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Abstract 
 Despite the escalating energy crisis and mounting environmental concerns, it is evident that conventional energy storage can no 

longer fulfil the demands of modern society. Consequently, supercapacitors have gained significant popularity as energy storage devices owing 

to their outstanding efficiency. Nevertheless, the limited energy density of this substance restricts its potential applications. Herein, the robust 

and controllable design of ultra-porous zinc cobaltite nanocubes (ZnCo2O4 Nc) is successfully fabricated using a MOF-templated approach. The 

ZnCo2O4 Nc is interconnected with 3D graphene nanosheets (ZnCo2O4 Nc@3DGr) as electrodes for hybrid storage devices. However, the 

(ZnCo2O4 Nc@3DGr) nanocomposite electrode exhibits better specific capacity/capacitance of (824.4 C/g, 1374 F/g) at a current density of 1 

A /g compared to pristine ZnCo2O4 Nc (567 C/g, 945 F/g). For Full cell device configuration, the designed hybrid supercapacitor (HSC) is 

constructed using ZnCo2O4 Nc@3DGr (positive) and 3DGr (negative) electrodes. The constructed ZnCo2O4 Nc@3DGr //3DGr hybrid device 

delivers a maximum energy density of 60 Wh/kg with a power density of 800 W/kg and an ultralong lifetime with a minimum ~7% capacitance 

loss up to 11,000 cycles.  
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1. Introduction 

The increasing demand for increasingly powerful 

mobile gadgets and electric vehicles has led to a growing 

need for superior energy storage technologies with 

outstanding efficiency capabilities [1,2]. Supercapacitors 

have considerable potential as an electrochemical energy 

storage technology due to their many benefits compared to 

conventional capacitors[3]. These advantages include an 

extended lifetime, high-power density, cheap cost, high-rate 

capability, and rapid charging speed [4]. However, limitation 

of desirable materials-based electrodes that meet the high 

requirement of high energy poses a critical challenge[5]. 

Hybrid supercapacitors (HSCs) can address the gap between 

the excellent energy density of batteries and the exceptional 

power density of electric double-layer capacitors (EDLCs) 

[6,7]. The HSC device integrates EDLC based carbon 

electrodes and battery-type-based materials within a 

composite including bimetallic oxides, sulphides, or 

phosphides[8–10]. Limitations in rate and cycle 

performances due to sluggish reaction kinetics and poor 

conductivity may prevent battery-type materials from being 

widely used in the future [11,12]. Compared to conductive 

polymers or carbonaceous materials, transition metal oxides 

are preferred because of their superior stability, cheap cost, 

and abundance of oxygen valence states[13,14]. Metal-

organic frameworks (MOFs) have gained prominence in 

recent years due to their inherent benefits, such as 

exceptional surface area, structural variety, functionality, 

and diverse porous structure. These characteristics enable 

MOFs highly suitable for various purposes in particular 

energy storage applications. Furthermore, when used as 

reinforcements and sacrificial templets [15–17].  The 

incorporation of metal-organic frameworks (MOFs) with 

diverse functional materials is an extremely beneficial and 

viable approach for enhancing the performance of MOFs or 

introducing novel functionalities to facilitate their practical 

uses furthermore it can be utilized as reinforcements and 

sacrificial templets for synthesizing different dimensional 

nanomaterials such as 1D, 2D, 3D Mono/Bi-metallic 

oxides[18–20].  

Among transition metal oxides, spinel-type metal oxides 

(AB2O4) gained the most significant interest as an ideal 

battery-type electrode-based storage device[21,22]. Huge 

efforts have been devoted to improving the battery-type 

electrode at high power and energy densities by developing 

porous nanostructured materials with optimal pore 

geometry, and short ionic route [23,24]. ZnCo2O4 is a 

prominent spinel-type metal oxide because it has a much 

larger energy storage capacity than other metal oxides [15]. 

