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Abstract 

It is a great challenge to achieve both high specific capacity and high energy density 

of supercapacitors by designing and constructing hybrid electrode materials through a 

simple but effective process. In this paper, we proposed a hierarchically nanostructured 

hybrid material combining Zn0.76Co0.24S (ZCS) nanoparticles and Co(OH)2 (CH) 

nanosheets using a two-step hydrothermal synthesis strategy. Synergistic effects 

between ZCS nanoparticles and CH nanosheets result in efficient ion transports during 

the charge-discharge process, thus achieving a good electrochemical performance of 

the supercapacitor. The synthesized ZCS@CH hybrid exhibits a high specific capacity 

of 1152.0 C g-1 at a current density of 0.5 A g-1 in 2 M KOH electrolyte. Its capacity 

retention rate is maintained at ~70.0% when the current density is changed from 1 A g-

1 to 10 A g-1. A hybrid supercapacitor (HSC) assembled from ZCS@CH as the cathode 

and active carbon (AC) as the anode displays a capacitance of 155.7 F g-1 at 0.5 A g-1, 

with a remarkable cycling stability of 91.3% after 12,000 cycles. Meanwhile, this HSC 

shows a high energy density of 62.5 Wh kg-1 at a power density of 425.0 W kg-1, proving 

that the developed ZCS@CH is a promising electrode material for energy storage 

applications. 

Keywords: Supercapacitor, Zn0.76Co0.24S, Co(OH)2, Hybrid nanostructures, 

Hydrothermal method 
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1 Introduction 

It has been a great challenge to develop green, environment-friendly, clean and 

sustainable energy for coping with the global issues of energy shortage and 

environmental pollution and applying electrical novel energy storage technologies for 

electric vehicles, portable electronics, and medical devices [1-3]. Currently, 

supercapacitors (SCs) are considered to be one of the most promising energy storage 

devices due to their fast charging and discharging rates, long lifetime and relatively 

high power density [4, 5]. Nevertheless, their low energy densities hinder their practical 

applications. To solve this issue, various types of supercapacitors have been developed 

to achieve a high energy density. According to different storage mechanisms of 

cathodes and anodes, SCs can be classified into a symmetrical type, an asymmetric type 

and a hybrid type supercapacitor (HSC) [6]. Among them, the HSC is commonly 

constructed by combining capacitive-type and battery-type electrodes, which can 

achieve a high specific energy density [6-8]. 

In recently years, nanomaterials based on transition metal hydroxides, including 

Co(OH)2 [9], Ni(OH)2 [10] and Cu(OH)2 [11], have been explored as the promising 

battery-type cathode materials for the HSCs, because they have large spacings among 

layers and can provide preferably large surface areas and efficient ion transport 

channels [12]. Among them, Co(OH)2 has a theoretical capacitance of 3500.0 F g-1 [13]. 

However, its poor conductivity affects its capacity, energy density and cycling stability 

[14, 15]. To solve these issues, carbon materials with their excellent electrical 

conductivities have been added into the Co(OH)2. For examples, an Co(OH)2/AC 
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nanocomposite synthesized using a precipitation method exhibited a high specific 

capacity of 447.0 C g-1 at 1 A g-1 [16]. A composite of Co(OH)2 and GO showed a 

specific capacitance of 1014.0 F g-1 at 1 A g-1 [17]. However, these reported capacitance 

values are still much smaller than the theoretically predicated ones of Co(OH)2.  

Recently bimetallic sulfide compounds are investigated as the promising battery-type 

cathode materials, due to their high electrical conductivities and multiple redox 

reactions [18]. For examples, zinc and cobalt have good coordination abilities. Zinc has 

a larger atomic radius than cobalt. Zinc cobalt sulfides possess much lower optical band 

gaps and display a good electrochemical performance [19]. Li et al. reported that 

Zn0.76Co0.24S nanoparticles synthesized using a two-step hydrothermal method 

achieved a specific capacitance of 1269.1 F g-1 at 0.5 A g-1 [20]. Yang et al. used a 

combined precipitation and ion-exchange method to prepare ZnCoS nanoparticles, 

which achieved a specific capacitance of 1134.7 F g-1 at 1 A g-1 [21]. Although zinc 

cobalt sulfides have shown high electrical conductivities, their specific capacities are 

still quite low [22]. 

