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Abstract 

Bimetal sulfides as anode electrode materials have attracted extensive attention owing to their 

superior electrochemical activity compared to their mono-metal sulfide counterparts. Herein, 

ZnCoS nanomaterial was synthesized by chemical precipitation and ion-exchange process. 

The obtained ZnCoS can be considered as the product of partial substitution of Zn2+ by Co2+ 

and/or Co3+ ions in the ZnS lattice. Benefiting from the synergistic effects, the ZnCoS was 

evaluated as electrode material for supercapacitors. By varying the preparation conditions, we 

found that the ZnCoS material synthesized using an initial mole ratio of Co/Zn = 2 at 50 °C 

gave the best performance with a maximum specific capacitance of 1134.7 F g-1 at 1 A g-1, 

which is about 7.7 times that of bare ZnS electrode material. Furthermore, this electrode 

material exhibits good rate capability (81% retention from 1 to 20 A g-1) and excellent cycling 

stability with no obvious specific capacitance decrease at 20 A g-1 after 6000 charging-

discharging cycles. A fabricated flexible asymmetric supercapacitor, consisting of ZnCoS and 

porous reduced graphene oxide, displays a maximum specific capacitance of about 90 F g-1 at 

10 mV s-1 with an energy density of 17.7 W h kg-1 at a power density of 435 W kg-1.  

 

 

 

 

Keywords: ZnCoS, Chemical precipitation; Ion exchange; Anode; Supercapacitors; Flexible 

ASC device.  
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1. Introduction 

With the ever-growing demand for global energy caused by the consumption of fossil 

fuels[1-3], it becomes urgent and mandatory for searching alternative renewable energy 

resources, and energy conversion and storage devices [4]. In the field of energy storage, 

supercapacitors (SCs) have generated substantial attention owing to their larger specific 

capacity compared to traditional capacitors, high power storage capability, and much higher 

charging and discharging rate capability efficiency than primary/secondary batteries [4-7]. 

These advantages propel SCs devices at the forefront of growth in mobile electronic devices, 

smart grids, and so on. Thus, the last decades have witnessed significant developments on 

improving the specific capacitance of supercapacitors.  According to previous literature 

reports [5, 8-11], the nature and composition of electrode materials used in SCs devices play a 

dominant role in the capacitance and charge storage ability. Up to date, a huge attention has 

been paid on the design and synthesis of pseudocapacitive electrode materials due to their 

promising electrochemical performance such as multiple oxidation states and high 

electrochemical activity [12-17]. 

Owing to their reversible faradic redox reactions, metal sulfides such as NiS [18-19], CoS 

[20-21] and ZnS [22-24] electrodes are expected to provide a much higher specific 

capacitance than traditional carbon materials. Therefore, they have been considered as 

promising anode materials for the next-generation supercapacitors. Among them, ZnS, a wide 

band gap material (3.5-3.8 eV), has attracted a huge attention in the field of energy storage 

[23-24]. However, ZnS-based materials face some limitations, such as low specific 

capacitance and poor conductivity for practical commercial usage [25]. According to previous 

studies, the combination of various sulfides, such as NiCoS [26-28], CuCo2S4 [29] and 

MnCoS [30] has been regarded as one of the most feasible ways to obtain an enhancement of 

the electrochemical performance because of richer redox reactions occurring during the 

charging and discharging processes. Based on recent reports, Co-based sulfides demonstrate a 

high theoretical specific capacitance [31-32]. Therefore, in this study, we investigate the 

electrochemical properties of ZnCoS, prepared by an easy method, as an anode in 

supercapacitors. By introducing of cobalt into Zn-based sulfides, it is expected to achieve an 

improved electrochemical performance.  

In this work, ZnCoS materials were successfully obtained via the combination of chemical 

precipitation and ion-exchange processes. First, a bimetallic Zn-Co based precursor was 

prepared in an aqueous solution at different temperatures, followed by an oil bath ion-
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exchange sulfurization route to transform Zn-Co precursor into ZnCoS. The synthesized 

material using a molar ratio Zn: Co (1:2) synthesized at 50 °C delivered a high specific 

capacitance of 1134.7 F g-1 at 1 A g-1 together with a good rate capability (81% retention from 

1 to 20 A g-1), and a good rate capability with no obvious decrease of the capacity at a current 

density of 20 A g-1 after 6000 charging-discharging cycles, making this novel electrode 

material ideal anode for supercapacitors. 

 

2. Experimental section 

2.1. Materials 

Ammonia solution (NH3 2O), potassium hydroxide (KOH), poly(N-vinylpyrrolidone) 

(PVP), N-methyl-2-pyrrolidone (NMP), zinc acetate dihydrate (Zn(CH3COO)2 2O), cobalt 

dichloride hexahydrate (CoCl2 2O), thioacetamide (TAA), potassium permanganate 

(KMnO4), hydrazine monohydrate (NH2NH2 H2O), hydrochloric acid (HCl), hydrogen 

peroxide (H2O2, 30%), graphite powder (<20 micrometers), sulfuric acid (H2SO4), sodium 

nitrate (NaNO3), ethanol (CH3CH2OH), and polyvinylidene fluoride (PVDF) were obtained 

from Sigma Aldrich. All materials are used without any further purification.  

Nickel foam (NF), obtained from Jiayisheng Company (China), was used as a current 

collector. 

