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Abstract
Hybrid nanocomposites have shown their excellent potential in energy storage devices particularly in electrochemical super-
capacitors to meet the forthcoming demand in the energy sector applications. Novel hybrid composited displayed the dual 
nature of electrochemical double layer and pseudocapacitive behaviour, which makes them more advantageous in super-
capacitor device fabrication. Zinc cobaltite (ZnCo2O4) nanostructures have been prepared by precipitation route and the 
structural, optical and electrochemical properties of the final product were analyzed. X-ray pattern showed the spinal cubic 
phase structure with fine nano-crystallites. The FTIR and Raman spectrum confirmed the presence of surface functional 
groups and confirmed the formation of high-quality ZnCo2O4 nanocrystals. XPS and EDX spectrum showed the high purity 
and good crystallinity nature of the as-prepared ZnCo2O4 nanocrystal. FE-SEM and TEM analysis exhibits the bundle like 
morphology of the final product. Finally, the as-prepared ZnCo2O4 nanostructure was investigated by cyclic voltammetry 
(CV), galvanic charge–discharge analysis (GCD) and electrochemical impedance spectroscopy (EIS) to check its suitability. 
The electrochemical investigation demonstrated the highest capacitance of 159 F g−1 at 2 mA cm−2 in 2 M KOH electrolyte 
and the long cyclic test showed the 92% initial capacitance retention over 2500 cycles. It reveals/demonstrated that the spinel 
ZnCo2O4 nanostructures own a promising usage in devices for electrochemical energy storage.
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1  Introduction

The shortage in conventional energy source forced world-
wide researchers to focus on the alternative source to meet 
the depletion of natural resources. Another major issue is 
global warming due to the emission of greenhouse gases 
from automobile and industries. To overcome these issues 
in present and also in future, various energy sources have 
been addressed but they still need development to sort out 
their issues and then searching for alternative energy is more 
important nowadays [1–3]. Identification of new and clean 
energy is part of the problem and the other side is storing 
the as-produced energy in the device for future usage [4, 5]. 
Though the batteries are capable of providing the required 
energy due to their low power density and they couldn’t be 
used in all electrical devices [6]. These problems were over-
come in electrochemical supercapacitor (ESc) by the factor 
of 10–100 times than the batteries.

Electrochemical supercapacitors (ESc) are recently 
attracted worldwide researchers’ interest owing to their 
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increase in demand for high power density and reliable 
energy deliverable applications for military, electronics, 
automobile, space, etc. [7–9]. Supercapacitors have pecu-
liar properties like higher power density, fast charge/dis-
charge rate, exceptional cycle life and safety [10, 11]. In 
recent years, significant progress has been equipped in the 
supercapacitor devices; however, the proposed electrode 
materials exhibited a low energy density and limited by 
their poor cyclic stability and rate performance [12, 13]. In 
general, electroactive materials have a major influence on 
the supercapacitor performance in terms of power–energy 
density, capacity rate of self-discharge and cycling stability. 
To overcome these inadequacies of supercapacitor perfor-
mance, various electroactive materials have been used such 
as activated carbon [14, 15] conductive polymer [13, 16] and 
metal oxides [17, 18]. Though there was much hybrid metal 
oxide nanocomposite existing [19–25] for many application 
like photocatalyst, hydrogen storage [26–36] with remark-
able characteristics, still serious issues like poor cycle & 
action rate were associated with them. Hence the develop-
ment of ideal electrode material is still a challenge. Based 
on the charge storing nature, supercapacitors are mainly 
divided into electrical double-layer capacitors (EDLCs) and 
fast, reversible faradic pseudo-capacitors, respectively [2, 3].