Hybrid materials integrated with bimetallic sulfides and transition metal hydroxides 

can achieve a synergistic effect and thus a significantly increased specific capacity. For 

example, a core-shell structure of NiCo2S4@Co(OH)2 showed a high specific capacity 

of 1054.9 F g-1 at 2 mA cm2, and an HSC of NiCo2S4@Co(OH)2//AC maintained 70.0% 

of its original capacitance value after 5000 cycles [23]. CoSx/Ni-Co double-layered 

hydroxides [24] synthesized using etching and precipitation approaches showed a 

specific capacitance of 1562.0 F g-1 at 1 A g-1, and the synthesized HSC showed an 
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energy density of 35.8 Wh kg-1 at 800.0 W kg-1. However, the energy density and 

cycling stability of these hybrid bimetallic sulfides and transition metal hydroxides are 

still needed to improve. They were often grown directly on the collectors using a 

complicated electrochemical deposition method [22, 23, 25]. Therefore, it is urgently 

required to explore a simple but effective method to synthesize high performance 

bimetallic sulfides or transition metal hydroxides for the HSC applications. 

In this work, we develop a facile two-step hydrothermal method to synthesize a 

hybrid electrode material of uniformly distributed Zn0.76Co0.24S nanoparticles and 

Co(OH)2 nanosheets (ZCS@CH). The designed structure is schematically illustrated in 

Figure 1. The synergistic effect between nanoparticles and nanosheets is utilized to 

achieve a high electrochemical performance, which is mainly attributed to the 

synergistic effects of Zn0.76Co0.24S nanoparticles and highly conductive Co(OH)2 

nanosheets with large specific surface areas and abundant active sites. Due to these 

reasons, the hybrid ZCS@CH electrode achieves a large specific capacity of 1152.0 C 

g-1 at 0.5 A g-1 and a good rate capability. In addition, an HSC assembled with 

ZCS@CH//AC devices achieves a high energy density of 62.5 Wh kg−1 at a power 

density of 425.0 W kg−1, and displays an excellent cycling stability. 
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Fig. 1 Schematic illustrations of structure and process of hierarchically 

nanostructured Zn0.76C0.24S@Co(OH)2. 

2 Experimental 

2.1 synthesis methods 

2.1.1 Fabrication of ZnC2O4@CoC2O4 precursor 

Zn(CH3COO)2·2H2O (0.219 g, 1 mmol), Co(CH3COO)2·4H2O (0.498 g, 2mmol), and 

NH4F (0.222 g, 6 mmol) were dissolved in deionized (DI) water (50 ml) and stirred for 

10 min at room temperature to obtain a pink solution. Oxalic acid (0.756 g, 6 mmol) 

was dissolved in DI water (25 ml), added into the above mixed solution, and then stirred 

continuously for about 5 min. The mixed solution was sealed in a 100 ml Teflon-lined 

stainless-steel autoclave and kept at 120 °C for 6 h. After cooled down to room 

temperature, the obtained pink precipitate was washed with DI water and ethanol for 

several times, and then dried overnight at 60 ° C to obtain the precursor of 

ZnC2O4@CoC2O4. 

2.1.2 Fabrication of ZCS@CH 

ZnC2O4@CoC2O4 precursor (0.1 g), Na2SO4·10H2O (0.75 g) and Na2S·9H2O (0.5 g) 

were mixed inside a 100 ml Teflon-lined stainless-steel autoclave with 75 ml DI water. 
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The mixture was heated to 120 °C and maintained for 6 h, and then dried at 60°C for 

12 h to obtain the black powder of Zn0.76Co0.24S@CoSO4. In the hydrothermal reaction 

process, Na2SO4 ·10H2O and Na2S ·9H2O were used to produce CoSO4·6H2O and 

Zn0.76Co0.24S, respectively. Then an intermediate material of 

Zn0.76Co0.24S@CoSO4·6H2O was produced by the hydrothermal reaction. Finally, the 

obtained powder of Zn0.76Co0.24S@CoSO4·6H2O was immersed in a solution of 2 M 

KOH for overnight, and then cleaned by DI water to obtain the final product of 

Zn0.76C0.24S@Co(OH)2. The procedures are schematically illustrated in Figure 1. 

2.1.3 Fabrication of ZCS 

For comparison, pure ZCS samples were also synthesized using the same 

hydrothermal method, but without adding Na2SO4 ·10H2O. The ZnC2O4@CoC2O4 

precursor (0.1 g) and Na2S·9H2O (1.5 g) were dissolved in DI water (75 ml) and then 

transferred into a 100 mL autoclave for the hydrothermal process at 120 °C for 6 h. 

Finally, the precipitate was cleaned using DI water and dried to obtain the ZCS sample. 

