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Abstract
Solution combustion method is a low-cost, simple, fast and productive technique for the synthesis of nanosized particles, and 
therefore, it has been used for the production of a variety of fine complex oxide powders for several advanced applications, 
including catalysts, fuel cells and energy storage. In this study, porous cobalt oxide nanospheres have been successfully 
synthesized by combustion method using cobalt nitrate hexahydrate (Co  (NO3)2.6H2O) and urea  (NH2CONH2) as precursors 
at low temperature. The microstructural, dielectric, magnetic and electrochemical properties of the prepared cobalt oxide 
nanospheres are studied. The XRD spectra exhibited (220), (311), (222), (400), (422), (511), (440) orientations which cor-
responds to cubic structure of  Co3O4 with Fd 3̄ m (227) space group. The crystallite size is estimated using Scherrer’s formula 
and is found to be 8 nm. The SEM analysis reveals the appearance of spherical grains with an average grain size of 30 nm 
and variable pores of 7 nm in size. The presence of cobalt–oxygen bonding and the microstructure of the synthesized sample 
are confirmed from the Raman and FTIR studies. The dielectric studies show that the dielectric constant and dielectric loss 
of the sample decrease with frequency. The magnetic modules show the ferromagnetic nature of  Co3O4 nanospheres. The 
supercapacitive behavior of  Co3O4 nanospheres in 1 M KOH aqueous electrolyte shows a high specific capacitance of 182 
 Fg−1 at a current density of 0.5  Ag−1 and good electrochemical stability even after 2000 cycles.
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Introduction

Energy conversion and storage technique has to be greatly 
explored in the field of research in order to meet the demands 
of energy in the present world and next generation. In the 
present world, the most important energy storage devices are 
batteries, capacitors and electrochemical capacitors (ECs). 
Among all these energy storage devices, the electrochemical 
capacitors are using to fill the power and energy gap between 
batteries and conventional capacitor owing to its long life 
span, high power density and good charging/discharging 
characteristics. As one of the key electrochemical energy 
storage devices, electrochemical capacitors also known as 
supercapacitors have, especially, shown great potential in 

recent years to meet the short-term power needs and energy 
demands over the timescale of 0.1–100 s (P. J. Hall et al. 
2010). Their excellent power handling characteristics when 
combined with various primary energy sources allow engi-
neers to utilize them as an attractive power solution for an 
increasing number of applications in order to match the 
specification of the primary energy sources closer to that of 
the average power demand in each particular case. However, 
to fully exploit the potential of ECs in the field of energy 
storage, advanced materials/electrolytes are required (M. 
Mirzaeian et al. 2017). One of the advances is exploring 
the nature of electrode material with their suitable electro-
lyte. The nature of electrode material governs the storing 
and releasing the energy of supercapacitors by accumulat-
ing charges at the interface of electrolyte and electrode or 
by speedy reversible oxidation–reduction reaction or by 
both. Nanosized metal oxide particles with porous nature 
are extensively used in electrochemical chemical capacitors 
due to high specific surface area-to-volume ratio. Transition 
metal oxides like  MnO2,  IrO2,  RuO2,V2O5, NiO,  Mn3O4 and 
 TiO2 are a group of very promising supercapacitor electrode 
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materials. Among transition metal oxides, ruthenium oxides 
with multiple redox states and good electrical conductivity 
are commonly used as a pseudocapacitor electrode (DPMD 
Shaik et al. 2018). However, due to expensive and toxic 
nature of  RuO2 (Wang et al. 2014), use of  RuO2 is limited; 
hence, alternate electrode materials for supercapacitors 
have to be explored. Henceforth, developing the electro-
active materials with high reversible oxidation–reduction 
reactions and high specific surface area is an investigative 
area of electrochemists. Moreover, these materials must be 
economical. Researchers suggest the low energy density and 
high self-discharge of supercapacitors can be resolved by 
improving the capacitance of the supercapacitors and which 
can be further improved with the selection of suitable elec-
trode material (Naresh et al. 2019). Works like synthesis of 
three-dimensional porous nanostructures with high specific 
surface area essential to enhance the capacitance of super-
capacitors demonstrated better electrochemical performance 
due to its delightful structural morphology (Naresh et al. 
2021).

