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Abstract 

This study focuses on the synthesis and characterization of zinc cobaltite (ZnCo2O4) as an 
electrode material for supercapacitor (SC) applications. ZnCo2O4 was synthesized via an 
efficient sol-gel method, followed by annealing. Morphological and structural characterriza-
tions revealed that ZnCo2O4 forms as nanoflakes with a well-crystallized structure. Electro-
chemical parameters of ZnCo2O4 were examined by various electrochemical techniques in a 3 
M KOH aqueous electrolyte. The highest specific capacitance (Csp) of 321 F g-1 was obtained at 
a current density of 0.8 A g-1. The electrochemical performance of the ZnCo2O4 electrode is 
superior, owing to its porous nanoflake morphology, which provides numerous active sites and 
enables substantial charge storage. Moreover, multiple oxidation states of Zn and Co enhance 
redox reactions at the electrode surface, thereby improving the electrode's pseudocapa-
citance. The superior electrochemical performance of ZnCo2O4 indicates that it is a promising 
cathode material for hybrid SC devices. 
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Introduction 

Along with significant technological advancements and population growth, global energy consump-

tion is rising rapidly. Compared with fossil fuels, environmentally friendly energy sources such as solar, 
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biomass, hydro, and wind power are a smart choice for energy supply; however, these sources are 

intermittent, making energy storage devices essential for achieving a sustainable energy system [1].  

Among various energy storage systems, supercapacitors (SCs) deliver better frequency response, 

indefinite charge/discharge cycles, and excellent dielectric strength. SCs have 10-100 times higher 

energy storage capacity than capacitors. Compared with lithium-ion batteries, SCs offer higher peak 

currents, lower cost per cycle, better reversibility, a corrosion-resistant electrolyte, minimal 

material toxicity, and no damage from overcharging [2-4]. While batteries are less expensive to 

acquire and maintain a steady voltage during discharge, they also require sophisticated electronic 

management and switching systems, which result in energy loss and spark risk. Hence, SCs, with 

their superior power density and cyclic stability, have attracted considerable interest, offering a 

significant opportunity to develop higher-performing hybrid SCs (HSCs) [5-7].  

HSCs exhibit greater power and energy density than capacitors and rechargeable power sources. 

Critical elements of HSC include electrode materials along with the morphology and specific surface 

area, the electrolyte, operating conditions and cell configuration. These factors affect charge-transfer 

kinetics and ion diffusion, thereby influencing cycle life, capacitance-voltage characteristics, specific 

surface area, and conductivity [8-10]. Additionally, HSCs exhibit specific challenges in cycle performance, 

and it can be challenging to identify appropriate positive and negative electrode materials [11]. 

Bimetal oxides (BMOs) are a class of oxide materials that consist of two different metallic 

elements and have the general formula AB2X4, with a spinel structure. In recent years, BMOs have 

received attention, as their chemical composition offers greater flexibility to attain novel electrical, 

chemical and magnetic properties as compared to other metal oxides. BMOs can be synthesized 

with a variety of compositions and structures, enabling tailoring of their properties to specific 

applications [12]. Recently, BMOs have been studied as potential electrode materials for lithium-ion 

batteries and SCs because they offer high capacity and excellent cycling stability for energy storage 

applications. Moreover, BMOs have also been investigated for their ability to connect solar energy 

to drive chemical reactions [9].  

Among suitable materials for SC electrodes, Co3O4 is a promising material due to its very high 

theoretical specific capacitance (Csp) of 3650 F g−1. However, it has several disadvantages, including 

lower electrical conductivity, a short cycle life, and a low electrode material density [13]. BMOs with 

spinel structures are produced by partially replacing Co in Co3O4 with transition elements such as 

Mn, Ni, Zn, Fe, etc. Among various spinel BMOs, zinc cobaltite (ZnCo2O4) has been widely utilized for 

HSC applications because of its outstanding redox activity, good conductivity, and large theoretical 

Csp of 2650 F g−1. Additional advantages include the potential for synthesis from inexpensive pre-

cursors and readily available materials. Spinel cobaltite ZnCo2O4 is known to be efficient for oxygen 

reduction when used as an electrode, and is low-cost, abundant, and environmentally friendly. 