In this process, because there was no Na2SO4·10H2O added, the CoSO4·6H2O was not 

produced, thus all the precursors were transformed into Zn0.76C0.24S sample. 

2.3 Characterization methods 

Crystalline structures of electrode materials were analyzed using an X-ray 

diffractometer (XRD, Cu Kα, Rigaku D/max-2400). A scanning electron microscope 

(SEM, Inspect F50) was used to characterize surface morphology of the samples. The 

microstructures were observed using a transmission electron microscope (TEM, JEM-

2200FS, Japan) equipped with an energy-dispersive X-ray spectrometer (EDS). An X-

mailto:Zn0.76Co0.24S@CoSO4
mailto:Zn0.76Co0.24S@CoSO4·6H2O
mailto:Zn0.76Co0.24S@CoSO4·6H2O
mailto:Zn0.76Co0.24S@CoSO4
mailto:Zn0.76C0.24S@Co(OH)2
mailto:Zn0.76C0.24S@Co(OH)2
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ray photoelectron spectroscope (XPS, Al Kα radiation, ESCALAB 250Xi) was used to 

characterize the chemical valence states of the elements. Specific surface areas of the 

samples were characterized using the Brunauer-Emmett-Teller (BET) technique, and 

their pore volumes and pore size distributions were obtained using a Barrett-Joyner-

Halenda (BJH) method. 

2.4 Electrochemical characterization  

Electrochemical properties of electrode materials were tested using an 

electrochemical workstation (CHI660E Chenhua, Shanghai) at room temperature (25 

oC) in a 2 M KOH solution. The mixed slurry of the active materials, carbon black and 

binder of polyvinyl fluoride with a mass ratio of 8:1:1 was coated on a cleaned nickel 

foam (1х1 cm2) and dried in a vacuum chamber at 50 °C for overnight. The obtained 

product was used as the working electrodes, which was then combined with the counter 

electrode of platinum plate and the reference electrode of Hg/HgO to form a three-

electrode testing system and test the electrochemical performance. The methods of 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) were all performed. 

Hybrid supercapacitor (HSC) was fabricated using ZCS@CH as the positive 

electrode and AC as the negative electrode. The preparation process of AC electrode is 

the same as that for the working electrode. To achieve the charge balance between 

positive and negative electrodes in this dual electrode test system, the mass loading of 

negative material (m-) was calculated using the following formula [26]: 

m+

m-
=

C-×∆V-

C+×∆V+
                       (1) 
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where m+ and m- represent the masses, C+ and C- is specific capacities, ΔV+ and ΔV- 

are the potential windows, of both the positive and negative electrodes, respectively. 

 

3 Results and discussion 

3.1 Structure and morphology characterization 

 

Fig. 2 XRD spectra of (a) precursor of ZnC2O4@CoC2O4 and (b) pure ZCS and 

ZCS@CH samples, SEM images of (c) ZnC2O4@CoC2O4, (d) ZCS, (e) and (f) 

ZCS@CH.  

Fig. 2a presents an XRD spectrum of the precursor, which shows that the precursor 

has a good crystallinity and has a mixture of CoC2O4·2H2O and ZnC2O4·2H2O. After 

the hydrothermal reactions using Na2SO4·10H2O and Na2S·9H2O, the CoC2O4·2H2O 

and ZnC2O4 · 2H2O are transferred into the intermediate phase of 

Zn0.76Co0.24S@CoSO4·6H2O, which can be proved by the XRD spectrum shown in Fig. 

S1. The XRD spectra of pure ZCS and ZCS@CH are shown in Fig. 1b. For the 

ZCS@CH sample, peaks at 18.8°, 32.2°, 37.6°, 51.1° and 57.6° are indexed to the (001), 
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(100), (101), (102) and (110) planes of Co(OH)2 (JCPDS: 45-0031), and the other peaks 

at 28.6°, 33.1°, 47.6° and 56.5° are corresponding to the (111), (200), (220) and (311) 

planes of Zn0.76Co0.24S (JCPDS: 47-1656), respectively. These results confirm that the 

hybrid ZCS@CH has been successfully synthesized by immersing the intermediate 

phase of Zn0.76Co0.24S@CoSO4 into the 2 M KOH solution. For comparison, the peaks 

of pure ZCS sample only show the crystal planes of Zn0.76Co0.24S as shown in Fig. 2b. 

