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Abstract
This article describes the synthesis of CoFe2O4 nanoparticles, which can be used to form an anode for supercapacitor appli-
cations. The CoFe2O4 nanoparticles were synthesized via a hydrothermal route. The structural parameters of the prepared 
samples were characterized by x-ray diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM), and 
the supercapacitive behavior was evaluated by cyclic voltammetry plots, galvanostatic charge–discharge plots, and electro-
chemical impedance spectroscopy (EIS). Rietveld refinement confirmed the spinel structure of the CoFe2O4 nanoparticles 
with space group Fd3m. The FE-SEM micrographs confirmed the spherical shape of the CoFe2O4 nanoparticles, with a 
mean particle size of 58 nm. The electrochemical performance of the samples was checked in different aqueous electrolytes: 
Na2SO4 and KOH. The nanoparticles exhibited differences in capacitive behavior in different aqueous electrolytes, with 
higher specific capacitance (362 F/g) in the KOH electrolyte due to its greater molar ionic conductivity in comparison to 
the Na2SO4, and a low resistance value obtained from impedance measurements was observed for CoFe2O4 nanoparticles. 
The cyclic stability of CoFe2O4 in KOH electrolyte, with 82.16% retention after 2000 cycles at current density of 1 A/g, 
evidenced its outstanding performance, with exceptionally high specific capacitance of 314 F/g.
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Introduction

In today’s world, the creation of sophisticated energy stor-
age technologies and sustainable energy sources is essential 
for the advancement of society and research in light of the 
rising use of fossil fuels.1–3 Supercapacitors, fuel cells, and 
batteries are the three primary types of energy conversion 

and storage technologies. As a result of their superior power 
density, quick charge–discharge rate, and extended lifetime, 
supercapacitors have attracted significant research interest.4 
However, the low energy output of supercapacitors in com-
parison to batteries severely limits the scope of their poten-
tial applications.5 Supercapacitors’ ability to store more 
energy while retaining high power density is becoming more 
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crucial. The energy density of supercapacitors varies with 
their capacitance and operating voltage, which is determined 
by the energy estimation method E = 1/2CV2.6 Consequently, 
two methods are frequently utilized to enhance the superca-
pacitor’s energy density by (i) increasing the specific capaci-
tance of electrode materials7 and (ii) building an asymmet-
ric supercapacitor to increase the cell voltage over a wider 
range. Carbonaceous materials and transition metal oxides 
have recently been established in extensive research as elec-
trode materials for supercapacitors.8 Despite their elevated 
power density as well as strong cycle stability, carbon-based 
materials often achieve low capacitance. Alternatively, due 
to redox reactions occurring at the electrode interface, tran-
sition metal oxides generally exhibit higher specific capaci-
tance and excellent energy density. Nevertheless, they have 
poor cycle stability and rate capacity as a result of their 
weak conductivity by nature. Therefore, combining these 
two materials with their respective advantages has emerged 
as a viable method to enhance the supercapacitor’s electro-
chemical performance.9

Transition metal oxides such as WO3, Fe2O3, Co3O4, 
CoFe2O4, and V2O5 have been widely used for ultraca-
pacitors. With its high theoretical capacitance, superior 
chemical stability, natural abundance, and ecological 
friendliness, CoFe2O4 stands out as a potential superca-
pacitor electrode material.10 Spinel has recently received 
significant scientific interest for use in energy applica-
tions.11 With the formula of AB2O4 (where A and B rep-
resent metal ions), they constitute a category of compos-
ite metals with highly versatile properties.12 The spinel 
mixed-phase composition of transition metals offers the 
electrical and catalytic advantages needed for energy 
storage and conversion. Structured carbons, transition 
metal oxides, and sulfides are examples of electro-active 
materials that have previously been investigated for use in 
batteries, supercapacitors, fuel cells, and water splitting. 
However, the low stability of transition metal sulfides, 
low electrical conductivity of transition metal oxides, 
and low activity of carbon-based materials restrict their 
suitability for use in future energy devices.13 In energy 
conversion or storage applications, transition metal-based 
systems such as cobalt and iron oxides, hydroxides, and 
sulfides have recently been investigated.14–18 However, 
the electrochemical performance of these materials is 
not very good. Several studies have indicated that iron 
and cobalt spinels provide improved electrical conductiv-
ity, more active sites, and superior electrochemical per-
formance. As a consequence of their significance to the 
electronic materials industry, ferrites of the type MFe2O4 
(M = Ni2+, Co2+, Cu2+, etc.) have received increasing 
attention. Recording heads, transformer cores, memory, 
microwave device loading coils, and antenna rods are 
among the most exciting applications nowadays.19,20 