ZnCo2O4 was synthesized utilizing a variety of techniques, 

including hydrothermal, sol-gel coprecipitation, and 

electrodeposition[25–28]. For example, Jai Bhagwan et al. 

created ZnCo2O4 nanoparticles via a facile combustion 

process under various calcination conditions, the calcinated 

sample at 600 oC achieved good specific capacitance (Cs) of 

(843 F/g  at 1 A/g)[29]. Xu et al. employed a hydrothermal 
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technique to design ZnCo2O4 nanoribbon that showed a 

remarkable capacitance of (776.2 at 1 A/g) and good 

revisability rate [30]. Rajesh and colleagues developed 

microsphere ZnCo2O4 , which achieved  a capacitance 

performance of (854 F/g at 2 A/g) moreover ~ 8% capacity 

loss after 3000 cycles [31]. Furthermore, Shang et al. 

prepared a unique 3D ZnCo2O4 peony-like structure that 

delivered a capacitance of (Cs = 440 F /g at 1 A/ g)[32].   

However, the majority of the resulting 0D, 1D, and 2D 

structures (nanoparticles, nanorods/nanowires, and 

nanosheets) exhibit agglomeration, sheet aggregations, and 

poor interaction area. As a result, using a MOFs-template 

technique to fabricate a 3D porous ZnCo2O4 Nc structure 

may enhance interfacial contact surface area, promote 

storing charge, and improve ionic channels. To overcome the 

conductivity constraint of bimetallic oxides, integrating 

ZnCo2O4 Nc with conductive polymer or graphene can 

provide an achievable way to enhance the electrochemical 

features [33].  

 This work reports a facile route and unique 

ZnCo2O4 nanocubes (Nc) design with a multi-porous 3D 

structure followed by 3D graphene layers as a hosting net 

framework structure.  We found that the nanocomposite-

based electrodes display mixed behaviour of EDLC and 

battery-type with specific capacity compared with those of 

pristine ZnCo2O4. The ZnCo2O4 Nc@3DGr nanocomposite 

electrode revealed significant electrochemical efficiency and 

high-rate capability. The designed HSCs employing 3DGr 

(negative) and the ZnCo2O4 Nc@3DGr (positive) deliver a 

substantial energy density and a long-lasting device that 

maintains capacitance after 11,000 charge/discharge cycles. 

2. Experimental section 

2.1. Chemicals 

Ultrafine graphite flacks 99%, cobalt nitrate hexahydrate 

(≥98%), Zinc nitrate tetrahydrate (98%), and 2-

methylimidazole (99%), all chemicals were purchased from 

Sigma-Aldrich. 

 

2.2. Synthesis of porous ZnCo2O4 nanocubes  

Initially, a certain amount of 0.5 mmol of Zinc nitrate and 1 

mmol of cobalt nitrate were dissolved into 25 mL of 

DI (H2O). In a subsequent experiment, a solution containing 

2-methylimidazole at a concentration of 4 mM was prepared 

by dissolving it in 20 mL of methanol. Subsequently, the 

imidazole compound was injected into the mixture aqueous 

solution with vigorously stirring for 20 min at room 

temperature. The solution was left undisturbed for a period 

of about 24 hours to enhance the progress of the chemical 

reaction. The produced pale purple crystals were collected 

using a centrifuge, followed by several washes with 

methanol to eliminate any remaining unreacted organic 

linkers. Subsequently, the crystals were subjected to a drying 

process overnight at a temperature of 70 oC inside a vacuum 

oven to produce the (Zn-Co ZIF) material. For Bimetallic 

oxide (ZnCo2O4) conversion, the obtained Zn-Co ZIF was 

calcinated in the air at 450 oC for 4 hours with a 3 oC per min 

heating rate. 

2.3. Synthesis of ZnCo2O4 Nc@3D porous graphene.  

Graphene oxide (GO) was produced via a 

modified  Hummers process [34]. Typically, 70 mg of the 

fabricated ZnCo2O4 dispersed into 150 mL of graphene 

oxide (GO) distributed in a solution with a 5 mg/mL 

concentration was combined with 0.5 mL of 

triethylenetetramine. The resulting mixture was subjected to 

sonication for a duration of 15 minutes at room temperature. 