Recently AB2O4 based spinel structure binary metal 
oxide has been intensively investigated as potentially active 
electrode material for supercapacitors owing to their ideal 
stoichiometric spinel structure with several oxidation states 
[37, 38]. In which, zinc cobaltite (ZnCo2O4) is a usual spinel 
structure, where zinc ions and trivalent Co ions are occupied 
one-eighth of tetrahedral (A) and one-half of octahedral (B) 
sites, respectively [39]. Interestingly, zinc cobaltite nano-
structured material has been widely used in gas sensor [40], 
Li-ion batteries [41] and electro-catalyst application [42] 
due to their exceptional characteristics of electronic struc-
ture. The morphology, microstructure, particle size, surface 
interface and stoichiometry of ZnCo2O4 material play an 
essential role in the electrochemical performances. ZnCo2O4 
nanomaterials with different morphologies have been ration-
ally synthesized such as nanowires [43], nanorods [44], 
nanotubes [45], and nanosheets [46], and the capacitors 
based on them have shown greatly enhanced electrochemi-
cal performances.

Xu et al. [47] have prepared controlled morphology of 
ZnCo2O4 through the facile process and obtained nanow-
ires. The electrochemical analysis of ZnCo2O4 showed the 
highest capacitance of 776.2 F g−1 with 84.3% of initial 
capacitance retention. Zhou et al. [45] prepared 1D porous 
nature of ZnCo2O4 nanotubes by electrospinning and cal-
culation method. The maximum capacitance of 770 F g−1 
was achieved and 84% of capacitance retention after 3000 
cycles. Hierarchical ZnCo2O4/nickel foam architectures were 
prepared by Liu et al. [48] and demonstrated the highest 

capacitance of 1400 F g–1 and 72.5% of capacity retention 
after 1000 cycles. ZnCo2O4 (ZC-UAH) composite was 
prepared by Kumar et al. [49] through hydrothermal tech-
nique and ZC-UAH active electrode showed the maximum 
capacitance of 462.5 C F g−1. Hexagonal-like ZnCo2O4 
nanostructure was prepared by Venkatachalam et al. [50] 
by hydrothermal method and electrochemical performance 
of as-prepared electrode material showed the highest capaci-
tance of 845.7 F g−1 with 95.3% of cyclic stability. Shang 
et al. [51] synthesized the ZnCo2O4 with hollow micro-
spheres by solvothermal method and as-prepared electrode 
material showed a high surface area of 24.7 m2 g−1. Mary 
and Bose [52] prepared the ZnCo2O4 material with various 
surfactants to control the morphology of electrode materi-
als and obtained the maximum capacitance of 290.5 F g−1.

Furthermore, a novel chemical precipitation method has 
been employed for the preparation of mesoporous Zn2GeO4 
NPs in presence of acacen as a capping agent and GeCl4 as 
a Ge precursor for the first time. The prepared Zn2GeO4/gra-
phene nanocomposites have higher electrochemical hydro-
gen storage capacity than Zn2GeO4 NPs [53]. Salehabadi 
et al. [54] synthesized a composite of MWCNT loaded with 
binary metal oxides (Dy3Fe5O12) acidic propylene glycol 
through combustion method and it can be used for improving 
the hydrogen sorbent substrate in electrochemical hydrogen 
storage devices.

