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Abstract
Metal ferrites have outstanding electrochemical characteristics owing to the numerous oxidation states of the metal ions, 
making them promising materials for addressing both sustainable energy conversion and storage and growing environmental 
issues. Therefore, three nanocrystallites transition metal ferrites,  CoFe2O4,  CuFe2O4 and Co/CuFe2O4, were synthesized using 
citrate precursors and used as electrode materials for supercapacitor applications. Mixed transition metal ferrite nanoparticles 
were characterized by Fourier transform infrared (FT-IR), scanning electron microscope (SEM) complemented with energy-
dispersive spectroscopy (EDX), transmission electron microscopy (TEM), Raman spectroscopy and thermal analysis (TGA). 
The findings illustrated the formation of a single-phase spinel ferrite as proved from XRD data. In addition, the particle shape 
and particle size obtained from TEM analysis revealed that the as-synthesised nanomaterial exhibited spherical shape with a 
size ranging from 30 to 50 nm. The result demonstrated that while using a three-electrode configuration, the electrochemical 
performance of the ferrite nanoparticles achieved a remarkable maximum specific capacitance of 893  Fg−1 at a scan rate of 
5 mV  s−1. At a current density of 1  Ag−1, Co–Cu ferrite exhibited outstanding cycling stability for 3000 cycles with 90% 
capacity retention. Based on the aforementioned data, it can be considered that the remarkable electrochemical performance 
of the Co–Cu ferrite nanocomposites can be considered as promising materials to be used for supercapacitor electrodes.
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1 Introduction

Fossil fuels, which provide 80% of the world's oil, are rap-
idly depleting [1, 2]. Several developed and developing 
countries are looking for renewable energy sources to meet 
the energy demand and reduce greenhouse gas emissions. 
Solar, wind, tidal, and geothermal energy are the most 

common and widely pursued sources of renewable, sustain-
able energy [3].

Batteries and supercapacitors are electrochemical energy 
storage devices with unique energy and power densities, 
cycling stability, and charging–discharging speeds. Superca-
pacitors have already begun to replace batteries in a number 
of applications where the energy consumption is low, but 
the power demand is strong, such as electric power tools, 
phone chargers, and portable vacuum cleaners. Their key 
benefits are that, unlike batteries, they can be completely 
charged in minutes rather than hours, and they have a high 
power capacity [4]. Unfortunately, the lower energy density 
of supercapacitors in comparison to batteries is a significant 
limiting factor for their use in place of batteries [5–8]. As a 
result, it is critical to investigate new materials for superca-
pacitor electrodes that meet the demands of industrial energy 
firms for high-power density and long longevity [9]. Super-
capacitors can be classified into two types of energy storage 
mechanisms: electrochemical double layer capacitors with 
carbon electrodes [10] and pseudo-capacitors with transition 
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metal oxides or conducting polymer electrodes [11]. Transi-
tion metal oxides, such as NiO,  Co3O4,  Fe2O3,  MnO2,  V2O5, 
and spinel oxides utilize fast and reversible faradaic redox 
processes (pseudo-capacitance) involving ions and electrons 
in their charge storage mechanism [12, 13].

Ferrites are one of the most important materials for a 
variety of applications, including ceramics, pigments, elec-
tronics, microwave absorbents, supercapacitors, and solid 
state batteries [14–16]. The size, shape, and composition of 
the particles, which are regulated by the preparation process, 
determine the properties and applications of these materials 
[17–20]. Recent reports have successfully reported the syn-
thesis of ferrite nanostructures with tunable size and mor-
phology, including hollow spheres [21], nanocrystals [22] 
and nanorods/nanowires [23], using a variety of synthetic 
approaches [24–27]. Several investigations on ferrite nano-
materials, including nickel ferrite, cobalt ferrite, manganese 
ferrite, and copper ferrite, have been conducted [28–35]. It is 
assumed that ferrite oxides  (MFe2O4) will have greater redox 
activities, including involvement from both M and Fe ions, 
unlike monometallic oxides. Designing innovative ferrite-
based hybrids is a promising way to improve performance. 
Mixed ferrites are ferrite spinels that are composed of a 
mixture of two divalent metal ions, with varying ratios. The 
surface properties of ferrospinels are considerably affected 
by the cation distribution of mixed ferrite, making them 
catalytically active. Nanocrystallites can accelerate chemi-
cal reactions because of their small size and huge number 
of cations for co-ordination sites, and they are becoming 
more popular as reactive nanocrystallites. Kumbhar et al. 
[33] studied the synthesis of cobalt ferrite nanoflakes, by a 
simple chemical route. The electrochemical characteristics 
of ferrite thin films were studied and achieved a maximum 
capacitance of 366 F  g−1 at 5 mV  s−1. Pawar et al. [36] used 
the sol–gel process to synthesize Co ferrite nanoparticles for 
use in supercapacitors achieving 15  Fg−1 at a current density 
of 0.6  Ag−1, The poor electrical conductivity of  CoFe2O4 
nanoparticles could explain the lower capacitance value. 
Deng et al. [37] investigated the electrochemical character-
istics of  CoFe2O4 nanoparticles. It should be emphasized, 
however, that pure  CoFe2O4 is not conductive enough to 
produce satisfactory results.