Morphology of precursor (ZnC2O4@CoC2O4, as shown in the SEM image of Fig. 2c) 

presents a polyhedral structure, and the surface is smooth. After the hydrothermal 

reaction in the solution of Na2SO4 ·10H2O and Na2S ·9H2O, the ZnC2O4@CoC2O4 

precursor has been changed into nanosheets coated nanoparticles of 

Zn0.76Co0.24S@CoSO4·6H2O, indicating the occurrence of recrystallization during the 

hydrothermal process (see the SEM images in Fig. S2). Fig. 2e shows the formed 

ZCS@CH hybrid structure of Zn0.76Co0.24S nanoparticles and Co(OH)2 hexagonal 

nanosheets after soaked in the KOH solution. Whereas the pure ZCS is only composed 

of nanoparticles (Fig. 2d). The estimated average diameter of the Zn0.76Co0.24S 

nanoparticles is about 20 nm and the thickness and size of Co(OH)2 nanosheets are 

about 50 nm and 148 nm (Fig. 2f), respectively. 

For the ZCS@CH hybrid, the Zn0.76Co0.24S nanoparticles are uniformly distributed 

on Co(OH)2 nanosheets. Compared with that of the pure ZCS, the ZCS@CH hybrid 

structure provides more ion diffusion channels between the active materials and 

electrolyte, which is favorable for the redox reactions during the charging and 

discharging processes [27]. 
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Fig. 3 (a) TEM image of ZCS@CH, (b) HR-TEM image of ZCS@CH, (c) the 

SAED pattern, and (d) element mapping of ZCS@CH sample. 

Fig. 3a shows a TEM image of ZCS@CH, which is well matched with the SEM 

image shown in Fig. 2e. A high-resolution TEM image of ZCS@CH is shown in Fig. 

3b, and the estimated lattice fringes of 0.190 nm and 0.311 nm are corresponding to the 

(220) and (111) planes of Zn0.76C0.24S, respectively. The other lattice fringes of 0.238 

nm and 0.470 nm are corresponding to the (101) and (001) planes of Co(OH)2. The 

selected area electron diffraction (SAED) patterns of the ZCS@CH is shown in Fig. 3c, 

in which the diffraction rings are corresponding to the crystalline facets of the 

Zn0.76C0.24S and Co(OH)2. This clearly reveals the polycrystalline nature of the 

electrode material. 

Fig. 3d shows the element mapping of the ZCS@CH. The elements of Co and O are 

mainly concentrated on the nanosheets, whereas the elements of Zn and S are 

concentrated on the nanoparticles. The distribution of elements of Zn, Co, O and S 

clearly reveals that nanosheets and nanoparticles are evenly distributed inside the 

sample. 
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Fig. 4 (a) N2 adsorption/desorption isotherm and the pore size distributions of 

ZCS@CH, XPS analysis of ZCS@CH: (b) full spectrum, high resolution of (c) Co 2p, 

(d) S 2p, (e) Zn 2p and (f) O 1s. 

Fig. 4a shows the nitrogen adsorption/desorption isotherm results in the range of 

0.0~1.0 P/P0. The IV adsorption behavior with a hysteresis loop clearly shows the 

presence of mesoporous structures in ZCS@CH [28]. Pore volumes and surface areas 

of the ZCS@CH were calculated using the Barrett-Joyner-Halenda (BJH) and BET 

method, and the obtained results are 0.159 cm3 g-1 and 25.0 m2 g-1, respectively. The 

nanoparticles and nanosheets form a wide range pore size distribution from 2 nm to 90 

nm, with an average size of 15 nm. The porous structures and large specific surface 

areas of the electrode materials are favorable for the diffusion of electrolyte ions to 

enhance the faraday reactions [29]. 

XPS survey spectrum of ZCS@CH is shown in Fig. 4b, revealing the Co, S, Zn, O, 

C elements in the sample. The element of C is mainly due to the surface adsorption of 
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contaminates from the air [15, 20]. For the high-resolution Co 2p spectrum in Fig. 4c, 

the spin-orbits of Co 2p3/2 and Co 2p1/2 can be separated into two peaks, e.g., Co2+ and 

Co3+ [30]. The peaks of 780.4 and 797.1 eV are corresponding to those of the Co3+ 2p3/2 

and Co3+ 2p1/2, while the other peaks at 782.6 eV and 796.2 eV are corresponding to 

those of Co2+ 2p3/2 and Co2+ 2p1/2, respectively [7, 31-33]. Meanwhile, the peaks at 

802.4 eV and 786.2 eV are the two satellite peaks of Co2+ and Co3+ [34], which indicates 

the co-existence of Co2+ and Co3+ in the ZCS@CH. The mixed valence states of 

ZCS@CH, such as Zn0.76Co0.24S with Co2+ and Co3+, and Co(OH)2 with Co2+, can 

achieve a high conductivity [35]. The high-resolution spectrum of S 2p is shown in Fig. 