Research shows that the spinel porous nanostructured 
 Co3O4 is found to be one of the potential electrode materi-
als because of its being economical, less toxic nature and 
possessing intrinsically high capacity (Zhang et al. 2013). 
Among the library of various transition metal oxides, cobalt 
oxide  (Co3O4) emerged as a shining star on the horizon of 
metal oxides. It has high surface-to-volume ratio, simple 
preparation method, outstanding chemical durability, prom-
ising ratio of surface atoms and diverse morphology, which 
makes it more prominent in the family of transition metal 
oxides (Numan et al. 2016). Added to this,  Co3O4 has greater 
stability and it finds many applications in various areas (Nar-
esh et al. 2019; DPMD Shaik et al. 2021; Yildirim and Kilis 
2019; Salunkhe et al. 2015). It is worthy to be noted that 
earlier work has been done with cobalt oxide nanoparticles 
as tubular structures with the integration of  Co3O4 hollow 
nanoparticle by Zhang et al. (2017). Cobalt oxide materials 

can be considered as superior materials for supercapaci-
tor application, due to fact that they have high theoretical 
capacitance values (~ 3,600  Fg−1), low cost, environmental 
friendliness, high electrochemical stability, etc.(Salunkhe 
et al. 2015; Liu et al. 2016; Farhadi et al. 2013). The other 
points which reflect that  Co3O4 electrode is efficient are its 
resistivity to corrosion and retention of performance for long 
time. There are fewer reports available on the electrochemi-
cal properties of  Co3O4 nanospheres in different electrolytes 
along with dielectric and magnetic properties. Therefore, in 
the present investigation, solution combustion method (Gu 
et al. 2007; Wen et al. 2012) has been used to synthesize 
porous  Co3O4 with nanodimensions at low temperatures and 
a detailed study has been executed to explore the electro-
chemical properties of prepared porous  Co3O4 nanospheres 
in different aqueous electrolytes for their effective use in 
supercapacitors along with their dielectric and magnetic 
properties.

Experimental procedure

In the typical preparation, the porous  Co3O4 nanospheres 
are synthesized by solution combustion technique. The 
procedure starts with the collection of two precursors, 
cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and urea 
 (NH2CONH2) in equimolar ratio in 100 ml of deionized 
water and kept under continuous stirring for half an hour. 
Then, the solution is kept in a pre-heated muffle furnace at 
150 °C for 1 h. During the synthesis, exothermic reactions 
are taking place with release of gases. Then, the furnace is 
turned off and left for 8 h to bring it to room temperature. 
Finally, the  Co3O4 black powder is collected and the micro-
structural, morphological, dielectric, magnetic and electro-
chemical properties are studied systematically by means of 
techniques compiled in Table 1.

Cobalt nitrate hexahydrate   +    urea    + 100 ml deionized water     
↓

Magnetic stirrer for half an hour 
↓

Preheated muffle furnace at 150 o C for 1 hour  
↓

Co3O4 black powder  

Flow Chart of porous Co3O4 nanospheres synthesis 
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This solution combustion method was executed due to 
availability of resources. The work of Byoung et al. high-
lights the importance of choosing a better method of syn-
thesis in order to have a better electrochemical performance 
of synthesized material (Lee et al. 2016).

Material characterization

The information on studies on structural properties and 
chemical analysis of as prepared nanospheres is given below.

Preparation of electrode

The working electrode is prepared using synthesized black 
 Co3O4 nanopowder at 80%, to improve electrical conduc-
tivity carbon black taken at 10% and the excellent binder 

Representation of the study conducted in this paper. 

4. Applications in 
Supercapacitors

3.Dielectric, Magnetic 
and Electrochemical 

Studies

2.Characteristics of 
Co3O4.

1.Synthesis of Co3O4 via
Solution Combustion 

method

which combines both carbon black and  Co3O4, namely poly-
vinylidene fluoride taken at 10%. The above mixture was 
grinded for an hour. Then, it was homogenized with excel-

lent polar solvent named N-methyl-2-pyrrolidone. This was 
followed by adhering the slurry on an activated and chemi-
cally cleaned 3D nickel foam substrate. Finally, the solvent 
was evaporated from the prepared electrode by heating in 
hot air oven for 2 h at 100 °C.