Therefore, designing innovative  CoFe2O4-based hybrids 
are a promising way to boost performance. Due to their high 
theoretical specific capacitance, well-defined redox behav-
ior, low cost, and environmental friendliness, spinel–copper 
composites are also a promising potential for supercapacitor 
applications. As a consequence, it is interesting to investi-
gate the applicability of mixed ternary transition metal fer-
rites,  ABFe2O4, nanocomposites produced of copper ferrite, 
cobalt ferrite, and cobalt-copper ferrite in the challenging 
field of supercapacitors as potential electrode materials with 
high capacitance values. Cu ferrite, Co ferrite, and Cu–Co 

ferrite are other attractive materials for supercapacitors, 
because they are affordable and non-toxic.

In the present work, we have synthesized Co ferrite, Cu 
ferrite and binary Cu–Co ferrite nanoparticles via a citrate 
combustion method. Combustion method is an effective, 
low-cost method to synthesize different oxide materials. The 
structure and morphology were characterized using XRD, 
FE-SEM, HR-TEM, and FTIR and the magnetic behavior 
was studied using VSM. Finally, the electrochemical per-
formance measurements of the supercapacitors in a three-
electrode system were performed by cyclic voltammetry, 
galvanostatic charge–discharge and impedance spectroscopy 
at room temperature in an alkaline medium (1 M KOH). 
A promising electrochemical performance of Co–Cu mixed 
ferrite nanoparticles was achieved, with a maximum specific 
capacitance of 893  Fg−1 at a scan rate of 5 mV  s−1. At a cur-
rent density of 1  Ag−1, Co–Cu ferrite exhibited outstanding 
cycling stability for 3000 cycles with 90% capacity retention.

2  Experimental work

2.1  Materials

All the chemicals used in this study were of analytical grade 
and were used as received without further purification. 
Cobalt nitrate (Co(NO)2, 98%), copper nitrate (Cu(NO3)2, 
98%), iron nitrate (Fe(NO3)3, 98%) and citric acid were used 
as fuel for this method (Alfa Aeser). Polyvinylidene fluoride 
PVDF, carbon black and N-methylpyrrolidone (NMP) were 
the analytical reagents purchased from Alfa Aeser. Nickel 
foam was supplied by the Shanghai Hongxiang Plant.

2.2  Synthesis of ferrite nanoparticles

The citrate combustion method was used to synthesize Co 
ferrite, Cu ferrite, and Cu–Co ferrite nanoparticles. Co fer-
rite was synthesized by adding 10 mmol of cobalt nitrate 
and iron nitrate each to a 50 mL aqueous solution of citric 
acid (10 mmol) in a 1000 mL beaker. At room temperature, 
the mixture was rapidly stirred for 6 h. The pH of the solu-
tion was then raised to 7.0. To create a fine powder, the 
temperature was increased to 250 °C until all fumes were 
ended. After cooling in air, the final powder was ground at 
a rate of 4 °C/min, and the finished powder was calcined 
for 4 h at 800 °C. The previous method was repeated to 
prepare Cu ferrite, where cobalt nitrate (5 mmol), copper 
nitrate (5 mmol), and iron nitrate (10 mmol) were added to 
a 50 mL aqueous solution of citric acid (10 mmol) to prepare 
Co–Cu ferrite nanoparticles.
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2.3  Physical characterization