4d. The peaks at 162.0 eV and 160.9 eV are corresponding to S 2p3/2 and S 2p1/2, 

respectively. The other peak at 167.9 eV is indexed to the sulfur species at higher 

oxidation states [19, 36, 37]. Fig. 4e displays the Zn 2p spectrum, which can be well 

fitted with two peaks at 1044.4 eV and 1021.3 eV, corresponding to Zn 2p1/2 and Zn 

2p3/2 peaks of Zn2+, respectively [38]. The O 1s spectrum is shown in Fig. 4f. The peak 

of O 1s at 530.8 eV represents the lattice oxygen in Co(OH)2, and the peak at 531.6 eV 

represents the hydroxyl group on surface [39, 40]. All these XPS results are consistent 

with those from the XRD analysis and further confirm the formation of the ZCS@CH. 

3.2 Electrochemical performance 
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Fig. 5 (a) CV curves of ZnC2O4@CoC2O4, ZCS and ZCS@CH at a scan rate of 10 

mV s-1, (b) GCD curves of ZnC2O4@CoC2O4, ZCS and ZCS@CH at current density 

of 1 A g-1, (c) Nyquist plots of the ZnC2O4@CoC2O4, ZCS and ZCS@CH electrodes, 

(d) CV curves of ZCS@CH at various scan rates, (e) GCD curves ZCS@CH at 

various current densities, (f) the specific capacity of ZCS and ZCS@CH at different 

current densities. 

Figs. 5a and 5b show the CV and GCD curves of ZnC2O4@CoC2O4, ZCS and 

ZCS@CH electrodes tested using the three-electrode system in the 2 M KOH solution. 

The closed area and the discharging times of the ZCS@CH electrode are obviously 

larger than those of the ZCS and ZnC2O4@CoC2O4, which implies that the ZCS@CH 

electrode material has the largest specific capacity among these three samples. The 

Nyquist plots of ZnC2O4@CoC2O4, ZCS and ZCS@CH electrodes obtained in the 

frequency range of 0.01~100 kHz are shown in Fig. 5c. The EIS curves consist of a 

semicircle in the high frequency region and a linear section in the low frequency region, 

indicating that these three electrode materials are diffusion-controlled battery-type ones 
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[27]. Based on the high frequency image shown in Fig. 5c inset, the ZnC2O4@CoC2O4 

precursor has a large semicircle and small linear slope compared with those of the other 

electrodes, which is due to the poor electrical conductivity and low ion transport rates 

of charged particles [41]. The ZCS@CH electrode has a small equivalent series 

resistance (Rs=0.88 Ω) and a low charge transfer resistance (Rct= 0.69 Ω), obtained 

using the resistance fitting, suggesting that the ZCS@CH has a good conductivity and 

transport rate of ions [42]. The equivalent circuits of ZCS@CH electrode obtained 

using a fitting software are shown in Fig. S3 and the results are also listed in Table S1. 

Fig. 5d displays the CV curves of ZCS@CH electrode in the potential range of 0 to 

0.75 V at different scan rates from 5 mV to 50 mV. These curves have a pair of 

symmetric redox peaks, which are shifted to positive and negative potentials, 

respectively, due to the polarization effect [43]. All the CV curves have similar shapes 

at various scanning rates as shown in Fig. 5d, indicating that ZCS@CH electrode is a 

diffusion-controlled battery type and has a good reversibility during the following 

faradaic reactions at the electrode [9, 20, 44-46]: 

Zn0.76Co0.24S+OH-↔0.76 ZnSOH + 0.24 CoSOH + e-    (3) 

CoSOH + OH-↔CoSO + H2O + e-                 (4) 

Co(OH)2 + OH-↔CoOOH + H2O + e-               (5) 

CoOOH + OH-↔CoO2 + H2O + e-                 (6) 

By fitting the logarithmic relationships between different scanning rates v (mV s-1) 

and redox peak current i (A) based on CV curves, the energy storage mechanism of 

ZCS@CH electrode materials can be investigated using the following equations [47-
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49]. 

𝑖 = 𝑎𝑣𝑏                             (7) 

logi = loga + blogv                      (8) 

where a and b are the adjustable parameters, and the different ranges of b values 

represent different modes of energy storage. The value of b can be calculated from the 

linear relationship between logi and logv. The b value of 1 represents a fully surface-

controlled behavior of capacitive-type materials and b value of 0.5 represent a fully 

diffusion-controlled behavior for battery-type materials [27]. Fig. S4 shows the 

logarithm relationships between the anodic peak and scan rate of ZCS@CH. The 

obtained b value is 0.53 for the ZCS@CH, indicating that the diffusion-controlled 

faradaic reaction is dominant in the charge-discharge processes [50,51]. 