Cobalt ferrite (CoFe2O4) in particular (magnetic devices) 
has been employed because of their strong magnetic ani-
sotropy, mild saturation magnetization, chemical stability, 
mechanical hardness, high coercivity, and magnetostric-
tion.21 CoFe2O4 thin films are employed for high-tem-
perature gas sensor applications.22 CoFe2O4 has received 
considerable attention because of its low-cost cycle sta-
bility and towering specific capacity.23,24 Metal com-
pounds, however, have low conductivity, which reduces 
their superior electrochemical performance when used 
in electrochemical energy storage systems. This article 
reports two types of electrolytes used in electric double-
layer capacitors (EDLCs): organic and aqueous. Aqueous 
electrolytes are better than organic electrolytes because 
of their poor internal resistance, low cost, good conduc-
tivity, and non-flammability.25,26 Na2SO4 and KOH are 
the two types of aqueous electrolytes that are used in this 
research and have different ionic radii, in particular dif-
ferent hydrated ionic radii. In this work, electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV), 
and galvanostatic charge–discharge (GCD) measurements 
were used to thoroughly evaluate two aqueous electrolytes 
for supercapacitor applications.

Experimental

To create the CoFe2O4 nanoparticles, a microwave-
assisted hydrothermal process was used. All compounds 
were of analytical quality, purchased from Sigma-
Aldrich, and utilized without additional treatment. 
In a typical procedure, a solution of cobalt(II) nitrate 
hexahydrate and iron(III) nitrate nonahydrate in 50 mL 
deionized (DI) water was dissolved with the help of con-
tinuous magnetic stirring. The solution was then made 
alkaline by introducing NH4OH in dropwise fashion until 
pH of 9 was reached. After 1 h of stirring at room tem-
perature, the prepared solution was poured into a Teflon 
vessel, and its temperature was maintained at 200°C in 
the microwave for 5 min. After microwave processing, 
the solution was allowed to cool at room temperature. 
The precipitate obtained after centrifugation was rinsed 
five times with DI water and 100% ethanol before being 
separated by centrifugation at 5000 rpm. Lastly, the pre-
cipitate was dried in a hot air oven at ~ 80°C for 2 h. The 
phase analysis of the resultant product was conducted 
via x-ray diffraction (XRD) utilizing a Philips X’Pert 
(MPD-3040) diffractometer with a copper Kα radiation 
source (λCuKα = 1.5406 Å). Field-emission scanning 
electron microscopy (FE-SEM) was employed for imag-
ing utilizing a MIRA II LMH microscope. The elemental 
composition of CoFe2O4 was determined through energy-
dispersive x-ray spectroscopy (EDX), facilitated by an 
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Inca Oxford system integrated with FE-SEM. A 1 M 
aqueous solution of KOH and Na2SO4 was used as the 
electrolyte for all electrochemical characterizations in a 
traditional three-electrode cell arrangement. A mixture of 
10% carbon black, 10% polyvinylidene fluoride (PVDF), 
and 80% active materials (CoFe2O4) were combined to 
create the working electrodes. In order to create a slurry, 
the weighted electrode materials were thoroughly com-
bined with n-methyl-2 pyrrolidinone (NMP) as a solvent 
material. The obtained slurry was kept as paste to the 
~ 1.0 cm2 nickel foam substrate and allowed to dry for 
12 h at 80°C in a hot air oven. The size and form of each 
electrode were the same. Pt and Ag/AgCl were used as 
the reference and counter electrodes, respectively.

Results and Discussion

XRD

The crystalline phase and structure of the CoFe2O4 nanoparti-
cles were characterized using the XRD technique at room tem-
perature. Figure 1a shows the synthesized sample’s XRD pat-
tern. The spinel structure of CoFe2O4 nanoparticles with space 
group Fd3m was attributed to the diffraction peaks seen at 
2θ = 29.92°, 35.34°, 42.9°, 53.58°, 57.43°, and 62.44°, 74.20°, 
which correspond to the (220), (311), (400), (422), (333), 
(440), and (533) planes. The XRD pattern was examined using 
the Rietveld refinement technique and FullProf software, and 
the results are displayed in Fig. 1a. The black circles and red 
line represent the data points associated with the experimental 
and theoretical calculations, respectively. Bragg’s positions in 
relation to the face-centered cubic (FCC) structure are shown 
by vertical blue lines. The pink line represents the discrepancy 