2.2. Synthesis of ZnS and ZnCoS nanoparticles 

2.2.1.  Synthesis of ZnS  

ZnS synthesis was achieved using the following procedure. Two different solutions were 

prepared separately: a solution A by dissolving at room temperature 1g of PVP in 15 mL 

Milli-Q water, and a solution B by dissolving 660 mg of Zn(CH3COO)2 2O in 15 mL 

Milli-Q water. After mixing the solutions A and B, 286.5 ere dropped 

into the solution under strong magnetic stirring and kept overnight to yield a precipitate. The 

precipitate was rinsed sequentially with ethanol and Milli-Q water until the pH was ~7. The 

resulting product was re-dispersed in Milli-Q water (30 mL) for further use. 

A homogeneous solution of thioacetamide (TAA, 100 mg) in 10 mL Milli-Q water was 

mixed with 10 mL of the above solution under vigorous magnetic stirring. The resulting 

mixture was heated at 130 °C for 5 h, after which a black solid is formed. The resulting black 

precipitate was separated through centrifugation, rinsed with ethanol and Milli-Q water, and 
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dried in an oven at 60 °C overnight. The sample was referred to as Zn: Co (1:0) RT. RT 

stands for room temperature at which the precipitation process was performed.  

2.2.2. Synthesis of ZnCoS nanoparticles 

ZnCoS nanoparticles were synthesized using a similar procedure (Fig. 1). A solution A 

consisting of 1 g PVP and 15 mL Milli-Q water, and a solution B made up of different mole 

ratios of Zn(CH3COO)2 2O and CoCl2 6H2O (the total amount of both precursors is fixed 

at 3 mmol) were prepared. After mixing solutions A and B, 286.5 ammonia (35%) were 

dropped into the mixture and maintained overnight at a certain temperature. A precipitate was 

formed and rinsed copiously with ethanol and Milli-Q water until the pH ~7. The resulting 

product was re-dispersed in Milli-Q water (30 mL) for further use. 

After a similar ion-exchange process, samples were obtained and labeled based on the 

initial mole ratio of the Zn and Co precursors and the temperature during the chemical 

precipitation process. For example, the sample Zn: Co (1:2) 50 means that the initial mole 

ratio of the precursor of Zn and Co was 1:2, and the chemical precipitation temperature is 

50 °C. The preparation conditions of ZnCoS electrode materials are depicted in Table 1. 

 

Table 1. Preparation conditions of ZnCoS samples. 

Sample Initial mole ratio of Zn/Co 
Temperature during chemical 

precipitation process (°C) 

Zn:Co (1:0) RT 1:0 RT 

Zn:Co (1:1) RT 1:1 RT 

Zn:Co (1:2) RT 1:2 RT 

Zn:Co (1:3) RT 1:3 RT 

Zn:Co (0:1) RT 0:1 RT 

Zn:Co (1:2) 50 1:2 50 

Zn:Co (1:2) 80 1:2 80 
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Fig. 1. Illustration of the synthesis route of the Zn: Co (1:2) at 50°C. 

 

2.2.3. Preparation of porous reduced graphene oxide (PrGO) 

Firstly, graphene oxide (GO) was prepared using  [33]. 

Porous reduced graphene oxide (PrGO) was synthesized according to the work of Chen et al. 

[34] starting from GO. A homogeneous (25 mL, 2.5 wt.%) GO aqueous solution was prepared 

by ultrasonication for 30 min. After that, 160 mg KMnO4 were added to the above solution 

under vigorous stirring. The resulting mixture was kept in a covered beaker for 2 h then 3 mL 

of HCl and 5 mL of H2O2 were added sequentially. The obtained product was collected after 

reaction for another 3 h, and washed with Milli-Q water. The second step was the reduction of 

the above product. Here, 1.26 mL (35 wt.%) of ammonia were added to 21 mL (2.3 wt.%) of 

the above aqueous solution under mechanical stirring; after 60 min, 84 µL of hydrazine were 

added to the mixture and maintained under mechanical stirring for an additional hour. The 

mixture was subsequently heated at 90 °C~100 °C under mechanical stirring for 12 h. The 

formed black precipitate was collected through centrifugation, and rinsed copiously with 

ethanol and Milli-Q water. The sample was labelled as PrGO. Reduced graphene oxide was 

also prepared using a similar approach without the pre-oxidation step, and the sample was 

labelled as rGO. 

2.3. Construction of an asymmetric supercapacitor 
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To further assess the practical usage of the ZnCoS electrode, an asymmetric 

supercapacitor (ASC) device was fabricated. The ASC device consists of ZnCoS anode, PrGO 

cathode, and the separator, obtained by soaking a filter paper into 2 M KOH aqueous solution 

for several minutes. A photograph of the asymmetric supercapacitor test cell with two 

crocodile clips is depicted in Fig. S1.  

The working potential window of the asymmetric supercapacitor was optimized based on 

the working potential range of ZnCoS and PrGO in a 3-electrode system. 

To obtain better ASC performance, the mass ratio of anode and cathode materials was 

calculated according to the charge balance between the two electrodes. The charge equation 

can be expressed as follows [35]: 

 

 Where q is the stored charges in the electrodes, C is the specific capacitance (F g-1),  is the 

working potential window range (V), and m is the mass of the electrode [36]: 

 

C- and C+ are the specific capacitance of cathode and anode, respectively (F g-1), - and + 

are the working potential window range of cathode and anode, respectively (V), m- and m+ 

are the mass of the cathode and anode, respectively. 

The energy density (E) and power density (P) are also two important parameters to assess the 

performance of a supercapacitor. The values of E and P of the fabricated ASC cells were 

calculated by using the following equations [37]:  

 

 

                                                                                                (4) 

                                                                                                     (3) 

                                                                                                      (2) 

                                                                                     (1) 
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E is the energy density, i is the current,  is the integral area of the discharging curve, 

m is the mass of active electrode material, P is the power density, and Td is the discharge time.  