GCD curves of the ZCS@CH electrode with a potential window of 0~0.5 V at 

various current densities are shown in Fig. 5e. All the curves display good symmetry 

patterns, which indicates good coulomb efficiencies of this electrode [52]. There are 

obvious charge-discharge platforms, indicating the dominant diffusion-control 

behavior of the electrode, which is consistent with the result of CV analysis. According 

to the GCD data, the specific capacity values Cs (C g-1) of ZCS, ZCS@CH and 

ZnC2O4@CoC2O4 can be obtained based on the Eq. 9 [53]: 

Cs=
I×∆t

m
                           (9) 

where I (A) is the discharge current, Δt (s) is the discharge time, and m (g) is the mass 

of the active material. As shown in Fig. 5f, the specific capacity of ZCS@CH electrode 

is much larger than that of pure ZCS. The Cs values of ZCS@CH electrode are 1152.2, 
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1089.1, 993.5, 906.8, 847.2, 800.0, 762.0 C g-1 at 0.5, 1, 2, 4, 6, 8, 10 A g-1, respectively. 

When the current density is increased from 1 A g-1 to 10 A g-1, the ZCS@CH electrode 

displays an excellent capacity retention of 70.0%. When the current density is increased 

to 20 A g-1, the Cs of ZCS@CH electrode can still maintain a value of 628.0 C g-1, 

meaning its good rate capability. The cycling performance, coulombic and energy 

efficiencies of ZCS@CH electrode are shown in Fig. S5. At a current density of 20 A 

g-1, the specific capacity can remain ~73.8% of its the initial value after 5,000 cycles. 

The corresponding coulombic and energy efficiencies remain ~99.1% and ~64.1%, 

respectively. 

The electrochemical test results of ZnC2O4@CoC2O4 and ZCS electrodes are shown 

in Figs. S6 and S7. The ZnC2O4@CoC2O4 and ZCS electrodes show the capacity values 

of ~203.1 C g-1 and ~404.2 C g-1 at 0.5 A g-1, respectively. Clearly the results of the 

ZCS@CH electrode are much better than those of either ZCS or ZnC2O4@CoC2O4 

electrodes. The large specific capacity for the ZCS@CH is mainly attributed to the 

synergistic effects of Zn0.76Co0.24S nanoparticles and highly conductive Co(OH)2 

nanosheets with large specific surface areas and abundant active sites. Therefore, the 

ZCS@CH electrode can effectively contact with the electrolyte and facilitate the 

faradaic reactions, thus achieving good electrochemical properties. Compared with the 

composite electrode materials (for both Zn0.76Co0.24S, Co(OH)2) reported in the 

literature, the ZCS@CH developed in this study shows the highest specific capacity 

value as listed in Table 1. 

 



18 

 

 

Table 1 Summary of capacity properties of related materials in literature. 

Materials Method Morphology electrolyte Capacity 

Zn0.76Co0.24S [20] Hydrothermal Nanoparticles 2 M KOH 1269.1 F g-1 at 0.5 A g-1 

Zn0.76Co0.24S@CNTs/GO [35] Solvothermal Yolk-shell spheres 6 M KOH 578.6 F g-1 at 1 A g-1 

CoNi-MOF/carbon fiber [54] Electrodeposition Petal-like nanosheets 1 M KOH 1044.0 F g-1 at 2 A g-1 

Co(OH)2@Ni(OH)2 [55] Electrodeposition Nanosheets 2 M KOH 355.2 C g-1 at 1 A g-1 

Co(OH)2/SnOx/Ni foam [56] Hydrothermal Petal-like nanosheets 3 M KOH 806.3 F g-1 at 1 A g-1 

NiCo2O4@α-Co(OH)2 [57] 
Hydrothermal/ 

electrodeposition 
Core-shell nanowires 2 M KOH 1298.0 F g-1 at 1 A g-1 

Co(OH)2@FeCo2O4 [58] Hydrothermal 
Nanoparticles/ 

nanosheets 
6 M KOH 1173.4 F g-1 at 1 A g-1 

Co9S8@Ni(OH)2 [37] Electrodeposition Core-shell nanotube 6 M KOH 149.44 mAh g-1at 1A g-1 

NiCo2S4@Co(OH)2/Ni [23] 
Hydrothermal/ 

electrodeposition 

Core-shell nanotube 

arrays 
2 M KOH 1054.9 F g-1 at 2 mA cm-2 

Zn0.76Co0.24S@Co(OH)2  

(This work) 
Hydrothermal 

Nanoparticles/ 

nanosheets 
2 M KOH 1152.2 C g-1 at 0.5 A g-1 

 

3.3 Electrochemical properties of hybrid supercapacitor device 

assembled by ZCS@CH and AC 

 

Fig. 6 Electrochemical performance of the as-fabricated ZCS@CH//AC HSC device. 