Preparation of 3 electrode cell

To explore the essential electrochemical behavior of  Co3O4 
nanospheres, a three-electrode glass cell was set up. Details 

Table 1  The information of structural properties and chemical analysis of as-prepared porous  Co3O4 nanospheres

S. No. Properties studied Type of characterization Instrument

1 Structural XRD CuKα (λ = 0.154 nm) radiation source filtered by Ni 
thin film at a scan speed of 0.05° per second in the 
2θ range 20–80°

2 Structural and vibrational Raman spectra and FTIR Raman Spectroscopy using Horiba Jobin Yvon Lab 
RAM HR800UV Raman spectrometer

Bruker instrument
3 Morphology Scanning electron microscopy (SEM) Carl ZEISS (Model EVO MA15) morphology 

and chemical composition of the sample in high 
vacuum

4 Chemical composition Energy-dispersive spectroscopy (EDS), XPS EDS system (Oxford Instruments, UK) the chemical 
analysis of the sample He–Ne laser 532 nm as an 
excitation wavelength

5 Dielectric properties Dielectric constant and dielectric loss LCR meter
6 Magnetic properties Retentivity and coercivity Vibrational sample magnetometer
7 Electrochemical properties Cyclic voltammetry, Chronopotentiometry and EIS CHI608 instrument
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of the three-electrode system are provided in Tables 2, 3 
and 4.

Results and discussion

XRD analysis

The typical X-ray powder diffraction spectrum of as-syn-
thesized porous  Co3O4 nanospheres recorded in the dif-
fraction angle 20°–80° is displayed in Fig. 1a. The XRD 
pattern revealed the (311) predominant orientation peak at 
2θ = 37.19° with other different characterization peaks (220), 
(222), (400), (422), (511), (440) at Bragg angles 31.48°, 
38.3°, 44.57°, 56.24°, 60° and 65.66° respectively, indi-
cating the presence of crystalline  Co3O4 (Packiaraj et al. 

2019). All reflection peaks are indexed to the cubic struc-
ture of  Co3O4 with Fd 3̄ m (227) space group with lattice 
constant, a = 8.072 Ǻ. The average crystalline size of the 
synthesized  Co3O4 nanospheres is calculated using the fol-
lowing Debye–Scherrer Eq. (1) (Packiaraj et al. 2019) from 
the major diffraction peak (311) and is found to be 8 nm

Raman spectroscopy

As shown in Fig. 1b, Raman spectra of  Co3O4 synthesized 
nanospheres were recorded in the range 350–750  cm−1 to 
determine the vibrational modes present in the sample. 
The Raman spectrum shows distinct peaks at 472, 510, 609 
and 677  cm−1, which proved the  Co3O4 structure, support 
the XRD findings. The work of as-referred Diallo et al. 
highlights that the  Co3O4 with  Co2+  (3d7) and  Co3+  (3d6) 
located at tetrahedral and octahedral sites, respectively, 
crystallizes in a spinel configuration and further added that 
all observed modes are in good agreement with the pres-
ence of pure cobalt oxide (Diallo et al. 2015). As shown 
in Fig. 1b, the main peak located at 677  cm−1 correspond-
ing to  Co3+ in octahedral coordination and Co–O vibrations 
due to stretching (double-degenerate Eg symmetrical mode). 
The peak at 472  cm−1 (Eg symmetry mode) is due to Co–O 
out-of-plane bending vibration and 510  cm−1 due to bridge 
oxygen (Co–O–Co) which has asymmetric stretching. All 
of the peaks in the spectrum are indicating typical Raman 
spectrum of cubic structured  Co3O4 and its purity.