3. Results and discussion 

3.1. Characterization of prepared nanomaterials 

The chemical composition and oxidation state of surface elements of the synthesized 

samples were assessed by X-ray photoelectron spectroscopy (XPS). The XPS full spectrum of 

Zn: Co (1:2) 50 is depicted in Fig. 2a. It comprises peaks attributed to Co, Zn and S, while 

other elements (C, O, N) due to the stabilizer PVP are also detected.  

The Co2p high resolution XPS spectrum of the sample Zn: Co (1:2) 50 consists of Co2p3/2 

and Co2p1/2 spin-orbit doublets and two shakeup satellites (Fig. 2b). The bands at 779.3 and 

783.1 eV are assigned to Co2p3/2 of Co3+ and Co2+, respectively. The bands at binding energies 

of 794.5 and 798.1 eV are characteristic of Co2p1/2 of Co3+ and Co2+, respectively. The 

difference of the binding energy between Co2p1/2 and Co2p3/2 is larger than 15 eV, revealing 

the co-existence of Co3+ and Co2+ in Zn: Co (1:2) 50.  
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Fig. 2. XPS analysis of Zn: Co (1:2) 50 nanomaterial: (a) full spectrum, (b) high resolution of 
Co2p (c) Zn2p, (d) S2p.  

 

The bands at binding energies of 787.6 and 803.4 eV are the shakeup satellites, in agreement 

with the literature data for bimetallic sulfides [38-40]. In the XPS high resolution spectrum of 

Zn2p, two prominent peaks at 1021.5 and 1044.5 eV due to Zn2p3/2 and Zn2p1/2, respectively are 

observed, indicating the presence of Zn2+ (Fig. 2c) [22-24]. The XPS high resolution spectrum 

of S2p can be deconvoluted in two bands at 161.1 and 162.2 eV due to S2p3/2 and S2p1/2, 

respectively (Fig. 2d). The absence of components at higher binding energies clearly indicates 

that sulfur is not oxidized. From XPS analysis results, the obtained Zn: Co (1:2) 50 consists of 

Zn2+, Co2+, Co3+, and S2-. Similar results were obtained for Zn: Co (1:2) RT (Fig. S2).  

The crystal structure of the synthesized ZnCoS nanomaterials was determined by XRD 

technique (Fig. 3). For Zn: Co (1:2) 50 sample, diffraction peaks at  values of 28.6°, 47.8° 

and 56.7° ascribed to the (111), (220) and (311) crystal planes, respectively can be well 

indexed to the diffraction patterns of cubic planes of Zn0.76Co0..24S (ZnCoS) (JCPDS card No. 

47-1656). XRD patterns of Zn:Co (1:0) RT and Zn:Co (0:1) RT were also given. For Zn: Co 

(1:0) RT sample, diffraction peaks at  values of 28.6°, 47.6° and 56.4° corresponding to the 

(111), (220) and (311) crystal planes, respectively can be indexed to the diffraction planes of 

face centered cubic sphalerite structure of ZnS (JCPDS card No. 05-0566) [22, 41-42]. For Zn: 

Co (0:1) RT sample, diffraction peaks at  values of 30.8° and 54.8° attributed to the (100) 

and (110) crystal planes can be indexed to the diffraction planes of CoS (JCPDS card No. 65-

3418). In addition, other diffraction peaks between 15.0° and 25.0° indicate the formation of 

orthorhombic sulfur impurities in the Zn: Co (0:1) RT sample (JCPDS card No. 08-0247). 

From the XRD results, it could be concluded that the XRD pattern of the Zn:Co (1:2) 50 is 

very close to that of ZnS sample, except that the diffraction peaks become slightly broader. 

Therefore, we can hypothesize that during the synthesis, partial substitution of Zn2+ by 

Co2+/Co3+ ions in the ZnS lattice took place, instead of the substitution of Co2+/Co3+ by Zn2+ 

ion in CoS lattice. Indeed, the size of Zn2+ ion (74 pm) is slightly larger than that of Co2+ ion 

(70 pm) or Co3+ ion (60 pm); therefore, partial substitution of Zn2+ by Co2+ or Co3+ ions 

would not significantly affect the cell parameters. Similar XRD patterns were recorded for 

ZnCoS prepared under different experimental conditions (Fig. S3). Furthermore, the 

interplanar distance d of obtained sampl : 

 

                                                (5) 
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Where  is the scattering angle, d is the interplanar distance, n is a positive integer and 

1.54056 Å. 

The interplanar distance d of diffraction peaks  at values of about 28.6°, 47.8° and 56.7° 

corresponds to ~0.30, 0.19 and 0.16 nm, respectively. 

 

Fig. 3. XRD patterns of the prepared ZnCoS materials. 

 

The particle size of ZnCoS sample can be determined by using the Debye-Scherrer 

formula [23]: 

 

Where  is the full width at half maximum intensity  = 1.54056 Å. 

Based on the full width at half maximum (FWHM) of diffracted peaks of sample Zn: Co (1:2) 

50, the calculated average particle size was 5 nm using (1 1 1) peaks.  

