current values ranging from 1 to 20 A g-1, as shown in 

figure 6b. The battery-based features of ZnCo2S4/NF are confirmed by distinct voltage 

plateaus in the charge plot at reduced current densities, as shown in figure 6b. By 

displaying well-being linear sloping and symmetry, the triangular-type charge/discharge 

graphs reveal the excellent electrochemical activities of ZnCo2S4/NF. The GCD curves 

of the ZnCo2S4/NF sample have been assigned at various current densities. The GCD 

curves of the ZnCo2S4/NF sample were posted at different current densities. The specific 

capacity was calculated using the following equations based on the discharge duration 

results of GCD. 

 

The specific capacity of the ZnCo2S4/NF electrode was calculated using equation (2). The 

specific capacities versus current densities are shown in figure 6c. The as-achieved results 

of specific capacities for current densities of 1, 2, 3, 4, 5, 7, 10, and 20 A g-1, respectively, 

at 2055.2, 1349, 1209.5, 1067,1034, 853.3, 705 and 210 C g-1   that tabulated in table 1. 

Based on the results, the ZnCo2S4/NF electrode material provides better reactions 

between the electrolyte and working electrode contacts, sufficient faradic reactions, and 

ease of charge storage and flight pathways. These values are also superior to those 
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obtained with other ternary metal sulfides such as NiCo2S4 measured in a similar potential 

window (table 2). 

 

Table (1): The specific capacitance and capacity of the ZnCo2S4/NF sample at 

different current densities. 

 

Current density (A g-1) 
Specific capacitance (F g-

1) 
Specific capacity (C g-1) 

1 1957.4 2055.2 

2 1284.3 1349 

3 1152 1209.5 

4 1015 1067 

5 985 1034 

7 813 853.3 

10 671 705 

20 200 210 

 

 

 
 

Fig. 7: (a) CV of ZnCo2S4/NF and pure NF at scan rate 10 mV s-1, (b) Cycling 

stability of the ZnCo2S4 electrode at 10 A g-1 for  5000  cycles. 

 

Table (2): Compares the performance of presently developed ZnCo2S4 with 

reported ternary metal sulfide supercapacitors in three-electrode configurations. 

 

Electrode 

Materials 
Capacitance (F g-1) 

Current 

density 

(A g-1) 

Electrolyte Ref. 

curtain-like zinc-cobalt sulfides 837 C g-1 1 A g-1 2 M KOH [29] 

ZnCo2S4 film 12082 C g-1 1 A g-1 3 M KOH [35] 

Carbon doped porous MnCo2S4 microcubes on Ni foam 

(solvothermal) 
1892 C g-1 5 A g-1 3 M KOH [41] 

Zn0.74Co0.24S4 nanosheets on nitrogen doped graphene/ carbon 

nanotube 
486.2 F g-1 2 A g-1 1 M KOH [25] 

NiCo2S4 hollow hexagonal nanoplates 437 F g-1 1 A g-1 3 M KOH [42] 

2D NiCo2S4 1304 F g-1 2 A g-1 6 M KOH [43] 

CuCo2S4/CNT/graphene 504 F g-1 10 A g-1 6 M KOH [44] 

ZnCo2S4/ NF 2055 C g-1 1 A g-1 6 MKOH 
This 
work 
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The Nyquist plots of the ZnCo2S4/NF electrode in the frequency range of 100 kHz to 0.01 

Hz are shown in figure 6d before and after 5000 cycles. The equivalent circuit of the 

ZnCo2S4 electrode is shown in figure 6d, where R1 and Rct for Ohmic and charge-transfer 

resistance, respectively. W is the Warburg impedance, and C1 is the Faradaic capacitance 

[45, 46]. CPE is a constant phase element that represents double-layer capacitance. Note 

that the equivalent series resistance (ESR, which includes electrolyte resistance, internal 

electrode resistance, and electrode-to-electrolyte contact resistance) increased cycling 

from (0.8 to 2.53 Ω) after the cycling test, suggesting that Ohmic loss. The charge transfer 

resistance increased slightly (from 0.96 to 4.14 Ω), demonstrating that even after 5000 

cycles, the ZnCo2S4 electrode maintains good electronic conductivity and capacitive 

performance. The near-vertical line in the low-frequency region indicates low electrolyte 

diffusion impedance. The downward slope difference between the vertical diffusion lines 

shows the outstanding capacitive performance of the electrode before and after 5000 

charge/discharge cycles. 