FTIR analysis

Chemical bonds in the sample prepared are shown by 
vibrational studies on  Co3O4 prepared by FTIR with 
500–4000  cm−1 being the range of wavenumber in Fig. 1c. 
The absorption broad band at 3735.45  cm−1 is attributed 
to O–H. The absorption bands around 1038.25  cm−1 and 
1516.55   cm−1 may be attributed to O–H bending vibra-
tions combined with Co atoms. The strong absorption band 
observed at 659.51  cm−1 is attributed to stretching vibra-
tion mode of  Co+2–O bonds which are tetrahedral sites. The 
second band at 551.39  cm−1 is due to stretching vibrational 
mode of  Co+3–O at octahedral sites. The FTIR characteristic 
peaks further proved the spinel structure of cobalt oxide. The 
above vibrational studies are elucidated by the important 
work on cobalt oxide characterization which concludes the 
spinel  Co3O4 (Simonot et al. 1997; Toniolo et al. 2010).

(1)D =
k�

� cos �

Table 2   Three-electrode system setup

S. No. Name of the electrode Material used

1 Working electrode Synthesized porous  Co3O4 nano-
spheres

2 Reference electrode Ag/AgCl
3 Counter electrode Platinum foil
4 Electrolyte KOH, NaOH,  Na2SO4 and  K2SO4

5 Substrate 3D Nickel foam

Table 3  Parameter in Debye–Scherrer formula

S. No. Parameter Physical quantity Value/unit

1 D Crystallite size nm
2 k Scherrer constant 0.94
3 λ Wavelength of X-rays 0.15406 nm
4 β Full width at half maximum
5 θ Bragg’s angle Degree

Table 4  Parameter in specific capacitance formula

S. No. Parameter Physical Quantity unit

1 C Specific capacitance Fg−1

2 ∫ I (V)dv Algebraic sum of current ampere
3 ΔV Scan rate Vs−1

4 m Mass of the active material in 
the electrode

gram

5 V2–V1 Potential window volt
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Fig. 1  a XRD, b Raman, c FTIR spectrum of porous  Co3O4 nanospheres

Fig. 2  a, b and c SEM micro-
graphs in different magnifica-
tions, d EDS spectrum of  Co3O4
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SEM and EDS analysis

The SEM analysis has been executed to examine the mor-
phology of porous  Co3O4 nanospheres which are prepared. 
It is observed that the morphology consists of agglomerated 
spheres with small pores. 30 nm being the average size as 
depicted in Fig. 2a, b and c, which vividly shows the sym-
metrical nature of the spheres. This small-size and nanopo-
rous morphology of the synthesized nanospheres enhances 
the electrochemical performance of supercapacitors and 
hence makes it good electrode material in supercapaci-
tors. The above statement is supported by earlier research 
reports of SEM micrographs where presence of more active 
ions in porous electrode enhances specific capacitance by 

pseudocapacitance effect (Eslam et al. 2018) and also that 
 NiCo2O4 nanoparticles with good spherical morphology 
possess superior specific capacitance which will be consid-
ered as good candidate for supercapacitor electrode applica-
tions (Priyadharshini and Ganesh. 2017).

EDS was performed to investigate the chemical com-
position of the newly formed porous  Co3O4 nanospheres. 
The EDS spectrum shows presence of only elements cobalt 
and oxygen, indicating complete chemical reduction of the 
hexahydrated Co(NO3)2·6H2O precursor (Diallo et al. 2015). 
EDS measurement is shown in Fig. 2d which shows corre-
sponding binding energy peaks of Co and O present in the 
sample. Added to this, the synthesized samples purity is also 
reflected in EDS studies with 78.57% being the estimated 

Fig. 3  XPS spectra of  Co3O4 
nanospheres a survey spectrum, 
b Co 2p spectrum, c O 1 s 
spectrum

Fig. 4  a Dielectric constant vs frequency and b dielectric loss vs frequency
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amount of Co and 21.53%.The presence of only cobalt and 
oxygen revealed by EDS also is an indication of complete 
combustion as reflected by the work of Toniolo et al. which 
is due to the characteristics of chemical reagents such as the 
fuels consumed and the oxidant nature of nitrate (Toniolo 
et al. 2010).