between the theoretical and experimental data. The value of 
χ2 is 1.02, which illustrates the quality and consistency of the 
refinement. With lattice parameters of a = b = c = 8.383Å, 
every diffraction peak indexed in the XRD pattern was equiva-
lent to the JCPDS card number 22-1086. The effective synthe-
sis of CoFe2O4 is demonstrated without any impurity phase. 
The Debye–Scherrer equation (Eq. 1) is used to estimate the 
crystalline size27–30:

where θ, β, λ, and K represent Bragg’s angle, the full width 
at half maximum (FWHM), the wavelength of x-rays (on 
the order of ~ 1.5406 Å), and constant shape factor (~0.9), 
respectively. The formula in Eq. (1) was utilized to deter-
mine the standard crystallite size of CoFe2O4 nanoparticles 
and was observed at ~ 35.0 nm. The micro-strain deter-
mined using Williamson–Hall (W-H) plots (see Fig. 1b) was 
~ 0.2480. The dislocation density can be determined using 
the formula (2) as follows:

where D is the average crystallite size, and D = 34.92 nm. 
Hence, the dislocation density is 8.2 × 10-4. Interplanar spac-
ing can be calculated with the help of Eq. (3):

Here, λ is the wavelength. The calculated value of interpla-
nar spacing is 2.53A° for the high intense peak (311), and the 
lattice parameter (a) was also calculated using the formula (4)

(1)D =
K�

�COS�

(2)Dislocation density(�) =
1

D2

(3)n� = 2d sin �

Fig. 1   (a) XRD plot of CoFe2O4 nanoparticles, (b) W-H plot of CoFe2O4 nanoparticles.
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Here, (h, k, l) represent the Miller indices, whereas dhkl 
denotes the interplanar spacing determined using the XRD 
pattern, which is 8.38A°.

SEM

Figure 2a highlights the surface morphology of CoFe2O4 
nanoparticles using FE-SEM. In Fig. 2b, elemental map-
ping illustrates the distribution of elements within the 

(4)a =
d
hkl

√

(

h2 + k2 + l2
)

CoFe2O4 nanoparticles. The inset of Fig. 2c presents the 
EDX spectrum of the CoFe2O4 nanoparticles. The FE-SEM 
image highlights the nanocrystalline nature and spherical 
morphology of the CoFe2O4 nanoparticles. Utilizing ImageJ 
software, the particle size was determined to be ~ 58 nm, as 
depicted in Fig. 2d.

Electrochemical Analysis

Cyclic Voltammetry (CV) Study

The electrode performance of the CoFe2O4 nanoparti-
cles was investigated in different electrolytes Na2SO4 

Fig. 2   (a) FE-SEM image of CoFe2O4 nanoparticles. (b) Elemental mapping of CoFe2O4 nanoparticles. Inset in (c) highlights the EDS spectrum 
of CoFe2O4 nanostructure. (d) Particle size distribution histogram of CoFe2O4 nanostructure.
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and KOH. The CV measurements on the CoFe2O4 nano-
particles were performed in a traditional three-electrode 
configuration. Platinum wire was utilized for the counter 
electrode, while the Ag/AgCl electrode was used as the 
reference electrode. Electrolyte solutions of 1 M KOH 
and 1 M Na2SO4 were utilized for the electrochemical 
measurements. The electrode was fabricated using car-
bon black, polyvinylidene fluoride (PVDF) binder, and 
active material in a ratio of 10:10:80 in NMP solvent, 
which was drop-cast onto nickel foam with a mass of 
approximately 1.5 mg. The nickel foam was allowed to 
dry for 12 h before testing. Equation (5) was utilized 
to determine the specific capacitance of the CoFe2O4 
nanoparticles.