The existence of Co and Zn in prepared ZnCoS samples was confirmed by ICP-AES 

analysis (Table 2). The influence of initial mole ratio of Co/Zn and temperature during the 

chemical precipitation process on final ratio of Co/Zn (wt.%/wt.%) of ZnCoS were also 

investigated. When the temperature during the chemical precipitation process was fixed, the 

amount of Co in prepared ZnCoS samples increased from 22.66 to 31.73% when the initial 

mole ratio of Co/Zn increases, and the final ratio of Co/Zn (wt.%/wt.%) increases as well 

from 0.45 to 0.73. When the initial mole ratio of Co/Zn is fixed, the final ratio of Co/Zn 

(wt.%/wt.%) increases from 0.55 to 1.25 upon increasing the temperature from room 

                                                (6) 
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temperature (RT) to 80°C, indicating that much more Zn2+ ions were replaced by Co2+/Co3+

ions as the chemical precipitation temperature was increased. It is worth noticing that the final 

ratio of Co/Zn (wt.%/wt.%) of ZnCoS sample, synthesized at higher chemical precipitation 

temperature, is significantly larger than that prepared at room temperature. Therefore, 

improving the chemical precipitation temperature was believed to be much more effective to 

obtain a much higher ratio of Co/Zn (wt.%/wt.%) in ZnCoS lattice. Furthermore, according to 

the ICP-AES results, the exact chemical composition of the samples was deduced. 

 
Table 2. Co and Zn composition obtained by ICP-AES analysis. 

Sample 
Zn 

 (wt.%) 
Co 

 (wt.%) 
Co/Zn  

(wt.%/wt.%) 
Formula 

Zn: Co (1:1) RT 50.80 22.66 0.45 Zn0.70Co0.30S 
Zn: Co (1:2) RT 45.72 25.36 0.55 Zn0.65Co0.35S 
Zn: Co (1:3) RT 43.40 31.73 0.73 Zn0.58Co0.42S 
Zn: Co (1:2) 50 37.62 43.54 1.16 Zn0.46Co0.54S 
Zn: Co (1:2) 80 29.68 36.97 1.25 Zn0.45Co0.55S 

 

The morphology and detailed microstructures of the prepared ZnCoS nanoparticles were 

examined by transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM). The TEM image of Zn: Co (1:2) 50 nanoparticles exhibits a quasi-sheet-like structure 

(Fig. 4a). The selected area electron diffraction (SAED) image displays rings and dots, which 

are indicative of the crystalline nature of the nanoparticles (Fig. 4b). The calculated 

interplanar distance d values from SAED are ~0.30, 0.19 and 0.16 nm, agreeing well with the 

distance of the (1 1 1), (2 2 0) and (3 3 3) crystal planes, respectively of obtained Zn: Co (1:2) 

50 sample (Fig. 3). From the HRTEM images in Fig. 4c, d, the lattice fringes of 0.19 nm (Fig. 

4c) and 0.30 nm (Fig. 4d) also match well with the interplanar distance d calculated from the 

XRD pattern of Zn: Co (1:2) 50 sample (Fig. 3). The results are in accordance with the XRD 

measurements. The high resolution TEM image in Fig. 4c also suggests that the sheet-like 

structure is made up of several nanoparticles. The low magnification SEM images of Zn: Co 

(1:2) 50 sample (Fig. 4e, f) reveal that its surface is very rough and has a porous structure, 

which is expected to provide more electroactive sites between the active material and the 

electrolyte.  
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Fig. 4. TEM images (a), SAED pattern (b), HRTEM images (c, d), and SEM images (e, f) of 
Zn:Co (1:2) 50 sample. 

 

The specific surface area (SSA) and porous texture of obtained ZnCoS samples were 

examined by nitrogen adsorption-desorption isotherms (Fig. 5). The nitrogen adsorption- 

desorption isotherms of ZnCoS samples was identified as type IV according to the IUPAC 

(International Union of Pure and Applied Chemistry) classification. Also hysteresis loops in 

the 0.5-0.9 relative pressure region were observed (Fig. 5a), suggesting the existence of 

mesoporous structures, which were further investigated in the pore diameter distribution 

profile (Fig. 5b), determined from the desorption isotherm using the BJH model. The pore 

diameter peak observed at around 6, 6 and 10 nm also proves the presence of a mesoporous 

structure in the Zn: Co (1:2) RT, Zn: Co (1:2) 50, Zn: Co (1:2) 80 samples, respectively. The 

BET SSA of Zn: Co (1:2) 50 is 112.4 m2 g-1, much higher than that of Zn: Co (1:2) RT (76.6 

m2 g-1) and Zn: Co (1:2) 80 (62.2 m2 g-1) samples. This confirms that the temperature during 

the chemical precipitation process has an influence on the SSA value and the sample prepared 

at 50°C offered the highest SSA value. This value is larger than that reported for metal 

sulfides such as hollow ellipsoid Ni-Mn sulfides (48.1 m2 g-1) [43], NiCo2S4 (42.8 m2 g-1) [44], 

ZnS/NiCo2S4/Co9S8 (28.1 m2 g-1) [45] and CuCo2S4 nanoparticles (12.2 m2 g-1) [46]. 
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Fig. 5. Nitrogen adsorption/desorption isotherms (a), and pore size distribution curves (b) of 
ZnCoS samples. 

 

3.2. Electrochemical properties 

3.2.1. Cathode materials 

Two electrode materials, namely reduced graphene oxide (rGO) and porous reduced 

graphene oxide (PrGO), were investigated as cathodes through their electrochemical 

performance in 2 M KOH aqueous solution (Fig. 6). No obvious oxidation/reduction peaks 

could be seen in the investigated voltage region (Fig. 6a), suggesting that energy storage takes 

place mainly through double-layer capacitance. PrGO electrode displays a much larger 

integrated area, indicating that PrGO electrode exhibits an enhanced electrochemical activity. 