The structural characterization of the samples was per-
formed by powder X-ray diffraction (XRD) using Proker 
D8 advance X-ray diffractometer with CuKα radiation 
(λ = 1.5418 Å). Field emission scanning electron micros-
copy (FESEM) Sigma 300VP operated at 10 kV. Gwyddion 
software Version 2.32 was used to analyze the surface topo-
logical roughness features of ferrite nanoparticles to convert 
the 2D FE-SEM image to a 3D image [38, 39]. High-res-
olution transmission electron microscope (HRTEM) JEM-
ARM300F operating at 200 kV was used. The infrared (IR) 
spectra for all samples were recorded by an FTIR instrument 
(Perkin Elmer) in the range of 4000–400  cm−1. The structure 
of the materials was characterized using Raman spectros-
copy with an Nd:YAG laser operating at a wavelength of 
532 nm at room temperature. Vibrating sample magnetome-
ter (VSM) Lakeshore 7410S was used. Using the SDT Q600 
USA thermal analyzer, thermogravimetric analysis (TGA) of 
composites was carried out in the nitrogen atmosphere with 
a heating rate of 10 °C/min. The Quantachrome Nova-1000 
method was used to analyze the sample’s  N2 adsorption and 
desorption isotherms at 77 K temperature.

An LCR Hi Tester evaluated the dielectric of the prepared 
synthesized ferrite nanoparticles (HIOKI, 3532–50).

The real part ε′ and the imaginary part ε′′ of the dielectric 
function of the samples were estimated from the measured 
capacitance (Cp), by means of the equations [40]:

where d is the thickness of the sample (m), εo is the permit-
tivity of free space (8.85 ×  10–12), A is the sample effective 
surface area  (m2) and D is the loss tangent (tan δ), obtained 
directly from the instrument.

2.4  Electrode preparation and electrochemical 
measurements

The active material mass of the prepared samples of (Co 
ferrite, Cu ferrite, Co–Cu ferrite) powder (80 wt%) was 
mixed with carbon black (10 wt%) as a conducting agent 
and polyvinylidene fluoride (PVDF) dissolved in N-methyl-
2-pyrrolidone (NMP) (10 wt%) as a binder. To remove the 
nickel oxide top surface layer, the nickel foam was pretreated 
and washed in HCl solution for 15 min and then rinsed in 
deionized water (DI) water and ethanol. The resulting paste 
was casted onto nickel foam (current collector). In an oven, 
the coated nickel foam was dried overnight at 60 °C. The 
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,
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electrochemical measurements were carried out using an 
electrochemical station (Volta lab 40, PGZ 301, France) in 
a three-electrode system with a coated active material on a 
nickel foam as the working electrode, Ag/AgCl as the refer-
ence electrode, and platinum strip as the counter electrode. 
1 M KOH aqueous solution was employed as the aque-
ous electrolyte for cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD), and electrochemical impedance 
(EIS). CV characterization was carried out in the 0–0.5 V 
potential range at various scan rates (5–200 mV/s). GCD 
measurements were made at varying current densities (1–10 
A/g). EIS measurements were carried out in the frequency 
range of 100 kHz–0.1 Hz at open circuit potential with a 
10 mV sinusoidal perturbation amplitude. From CV and 
GCD measurements, the specific capacitance (Csp, F/g) was 
calculated using the following equation [41, 42]:

where the specific capacitance (Csp) values of the electrodes 
were also evaluated based on cyclic voltammetric (CV) data, 
m equals the active material mass (g), v is the scan rate 
(mV/s), and i (V) is the current response during the potential 
scan.

Also, the Csp values can be calculated based on the 
charge/discharge data using the following equation [43]:

where Csp is the capacitance of the material, I is the applied 
current, and dV/dt is the slope of the discharging GCD curve.

3  Results and discussion

3.1  Physicochemical characterization

The crystal structure of the synthesized nanoparticles was con-
firmed by X-ray diffraction. The X-ray diffraction patterns of 
the synthesized Co ferrite, Cu ferrite, and Co–Cu ferrite nano-
particles are shown in Fig. 1. The figure confirms the forma-
tion of single-phase compounds, where the XRD pattern of the 
investigated samples is compatible with the reference ICDD 
cards [01-082-8784] with tetragonal structure, [04-005-7078] 
with cubic structure and [00-065-0376] with a cubic structure 
for  CuFe2O4,  CoFe2O4 and Cu–CoFe2O4, respectively. Few 
peaks appeared corresponding to the hematite according to the 
ICDD card [04-015-9572]. There were no peaks from other 
phases or impurities, indicating that the ferrite nanoparticles 
were very pure. The crystalline nature of the prepared sam-
ples is described by the intensity and sharpness of the peaks. 