(a) CV curves of ZCS@CH and AC electrode in three-electrode test at a scan rate of 

10 mV s-1, (b) CV curves in different potential window at 10 mV s-1, (c) CV curves at 

mailto:Zn0.76Co0.24S@CNTs/GO
mailto:Zn0.76Co0.24S@Co(OH)2
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various scan rates, (d) GCD curves in different potential window at a current density 

of 1 A g-1, (e) GCD curves at different current densities, (f) the specific capacitances 

of ZCS//AC and ZCS@CH//AC HSCs at various current densities. 

Fig. 6a shows the CV curves of ZCS@CH and AC at a scan rate of 10 mV s-1 for the 

HSC device assembled using ZCS@CH (positive electrode) and AC (negative electrode) 

in 2 M KOH. Fig. 6b shows the CV curves of the HSC obtained at various potential 

ranges at 10 mV s-1. Results show that the optimal operating voltage of the 

ZCS@CH//AC HSC is 0~1.7 V, at which the polarization is not observed. Fig. 6c 

represents the CV curves obtained at different scan rates at a potential window of 0~1.7 

V. All the CV curves show a quasi-rectangular shape, indicating that the HSC has a 

capacitive characteristic [39]. Fig. 6d shows the obtained GCD curves of the HSC tested 

in different potential windows at a current density of 1 A g-1, and the results show that 

the stable working potential range of HSC is 0~1.7 V. Fig. 6e shows the GCD curves of 

the HSC obtained at different current densities, and the specific capacitance CHSC (F g-

1) of the HSC can be calculated according to the following Eq. [59]: 

CHSC=
I×∆t

MΔV
                    (10) 

where ΔV (V) is the potential window, Δt (s) is the discharge time. The obtained CHSC 

values of ZCS@CH//AC HSC based on GCD data are 155.7 F g-1, 137.1 F g-1, 115.6 F 

g-1, 99.3 F g-1, 89.3 F g-1, 81.4 F g-1, and 76.4 F g-1 at 0.5, 1, 2, 4, 6, 8 and 10 A g-1, 

respectively. This results are much better than those of the ZCS//AC HSC as shown in 

Fig. 6f. 
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Fig. 7 (a) Cycling performance of ZCS@CH//AC and ZCS//AC HSC at a current 

density of 8 A g-1, (b) GCD curves of ZCS@CH//AC at different cycles, (c) Ragone 

plot comparation of ZCS@CH//AC, ZCS//AC and some related asymmetric devices, 

(d) Schematic illustration and lighted LEDs with ZCS@CH//AC HSC. 

The cycling durability of the ZCS@CH//AC and ZCS//AC HSC devices were further 

characterized at a current density of 8 A g-1, and the obtained results are shown in Fig. 

7a. Apparently, the ZCS@CH//AC HSC exhibits a better electrochemical stability than 

the ZCS//AC HSC. Within the first 100 cycles, the capacitance of ZCS@CH//AC HSC 

increases because of the activation process of electrode materials [60, 61]. Subsequently, 

due to structural degradation during the charging and discharging processes, the 

capacity gradually decreases and eventually remains ~91.3% of its initial value after 

12,000 charge-discharge cycles. The corresponding coulombic and energy efficiencies 

of ZCS@CH//AC remain ~99.8% and ~75.9%, respectively (see in Fig. S8). Whereas 
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the capacitance of the ZCS//AC HSC remains only 64.3% of its initial value after 

12,000 cycles. The results clearly demonstrate the better stability of hybrid structures 

compared with that of each component. Meanwhile, the shapes of GCD curves of 

ZCS@CH//AC at different cycles (Fig. 7b) do not show apparent changes, indicating 

its good reversibility and stability. Compared with the other reported HSCs assembled 

with Zn0.76Co0.24S, Co(OH)2 and the composite electrodes in the literature as listed in 

Table 2, the ZCS@CH//AC HSC developed in this study show an excellent stability. 

Table 2 Summary of the HSC electrochemical properties of this study and the related 

materials in literature. 