ZnCo2O4 has been developed for applications in Li-ion batteries, electrocatalysis, and SCs, thereby 

demonstrating its multifunctionality. It was revealed that both NiCo2O4 and ZnCo2O4 electrodes 

exhibited superior capacitive performance compared with Co3O4, owing to their greater electro-

chemical activity and richer redox reactions [14-16].  

Here, the sol-gel synthesis strategy was adopted to synthesize the spinel ZnCo2O4. Electro-

chemical parameters of ZnCo2O4 were investigated in KOH solution as a single electrode and in a 

symmetric (ZnCo2O4 || ZnCo2O4) device using cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) techniques.  
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Experimental  

Reagents  

Sodium hydroxide (NaOH), cobalt nitrate hexahydrate (Co(NO3)26H2O), Zn nitrate trihydrate 

(Zn(NO3)23H2O), carboxymethyl cellulose sodium salt (CMC, high purity), potassium hydroxide 

(KOH), potassium hexacyanoferrate(III) (K3Fe(CN)6) and glycerol were acquired from Alfa Aesar 

(Thermo Scientific Chemicals, U.S.). Britton-Robinson (BR) buffer solution (pH 7) was prepared by 

mixing equal volumes of 0.04 M boric acid (0.248 g in 100 ml), 0.04 M phosphoric acid (0.26 ml in 

100 ml), and 0.04 M acetic acid (0.23 ml in 100 ml) in a 500 ml volumetric flask, that is titrated to 

the desired pH with 0.2 M sodium hydroxide. 

Synthesis of ZnCo2O4 

ZnCo2O4 was synthesized by an efficient sol-gel strategy. A 0.20 M NaOH solution was prepared in 

200 ml of deionised water (DI). Simultaneously, 0.10 M Co(NO3)26H2O and 0.05M (Zn(NO3)23H2O) 

were prepared in 100 ml DI water and dropped into NaOH solution under continuous stirring. After 

30 minutes, 10 ml of glycerol was introduced to prevent particle agglomeration. The resulting mixture 

was stirred at 80 °C for 90 minutes. The collected material was washed with DI water and dried at 

80 °C. Subsequently, the material was finely powdered through grinding. Finally, the prepared 

material was annealed at 450 °C for 3 hours to yield a black ZnCo2O4 powder. Figure 1 shows the 

schematic of the step-by-step preparation of ZnCo2O4. 

 
Figure 1. Schematic diagram of sol-gel method for preparation of ZnCo2O4 

Characterization techniques 

X-ray diffraction (XRD) was used by utilizing a Panalytical X-Pert Pro diffractometer (Malvern 

Panalytical, Netherlands) to examine the crystallographic properties of the prepared sample. The 

microstructure analysis was evaluated by a field emission scanning electron microscope (FESEM), 

using a Nova Nano FESEM-450 (FEI Company, United States). The sample is also analysed by Raman 

spectroscopy (STR 500 Confocal Micro Spectrometer, λ = 532 nm) (TechnoS Photonics, India). 

Electrochemical characterizations, including CV and GCD, were performed using a Metrohm 

AUTOLAB PGSTAT30 workstation (Metrohm AG, Switzerland). 