The area covered by the volumetric curve is repre-
sented by the integral component in the above formula, 
the mass of the material is denoted by m, the potential 
window is represented by the term (V2 − V1), which dis-
plays the difference between the two voltages, and the 
scan rate is indicated by k. Figure 3a and c show the CV 
curves of CoFe2O4 nanoparticles recorded at scan rates 
of 10, 20, 50, and 100 mV/s for KOH and Na2SO4 elec-
trolytes, respectively. The specific capacitance calculated 
from the CV curve measured at different scan rates in 
KOH and Na2SO4 electrolytes is depicted in Fig. 3b and 
d, respectively. It is seen that the CV curves take on a 

(5)C =
∫ I ⋅ dV

mk
(

V2 − V1

)

Fig. 3   (a) CV plot of CoFe2O4 nanoparticles determined in KOH 
electrolyte at different scan rates, (b) specific capacitance of CoFe2O4 
nanoparticles measured in KOH electrolyte at different scan rates, and 

(c) CV plot of CoFe2O4 nanoparticles recorded in Na2SO4 electrolyte 
at different scan rates. (d) Specific capacitance of CoFe2O4 nanoparti-
cles measured in Na2SO4 electrolyte at different scan rates.
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somewhat different form, becoming quasi-rectangular. 
This suggests that the mechanism of charge storage can 
be controlled by both EDLC and the Faradaic reaction 
(Fe/Fe+2 or Co/Co+2) in the potential range of −0.7 to 

0.7 V for the KOH electrolyte and −1.0 to 0.8 V for 
Na2SO4. The CoFe2O4 electrode demonstrated the high-
est specific capacitance, approximately 362 F/g, meas-
ured in 1 M KOH electrolyte at a scan rate of 10 mV/s. 
In contrast, in the Na2SO4 electrolyte, a specific capaci-
tance of 168.96 F/g was recorded. KOH displayed supe-
rior capacitive behavior compared to Na2SO4, attributed 
to its higher mobility, smaller hydrated radius, shorter 
ionic radius, and greater molar ionic conductivity.31,32 
This difference in electrolyte properties resulted in lower 
electrochemical impedance. A comparison of the spe-
cific capacitance values across the different electrolytes 
is summarized in Table I.

Table I   Specific capacitance of CoFe2O4 nanoparticles at different 
KOH and Na2SO4 electrolyte scan rates

Scan rate(mV/s) Specific capacitance 
(KOH electrolyte)

Specific capacitance 
(Na2SO4 electrolyte)

10 362 168.96
20 329 142.4
50 288 113.2
100 224 96.8

Fig. 4   (a) GCD plot of CoFe2O4 nanoparticles at different current 
densities recorded in KOH electrolyte, (b) variation in specific capac-
itance of CoFe2O4 nanoparticles at different current densities meas-
ured in KOH electrolyte, and (c) GCD plot of CoFe2O4 nanoparticles 

at different current densities in Na2SO4 electrolyte. (d) Variation in 
specific capacitance of CoFe2O4 nanoparticles at different current 
densities measured in Na2SO4 electrolyte.
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Galvanostatic Charge–Discharge (GCD) Study

GCD curves are crucial for understanding the electro-
chemical behavior of energy storage devices, aiding in 
optimizing systems, and guiding advancements in energy 
storage technology. Figure 4a depicts the GCD curves of 
the CoFe2O4 electrode recorded in 1 M KOH at current 
densities of 1, 3, 5, and 7 A/g in the potential window 
of 0.0–0.7 V, and Fig. 4c represents the GCD curve of 
CoFe2O4 electrode noted in 1 M Na2SO4 electrolyte at 
various current densities of 1, 2, 3, and 5 A/g potential 
window 0–0.8 V. From the GCD curves, the specific Eq. 
(6) as given below, was used to compute the value of 
specific capacitance (Cs):

where m represents the mass of active material on the elec-
trode, ΔV is the potential window, I (A) is the discharge 
current, and Δt (s) highlights the duration of discharge time. 
Compared to CoFe2O4 (Na2SO4) samples, the discharge 
duration in the GCD curves of CoFe2O4(KOH) samples is 
much longer, indicating a substantially higher specific capac-
itance. Furthermore, the specific capacitance is reduced as 
the current density increases, as can be seen in Fig. 4b and d. 
The emergence of inner active sites cannot completely main-
tain the redox transition at higher current densities, which 
may be caused by a proton diffusion effect within the elec-
trode. The electrode’s active sites can effectively react with 