From the GCD curves (Fig. 6b), we can see that the charge and discharge curves display a 

triangle-like shape, proving the absence of a redox pseudocapacitive behavior; the PrGO 

electrode offers a much longer charging and discharging time (940 s at 0.5 A g-1) than that of 

rGO electrode (200 s at 0.5 A g-1). Using equations S(1) and S(2), the specific capacitance of 

both electrodes was calculated from Fig. S4. The trend of the specific capacitance values, 

determined from GCD curves, matches well with the result deduced from the CV curves, and 

the electrode PrGO provided a much higher specific capacitance value (270.8 F g-1 at 0.5 A g-

1), compared to that of rGO electrode (62.4 F g-1 at 0.5 A g-1), Fig. S5 and Fig. 6c. The results 

reveal that the oxidation process of GO followed by reduction with ammonia and hydrazine 

enhances the electrochemical activity of rGO. Fig. 6d displays the Nyquist plots of rGO and 

PrGO electrodes along with the equivalent circuit (Inset). In the equivalent circuit, the 

symbols Rs, Cdl, Rct, and W and Cl denote the series resistance, capacitance of double layer, 

charge-transfer resistance, Warburg impedance, and the limit capacitance, respectively [47]. 

As can be seen, the electrode PrGO has a lower Rs ( 1.12 2) than the electrode rGO 
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( 1.85 ohm cm2), suggesting the porous structure could reduce the series resistance 

effectively. The PrGO electrode also has a much smaller Rct ( 2.53 ohm cm2) than that of 

rGO electrode ( 496.81 ohm cm2), indicating a faster charge transfer speed during the 

electrochemical process. The enhanced electrochemical activity is assigned to the unique 

porous structure of PrGO, as evidenced by the TEM image in Fig. S6. This porous structure is 

expected to allow convenient pathways for the transportation of ions and electrons between 

the electrolyte and active material, and provide efficient and fast ion diffusion. 

 

Fig. 6. Electrochemical properties of rGO and PrGO in 2 M KOH: (a) CV curves at a scan 
rate of 50 mV s-1 in the potential range of -0.9 to +0.1 V; (b) GCD curves at a current density 
of 0.5 A g-1 in the potential range of -0.9 to +0.1 V; (c) the corresponding specific capacitance 

values at different current densities (0.5-10 A g-1); (d) The Nyquist plots. The inset in (d) is 
the corresponding equivalent circuit. 

 

3.2.2. Anode materials 

The CV and GCD curves of Zn: Co (1:0) RT electrode were depicted in Fig. S7a, b, where 

a pair of oxidation and reduction peaks could be seen within the 0 to +0.55 V potential range 

(Fig. S7a), which is believed to be caused by the reversible faradaic redox reaction of Zn-S-
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OH. The charge-discharge curves comprise two potential plateaus, which match well with the 

CV results (Fig. S7b).  

Next, the influence of the initial mole ratio of Co/Zn and temperature during the chemical 

precipitation process on the electrochemical properties of ZnCoS were examined. Fig. 7 

depicts the electrochemical behavior of the synthesized electrodes through CV and GCD 

characterization. As previously, both oxidation and reduction peaks are present in all CV 

curves of ZnCoS electrodes, prepared under different experimental conditions (Fig. 7a), 

indicating battery-type characteristics of the ZnCoS materials [48].  

By increasing the initial mole ratio of Co/Zn (1:1, 2:1, 3:1) while the temperature of the 

precipitation reaction was kept at room temperature, the 2:1 ratio provided the largest current 

density. Next, the effect of temperature (RT, 50, 80°C) during the chemical precipitation 

process on electrochemical performance of ZnCoS (Co: Zn = 2:1) was assessed. The results 

clearly demonstrate that the ZnCoS sample prepared at 50°C achieved the largest current 

density, suggesting that the most suitable temperature during the chemical precipitation 

process is 50°C.  

Furthermore, CV curves of Zn: Co (1:0) RT, Zn: Co (1:2) 50, and Zn: Co (0:1) RT 

electrodes and bare nickel foam at the scan rate of 10 mV s-1 in the potential range of 0 to 

+0.55 V were also depicted in Fig. S8. The redox peaks observed in the CV curve of Zn: Co 

(0:1) RT electrode, according to the literature reports [49-50], are likely due to the oxidation 

of CoS to CoSOH and CoSOH to CoSO, respectively. The redox peaks in the CV curve of 

Zn: Co (1:0) RT are believed to be caused by the reversible faradaic redox reaction of Zn-S-

OH. Therefore, the increase of current density and redox peaks seen in the CV curve of Zn: 

Co (1:2) 50 electrode is attributed to the following faradaic redox reactions: 

 

 

 

 
Two potential plateaus are apparent in the charge-discharge curves (Fig. 7b), which match 

well with the CV results. These potential plateaus confirm the existence of faradaic redox 

reaction behavior and the characteristics of battery-type capacitance. The discharge time also 

gives an indication on the specific capacitance; a longer discharge time implies a larger 

specific capacitance. The GCD results reveal that the electrode Zn: Co (1:2) RT (220 s) 
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exhibits a much longer time than the Zn: Co (1:0) RT (87 s), Zn: Co (1:1) RT (125 s), Zn: Co 

(1:3) RT (189 s), and Zn: Co (0:1) RT (143 s) electrodes, indicating 2 is the best initial mole 

ratio between Co and Zn. The electrode Zn: Co (1:2) 50 displays the longest discharge time, 

as compared with the Zn: Co (1:2) RT and Zn: Co (1:2) 80 electrodes, suggesting that the Zn: 

Co (1:2) 50 electrode could provide the largest charge storage ability. The results from GCD 

curves analysis are consistent with the results of CV curves above. We can conclude that the 

sample synthesized at 50°C using an initial mole ratio Co/Zn = 2 provides the highest specific 

capacitance. 