The mixture was introduced into a Teflon tube autoclave 

with a capacity of 200 mL and exposed to thermal treatment 

at 160 oC for 24 hours. A sponge-like cake was immersed in 

250 mL of deionized water for a duration of 2 hours. 

Subsequently, it was frozen overnight at a temperature of -

20 oC. Following this, the produced hydrogel nanocomposite 

was subjected to a lyophilized process lasting 48 hours. For 

pure 3D graphene (3DGr), the same progress is utilized 

without the addition of ZnCo2O4 Nc. 

2.4. Electrode preparation and electrochemical 

investigation  

A homogeneous slurry was formed by dissolving 90% of the 

active ingredients in 10 mL Dimethylformamide (DMF) 

with 10% (binder, PVDF) and mixing for 25 minutes. The 

slurries were coated on Ni-foam and dried for 12 hours at 

110 ℃ to remove the solvent. The final electrode material 

mass was 1 ± 0.1 mg/cm2. Using half-cell system with 1 M 

LiOH electrolyte, (materials pressed on Ni-foam, 

the working electrode), (Hg/HgO, the reference electrode), 

and (the counter electrode from Pt mesh) were used to 

evaluate the positive electrode materials' electrochemical 

performance including CV and GCD measurements were 

done range from 0 to 0.6 V and -1 to 0 V, respectively. The 

specific capacity (Qc) of the proposed electrodes was 

determined using GCD curves and the formula[35]: 

           Qc   =  
𝛪×∆𝑡

𝑚
       (C/g)    (1)           

        𝐶𝑠 = 𝛪 × ∆𝑡 𝑚 × ∆𝑉⁄  (F/g) (2) 

where (I) signifies the specific current, (∆t) indicates 

discharge time, (m) provides mass loading and ΔV refers 

potential window (V). 

2.5. Constructing hybrid supercapacitor device   

The ZnCo2O4 Nc@3DGr nanocomposite and 3DGr were 

implemented as positive and negative electrodes in a hybrid 

supercapacitor (HSC) with a nylon separator 120 mm thick 

in 1 M LiOH. The charge balance ratio of the anode (Q-) and 

cathode (Q+) must be examined to produce improved 

electrochemical efficiency for the HSC full device. The 

charge efficiency (Q), specific capacitance (Cs), energy (E), 

and power (P)  densities for the assembled HSC device were 

assessed by applying the given equations[36,37];  

 

    𝑄 = 𝐶 × ∆𝑉 × 𝑚   (3)      

      

    
𝑚+

𝑚−
=

𝐶−×∆𝑉−

𝐶+×∆𝑉+
  (4) 

 

   𝐸𝑐𝑒𝑙𝑙 =
𝐶𝑠𝑐𝑒𝑙𝑙 ×∆𝑉2

7.2
 (Wh/kg) (5) 

 

   𝑃𝑐𝑒𝑙𝑙 =
𝐸𝑐𝑒𝑙𝑙×3600

∆𝑡
 (W/kg) (6) 

 

ΔV implies the cell voltage (V), and m reflect the total mass 

loading for the HSC electrode (g).  

 

3. Results and discussion 

3.1. Material Characterization  

The crystalline phase characteristics of the MOF-derived 

ZnCo2O4 nanocubes, 3DGr, and ZnCo2O4 Nc@3DGr 

nanocomposite are confirmed by powder XRD, as depicted 

in Fig. 1.  
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Fig. 1. XRD pattern for the fabricated materials-based 

hybrid supercapacitor electrodes. 

 

The XRD pattern reveals seven distinct peaks corresponding 

to the cubic spinel bimetallic oxide structure. These peaks 

are detected at 2θ values of 19°, 31.1°, 36.8°, 44.5°, 55.5°, 

59.2°, and 65.0°, and ascribed to the (111), (220), (311), 

(222), (400), (511), and (440) planes, respectively, of the 

pure ZnCo2O4 spinel phase (according to the JCPDS card 

No. 23–1390)[38,39]. No further peaks were seen in 

monoxides such as ZnO or Co3O4 phases, indicating the 

compound's phase purity. A prominent peak at an angle of 

26.2o degrees may be assigned to the (002) plane of 

graphene, reflecting the absence of contaminants in the 

sample. The ZnCo2O4 Nc@3DGr hybrid composite exhibits 

the expected diffraction peaks of ZnCo2O4, which are seen 

with the broad characteristic peak of the 3DGr. The angles 

at which these peaks occur do not display any noticeable 

alteration. This finding provides evidence for the successful 

preparation of the composites intercalated between graphene 

layers in the fabricated ZnCo2O4 Nc@3DGr nanocomposite. 