Mortazavi-Derazkola et al. [55] reported the higher pho-
tocatalytic activity of Fe3O4@SiO2@TiO2@Ho NPs than 
Fe3O4@SiO2@TiO2 during the degradation of RhB and MO, 
even after 7 and 6 cycles respectively. The Nd2Zr2O7–Nd2O3 
nanocomposites were prepared by facile and cost-effective 
method using salicylic acid as new complexing agent and 
propylene glycol as novel cross-linking agent. This compos-
ite demonstrates the novel photocatalyst activity with better 
performance under UV than Nd2O3 sample [56]. Beshkar 
et al. [57] synthesized a superhydrophobic magnetic polyu-
rethane sponge by immersing a polyurethane sponge in a 
colloidal suspension of straw soot and magnetic nanopar-
ticles. Ansari et al. [58] prepared the nanocomposites of 
Fe2O3/CuFe2O4/chitosan through sol–gel auto combustion 
route. Ansari et al. [59] prepared the CoTiO3/CoFe2O4 nano-
composite through new sol–gel auto-combustion technique. 
Ahmadian-Fard-Fini et al. [60] synthesized the carbon dots 
(CDs) by grape fruit, lemon, turmeric extracts and magnet-
ite NPs were prepared using these bio-compatible capping 
agents. Consequently, magnetite–carbon dots composite 
were synthesized as PL sensor for detecting of Escherichia 
coli bacteria. Tavakoli et al. [61] prepared the improved 
Hummer method to oxidize graphite for the synthesis 
of graphene oxide (GO) and then it reduced to graphene 
nanosheets by reduced by pomegranate juice. Salavati-
Niasari et al. [62] synthesized the oleylamine capped copper 
nanocrystals using thermal reduction method.
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In these methods, complex methodology and the high-
temperature process was adopted to synthesis the various 
surface morphology of ZnCo2O4. The rational synthesis of 
ZnCo2O4 with controlled morphologies is essential, which 
can enhance the electrochemical performance. Although 
owing to its importance, significant research efforts are still 
needed to further improve the practical use of ZnCo2O4 in 
supercapacitor devices. Consequently, it is still a big task to 
develop a facile and low-temperature methodology to attain 
spinel ZnCo2O4 nanostructures, and this has been tried in the 
current article. In this work, we tried a simplistic approach to 
attain zinc cobaltite (ZnCo2O4) nanostructures (NSs) using 
oxalic acid as precipitant through a simple synthetic process. 
The ZnCo2O4 nano-bundle like morphology was achieved 
by a one-step co-precipitation method with oxalic acid pre-
cipitant. The obtained uniform bundle like morphology was 
used to study the electrochemical behavior. The use of oxalic 
acid (as a chelating agent) as a precipitant has been well dis-
cussed in the literature [63, 64] and no literature documented 
the synthesis of ZnCo2O4 using oxalic acid. The prepared 
material has been characterized by XRD, Raman, FT-IR, 
XPS, TEM and their electrochemical behavior was explored 
towards the supercapacitor application.

2 � Experimental Details

2.1 � Materials and Methods

To synthesis spinel ZnCo2O4 nanostructures, the fol-
lowing analytical reagents were used for the synthe-
sis of present samples. Zn(NO3)2·6H2O, 99% (Alfa 
Aesar), Co(NO3)2·6H2O, 99% (Alfa Aesar), oxalic acid 
(H2C2O4·2H2O) and double distilled water.

2.2 � Preparation

Zn(NO3)2·6H2O, Co(NO3)2·6H2O and H2C2O4·2H2O 
(oxalic acid) were used as a precursors for the preparation 
of ZnCo2O4 via the co-precipitation route. The quantita-
tive amount of Zn(NO3)2·6H2O (2 M) and Co(NO3)2·6H2O 
(1 M) were dissolved individually in distilled H2O and 
H2C2O4·2H2O was added into it dropwise as precipitant 
agent with regular stirring. After 30 min of stirring, the 
resulted suspension was placed in a conical flask and stirred 
in an oil bath at 90 °C for an additional 5 h. After that, the 
obtained precipitate was filtered and washed with ethanol 
and acetone repeatedly. The precipitate was finally dried in 
a vacuum oven at 80 °C for 6 h and the final product was 
calcinated at 400 °C for 4 h. A detailed flow chart has been 
displayed in Fig. 1.

2.3 � Characterization and Electrode Preparation 
Techniques

The phase purity and structure of the prepared sample were 
analyzed with X-ray powder diffraction (XRD) technique 
using Cu Kα radiation (D8 ADVANCE from Bruker). The 
vibration modes inspection of prepared nanomaterials was 
analyzed with Fourier transform infrared spectra recorded 
with a spectrometer from Perkin Elmer. A Renishaw Raman 
microscope having 514.3 nm laser was employed to attain 
Raman spectra. The elemental composition was analyzed 
by XPS from Krato Analytical. For morphological/compo-
sitional studies, a SUPRA 55, along with EDS instruments 
and transmission electron microscope (TEM CM-200) were 
utilized for SAED and HRTEM. The bandgap of ZnCo2O4 
NPs was estimated from the UV–Vis absorption profile 
recorded with UV-2550 from Shimadzu. The nature towards 
electrochemical of the prepared NSs a CHI 660C worksta-
tion and CV, GCD and EIS tests between 1 and 10 mV were 
conducted through 3 electrode configuration in a solution of 
2 M KOH electrolyte at 300 K. For preparing the electrode 
from the synthesized NSs of ZnCo2O4 the earlier reported 
process has been employed.