 

Fig. 7. Electrochemical properties of ZnCoS nanoparticles in 2 M KOH in the 0 - +0.55 V 
potential range: (a) CV curves of all electrodes recorded at a scan rate of 10 mV s-1; (b) GCD 
curves of all electrodes recorded at a current density of 1 A g-1; (c) CV curves of Zn: Co (1:2) 
50 electrode recorded at a scan rate of 5 -100 mV s-1; (d) GCD curves measured at a current 

density of 1, 3, 5, 7, 10, 15 and 20 A g-1; the inset in (c) is the anodic and cathodic peak 
current density as a function of the square root of sweep rate. 

 
Furthermore, CV and GCD curves of the Zn: Co (1:2) 50 electrode at different sweep rates 

and current densities are shown in Fig. 7c, d. As the sweep rate increases (Fig. 7c), the current 

density response enhances as well, while the general shape of the CV curves is not altered, 

indicating that the electrode exhibits a good rate capability. Moreover, a small shift of about 
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40 mV could be observed when the sweep rate increases from 5 to 100 mV s-1, suggesting that 

the prepared electrode possesses low polarization [51-53]. The inset of Fig. 7c depicts the 

anodic and cathodic peak current densities as a function of the square root of sweep rate. The 

well fitted linear relationship reveals that the redox reactions of the electrode are controlled by 

the diffusion of OH- [53]. Fig. 7d shows the GCD curves of the same electrode at a current 

density of 1, 3, 5, 7, 10, 15 and 20 A g-1 (potential range: 0 to +0.55 V).  The obvious 

potential plateaus observed in the GCD curves nicely agree with the redox behavior recorded 

in the CV curves, revealing strong pseudocapacitive behavior.  

Using equations S(1) or S(2), specific capacitance values determined from the CV curves 

or the time for discharging process in GCD curves (Fig. 7a, b) are summarized in Table 3. 

The trend of specific capacitance values, estimated from the GCD curves, matches well the 

results deduced from the CV curves. Zn: Co (1:2) 50 electrode offers the highest specific 

capacitance value.  

Table 3. Specific capacitance of ZnS and ZnCoS nanoparticles. 

Sample Specific capacitance (F/g) in 2 M KOH electrolyte 

Galvanostatic discharge 

(1 A g-1) 

CV  

(10 mV s-1) 

Zn: Co (1:0) RT 148.1 135.4 

Zn: Co (1:1) RT 227.4 220.8 

Zn: Co (1:2) RT 400.5 373.4 

Zn: Co (1:3) RT 344.8 269.4 

Zn: Co (1:2) 50 1134.7 986.8 

Zn: Co (1:2) 80 562.0 481.7 

Zn: Co (0:1) RT 260.5 320.6 

 

The CV and GCD curves of ZnCoS electrodes, prepared under different experimental 

conditions, were also recorded, and the corresponding CV curves and GCD curves measured 

at different sweep rates and current densities were displayed in Fig. S7c-o. Here, redox peaks 

and potential plateaus are also detected in all CV and GCD curves, respectively. However, the 

maximum current density and time for charge and discharge at the same condition are smaller 

than those of the Zn: Co (1:2) 50 electrode. The specific capacitance values, calculated 

according to these curves, are exhibited in Fig. 8a, b. The electrode Zn: Co (1:2) 50 offers the 

largest specific capacitance. In Fig. 8a, one clearly sees that when the scan rate increases, the 
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specific capacitance of the ZnCoS electrodes decreases. This is most likely due to reduced 

effective interaction between the electrode surface and OH- ions at higher scan rates [54]. The 

Zn: Co (1:2) 50 electrode achieves specific capacitance values of 1029.8, 986.8, 871.3, 713, 

558.2 F g-1 at 5, 10, 20, 50, 100 mV s-1, respectively, which are much higher than those 

determined for other ZnCoS electrodes and is 5.3 times larger than that of Zn: Co (1:0) RT 

nanoparticles (194.9 F g-1 at 5 mV s-1) and 3.0 times larger than that of Zn: Co (0:1) RT 

(344.5 F g-1 at 5 mV s-1). As shown in Fig. 8b, the Zn: Co (1:2) 50 electrode offers a specific 

capacitance of 1134.7, 1011.1, 971.7, 961.9, 949.5, 931.9, 919.6 F g-1 at 1, 3, 5, 7, 10, 15, 20 

A g-1, respectively. As the current density increases from 1 A g-1 to 20 A g-1, 81% of the 

initial specific capacitance is preserved even at 20 A g-1, highlighting a good rate capability of 

the Zn: Co (1:2) 50 electrode. This electrode offers a maximum specific capacitance of 1134.7 

F g-1 at 1 A g-1, which is about 7.7 times than that of Zn: Co (1:0) RT nanoparticles (148.1 F 

g-1 at 1 A g-1) and 4.4 times than that of Zn: Co (0:1) RT nanoparticles (260.5 F g-1 at 1 A g-1). 

Moreover, using the same temperature during the chemical precipitation process, the Zn: Co 

(1:2) RT exhibits larger specific capacitance compared to electrodes prepared using a Co/Zn 

mole ratio of 0:1, 1:1, 3:1, indicating that the Co/Zn ratio has a significant influence on the 

electrochemical properties. Using the same initial mole ratio of Co/Zn (2:1), the Zn: Co (1:2) 

50 also displays a larger specific capacitance compared to that of samples prepared at RT and 

80 °C, indicating that the temperature also has a pronounced effect on the electrochemical 

properties. 
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Fig. 8. (a) Specific capacitance at sweep rates of 5-100 mV s-1 and (b) at current densities of 

0.5-20 A g-1; (c) Cycling performance of ZnCoS electrodes for 2500 charge/discharge cycles. 