(3)Csp =
i

mv
=

∫ v2

v1
i(V)dV

mvΔV
,

(4)Csp =
IΔt

mΔV
,
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The crystallite size D was calculated according to the Scherer 
equation [44, 45]:

(5)D =
0.9�

�cos�
,

where λ is the wavelength of the radiation, θ is the diffraction 
angle and β is the full width at half maximum (FWHM) of 
the diffraction peak.

The crystallite size of the  CoFe2O4,  CuFe2O4, and Co–Cu 
 Fe2O4 nanoparticles was 20, 24 and 22 nm and the lattice 
constant was 8.4, 5.9 and 8.42, respectively.  CuFe2O4 and 
Co–Cu  Fe2O4 have larger crystallite sizes as well as the unit 
cell parameters of  CuFe2O4 and Co–Cu  Fe2O4 increased, 
since copper has an ionic radius greater than that of cobalt.

The surface morphology and microstructure of ferrite 
nanoparticles were studied by field emission scanning elec-
tron microscopy FESEM. The FESEM images of ferrite 
grains are shown in Fig. 2a, Cu ferrite (Fig. 2c), and Co–Cu 
ferrite (Fig. 2e), respectively, while HRTEM images of the 
ferrite particles are shown in Fig. 4 (Co ferrite (Fig. 4a), Cu 
ferrite (Fig. 4b), and Co–Cu ferrite (Fig. 4c), respectively). 
According to FESEM, there is agglomeration and the crys-
tals are spherical with irregular shapes and their size ranges 
from 60 to 220 nm. The EDX investigation (Fig. 2b, d, f) 
revealed peaks for Co, Fe, and O supporting the synthesis of 
Co ferrite, peaks for Cu, Fe and O supporting the synthesis 
of Cu ferrite, and peaks for Co, Cu, Fe and O supporting the 
synthesis of Co–Cu ferrite.

Because of the small particle sizes, the process of 
agglomeration can be explained. These sample agglomera-
tion phenomena can be explained by their small particle 
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Fig. 1  XRD spectrum of a Cu ferrite, b Co ferrite, c Co–Cu ferrite

Fig. 2  FESEM–EDX micrographs of a, b Co ferrite, c, d Cu ferrite, and e, f Co–Cu ferrite
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Fig. 3  Surface roughness 
behavior of ferrite nanoparti-
cles. a Cu ferrite, b Co ferrite 
and c Co–Cu ferrite

Fig. 4  HRTEM micrographs of 
a Co ferrite, b Cu ferrite and c 
Co–Cu ferrite
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sizes and lack of steric hindrance, both of which make it 
easier for particles to come together and form agglomerates.

Figure 3 shows three-dimensional (3D) micrographs of 
representative ferrite nanoparticles. Co–Cu ferrite exhibits 
higher roughness and porosity than Co ferrite and Cu fer-
rite, according to the roughness micrograph analysis. The 
larger copper ions’ radius causes inhomogeneity and higher 
pore sizes which increase the roughness and porosity [46]. 
As a result, Co–Cu ferrite has a greater surface-to-volume 
ratio, making it suited for supercapacitor applications 
because it provides a simple path for ion migration at the 
electrode–electrolyte interface. The roughness values of 45, 
13 and 8.5 nm are found on the surfaces of Co–Cu ferrite, 
Co ferrite, and Cu ferrite, respectively.

HRTEM micrographs of Co ferrite, Cu ferrite, and 
Cu–Co ferrite in Fig. 4a–c reveal a uniform distribution of 
polycrystalline nanoscale particles. Co ferrite, Cu ferrite, 
and Cu–Co ferrite nanoparticles are composed of standard-
ized cubic crystals with average crystal sizes of 30.04 nm, 
53.1 nm, and 43.7 nm, respectively.

FT-IR spectra of all Co ferrite, Cu ferrite and Co–Cu fer-
rite nanoparticles are shown in Fig. 5a. According to the 
geometrical structure in ferrite, the metal ions are located 
in two separate sublattices, namely tetrahedral (A-sites) and 

octahedral (B-sites). The spectra reveal two major transmit-
tance bands at 500 and 400  cm−1, which are reported to be 
due to the metal oxide stretching vibrations of the octahedral 
and tetrahedral sites in spinels, respectively [46, 47]. This 
helps to understand why a tetrahedral cluster’s regular mode 
of vibration is higher than an octahedral cluster's. The FT-IR 
spectra also show a peak at ~ 1640  cm−1 and a wide-ranging 
band peak at ~ 3440.cm−1, which are appointed to the O–H 
stretching modes and H–O–H bending vibration of free or 
absorbed water [48, 49]. The samples' spinel structure of 
ferrite nanoparticles was verified by the FTIR results, which 
were discovered by XRD results.