XPS studies

XPS is a surface-sensitive process which provides infor-
mation about atomic composition and oxidation states of 
the samples. Figure 3a shows the XPS survey spectrum of 
 Co3O4 nanospheres. Figure 3b shows the Co 2P spectrum of 
prepared sample where the two peaks clearly indicate two 
oxidation states. It displays Co 2p 3/2 and Co 2p ½ with peaks 
at binding energies observed at 780.74 and 796 eV phases 
or species intrinsic to the surface of spinel. This indicates 
the type of surface termination for the spinel orientation 
which shows presence of  Co+2 and  Co+3 cations. According 
to the findings (Yildirim and Kilis 2019), a spinel orienta-
tion contains two  Co+2 cations in the tetrahedral sites, two 
 Co+3 cations in the octahedral sites and four  O−2 anions 
which is close to the present study including the separation 
of the peaks 15.26 eV. Figure 3c represents O1s spectra at 
530.51 eV binding energy.

Dielectric properties

Dielectric constant

Figure 4a depicts the variation of  Co3O4’s dielectric constant 
with frequency. It is observed that the dielectric constant 
drops as the frequency rises. At lower frequencies, the value 
of dielectric constant is significantly higher. As frequency 

rises, it gets smaller and drops to extremely low at high fre-
quencies where it is frequency independent. Similar types 
of behavior have also seen by other studies (Numan et al. 
2016; DPMD Shaik et al. 2021). Space charge polariza-
tion may provide an explanation for the fluctuation in the 
dielectric constant. It is made up of several well-conducting 
grains that are spaced apart by thin, in conductive grain bor-
ders. The local movement of electrons in the direction of 
the electric field, which controls the polarization in  Co3O4, 
is what causes the electronic exchange between  Co2+ and 
 Co3+. With increasing frequency, polarization falls off until 
it reaches a constant value. This is due to the fact that the 
electron exchange  Co2+ and  Co3+ cannot follow the alternat-
ing field above a specific amount of external field frequency 
(Zhang et al. 2017; Salunkhe et al. 2015).

Dielectric loss

Figure 4b depicts the variation of dielectric loss with fre-
quency. It is observed that with an increase in frequency, 
dielectric loss decreases. The reason for this is because as 
frequency rises, polarization decreases. It eventually set-
tles on a fixed value (Liu et al. 2016). At lower frequencies, 
dielectric loss has a significant value. The prevalence of spe-
cies including  Co2+ ions, oxygen vacancies, grain bound-
ary defects, interfacial dislocation pileups, voids, etc., is the 
reason (Salunkhe et al. 2015; Wen et al. 2012). Due to any 
species contributing to polarizability being discovered to lag 
behind the applied electric field at higher frequencies, the 
decreasing trend in with an increase in frequency is natural 
(Zhang et al. 2013).

Magnetic properties

The magnetic properties of  Co3O4 nanospheres at 5 and 
300 K temperatures are shown in Fig. 5. As shown in Fig. 5, 
the hysteresis curve of  Co3O4 nanospheres prepared at 473 K 
displays a ferromagnetic behavior at both the temperatures 
(5 and 300 K) with a saturation magnetization of 0.113 emu 
 g−1 at the maximum field of 8.9 kOe applied. The ferro-
magnetic behavior of the sample could be attributed to the 
uncompensated surface spins and finite size effects (Reddy 
et al. 2021; Sylla et al. 2019; Yang et al. 2007).

Electrochemical properties

The electrochemical properties of synthesized  Co3O4 nano-
spheres with porous framework and increased surface area 
are evaluated by cyclic voltammetry (CV), chronopotenti-
ometry (CP) and electrochemical impedance spectroscopy 
(EIS) using a three-electrode aqueous method. Here,  Co3O4 
is used as a working electrode, Ag/AgCl as a counter, and 
platinum foil as a reference electrode and four electrolytic Fig. 5  Magnetization vs magnetic field of  Co3O4 nanospheres
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Fig. 6  a CV curves of porous  Co3O4 nanospheres in different electro-
lytes at 5  mVs−1, b CV curves of the sample in 1 M KOH at differ-
ent scan rates, c charge–discharge curves in different electrolytes, d 

charge–discharge curves at different current densities in 1  M KOH, 
e specific capacitance with cycle number, f Nyquist plot before and 
after 2000 cycles