Fabrication of the electrode 

Firstly, a slurry of ZnCo2O4 was prepared by mixing ZnCo2O4, CMC and acetylene black (Alfa Aesar, 

≥ 99 %) with a ratio of 80:10:10 in 5 ml of isopropyl alcohol solution. The slurry was then coated 

onto Ni-foam (11 cm) and heated at 120 °C for 12 hours in an air oven (1 mg of active material per 
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cm² of Ni-foam). For the measurement of the active surface area of ZnCo2O4, ZnCo2O4/GCE was 

prepared by drop casting the slurry of ZnCo2O4 on a glassy carbon electrode (GCE) (diameter of 5 

mm) (active mass of material is 0.4 mg) and drying at 60 °C for 1 hour. An electrochemical study of 

the ZnCo2O4 electrode was performed in a 3-electrode setup with an Ag/AgCl (3 M KCl) electrode as 

the reference and a Pt wire as the counter electrode, with 3 M KOH as the electrolyte. For 

measurement of temperature stability, a symmetric SC device (ZnCo2O4||ZnCo2O4) was 

constructed. The ZnCo2O4 slurry was drop-cast onto a stainless steel foil (2×2 cm) with an active 

material mass of 1 mg and dried at 80 °C for 6 hours to prepare electrodes. The two similar 

electrodes were sandwiched with KOH-soaked Whatman filter paper in the middle of the electrodes, 

and finally, the device was sealed with parafilm.  

Results and discussion  

The effective surface area of ZnCo2O4 modified glassy carbon electrode 

The cyclic voltammograms of 0.1 mM K3[Fe(CN)6] in BR buffer (pH 7) were recorded at 

ZnCo2O4/GCE and bare GCE to determine their effective surface areas (Figure 2). The Randles-Ševčik 

Equation (1) provides a relationship between peak current, scan rate, and surface area of the 

electrode [17]: 

Ip = (2.69×105)n3/2ADo
1/2 1/2C (1) 

where Ip / A refers to the maximum peak current, n is the number of electrons transferred in the 

electrode reaction, A / cm2 shows the effective surface area of the working electrode, Do / cm2 s-1 is 

the diffusion coefficient in (Do for K3[Fe(CN)6] = 7.6×10-6 cm2 s-1),  / V s-1indicates the scan rate, 

while C / mol cm-3represents the concentration of K3[Fe(CN)6]. The evaluated surface area of 

ZnCo2O4/GCE was 0.0767 cm2. This value is approximately 3 times higher than that of a bare GCE 

(0.0266 cm2), due to the flakes-like micro-structure of ZnCo2O4 [18].  

 
Potential, V 

Figure 2. Cyclic voltammograms of 0.1 mM K3[Fe(CN)6] in BR buffer, pH 7 solution at ZnCo2O4/GCE (in blue) 
and bare GCE (in red) 

Figures 3a and b depict the FE-SEM results of ZnCo2O4, indicating the flake morphology of ZnCo2O4. 

The flake morphology of ZnCo2O4 enhances electrode performance by facilitating a large contact area 
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at the electrode-electrolyte interface. The XRD spectrum of ZnCo2O4 (Figure 2c) shows diffraction 

peaks at 19.07, 31.47, 36.96, 45.06, 55.66, 59.59, 65.18, and 77.54° corresponding to (111), (220), 

(311), (400), (422), (511), (440), and (533) planes, respectively. The positions and intensities of the 

peaks are well correlated with the cubic spinel structure of ZnCo2O4, as indexed by the JCPDS card 

number 01-1149 [19]. In the Raman spectra of ZnCo2O4 (Figure 2d), two intense peaks are observed 

relating to F2g (518 cm-1) and A1g (684 cm-1), corresponding to symmetrical modes of ZnCo2O4. 

  
 2 / ° Raman shift, cm-1 

Figure 3. (a) and (b) FE-SEM images at different resolutions, (c) XRD pattern and (d) Raman spectrum of 
spinel ZnCo2O4 

Figure 4a illustrates CV profiles of the ZnCo2O4 electrode in 3M KOH at different sweep rates (5 to 

300 mV s-1). CV curves exhibit redox peaks with a quasi-rectangular shape, indicating that charge-

storage kinetics are largely diffusion-controlled. Moreover, the CV profiles maintain their charac-

teristic shapes, indicating good reversibility of the electrode material [20]. Equations (1) to (3) serve 

as the foundation for the possible electrochemical redox reaction in an alkaline solution [21]. 