Raman spectroscopy is an effective technique for detect-
ing numerous lattice phenomena that exhibit themselves 
as vibrational mode variations [50]. The structural charac-
teristics of (Cu, Co, Co–Cu) ferrites were further revealed 
by recording the Raman spectra of ferrites, as shown in 
Fig. 5b. Spinel ferrite, in general, is a cubic spinel struc-
ture that belongs to the Oh7 space group (Fd-3 m). Tetra-
hedron and octahedron in the lattice are made up of oxygen 
anion  (O2−), and metal ions occupy both the tetrahedral and 
octahedral sites. There are five Raman-active modes in the 
spinel group,  (A1g +  Eg +  3T2g), which correlate with the 
mobility of O ions and ions at A-sites and B-sites [51, 52]. 

Fig. 5  a FT-IR spectra, b Raman spectra, c  N2 adsorption–desorption, and d thermal gravimetric analysis (TGA) of ferrite nanoparticles
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The  A1g corresponds to the oxygen anion symmetric stretch-
ing vibration, whereas  Eg corresponds to the oxygen anion 
symmetric bending vibration, and  T2g corresponds to the 
asymmetric stretching vibration between oxygen anions and 
cations in the A-site and B-site [53]. All of the Raman peaks 
were attributed to the  A1g,  T2g, and Eg modes, which rep-
resent the vibration of spinel structures, showing that pure 
(Cu, Co, Co–Cu) ferrite was achieved. The surface area is 
an extremely important property to consider when evalu-
ating supercapacitor electrode materials. The  N2 adsorp-
tion–desorption isotherms of the three investigated ferrite 
nanoparticles are shown in Fig. 5c. The BET method and 
the desorption isotherms of Barrett–Joyner–Halenda (BJH) 
plots are used to determine the specific surface area (SSA) 
utilizing the gas sorption analysis with  N2 adsorption–des-
orption isotherms. The IUPAC classification system is used 
to classify adsorption/desorption isotherms. The isotherms 
of the evaluated magnetic nanomaterials samples were con-
nected by means of H3 hysteresis loop on a type IV curve. 
This hysteresis loop is linked to capillary condensation 
in the mesopores, which occurs when the adsorption and 
desorption curves do not line up. BET analysis of type IV 
isotherms can be used to determine the actual surface area 
of ferrite nanoparticles. Co–Cu ferrite nanoparticles with a 
high surface area (98  m2/g) have a mesoporous nature that 
can increase and facilitate ion and electron diffusion and 

transport at the electrolyte–electrode interface, resulting 
in improved electrochemical performance. From the data 
obtained from surface area, it can be concluded that Co–Cu 
ferrite nanoparticle has the highest surface area value, fol-
lowed by Co ferrite (76  m2/g) and Cu ferrite (54  m2/g). To 
determine the material thermal stability, thermal gravimetric 
analysis was performed based on weight loss as a function 
of temperature. The TGA curves for the sample Co ferrite, 
Cu ferrite, and Co–Cu ferrite heated to 1000 °C at 10 °C/
min in  N2 atmosphere are shown in Fig. 5d. The thermal 
breakdown of as-prepared ferrite nanoparticles includes 
three steps. The evaporation of absorbed water and primary 
breakdown of the complex initially caused weight loss at 
temperatures between 50 and 150 °C. The second stage in 
TGA suggests that organic matter can decompose due to 
the precursor's components, chelating agents, and solvents, 
resulting in the creation of the oxide phase.The formation of 
spinel phase metal oxide is responsible for the final stage of 
weight loss at temperatures about 800 °C. This shows how 
pure ferrite is formed.