Table 5   The relationship 
of hydrated ionic size and 
conductivity for the electrolytes 
utilized

Hydrated ion Potassium ion hydrated Sodium ion 
hydrated

Hydroxide ion hydrated Sulfate 
ion 
hydrated

Hydrated ion size 3.31 Å 3.58 Å 3.0 Å 3.79 Å
Conductivity
(Inversely propor-

tional to the size)

Higher than sodium Higher than sulfate
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solutions of KOH, NaOH,  Na2SO4 and  K2SO4 are used. 
Figure 6a shows the cyclic voltammetry (CV) curves of 
the porous  Co3O4 nanospheres at scan rate 5  mVs−1 hav-
ing −0.2–+ 0.8 V as potential window in the above aque-
ous electrolytes. The CV curves display the capacitive-like 
characteristics from the quick reversal in the currents during 
the change in the potential direction (Naresh et al. 2019). In 
addition, CV curves show quasi-rectangular shape and more 
area in 1 M KOH electrolyte when compared to aqueous 
solutions of NaOH,  Na2SO4 and  K2SO4 which shows better 
electrochemical performance. The values of specific capaci-
tance of the prepared sample were calculated using Eq. (2):

The specific capacitance values are 175  Fg−1 (KOH), 97 
 Fg−1 (NaOH), 64  Fg−1  (K2SO4) and 29  Fg−1  (Na2SO4) at 5 
 mVs−1 scan rate in various electrolyte solutions. The better 
electrochemical performance of porous  Co3O4 nanospheres 
in aqueous KOH solution, when compared to other electro-
lytes like NaOH,  Na2SO4 and  K2SO4, is due to the greater 
size of hydrated  Na+ ion than that of hydrated  K+ ion. Added 
to this, other parameter is ionic conductivity which depends 
on ionic size that will be lower for  Na+ ion hydrated com-
pared to  K+ ion. The hydrated ion size and their conductivi-
ties are compiled in Table 5.

Therefore,  SO4
− has lower ionic conductivity than 

 OH− due to larger size. The ionic conductivity variation in 
water and other solvents exhibits an anomalous dependence 
on the ionic radius. Molecular dynamics simulations suggest 
that this has origin in the levitation effect which suggests 
that the diffusivity is maximum for the ion with diameter 
comparable to the neck diameter of the void network within 
the solvent. The origin of such an anomalous dependence 
lies in the mutual cancellation of forces (Rahimi-Nasrabadi 
et al. 2017; Kumar and Yashonath 2019). The CV curves 
of  Co3O4 in 1 M KOH at different scan rates are shown in 
Fig. 6b. The specific capacitance values are calculated using 
Eq. (2) and are found to be 175, 148, 104 and 77  Fg−1 at 5, 
10, 20 and 50  mVs−1, respectively. The study shows that 

(2)C =
∫ I (V)dv

2m(V2 − V1)ΔV

at lower scan rates,  K+ electrolytic cations penetrate into 
the pores of the material which leads to higher capacitance, 
whereas at greater scan rates they are on outer surface of the 
material which results in lower capacitance.

The galvanostatic charge–discharge measurements of the 
 Co3O4 nanospheres in four electrolytes are carried out at 
0.5 Ag.−1 current density. The almost symmetric nature of 
the charge–discharge curves of  Co3O4 in KOH electrolyte 
shows good electrochemical reversibility of the electrode. 
At the same time,  Co3O4 shows greater discharge time in 
KOH electrolyte (Fig. 6c) which leads to greater discharge 
capacitance. The discharge specific capacitance values are 
calculated using Eq. (3) (Table 6)

 
The  Co3O4 nanospheres discharge specific capacitance 

in various electrolyte solutions are 182  Fg−1 (KOH), 106 
 Fg−1 (NaOH), 73  Fg−1  (K2SO4) and 37  Fg−1  (Na2SO4). It 
is to be noted that the higher specific capacitance of 182 
 Fg−1 was exhibited by  Co3O4 which is in support with CV 
results. Figure 6d represents the  Co3O4 charge–discharge 
curves at 0.5  Ag−1 current density in 1 M KOH electro-
lyte solution. The galvanostatic charge–discharge measure-
ments of the  Co3O4 nanospheres in 1 M KOH are carried 
out at different current densities ranging from 0.5 to 3  Ag−1 
and are presented in Fig. 6d. The symmetric nature of the 
charge–discharge curves of  Co3O4 in KOH electrolyte shows 
good electrochemical reversibility of the electrode. The spe-
cific capacitance value is calculated using Eq. (3) and is 
found to be 182, 154, 118 and 81  Fg−1 at 0.5, 2, 2.5 and 3 
 Ag−1, respectively.