3 � Results and Discussion

3.1 � Structural Analysis

The XRD pattern of the ZnCo2O4 NSs was shown in Fig. 2a. 
The characteristic diffraction peaks of (111), (220), (311), 
(222), (400), (422), (511), (440), (620) and (533) are well 
indexed to the cubic spinel ZnCo2O4 nanostructure (JCPDS 
# 23-1390). The crystallographic structure of the spinel 
cobaltite was shown in Fig. 2b, which demonstrated that Zn 

Fig. 1   A simple flow chart to present the experimental procedure
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occupied at the octahedral (B) sites and Co takes place in 
both tetrahedral (A) and octahedral (B) sites. The crystallite 
size of the prepared nanocrystals was calculated from the 
diffraction peak (311) by Scherrer formula D = 0.94λ/βcosθ. 
Based on the high intensity of the diffraction peak, the crys-
talline size of ZnCo2O4 nanocrystals was estimated to be 

12 nm. Moreover, the absence of additional peaks confirms 
the high purity of the nanoparticles of ZnCo2O4.

The FTIR spectrum was employed to get the info about 
surface functional groups of ZnCo2O4 nanostructures in 
the range of 400 to 4000 cm−1 and showed in Fig. 3a. The 
strong and sharp peak was identified at 572 and 668 cm−1 are 
assigned to characteristic peaks of Co–O and Zn–O in the 

Fig. 2   a XRD patterns of spinel ZnCo2O4 nanostructures prepared by oxalic acid as precipitant and b the crystallographic structure of the spinel 
cobaltite

Fig. 3   a FTIR and b Raman spectrum of the spinel ZnCo2O4 NSs
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prepared samples [65, 66]. The Raman profile of zinc cobal-
tite NSs was shown in Fig. 3b. Five fundamental Raman 
modes were observed, which resembles F2g (188.3 cm–1), 
Eg (476.6 cm–1), F2g (516.4 cm–1), F2g (614.4 cm–1) and A1g 
(680.8 cm–1) of ZnCo2O4 phase [42, 67]. Further Raman 
spectroscopy analysis confirmed the formation of high-qual-
ity ZnCo2O4 NSs. To identify the composition of ZnCo2O4 
nanostructures along with oxidation states, the XPS study 
was performed and shown in Fig.  4a. In the spectrum 
(Fig. 4a), the characteristic peaks of Zn 2p, Co 2p, O 1s 
and C 1s elements are contained in ZnCo2O4 nanostructures. 
The appearance of C was due to the air exposure of mate-
rial electrodes. Figure 4b represents the high-resolution Zn 
2p spectrum. The Zn 2p1/2 and Zn 2p3/2 main peaks were 
observed at 1043.4 and 1020.3 eV, respectively. The Co 2p 
spectrum (Fig. 4c) of the prepared nanocrystals showed the 
presence of 2 peaks associated to Co 2p1/2 (BE = 795.2 eV) 
and Co 2p3/2 (BE = 780.5 eV) of ZnCo2O4 phase. The O 
1s spectrum in Fig. 4d displayed two peaks at 530.2 and 

531.9 eV, which related to metal–oxygen states of spinel 
ZnCo2O4 and all peaks of the prepared sample are in good 
agreement with previously reported works of literature [68]. 
The XPS result is consistent with XRD and EDAS analysis 
as mentioned above. 

3.2 � FESEM/EDAX and TEM Analysis

The morphology of electrode materials and their composi-
tion reveals excellent potential in electrochemical perfor-
mance and hence FESEM combined with EDAX analy-
sis was requested. Figure 5a–c shows FE-SEM images of 
ZnCo2O4 nanostructures. A bundle like structures were 
observed for oxalic acid treated ZnCo2O4 particles with a 
diameter of nearly 80–120 nm. The presence of Zn and Co 
in ZnCo2O4 nanostructure was studied by EDAX analysis 
along with composition of elements and shown in Fig. 5d. 
This spectrum confirmed the presence of Zn, Co and O and 
the formation of ZnCo2O4 spinel structure.