 

The CV curve area of the pure NF electrode is also displayed in figure 7a, revealing that 

NF exhibited negligible specific capacity [21]. Furthermore, the current intensity and CV 

area of the ZnCo2S4/NF electrode were higher than those of the NF electrode. Long cycle 

stability is essential to evaluate the battery-type SC electrode. As shown in figure 7b, the 

cycle stability of the ZnCo2S4/NF electrode was examined using 5000 GCD cycles at a 

current density of 10 A g-1. The ZnCo2S4/NF electrode’s coral reef-like structure 

demonstrated high cycling stability, 89.2 % after 5000 GCD cycles, indicating better 

cycling stability. In addition, the coulombic efficiency gradually improved after 5000 

cycles, eventually reaching 98%. Furthermore, the electrochemical performances of 

hollow ZnCo2S4 core-shell nanospheres electrodes are superior to those previously 

reported metal sulfides electrode materials such as NiCo2S4 nanotube on Ni (76.1% after 

1500 cycles) [47], Tube-like NiCo2S4 (75.9% after 5000 cycles) [48], Mushroom-like 

CoNi2S4 on Ni foam (75.8% after 3000 cycles)[49] and CuCo2S4 (80% after 2000 cycles) 

[50]. 

 

The symmetric battery supercapacitor hybrid was constructed with two ZnCo2S4/NF  as 

positive and negative electrodes for more practical use. As illustrated in figure 8a, the 

suitable voltage window was evaluated by measuring CV curves with various voltage 

windows.  The fast current enhancements were observed for each curve in the high 

potential region. However, the increased current is smaller for the curve with the potential 

window of 1.5 V. The rapid increase in current may be ascribed to the aqueous 

electrolyte’s typical water oxidation process. Different scan rates (5- 100 mV s-1) were 

employed to test the CV curves with the optimized voltage window of 1.5 V (figure 8b). 

Peak separation is small. Shape distortion is minimal, indicating that this device has a 

high reversibility window of 1.5 V. The rectangular shape of all CV curves is maintained 

without deviation until 100 mV s-1, revealing the ZnCo2S4/NF// ZnCo2S4/NF device’s 

superior stability characteristics. As shown in figure 8c, GCD analysis was done for the 

ZnCo2S4/NF// ZnCo2S4/NF device utilizing a constant potential window of 0 to 1.5 V and 

current densities ranging from 1 to 10 A g-1. The device’s specific capacities values were 

estimated at various current densities using equation (2) and shown in figure 8d, and at 

current densities of 1 A g-1, it delivered 188 C g-1 specific capacity. 
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Fig. 8: CV curves at different voltage ranges from 1.0 to 1.5 V at 20 mV s−1  of 

ZnCo2S4/NF// ZnCo2S4/NF, (b) CV curves at different scan rates from 5 to 

100 mV s−1 with a voltage window 0 to 1.5 V, of ZnCo2S4/NF// ZnCo2S4/NF 

(c) GCD curve for different current density ranging from 1 to 10 A g−1 with 

a voltage window of 0 to 1.5 V of ZnCo2S4/NF// ZnCo2S4/NF, and 

(d)  specific capacities at different current densities of ZnCo2S4/NF// 

ZnCo2S4/NF. 