 
 

Fig. 2. FE-SEM images of the synthesized 3D graphene (a), 

ZnCo2O4 Nc (b), high magnification of ZnCo2O4 Nc (c), and 

ZnCo2O4 Nc@3DGr nanocomposite electrodes (d).  

 

Fig. 2 depicts the FE-SEM images for the introduced 

electrode materials. As depicted in Fig 2 (a), the synthesized 

3DGr sheets have a crumpled appearance reminiscent to silk 

structures, whereby they are intertwined with one another to 

form an interconnected three-dimensional network 

architecture. Interestingly, it is possible to generate a three-

dimensional (3D) configuration using layers of graphene 

networks with a highly porous structure. This unique 

structure hinders the aggregation of graphene nanosheets 

and the subsequent restacking of layers upon the removal of 

functional groups. FE-SEM image in Fig. 2 (b) shows 3D 

nanocubes-like structure for the synthesized ZnCo2O4 which 

is attributed to the thermal decomposition of Zn-Co 

imidazole frameworks. The high magnification FE-SEM of 

the ZnCo2O4 Nc in Fig. 2 (c) reflected the ultra-porous 

structure with an average particle size of 275 nm due to the 

rearrangement of different metal source insertion into the 

organic framework after calcination. Fig. 2 (d) illustrates the 

intercalation of ZnCo2O4 Nc between graphene sheets 

creating a sandwich-like structure. 

 
Fig. 3. TEM images of the synthesized 3D graphene (a), 

ZnCo2O4 Nc (b), and ZnCo2O4 Nc@3DGr nanocomposite 

electrodes. 

TEM image in Fig. 3(a) reveals the existence of a 3D porous 

structure comprised of interconnected open-dead pores. The 

entire shape is encompassed by a graphene-based, 

overlapping net framework. The framework's three-

dimensional structure is created by chemically coupling the 

functional groups of GO with triethylamine and followed by 

a lyophilizing procedure. TEM image in Fig. 3(b) further 

demonstrate numerous pores on the whole cubic surface 

reflecting a promising sacrificial template-based 3D 

nanocubes structure[40]. On the other hand, TEM image in 

Fig. 3 (c) provides that a 3D framework ZnCo2O4 Nc/3DGr 

nanocomposite is created when wrinkled graphene sheets are 

consistently wrapped around ZnCo2O4 nanocubes. 

 

3.2. Electrochemical measurements for the synthesized 

electrode materials.  

To evaluate the storage capacity of the prepared electrodes, 

electrochemical measurements were carried out using a half-

cell system with 3 electrodes. Fig. 4 (a) exhibits the CV 

profiles of the fabricated ZnCo2O4 Nc, ZnCo2O4 Nc@3DGr 

electrodes within a range (0.0 to 0.6V) of potential at (5 

mV/s) scan rate. curve of ZnCo2O4 exhibits characteristic 

redox peaks that are associated with the reversible reaction 

occurring between the electrode material and the electrolyte. 

Nevertheless, incorporating graphene into ZnCo2O4 

Nc@3DGr resulted in an enhanced peak current and a 

greater enclosed area, indicating an increase of redox 

reaction activity. This improvement may be due to the 

increased conductivity achieved by the integration of 

graphene. Furthermore, Fig. 4 (b) reveals that there is no 

visible collapse or modification in CV curves with 

increasing scan rates. This reflects a high-rate capability and 

remarkable reversibility. Fig. 4(c) displays the 

(A) (B)
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500 nm

200 nm

(C)

(A)

(C)

(B)

100 nm



 AG. El-Deen et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67, No. 6 (2024) 

 

 

236 

GCD behaviour of the investigated electrodes at 1 A/g. The 

discharge time of the ZnCo2O4 Nc@3DGr electrode has a 

longer duration in comparison to that of the pure ZnCo2O4 

Nc. The GCD profiles of the ZnCo2O4 Nc@3DGr were 

examined at various applied current densities, as seen in Fig. 