 

The cycling stability of ZnCoS electrodes was also examined by repeated 

charge/discharge cycles at different current densities for 2500 cycles. The data in Fig. 8c 

revealed that the ZnCoS electrodes, prepared using a precipitation process at RT, achieve 
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additional 1500 cycles. A retention of ~115% is obtained at 10 A g-1, which slightly drops to 
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at 20 A g-1). Zn: Co (1:2) 80 electrode retains ~150% of its initial capacitance value after 

2500 charge-discharge cycles at 10 A g-1. 

Moreover, the specific capacitance of synthesized Zn: Co (1:2) 50 electrode is also 

superior to those previously reported ZnCoS electrode materials (Table S1). Such a desirable 

performance of prepared Zn: Co (1:2) 50 electrode indicates the potential usage for energy 

storage devices. 

Fig. 9 compares the electrochemical properties of Zn: Co (1:2) 50 electrode before and 

after the stability test in the same electrolyte (2 M KOH). After 2500 cycles, the redox peaks 

in the CV curves are enhanced (Fig. 9a), while in the GCD curves longer charging and 

discharging times are observed at a current density of 5 A g-1 (Fig. 9b). Given that the time for 

discharging process affects the capacity ability of electrode materials, a longer discharging 

time indicates a much larger specific capacity. From the results, it can be concluded that a 

much larger specific capacity was reached after 2500 cycles. A small difference in the Rs 

values ( 0.92 ohm cm2 after the 1st cycle and 1.11 ohm cm2 after 2500th cycle) is observed in 

2 M KOH aqueous solution (Fig. 9c). Nyquist plots of other ZnCoS electrodes are also 

displayed in Fig. S9a, along with the corresponding equivalent circuit. In the equivalent 

circuit, the symbols Rs, CPE, Rct, and W and Cl denote the series resistance, Constant Phase 

Element, charge-transfer resistance, Warburg impedance, and the limit capacitance, 

respectively. The Rs and Rct values, calculated according to the equivalent circuit in the inset, 

are summarized in Table S2. Here, ZnCoS electrode materials, prepared at higher 

temperature, offer a much smaller charge transfer resistance, suggesting that ZnCoS prepared 

at higher temperature could provide a faster electron transfer speed during the electrochemical 

process. 



21 

 

 

Fig. 9. (a) CV curves after the first and 2500th cycle at a scan rate of 10 mV s-1 (potential 

range: 0 to +0.55V); (b) GCD curves after the first and 2500th cycle recorded at a current 

density of 5 A g-1, (c) Nyquist plots after the first and 2500th cycle (the inset is the 

corresponding equivalent circuit), (d, e) high resolution XPS spectra of the Co2p and Zn2p after 

the cycling test for 2500th cycles of Zn: Co (1:2) 50, (f) Specific capacitance of all ZnCoS 

electrodes before and after stability test at a current density of 5 A g-1 in 2 M KOH aqueous 

solution.  
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Furthermore, the chemical composition of the electrode material after the cycling stability 

test was examined by XPS. Fig. 9d, e depicts the XPS high resolution spectrum of the Co2p 

and Zn2p of Zn: Co (1:2) 50 after 2500 cycles, respectively. The XPS spectrum of Co2p can be 

fitted with two spin-orbit peaks at 779.0 and 794.7 eV attributed to Co3+
2p3/2 and Co3+

2p1/2, 

respectively. Another two broadened peaks (at 783.7 and 800.9 eV) ascribed to Co2+
2p3/2 (at 

~782.8 eV), Co2+
2p1/2 (at ~800.5 eV), and two satellite peaks (at ~786.6 and 802.1 eV) are also 

evident in the spectrum. The decrease of the intensity of the Co2+ (Fig. 9d), compared with the 

XPS high resolution spectrum of the Co2p of Zn: Co (1:2) 50 (Fig. 2b), suggests the 

electrochemical transformation of Co2+/Co3+ during the supercapacitor operation 

(charge/discharge cycling). In the XPS spectrum of Zn2p (Fig. 9e), two prominent peaks at 

1021.3 and 1044.4 eV due to Zn2p3/2 and Zn2p1/2, respectively are observed, indicating the 

presence of Zn2+.  

The electrochemical characteristics of the other ZnCoS electrodes before and after the 

stability test are displayed in Fig. S9b. The specific capacitance values before and after the 

stability test were calculated from the GCD curves (Fig. 9b, Fig. S9b) and displayed in Fig. 

9e. The results revealed that the specific capacitance of all electrodes, deduced from the 

discharge curves, increased after 2500 cycles. Zn: Co (1:2) 50 electrode offers the highest 

specific capacitance of 1248.7 F g-1 after 2500th cycle at 5 A g-1 (971.7 F g-1 for 1st cycle). 

Furthermore, the stability of the Zn: Co (1:2) 50 electrode was examined at 20 A g-1 for 

6000 cycles (Fig. 10). It should be noticed that in the first 500 cycles, the specific capacitance 

value increased from 919.6 F g-1 to 1097.8 F g-1, most likely due to the complete activation of 

the electrode material. After 6000 cycles, the electrode achieved a specific capacitance of 

913.9 F g-1, indicating a good cycling stability.  
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Fig. 10. Cycling performance of Zn: Co (1:2) 50 electrode at 20 A g-1 for 6000 cycles. 