Added to specific capacitance values, long-term cyclic 
stability is a good electrochemical characterization study to 
assess the fabricated porous  Co3O4 nanospheres as electrode 
in 1 M KOH electrolyte. Figure 6e shows that after 2000 
continuous cycles at 5  mVs−1 scan rate the prepared sample 
had 71% capacitive retention than initial value (Yang et al. 
2007; Kumar and Yashonath 2019). There is a decrease in 
specific capacitance value with cycle number as active mate-
rial is used up in the electrolyte during the early charging/
discharging cycles (Wang et al. 2013) as shown in Fig. 6e. 
The high SCs achieved for  Co3O4 nanospheres may be owing 
to the improved electric double-layer capacitance behavior 
of the sample. In particular, this porous nanostructure of 
 Co3O4 can act as an “ion buffer reservoir” (Wang et al. 2013; 
Priyadharsini et al. 2020; Huang et al. 2019; Dezfuli et al. 
2015). These findings have shown that with better cyclic 
stability of porous  Co3O4 electrode it may be a long-lasting 
candidate for electrode material for next-generation electro-
chemical energy storage applications.

(3)C =
IΔt

mΔV

Table 6  Parameter in discharge specific capacitance formula

S. No. Parameter Physical quantity unit

1 C Specific capacitance Fg−1

2 ∫ I (V)dv Current ampere
3 Δt Discharge time Vs−1

4 m Mass of the active material 
in the electrode

gram

5 ΔV Potential window volt
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The electrochemical impedance spectroscopy is a core 
technique for studying the kinetic behavior of the ions in 
an electrolyte, and Fig. 6f represents EIS analysis of syn-
thesized  Co3O4 in 1 M KOH aqueous solution over a fre-
quency range of 1 Hz–1 MHz. In Nyquist plots, at high-
frequency region, the solution resistance (Rs) is taken by 
the intersection made on horizontal axis. Increase in solu-
tion resistance from 4–5Ω after 2000 cycles was the key 
observation. Charge transfer resistance (Rct) is the semicircle 
in high to medium-frequency region in the Nyquist plot. It 
was observed that after 2000 cycles the Rct of the porous 
sample was increased to 8–6Ω. The increase in Rs and Rct 
values after 2000 cycles suggests the decrease in specific 
capacitance with increase in cycle number. The characteris-
tic behavior of supercapacitor is reflected in the synthesized 
sample by diffusive resistance in low-frequency region with 
a straight line behavior. Table 7 shows the comparison of the 
present work with previous literature.

Conclusion

Porous  Co3O4 nanospheres are successfully prepared by 
a solution combustion technique at low temperatures for 
supercapacitor applications. XRD and Raman data were 
confirmed cubic structure of  Co3O4 with an estimated crys-
tallite size of 8 nm. SEM studies revealed a spherical shape 
of grains with an average grain size of 30 nm. The dielectric 
studies proved the frequency dependence of dielectric con-
stant and dielectric loss. The magnetic properties of porous 
 Co3O4 showed ferromagnetic nature of the sample. The 

electrochemical studies of  Co3O4 nanospheres exhibited a 
specific capacitance of 182  Fg−1 at 0.5  Ag−1 current den-
sity in 1 M KOH aqueous electrolyte. The porous  Co3O4 
nanosphere electrode with good capacitive retention dur-
ing cycling makes it a future potential candidate for super-
capacitors. To further enhance the capacitive performance 
of  Co3O4, the study can be extended at various fuel-to-
oxidation ratios and optimizing the synthesis and annealed 
temperature.
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