3.2  Dielectric properties

Figure 6 depicts the frequency dependence of the real part 
(ε′) and imaginary part (ε′′) of the dielectric constant of as-
synthesized ferrite nanoparticles. Figure 6 shows that the 

Fig. 6  Real, a ε′ and imaginary, b ε′′ dielectric constant and c dielectric loss (tan δ) as a function of frequency for ferrite nanoparticles
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dielectric constant drops as the frequency increases. It drops 
swiftly from 1 to 100 Hz at lower frequencies, then slowly 
at higher frequencies. The contributions from ionic, space 
charge, and interfacial polarization are connected with the 
high value of dielectric constant at lower frequencies. The 
dielectric constant becomes frequency independent at higher 
frequencies,s because electric dipoles cannot keep up with 
the quick changes in the applied electric field [54]. Koop's 
hypothesis [55], which posits the dielectric structure as an 
inhomogeneous medium of two layers of the Maxwell–Wag-
ner type [56], can explain the drop in dielectric constant 
with frequency. As a result, the dielectric constant is large 
at low frequencies and drops as frequency increases [57]. 
The polarization of spinel ferrite occurs via a mechanism 
similar to that of conduction. Polarization in as-synthesized 
ferrite nanocomposite is caused by charge carriers hopping, 
and as a result, at low frequencies, charge carriers hitting 
grain boundaries pile up there due to the increased resist-
ance, causing polarization. As the frequency of the applied 
ac electric field increases, the charge carriers are unable 
to follow the frequency of the applied ac electric field and 
polarization decreases [58].

Figure 6c depicts the variation of dielectric loss (tan δ) 
with frequency for ferrite nanoparticles. Grain boundaries, 
impurities, and imperfections in the spinel ferrite crystal 
lattice cause dielectric loss in polycrystalline spinel ferrite, 
which is linked to a lag in polarization with respect to the 
applied ac electric field. When the hopping frequency of the 
charge carriers is equal to the frequency of the external a.c. 
electric field, the greatest electrical energy is transmitted to 
the oscillating ions, resulting in a peak in power loss [59], as 
shown in Fig. 6c. The requirement for the greatest dielectric 
loss in the material is ωτ = 1, where ω = 2πf. The jumping 
probability per unit time (p) is related to the relaxation time 
(τ) as as τ = 1/2p, or ωmax = 2p [60]. The conduction process 
in spinel ferrite happens with both n-type and p-type charge 
carriers. Between  Fe2+ and  Fe3+ ions, n-type charge transfer 
takes place, while between  Co2+ and  Co3+ ions and  Cu1+ to 
Cu 2+ p-type charge transfer takes place. When the rate of 
hopping approaches the frequency of the supplied ac electric 
field, the Debye relaxation process occurs.

3.3  Magnetic properties

The magnetic measurements provide information about the 
magnetic parameters such as saturated magnetic intensity 
(Ms), residual magnetic intensity (Mr), coercivity (Hc) 
and squareness ratio. The Ms measurements were done in 
magnetic fields up to 10 T. In the absence of saturation, 
Ms was estimated by fitting the magnetization vs. field 
curve M(H). Figure 7 shows a hysteresis loop diagram of 
Co  Fe2O4, Cu  Fe2O4, and Co–Cu  Fe2O4 nanoparticles. The 
as-saturated magnetic intensity (Ms), residual magnetic 

intensity (Mr), coercivity (Hc) and squareness ratio are 
shown in Table 1. The hysteresis loops of the prepared 
samples are of typical ‘S’ type, showing obvious ferrous 
magnetism. However, the magnetic strength of the samples 
varies with the different samples.

Among them, the saturated magnetic strength of Co 
ferrite has the greatest value of 56.19 emu/g. According 
to the geometrical arrangement of the oxygen nearest 
neighbors, the metal ions in ferrite are arranged in the two 
sublattices, tetrahedral (A-sites) and octahedral (B-sites). 
The saturation values are explained by the assumption that 
the A–B interaction favors anti-parallel coupling of the 
A-site and B-site groups and is strong enough to overcome 
any tendency for A–A or B–B couplings to disrupt the 
parallel alignment of all spins within the A-site or B-site 
groups separately [61]. For Cu ferrite nanoparticles, in 
the nanoscale the crystal structure is no longer a complete 
‘normal’ spinel ferrite, and part of  Fe3+ and  Cu2+ exchange 
their positions, so that short-range interactions occur in 
the crystal, resulting resulting in magnetism in the non-
magnetic copper ferrite [62]. It is observed that Ms, Mr, 
Hc and squareness ratio of Co ferrite decrease with cop-
per substitution [63]. It could be caused by a decrease in 
the magnetization of the B-site causing a decrease in the 
net magnetization. The replacement of  Co2+ ions by  Cu2+ 
ions leads to a reduction of the super-exchange interaction 
between the A and B sites. In other words, the copper con-
tribution leads to a decrease in the Hc values which could 
be explained based on domain structure, critical diameter 
and the anisotropy of the crystal [64].
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3.4  Electrochemical characterization