 

The calculated specific capacities are 188, 122,90.4, 71.5, 62.7, and 53.46 C g−1 at 

different current densities from 1 to 10 A g-1, as shown in figure 8d. The specific 

capacities of the ZnCo2S4/NF//ZnCo2S4/NF device was higher than the previously 

published work based on ZnCo2S4 and their composites such as    ZnCo2S4//AC (160 C 

g-1 at 1 A g-1) [35], ZnCo2S4/ZnCo2O4//CNT (130 F g-1 at 1 A g-1) [51], 

Zn0.76Co0.24S/NGN/CNTs//NGN/CNTs (specific capacity 150.5 and 84.4 F g-1 at current 

density 0.5, 20 A g-1 respectively) [25]  and other ternary metal sulfides based hybrid 

cells like, MnCo2S4//rGO (∼88 F g-1 at1 A g-1) [52], NiCo2S4/Co9S8//AC [53], NiCo2S4 

NSs//AC (~72 F g-1 at 1.25 A g-1) [54], porous NiCo2S4 NSs//AC (~80 F g-1 at ~3.6 A  g-

1) [43], NiCo2S4 NBs//AC (~88 F g-1 at ~0.2 A g-1) [55] , NiCo2S4/Co9S8//AC (107 F g-1 

at 0.2 A g-1) [53]. The EIS and its equivalent circuit in figures 9a and 9b, respectively, 

show the change in ESR of the device before and after the durability test. After 6,000 

cycles, ESR increased from 0.38 Ω to 1.2 Ω, indicating the improved contact between 

electrode materials and electrolytes. 
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The Ragone plot of the symmetric device is displayed in figure 9c, which is plotted 

between specific energy and specific power factors using equations (3) and (4). The 

symmetric device provides the energy and power densities of 39.1 Wh kg-1 / 1637 W kg-

1 at a current density of 1 A g-1, respectively. In addition, the device attained 11.3 Wh kg-

1 / 19278.8 W kg-1 of energy and power density at a current density of 10 A g-1, 

respectively. These results superior to previously reported based on similar metal sulfide, 

such as Zn–Co–S/NF//AC/NF (31.9 Wh kg−1 at 850.0 W kg−1) [28], Zn0.76Co0.24S/CFP 

(carbon fiber papers)//AC (9.59 Wh kg−1 at 750 W kg−1) [56], Co3S4/CoMo2S4//AC 

(33.1 Wh kg−1 at 850 W kg−1) [57], NiCo2S4//AC (28.3 Wh kg−1 at 245 W kg−1) [58] and 

other devices shown in figure 9c [56, 57, 59-63].  The cyclic stability of the device was 

evaluated by GCD analysis as shown in figure 9d, utilizing an input current density of 20 

A g-1 for 6000 continuous cycles. After 6000 cycles, the hybrid symmetric supercapacitor 

device retains 93.9 % of its capacitance and 100 % coulombic efficiency. This study 

confirmed that the ZnCo2S4/NF with nanocoral reef-like structure could meet the current 

demands of battery-type supercapacitor applications. 

 

 

Fig. 9: (a) Ragone plot of ZnCo2S4/NF//ZnCo2S4/NF and comparison with other 

previous reports, (b) EIS curves of the ZnCo2S4/NF//ZnCo2S4/NF before 

and after 6000 cycles,(c) Equivalent circuit of ZnCo2S4/NF//ZnCo2S4/NF, 

and (d) cycling stability of ZnCo2S4/NF//ZnCo2S4/NF at 20 A g-1 through 

5000 cycles. 
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4. CONCLUSIONS 
A facile two-step hydrothermal approach was used to construct the ZnCo2S4 

nanostructures that resemble coral reefs on NF. At a current density of 1 A g-1, the 

ZnCo2S4 coral reef electrode displayed a maximum specific capacity of 2055.2 C g-1. 

Likewise, the electrode revealed cyclic stability with 89.2 % capacity retention and     98 

% coulombic efficiency after 5000 cycles. Furthermore, the battery-type symmetric 

ZnCo2S4/NF//ZnCo2S4/NF device delivered exceptional specific energy of 39.1 Wh kg-1 

at a specific power of 1637 W kg-1 at a current density of 1 A g-1, excellent cycling 

stability of 93.3 % after 6000 cycles, and remarkable coulombic efficiency of 100%. 

According to the findings, the nanocoral reef-like ZnCo2S4/NF structure is a great 

candidate for electrodes used in electrochemical energy storage applications. 
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