Fig. 4   XPS spectrum of ZnCo2O4 using oxalic acid a full spectrum, b Zn 2p, c Co 2p and d O 1s
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The as-prepared sample was further analyzed by TEM/
SAED to get clear information on morphology. Figure 6a–c 
showed the TEM images of the ZnCo2O4 nanostructures 
with different magnifications. The bundle like nanoparticle 
structure was observed and good in agreement with FESEM 
observations. The nanoparticle bundles have a mean length 
of ~ 537.6 nm. The pattern in Fig. 6d shows a set of concen-
tric circles and well-defined diffraction rings, which suggests 
the polycrystalline nature of the ZnCo2O4 nanoparticles. It 
was well known that size, shape and homogeneity of the 
particles depend on the calcination temperature and molar 
ratio of the precursors [69, 70]. The calcination temperature 
increases the crystallinity of the nanoparticles. At calcina-
tion temperature, continuous agglomerations of fine particles 
results in rapid growth.

3.3 � Absorption Studies (UV–Vis Spectroscopy)

The absorption nature of the ZnCo2O4 sample was examined 
by UV–Vis spectroscopy as shown in Fig. 7a. The spec-
trum showed that the zinc cobaltite has an optical absorption 
in the region of 265 nm. Figure 7b showed the Tauc plot 
[(αhν)2 vs. hν] for the ZnCo2O4. The bandgap of the bundle 
like ZnCo2O4 nanostructure was calculated as 3.8 eV. This 
bandgap value was higher than the previous reports and in 
correlation with the earlier reported value by Mariappan 
et al. [71].

3.4 � Electrochemical Analysis

To systematically investigate the electrochemical capacitive 
properties of the zinc cobaltite nanostructures, CV, GCD, 
cyclic stability, and electrochemical impedance were tested 
in 2 M KOH. Electrochemical process of zinc cobaltite 

Fig. 5   a–c FESEM and d EDX image of synthesized ZnCo2O4 nanostructures by oxalic acid as precipitant
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nanostructures is displayed in Fig. 8. Figure 9a reveals rep-
resentative CV profiles measured at various scanning rate 
over 1 to 20 mV s−1 in − 0.1 to 0.4 V potential regions. From 
the CV plot, it was perceptible that the oxidation and reduc-
tion peak reveals faradaic non-capacitive/battery-like perfor-
mance of modified zinc cobaltite electrodes by diffusion pro-
cess [72]. The pair of redox peaks can be observed, which 
mainly originate from reversible faradaic redox processes 
on Co2+/Co3+ transition linked to OH anions [73]. Moreo-
ver, when increasing the scan rate from 5 to 50 mV s−1, the 
anodic peak gradually moved to positive and the cathodic 
peak moves to a negative potential. The observation of lin-
ear augmentation of the current of oxidation peak exhibits 

redox progression with controlled diffusion on the surface 
of the electrode.

To determine supercapacitor performance of prepared 
electrode, which/the active material is further carefully 
tested with the help of a GCD method at the current den-
sity from 2 to 10 A g−1 and plots are revealed in Fig. 9b. 
From the GCD plots, we can see that the obvious voltage 
drop was increased with an increase in the current density 
caused by the internal resisting nature of electrode material. 
The modified zinc cobaltite electrode envisages non-linear 
charge/discharge curves, characteristic of non-capacitive 
faradaic behaviour or battery like behaviour, reliable with 

Fig. 6   a–c TEM and d SAED image of ZnCo2O4 nanostructures
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CV outcomes. The specific capacitance ( C
S
 , F g−1) values 

are obtained by the relation:

C
S
=

IΔt

mΔV
.