HSC device Cycling stability Energy density 

Zn0.76Co0.24S//AC [20] 91.6% after 5000 cycles 45.4 Wh kg-1 at 805.0 W kg-1 

NiCo2O4@α-Co(OH)2//AC [57] 83.0% after 5000 cycles 39.7 Wh kg-1 at 387.5 W kg-1 

Co(OH)2/SnOx/Ni Foamo//AC [56] 64.4% after 2000 cycles 49.7 Wh kg-1 at 1599.9 W kg-1 

CoNi-OH-MOF/Carbon Fiber Paper//AC [54] 94.0% after 5000 cycles 28.5 Wh kg-1 at 1500.0 W kg-1 

Co(OH)2-MoSe2//AC [62] 86.2% after 3000 cycles 30.1 Wh kg-1 at 985.7 W kg-1 

Zn0.76Co0.24S@Ni3S2/NiFoam//AC [22] 90.3% after 5000 cycles 53.8 Wh kg-1 at 853.0 W kg-1 

Co9S8@Ni(OH)2/Carbon Fibers//AC [37] 97.3% after 5000 cycles 31.3 Wh kg-1 at 252.8 W kg-1 

Ni-Co LDH/Co9S8/Ni Foam//AC [63] 86.4% after 5000 cycles 50.0 Wh kg-1 at 839.0 W kg-1 

NiCo2S4@Co(OH)2/Ni Foam//AC [23] 70.0% after 5000 cycles 35.8 Wh kg-1 at 400.0 W kg-1 

Zn0.76Co0.24S@Co(OH)2//AC (This work) 91.3% after 12000 cycles 62.5 Wh kg-1 at 425.0 W kg-1 

 

Energy density E (Wh kg-1) and power density P (W kg-1) of the HSC can be obtained 

using the following Equations:  

E=
CHSC×(∆𝑉)2

2×3.6
                    (11) 

P =
E×3600

∆t
                       (12) 

mailto:Zn0.76Co0.24S@Ni3S2/NiFoam//AC
mailto:Zn0.76Co0.24S@Co(OH)2//AC
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where CHSC (F g-1) is the specific capacitance of HSC. The ZCS@CH//AC HSC 

achieves an energy density of 62.5 Wh kg-1 at a power density of 425.0 W kg-1. Its 

energy density keeps a value of 21.3 Wh kg-1 at a power density of 17.0 kW kg-1. Fig. 

7c shows the Ragone plots of ZCS@CH//AC, ZCS//AC HSCs and other similar devices. 

Based on this figure, the energy density of ZCS@CH//AC HSC is superior to most of 

composite electrodes reported in literature. These include Zn0.76Co0.24S//AC (45.5 Wh 

kg-1 at 805.0 W kg-1) [20], Zn0.76Co0.24S@Ni3S2//AC (53.8 Wh kg-1 at 853.0 W kg-1) 

[22], MnCo2O4/Ni3S4//AC (50.7 Wh kg-1 at 405.8 W kg-1) [49], 

NiCo2S4@Co(OH)2//AC (35.9 Wh kg-1 at 400.0 W kg-1) [23] and active 

carbon/Co(OH)2//AC (18.0 Wh kg-1 at 400.0 W kg-1) [16]. 

Fig. 7d shows a schematic illustration of HSC device which was assembled by using 

ZCS@CH//AC. To verify the practical applications, three as-prepared HSCs devices 

were connected in series and used to power the light-emitting diodes (LEDs). The LEDs 

can be switched on under a short charge, showing a great potential for practical 

application of hybrid ZCS@CH//AC devices. Therefore, the ZCS@CH is an excellent 

electrode material for supercapacitors. 

 

4 Conclusions 

The hybrid composites of ZCS nanoparticles and Co(OH)2 nanosheets were 

successfully synthesized via a two-step hydrothermal. Synergetic effects of the hybrid 

structure can achieve excellent electrochemical properties due to the various active sites 

and small pore size. The specific capacity of ZCS@CH was 1089.1 C g-1 at the current 

mailto:Zn0.76Co0.24S@Ni3S2//AC
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density of 1 A g-1 and remained 70.0% of its original value at 10 A g-1. Meanwhile, the 

ZCS@CH//AC HSC achieved a high energy density 62.5 Wh kg-1 at the power density 

of 425.0 W kg-1, with an outstanding long-term cycling stability (91.3% after 12,000 

cycles). This work proposes a new synthetic strategy for hybrid nanostructures and the 

ZCS@CH has a promising application in energy storage. 
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