ZnCo2O4 + H2O + OH-  2CoOOH + ZnOOH + e- (1) 

ZnOOH + OH-  ZnO2 + H2O + e- (2) 

CoOOH + OH-  CoO2 + H2O + e- (3) 

The nonlinear shapes of GCD curves (Figure 3b) illustrate the pseudocapacitive/diffusive 

behaviour of the ZnCo2O4 electrode, indicating battery-type performance of the material.  

The specific capacitance (Csp/F g-1) of the ZnCo2O4 electrode in a three-electrode cell was 

extracted by utilizing Equation (4): 

sp

Δ

Δ

i t
C

m V
=   (4) 

Here t / s and V / V exemplify discharge time and cell voltage, respectively, while the (i/m) / A g-1 

is gravimetric current density (CD). The calculated Csp values for different applied CDs are shown in 

Figure 4(c). The ZnCo2O4 electrode possesses a maximum Csp of 321.4 F g-1 at a CD of 0.8 A g-1. The 

value of Csp decreases at higher CD and attains a minimum Csp of 100 F g-1 at a CD of 8 A g-1. The high 

value of Csp, along with the significant energy density of the ZnCo2O4 electrode, is attributable to the 
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multiple valence states of Zn and Co, which enhance faradaic reactions, resulting in superior 

capacitive performance of the material.  

 
 Potential, A g-1 Time, s 

321.4 F g-1 

 
 Current density, A g-1 

Figure 4. (a) CV profiles of ZnCo2O4 electrode in BR solution at different scan rates, (b) GCD curves at 
different applied current densities, (c) specific capacitance values in dependence on applied current density 

Equation (5) (Dunn’s method) was applied to determine the separate contributions of current 

responses at a fixed voltage that result from the capacitive-controlled and diffusion-controlled 

charge storage mechanisms.  

ip = a1 + a21/2  (5) 

Here, a1 and a2 1/2 represent current contributions from diffusive and capacitive kinetic 

processes, respectively [20,21]. The constants a1 and a2 were evaluated by the linear fit of ip/ vs.  1/2 

curve. Where the slope of the curve gives the value of constant a1 and the intercept of the curve gives 

the value of constant a2. Figure 5(a) shows this linear plot for the ZnCo2O4 electrode at 0.1 V. The 

capacitive and diffusion current contributions at various scan rates are demonstrated in Figure 5(b).  

  
 1/2 / V1/2 s-1/2  / V s-1 

Figure 5. (a) Linear fit of i/ 1/2vs. 1/2 for ZnCo2O4 electrode at 0.1 V;(b) contributions of capacitance due to 
capacitive and diffusive processes at different scan rates 
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The dominance of the diffusive contribution to the total current response at lower scan rates 

indicates that the nature of charge storage is largely diffusive-controlled (battery type).  

Figure 6(a) represents the results of electrode cyclization, i.e. the effects of 50 to 1500 CV cycles 

performed at a scan rate of 100 mV s-1 to the ZnCo2O4 electrode in 3M KOH. The percentage of 

capacitance retention of the ZnCo2O4 electrode over 1500 cycles is depicted in Figure 7(b), which 

indicates the ZnCo2O4 electrode retains approximately 92 % efficiency after 1500 CV cycles. The 

ZnCo2O4 electrode exhibits better cycle retention owing to its unique morphology and multiple 

redox sites.  