CV and GCD measurements were used to investigate and 
analyze the electrochemical supercapacitive performance 
of the investigated ferrite nanoparticles. The CV curves of 
investigating ferrite nanoparticles are shown in Fig. 8 in 1 M 
KOH as the electrolyte at different scan rates in the poten-
tial range of 0.0–0.5 V vs. Ag/AgCl. Two peaks appear on 
the CV curves for the oxidation and reduction processes, 
respectively, at 0.38 V and 0.2 V, showing faradic-type 
capacitive characteristics. As shown in Fig. 9, the maximum 
specific capacitance  Csp (893, 458 and 378 F/g for Co–Cu 
ferrite, Co ferrite and Cu ferrite, respectively) is achieved 
at 5 mV/s (the slowest scan rate), while Csp is 255, 170 and 

125 F/g at 200 mV/s for Co–Cu ferrite, Co ferrite and Cu 
ferrite, respectively. Furthermore, at high scan rates, the 
diffusion of electrolyte ions through the electrode, where 
faradaic reactions occur, is reduced [65, 66]. This behav-
ior suggests that certain parts of the electrode surface are 
unavailable at high charging/discharging rates [67]. As a 
result, for electrochemical energy stored in the investigated 
ferrite nanoparticles supercapacitor, a slower scan rate is an 
effective strategy. Regardless of the scanning rate used, the 
oxidation and reduction peaks almost always appeared at the 
same redox potentials. This could be attributed to the easy 
charge transfer across the material, high reversibility, and 
increased electrolyte diffusion rate within the nanostructure 
of the ferrite. As the scan rate increases from 5 to 200 mV/s, 

Table 1  Magnetic parameters 
of as-synthesized ferrite 
nanoparticles

Magnetic parameters Co ferrite Cu ferrite Co–Cu ferrite

Magnetic saturation (Ms) (emu/g) 56.168 21.696 46.912
Residual magnetic intensity (Mr) (emu/g) 20.267 11.411 16.681
Coercivity (Hc) (G) 851.1 649.55 555.07
Squareness ratio 0.36 0.525 0.355

Fig. 8  CV curves of ferrite nanoparticles. a Co ferrite, b Cu ferrite and c Co–Cu ferrite at different scan rates of 5,10, 25, 50, 100 and 200 mV/s 
in 1 M KOH electrolyte. d Plot between specific capacitance and scan rate
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the particular capacitance Csp values decrease, as shown in 
Fig. 8d. The decrease in specific capacitance suggest that at 
high scan rates, the occurrence of inner active sites cannot 
completely sustain the redox transition, which could be due 
to the proton diffusion effect inside the electrode. On the 
other hand, when scanning at high rates, the internal diffu-
sion resistance rises, resulting in an inevitable overpotential 
because electrolyte ions do not have enough time to reach 
the electrode surface [68]. With an increase in sweep rate, 
the area covered by CV loops for all working electrodes 
does not decrease, demonstrating great consistency in CV 
curves. The enhanced capacitive behavior and charge storage 
capacity of working electrodes are indicated by the excellent 
uniformity in the CV curve.

Galvanostatic charge/discharge (GCD) measurement 
is another accurate method for investigating the electro-
chemical performance of pseudo-supercapacitors [69]. The 
GCD curves for the investigated ferrite nanoparticles in 
1 M KOH are shown in Fig. 9. Because of its pseudoca-
pacitive nature, the investigated ferrite nanoparticle GCD 
curves deviate from linearity. With a declining current 
density, the investigated ferrite nanoparticles electrode 

shows longer charging and discharging times, resulting in 
higher specific capacitance values (Fig. 9). Csp decreases 
from 850 to 178 F/g, 423 to 154 F/g and 314 to 106 F/g for 
Co–Cu ferrite, Co ferrite and Cu ferrite, respectively, when 
the current density is increased from 1 to 10 A/g. The dis-
charge time in Co–Cu ferrite nanoparticles GCD curves 
is significantly longer than in other materials indicating a 
much higher specific capacitance. The calculated specific 
capacitance of various samples at various current densi-
ties is shown in Fig. 9d. As the current density increases, 
the sample special capacitance decreases, as shown in the 
graph. Because of the diffusion effect of a proton inside the 
electrode, the occurrence of inner active sites cannot com-
pletely sustain the redox transition at high current density. 
At current densities of 1, 2, 5 and 10 A  g−1, the Co–Cu fer-
rite has the highest unique capacitance values of 850, 619, 
619 and 187 F  g−1, respectively. As can be seen in Fig. 9d, 
it can be noted that the electrochemical performance of 
Co–Cu ferrite electrodes are significantly better than that 
of Co ferrite and Cu ferrite electrodes, which is superior 
to previously reported ferrites supercapacitor electrodes.