3.2.3. Fabrication of an asymmetric supercapacitor 

To further assess the practical usage of the prepared Zn: Co (1:2) 50 electrode (referred as 

ZnCoS), an asymmetric supercapacitor (ASC) device was fabricated using ZnCoS anode and 

PrGO cathode (Fig. 11a). The working potential window of the ASC was determined on the 

basis of the working potential windows of ZnCoS and PrGO, in a 3-electrode system. Fig. 11b 

displays the working potential window of PrGO (-0.9 ~ +0.1 V vs. Hg/HgO) and ZnCoS (0 ~ 

+0.55 V vs. Hg/HgO) electrode at a scan rate of 10 mV s-1. According to the individual 

electrode potential range, the cell voltage of fabricated ASC is fixed at 1.5 V. 

In order to investigate the operating voltage window, a series of CV curves of the 

assembled ASC at different cell voltages are recorded at 50 mV s-1 (Fig. 11c). Interestingly, 

increasing the cell voltage does not alter the shape of the CV curves, showing the redox peaks 

within the potential window. The GCD curves at various cell voltage values (current density = 

3 A g-1) are also depicted in Fig. 11d. Both CV and GCD curves reveal that the operating 

potential window for ZnCoS//PrGO asymmetric supercapacitor could be extended to 1.6 V 

even though 1.5 V is chosen as the cell voltage for further characterization of the 

electrochemical properties of the device.  

Fig. 11e displays the CV curves of the ASC (cell voltage = 1.5 V) as a function of the scan 

rate (10 - 75 mV s-1). No obvious change in the shape of the CV curves is observed. The 

variation of the specific capacitance, determined from the CV curves, is depicted in Fig. 11f. 

The flexible ASC device achieves a maximum specific capacitance of 90 F g-1 at a scan rate 

of 10 mV s-1. The energy density (E) and power density (P) were also determined from the 
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GCD curves of the ASC device, Fig. S10a. The Ragone plot relating E and P is displayed in 

Fig. 11g. The fabricated flexible ASC cell exhibits high energy and power densities of about 

17.7 W h kg-1 and 435 W kg-1 at 0.5 A g-1, respectively. The ASC achieves high energy 

density (13.2 W h kg-1) and power density (11699 W h kg-1) even at a high current density (10 

A g-1). This result reveals improved energy density at high power density as compared with 

other supercapacitor devices (NiSx//AC, 53.5 W kg-1 and 4.1 W h kg-1 [18]; MCS/GNF//AC, 

74.87 W kg-1 and 14.33 W h kg-1 [30]; NiS//NiS 250 W kg-1 and 16.5 W h kg-1 [55]; 

CoS//CoS, 150 W kg-1 and 4.8 W h kg-1 [56]; CuSbS2//CuSbS2, 341 W kg-1 and 2.6 W h kg-1 

[57]; NiCo2S4//C, 160 W kg-1 and 22.8 W h kg-1) [58]. Fig. S10b presents the Nyquist plots of 

the ZnCoS//PrGO ASC device. The internal resistance of the fabricated ASC device is 

determined to be ~0.2 ohm, while the Rct value due to the charge-transfer resistance is ~24.1 

ohm cm2. 
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Fig. 11. (a) Schematic diagram of asymmetric ZnCoS//PrGO supercapacitor cell, (b) CV 
curves of PrGO and ZnCoS electrodes, scan rate=10 mV s-1, (c) CV curves and (d) GCD 

curves measured at different cell voltage values, (e) CV curves recorded at various scan rates, 
(f) variation of the specific capacitance vs. scan rate, (g) typical Ragone plot of the flexible 
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ASC device, (h) CV curves of the ASC recorded at 50 mV s-1 under different bending angles 
of 0-135° in 2 M KOH aqueous solution; the inset is the schematic illustration of bent cells, (i) 

cycling performance of fabricated ASC device at 2 A g-1 for 5000 cycles. 
 

In addition, the performance of the ASC device under mechanical strain was examined by 

recording the CV curves at different bending angles. Fig.11h depicts the CV curves of the 

ASC device as a function of the bending angle (0 to 135°) recorded at a cell voltage of 1.5 V 

and a scan rate of 50 mV s-1. No significant distortion of the CV curves was apparent even 

when the bending angle is as high as 135°, which confirms the good flexibility of the 

fabricated ASC cell. Furthermore, the stability of the fabricated ASC device was examined at 

2 A g-1 for 5000 cycles (Fig. 11i). It should be noticed that in the first 400 cycles, the 

capacitance retention was about 122%, most likely due to the complete activation of both 

electrode materials. After 5000 cycles, the capacitance retention rate of the prepared ASC 

device was about 84%, indicating the good cycling stability of the fabricated ASC device. 

 

4. Conclusion 

In summary, a series of ZnCoS nanomaterials were synthesized by controlling the initial 

mole ratio of Co/Zn and the temperature during the chemical precipitation process. Under 

optimized conditions, the ZnCoS electrode exhibits a specific capacitance of 1134.7 F g-1 at 1 

A g-1, with good rate capability (81% retention from 1 to 20 A g-1) and excellent cycling 

stability (almost no obvious decrease of the capacitance at 20 A g-1 after 6000 cycles) in 2 M 

KOH aqueous electrolyte. In addition, ZnCoS electrode displays an improved electrochemical 

performance than bare ZnS electrode. Furthermore, a ZnCoS//PrGO asymmetric 

supercapacitor (ASC) was assembled. The device demonstrates a good electrochemical 

performance within a potential window of 1.5 V along with good energy and power densities. 

Moreover, no significant distortion of CV curves at different bending angles indicates the 

good flexibility of the fabricated ASC cell. The results obtained in the present work suggests 

that ZnCoS can be applied as an anode electrode material for designing flexible 

supercapacitors with high performance.  
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