(6)Cs =
I × Δt

m ⋅ ΔV

Fig. 5   (a) Cyclic performance of CoFe2O4 nanoparticles in the KOH 
electrolyte for 2000 cycles at 1 A/g, (b) plot of retention versus cycle 
number of CoFe2O4 nanoparticles recorded in KOH electrolyte, (c) 

cyclic performance of CoFe2O4 nanoparticles measured in Na2SO4 
electrolyte for 2000 cycles at 1 A/g, (d) plot of retention versus cycle 
number of CoFe2O4 nanoparticles in Na2SO4 electrolyte.
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the ions in the electrolyte at low current densities. The redox 
reaction can only occur on the surface of active materials due 
to the restriction of ion flow in the rapid charge–discharge 
rate, which results in a loss of specific capacitance. The 
CoFe2O4 nanoparticles exhibit a high specific capacitance 
in the KOH electrolyte compared to the Na2SO4 electrolyte, 
as shown in Fig. 4b and d. The value of the specific capaci-
tance determined at current densities of 1 A/g in KOH and 
Na2SO4 was 314F/g and 163.75F/g, respectively. Therefore, 
it is evident from Fig. 4b and d that the CoFe2O4 electrode in 
the KOH electrolyte performs better electrochemically than 
the Na2SO4) electrolyte, which is better than ferrite super-
capacitor electrodes described previously. Figure 5a and c 
illustrate the testing of the cycling stability of the CoFe2O4 
electrode recorded in the KOH and Na2SO4 electrolyte over 
2000 cycles at a current density of 1 A/g. Figure 5b and d 
illustrate the retention rates, which were found to be 82.16% 
and 79.59% for the CoFe2O4 electrode in KOH and Na2SO4 
electrolytes, respectively.

Electrochemical Impedance Spectroscopy (EIS) Study

EIS is a powerful technique for describing the electro-
chemical performance of supercapacitors. Figure 6a and 

b show the Nyquist plot CoFe2O4 for KOH and Na2SO4 
electrolytes in the frequency range of 0.01 Hz–100 kHz. 
The impedance is generally a complex number and is 
represented by Z = Z� + iZ�� , where Z′ and Z″ are the real 
and imaginary parts, respectively. In the high-frequency 
area it displays a semicircular arc, and in the low-fre-
quency region a straight line. The transfer of charge 
resistance at the electrode–electrolyte interface is rep-
resented by the diameter of the semicircle in the high-
frequency regime. The equivalent series resistance (ESR) 
in the high-frequency field is defined by the intersection 
of the semicircle. The supercapacitor based on CoFe2O4 
(KOH) is shown in Fig. 6a, and CoFe2O4 (Na2SO4) is 
shown in Fig. 6b, showing a very short kinetic arc at 
higher frequencies, suggesting the charge transfer reg-
ulated behavior, and a straight line at low frequencies 
showing the capacitive behavior, as validated by the EIS 
measurement. Table II clearly shows that for CoFe2O4 
with KOH (electrolyte), the values of Rs and Rct are 
lowest. This indicates that the electrode achieves high 
capacitance in KOH electrolytes because of the spontane-
ous electrochemical reaction between the electrolyte and 
active electrode material due to its large surface areas. 
Charge migration at the solid–liquid interfaces is made 
easier by the lower values of Rs and Rct.

Conclusion

The synthesis of CoFe2O4 nanoparticles was carried out 
via a hydrothermal process, and their electrochemical 
performance was investigated in Na2SO4 and KOH, the 
aqueous electrolytes. The structural parameters were 

Fig. 6   (a) Nyquist plot of CoFe2O4 nanoparticles recorded in KOH electrolyte; inset represents the equivalent circuit. (b) Nyquist plot of 
CoFe2O4 nanoparticles recorded and measured in Na2SO4 electrolyte; the inset shows the equivalent circuit.

Table II   Rs and Rct values of 
CoFe2O4 nanoparticles for KOH 
and Na2SO4 electrolytes

Element KOH 
(electro-
lyte)

Na2SO4 
(electro-
lyte)

Rs 2.297 2.93
Rct 1.134 7.62
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determined using the XRD technique followed by Riet-
veld refinement, which confirmed the spinel structure 
with space group Fd3m. The FE-SEM micrographs 
revealed the spherical shape of the CoFe2O4 nanopar-
ticles, with an average particle size of 58 nm. Further, 
the supercapacitive behavior was studied by CV, GCD 
plots, and EIS spectroscopy. The nanoparticles exhib-
ited dissimilar capacitive behavior in different aqueous 
electrolytes, signifying the highest specific capacitance 
(362F/g) in the KOH electrolyte due to its maximum 
molar ionic conductivity in comparison to the Na2SO4, 
and a low resistance value obtained from impedance 
measurements was observed for CoFe2O4 (KOH). The 
cyclic stability of CoFe2O4 (KOH), with 82.16% reten-
tion after 2000 cycles at a current density of 1 A/g, dem-
onstrates its outstanding performance, with exceptionally 
high specific capacitance of 314F/g.
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