Fig. 9  GCD curves of a Cu ferrite, b Co ferrite and c Co–Cu ferrite at different current densities of 1, 2, 5 and 10 A.  g−1 in 1 M KOH electro-
lyte, d plot of specific capacitance as a function of current density
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4  Stability in cycling

Cycling stability (capacitance retention %) is another impor-
tant factor in supercapacitor longevity. The capacitance 
retention (%) of the investigated ferrite nanoparticles was 
measured over 3000 GCD cycles at 1 A/g current density as 
shown in Fig. 10. After 3000 GCD cycles, the capacitance 
remains at 82.4, 85.15 and 90.14% for Cu ferrite, Co ferrite 
and Co–Cu ferrite demonstrating good long-term stability, 
and Co–Cu ferrite has higher stability than the other ferrite 
which may be ascribed to the effect of binary metals and 
small particle size.

Electrochemical impedance spectroscopy (EIS) is a 
useful technique and characterization tool for studying 
the electrode/electrolyte interface in supercapacitors [70]. 
The electrode internal resistance and electrode–electro-
lyte charge transfer resistance are shown in the EIS [71]. 
Figure 11 shows the EIS spectrum (Nyquist plot) of fer-
rite nanoparticles. In the high-frequency range, the plots of 
all materials show a semicircle, and in the low-frequency 
zone, a straight line.The charge-transfer resistance is related 
to the semicircle at high frequencies. The charge-transfer 
resistance increases with the diameter of the semicircle. The 
vertical line in the low-frequency region suggests that the 
electrolyte/electrode redox reactions were regulated by the 
mass transfer process, i.e., diffusion-controlled reactions. An 
equivalent circuit (EC) is given based on the EIS results. 
The solution resistance Rs is connected to the (CPE RctW) 
time constant in the proposed EC model, which defines the 
depressed semicircle. C represents the double layer capaci-
tance, Rct represents the faradaic process-induced charge 
transfer resistance, and Warburg impedance (W) represents 
the frequency-dependent electrolyte diffusion resistance. 
The fitted values of Rct and Rs for all three samples are 4.9, 
5.8, 9.4 and 0.30, 0.36, 0.25 for Co–Cu ferrite, Co ferrite and 
Cu ferrite, respectively, indicating that the charge transfer 
resistance and solution resistance of Co–Cu ferrite samples 
are higher than that of Co ferrites and Cu ferrite samples. 

Furthermore, the low Rct values imply a rapid kinetics on 
the electrode surface, implying that the phenomena are 
governed by diffusion, which is consistent with the cyclic 
voltammetry data.The fitted values of  Wd of three samples 
are 0.61 Ω  s−0.5, 0.80 Ω  s−0.5, and 0.90 Ω  s−0.5, indicating 
that the Co–Cu ferrite sample has a lower Warburg imped-
ance than Co ferrites and Cu ferrite samples. This indicates 
that Co–Cu ferrite sample haves higher ionic and electronic 
conductivity than the other samples.

5  Conclusion

Ferrite magnetic nanoparticles have been progressively syn-
thesized using the citrate spontaneous combustion method. 
Microstructural investigation confirms the formation of the 
single-phase cubic spinel structure, and the morphological 
analyses from FESEM and HRTEM micrographs reveal the 
formation of nanosized particles. Surface area measurements 
reveal that these cobalt ferrite NPs have a mesoporous struc-
ture. The supercapacitive performances of ferrite nanopar-
ticles were studied using cyclic voltammetry (CV), charge 
discharge, and electrochemical impedance spectroscopy 
(EIS) in 1 M KOH solution as the electrolyte. At a scan rate 
of 5 mV  s−1, the specific capacitance of ferrite nanoparti-
cles was calculated to be 378, 458, and 893 F  g−1, respec-
tively. When compared to other metal ferrite nanoparticles, 
Co–Cu ferrite had the highest specific capacitance. After 
3000 cycles, the Co–Cu ferrite electrode has a 90% retention 

Fig. 10  Cycling stability curves of as-synthesized ferrite nanoparti-
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retention. Co–Cu ferrite electrode is a promising candidate 
for suction due to its excellent properties.
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