4(d). 

 
 

Fig. 4.   Comparison CV curve at scan rate of 5 mV/s (a), CV 

profile for the ZnCo2O4 Nc@3DGr nanocomposite under 

various scan rates (b), GCD plot at 1A/g (c), GCD curves at 

different current densities for the ZnCo2O4 Nc@3DGr (d), 

specific capacity versus current densities (e) and Nyquist 

plot for the pure ZnCo2O4 Nc and ZnCo2O4 Nc@3DGr 

electrode (f) 

The ZnCo2O4 Nc@3DGr material demonstrates 

the presence semi-triangular (GCD) profiles regardless 

exposed to greater current densities. The observed peaks in 

the GCD graph are indicative of the battery-like properties 

shown by the ZnCo2O4 Nc@3DGr electrode, which matches 

the results acquired from (CV) analysis. Fig. 4(e) reflects the 

estimated capacitances of the synthesized materials for 

various levels of current density according to the GCD 

curves. When GCD performed at 1 A/g, the ZnCo2O4 

Nc@3DGr electrode achieved a substantially greater 

specific capacity (824.4 C/g, 1374 F/g), outperforming the 

pure ZnCo2O4 Nc electrode (567 C/g, 945 F/g). The 

ZnCo2O4 Nc@3DG electrode demonstrates the highest 

capacitance value due to the graphene layers effectively 

anchoring onto the cubic faces of the porous ZnCo2O4 Nc 

structure. This integration facilitates the rapid transfer of 

electrons by creating active sites and shortening the electron 

pathway. Additionally, it prevents aggregation of the 

graphene sheets, thereby enhancing the electrical 

conductivity of the nanocomposite[41]. 

In order to get a deeper understanding of the benefits 

associated with the electrodes, an analysis of the impedance 

was conducted for all samples that were generated. The 

Nyquist curves have been generated for the ZnCo2O4 and 

ZnCo2O4 Nc@3DGr Nc electrodes in the 0.01 Hz to 100000 

Hz frequency range, as seen in Fig. 4(f).  The ZnCo2O4 

Nc@3DGr Nc exhibited a minimal crossing point with the 

real axis at high frequencies, implying a significantly 

reduced ohmic resistance (RS) of the electrolyte compared 

to the synthesized electrode materials. In relation to the sites 

of the intersection at high frequencies, it was observed that 

the internal resistances of the ZnCo2O4 Nc@3DGr Nc 

electrode exhibited a significant decrease (2.19 Ω) compared 

to the pristine ZnCo2O4 Nc (3.84 Ω), revealing an 

enhancement in electrical conductivity owing to 

incorporating of graphene in the nanocomposite. The 

electrode composed of ZnCo2O4 Nc@3DGr had the lowest 

levels of charge transfer, diffusive resistance, and a small 

semicircle diameter, indicating a low interfacial charge 

resistance (Rct) over a wide range of frequencies. 

 

 
Fig. 5.  CV curve at full potential windows of 3DGr and 

ZnCo2O4 Nc 5 mV/s (a), CV profile for the ZnCo2O4 

Nc@3DGr //3DGr hybrid device under different sweep rates 

(b), GCD plot at current density from 1 A/g to 10 A/g (c), 

and specific capacitance versus current densities for the 

assembled ZnCo2O4 Nc@3DGr // 3DGr hybrid device (d).    

 

To assess the effectiveness of electrode 

components in real supercapacitors technology, we 

employed a composite material of ZnCo2O4 Nc@3DGr 

(positive) and 3DGr (negative) electrode in order to 

construct the ZnCo2O4 Nc@3DGr // 3DGr HSC device. Fig. 