 
 Potential,V Cycle number 

Figure 6. (a) CVs of 50 to 1500 cycles preformed at 100 mV s-1 to ZnCo2O4 electrode in 3M KOH and  
(b) retention of cyclic stability over 1500 CV cycles 

To evaluate the temperature adaptability of ZnCo₂O₄, a symmetric supercapacitor device 

(ZnCo₂O₄||ZnCo₂O₄) was constructed and a GCD curve was recorded at different temperatures (10, 

20 and 30 °C) at the current density of 0.2 A g-1. The GCD profiles of the fabricated symmetric SC 

device are presented in Figure 7a. The specific capacitance values of a single electrode of a two-

electrode (symmetric) cell (Csp), were calculated by Equation (6) and depicted in Figure 7b.  

sp

4 Δ

Δ

i t
C

m V
=   (6)  

In Equation (6), m is the mass of both electrodes. It can be noted that variations of Csp values with 

temperature change are relatively small, and the maximum Csp of 77.6 F g-1 at 0.2 A g-1 is attained at 

20 °C.  

 
 Time, s Temperature, °C 

Figure 7. (a) GCD curves at 0.2 A g-1 of fabricated device (ZnCo₂O₄||ZnCo₂O₄) and (b) Csp values at different 
temperatures 
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A comparative study presented in Table 1 shows that the electrochemical performance of 

ZnCo2O4 as a cathode material is comparable to, or better than, that reported in the published 

literature. The nanoflake morphology, providing a large number of diffusion channels for fast ion 

movement and the presence of multiple oxidation states of Zn and Co, is giving rise to fast Faradic 

redox reactions resulting in improved capacitance value of ZnCo2O4 electrode.  

Table 1. Comparison of specific capacitance values and morphology of ZnCO2O4 electrode obtained from the 
literature data and this work  

Method of synthesis Morphology Electrolyte Capacitance, F g-1 
Measurement cell 

configuration 
Ref. 

Co-precipitation route Nanostructure 2 M KOH 159 at 2 mA cm-2 Three-electrode [22] 

Hydrothermal Nanomaterial 2 M KOH 290.5 at 0.5 A g-1 Three-electrode [23] 

Hydrothermal Nanorods 3 M KOH 10.90 at 10 mV s-1 Three-electrode [24] 

Co-precipitation 
method 

Nanomaterial 6 M KOH 77 at 5 mV s-1 Two-electrode [25] 

Solvothermal Nanoparticles 6 M KOH 451 at 5 mV s-1 Three-electrode [26] 

Effective and  
additive-free 

Hierarchical  
peony-like 

3 M KOH 440 at 1 A g-1 Three-electrode [27] 

Solvothermal Hollow microspheres  78.89 mAh g-1 at 1 A g-1 Two-electrode [28] 

Hydrothermal Microspheres 1 M KOH 593 at 10 mV s-1 Three-electrode [21] 

Sol-gel method Nanoflakes 3 M KOH 321.4 at 0.8 A g-1 Three-electrode This work 

Conclusion  

ZnCo2O4, as an electrode material for supercapacitor applications, was successfully synthesized via 

an effective sol-gel technique. The FE-SEM, XRD and Raman studies showed that the prepared 

ZnCo2O4 has flake morphology along with a spinel cubic crystal structure. The ZnCo2O4 electrode 

exhibited good electrochemical performance with a Csp of 321.4 F g-1 at a current density of 0.8 A g-1. 

Moreover, the ZnCo2O4 electrode possesses capacitance retention of 92 % over 1500 CV cycles. The 

extraordinary characteristics of the ZnCo2O4 electrode come from the porous microstructure of 

ZnCo2O4, which not only enhances the contact area of the electrode-electrolyte interface but also 

facilitates the numerous active channels for faradic redox reactions. Multiple valencies of Zn and Co 

are an additional advantage. These results fully confirm the possibility of ZnCo2O4 as a significant 

electrode material for hybrid SC devices. This work supports the development of a prospective 

routine for constructing next-generation advanced-energy storage systems. Additionally, this work 

provides a comprehensive overview of the synthesis of various metal oxides and sulphides for 

practical hybrid SC device applications. 
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