The C
S
 values of modified ZnCo2O4 electrode are noticed 

to be 159, 138, 117, 88, 65 and 42 F g−1 for 2, 3, 4, 5, 7.5 and 
10 mA cm−2 specific current, correspondingly. The quanti-
fied supreme C

S
 is 159 F g−1 at 2 mA cm−2 and decreased to 

42 F g−1 at 10 mA cm−2 because at a higher density of the 
current, the rising (IR) voltage fall and inadequate active 
solid used in redox rejoinder. The synthesis route, specific 
capacitance, rate property, cyclic stability and electrolyte 
of the reported articles related to ZnCo2O4 are tabulated in 
Table 1, that make impressive comparison of the current and 
past reported outcomes [39, 46, 74–96].

On the discharge curves, there is no IR drop at high cur-
rent densities (5 to 10 mA cm−2) and a very small IR drop 
at low current densities (2 to 3 mA cm−2). This observa-
tion indicates that the electrodes have a low internal resist-
ance, which is consistent with the voltammetry results. At 
a lower current density, the higher capacitance is due to the 
ample time accessibility of the electrode–electrolyte inter-
face. Also, the evaluation of cycling life tests was performed 
through repetitive C/D study at a current discharge density 
of 5 mA cm−2/2500 cycles, as depicted in Fig. 9c. The pre-
pared zinc cobaltite showed excellent cyclic stability and 

Fig. 7   a and b UV–Vis spectra and plot of the (αhν)2 versus photon energy (hν) of the ZnCo2O4 nanocrystals

Fig. 8   Electrochemical process of zinc cobaltite nanostructures
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the capacitance maintained 92% after 2500 cycles. From 
the obtained results it can be concluded that the proposed 
spinel ZnCo2O4 could be a promising electrode for the next 
generation of energy storage devices.

The EIS was made to inveterate the superlative device 
resistance after 2500 cycles. Figure 9d presents the out-
comes of impedance spectroscopy on the modified ZnCo2O4 
electrodes in 2 M KOH electrolyte solution over 0.1 to 
100 kHz ac frequencies. The EIS possess arcs as semicircle 
over higher to the medium region of frequency and tradi-
tional lines at the lower range of frequencies. EIS can be 

explained using a correspondent circuit displayed in the 
inset of Fig. 9d, where Rs and Rct are the resistance of solu-
tion and charge transfer, correspondingly. The semicircle 
observed in the high-frequency region from a Nyquist plot 
gives Rct at electrode/liquid electrolyte interface. The spinel 
ZnCo2O4 nanoparticle revealed a solution resistance of 1.8 
Ω and a charge transfer resistance of 2.7 Ω. A bundle like 
ZnCo2O4 nanoparticles could shorten the ion transport path-
way and reduce resistance. The vertical slope observed at 
lower frequencies corresponds to Warburg impedance (W), 
suggesting more efficient electrolyte ions and diffusion of 

Fig. 9   a CV curves of modified ZnCo2O4 at different scan rates, b galvanostatic charge/discharge plots of modified ZnCo2O4 electrode at differ-
ent current densities, c cyclic stability of the electrode at a constant current of 5 mA cm−2 and d Nyquist plot ZnCo2O4 electrode
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protons in the materials [97]. From this impedance analy-
sis, the prepared zinc cobaltite has shown excellent electro-
chemical capacitive features. Therefore, it can be concluded 
that the facile synthesis of ZnCo2O4 more suitable for the 
application of the supercapacitor.

4 � Conclusion

Spinel ZnCo2O4 nanostructure was successfully synthesized 
using a facile co-precipitation approach and the final prod-
uct was investigated in detail. The surface and morphology 
analysis of the as-prepared electrode showed an aggregated 
bundle like nanostructures. The optical energy gap was cal-
culated as ~ 3.8 eV. The presence of functional associated 
with Zn and Co were recorded by FTIR and Raman analysis. 
XPS analysis confirmed the excited state of Zn and Co in 
the as-prepared ZnCo2O4 nanostructure. Finally, the elec-
trochemical investigation of electrode material showed the 
highest capacitance of 159 F g−1 and the long cycle test 
demonstrated the capacitance retention over 2500 cycles at 
5 mA cm−2. This kind of bundle like nanostructure might 
hold great potential for the next generation of energy stor-
age devices.
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