5 (a) shows the 3DGr electrode's (CV) graph, which has a 

rectangular shape across the voltage of -1 to 0 V, reflecting 

ideal EDLC behaviour. The ZnCo2O4 Nc@3DGr electrode 

is employed in the right region of the CV profile with a 

voltage region from 0 to 0.6 V. As a result, a cell voltage of 

1.6 V is acceptable for operation in a ZnCo2O4 Nc@3DGr 

//3DGr hybrid device. The results of a CV test performed at 

varied scan speeds (from 5 to 100 mV/s) are displayed in 

Fig. 5 (b). The examination of the CV test findings shows 

that the device's scan rate does not significantly change the 

form of the CV curve examined, demonstrating excellent 

rate and reversibility. As revealed in Fig. 5(c), the GCD 

curves provide a nearly symmetrical pattern when the 

current density is incremented from 1 to 10 A/g, signifying 

a substantial coulomb efficiency. According to Fig. 5(d), the 

specific capacitances of the HSC device were determined to 

be 168.75, 133.75, 112.5, 81.25, 70 and 61.87 F/g at current 

densities of 1, 2, 3, 5, 7, and 9 A/g, respectively. 
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Fig. 6. Cycling stability performance for the constructed 

full HSC cell at 5 A/g (a), Ragone plot for the ZnCo2O4 

Nc@3DGr // 3DGr HSC device comparison with other 

devices (b). 

 

      The considerable lifetime of the created HSC electrodes 

poses a significant obstacle to the development of 

commercialization efforts[42]. The recyclability assessment 

of the constructed ZnCo2O4 Nc@3DGr//3DGr HSC device 

was conducted by subjecting it to continuous 

charge/discharge cycles for over 11000 cycles at a rate of 5 

A/g, as depicted in Fig. 6(a). After conducting a series of 

charge and discharge experiments for the purpose of stability 

testing, a total of 11,000 cycles were completed. The device 

has a retention rate of 93% in terms of its initial capacitance 

undergoing 11000 subsequent cycles. This finding suggests 

that the electrode materials used in the hybrid device were of 

ideal configuration design and outstanding chemical 

stability. Energy densities are frequently utilized as crucial 

parameters for evaluating the efficacy of fabricated ZnCo2O4 

Nc@3DGr//3DGr device. According to the data presented in 

Fig. 6(b) of the Ragone plot, it can be observed that the HSCs 

exhibited an excellent energy density of 60 Wh/kg at a power 

consumption of 800 W/kg. Moreover, despite the rise of the 

maximum power density to 6000 W/kg, the resultant (HSC) 

device demonstrated a notable energy density of 22 Wh/kg, 

therefore exceeding the efficiency of previously reported 

HSC devices. Moreover, the electrochemical efficacy of the 

ZnCo2O4 Nc@3DGr HSC device in this work, as shown in 

the Ragone plot, is compared to the values reported in the 

references. The results indicate that the device shows greater 

energy and power densities than those documented in the 

literature[43–48]. 

4. Conclusions 

In summary, three-dimensional graphene nanosheets and 

porous zinc cobaltite nanocubes were successfully fabricated 

based electrodes for enhanced hybrid supercapacitor 

devices. The ZnCo2O4 Nc@3DGr electrode delivered the 

capacity of 824.4 C/g compared to pristine 3D ZnCo2O4 Nc 

567 C/g. Furthermore, the designed ZnCo2O4 Nc@3DGr // 

3DGr hybrid supercapacitor device achieved a remarkable 

energy density of 60 Wh/kg and 800 W/kg of power density 

moreover ultra-long lifespan up to 11000 cycles with 

mentation capacitance retention of 93% from its initial 

capacitance. The exceptional electrochemical performance 

strongly implies that the optimal electro-active pathways 

play a significant role in ion and charge transport. The 

novelty of the ZnCo2O4 Nc@3DGr // 3DGr based hybrid 

supercapacitor device lies in its unique combination of 

holding the power and energy capabilities that address the 

demands of diverse energy storage applications in an 

innovative system. The distinguishing design of the 

fabricated ZnCo2O4 Nc@3DGr //3DGr-based hybrid 

supercapacitor device comes from its distinctive 

combination of robust power holding and energy 

capabilities, which effectively fulfils the requirements of 

various energy storage applications.  
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