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A B S T R A C T   

A comparison was made between the structure and electrochemical properties of CuFe2O4 nanoparticles pre-
pared by five different preparation methods, involving the co-precipitation, green sol–gel, green hydrothermal, 
auto-combustion, and microwave. The obtained ferrites were characterized by FT-IR, XRD, BET, SEM, and TEM 
techniques. A spinel crystal structure was observed for all samples with morphological structures, surface 
textural properties, and particle sizes hanging on the synthesis process and set in the range of 12–45 nm. The 
sample prepared in the presence of gelatin shows well-dispersed nanosphere particles. The electrochemical 
properties of obtained ferrites were studied using cyclic voltammetry, charge–discharge, and electrochemical 
impedance spectroscopy. The as-synthesized CuFe2O4 (Cugg) sample acts as excellent electrode material in 
supercapacitor with a high specific capacitance of 145F g− 1, an energy density of 18.9 Wh kg− 1, and a power 
density of 486 Wkg− 1 at 1 Ag− 1 and good retention value of 90.2% after 1000 cycles at 1Ag− 1.   

1. Introduction 

Ferrite possessing common formula MFe2O4 (M = divalent metal ion, 
e.g. Zn, Mg, Mn, etc.) is one of the most important materials that can be 
used for many purposes such as ceramics, pigments, electronic, micro-
wave absorbents, supercapacitors and solid batteries.[1–5] The prop-
erties and applications of these materials are highly dependent on the 
size, shape, and structure, of the particles, which are controlled by the 
preparation process.[6–10] 

There are various physical, chemical, biological, and hybrid methods 
for the synthesis of ferrite nanoparticles like ceramic method,[7] me-
chanical alloying,[8] sonochemical technique,[9] solvothermal 
methods,[10] microwave processing approaches,[11] coprecipitation, 
[12] sol–gel methods,[13] etc. The ceramic method is time-consuming. 
It also produces particles of relatively large size because of high- 
temperature treatment. Chemical synthesis methods have the advan-
tage over the ceramic method because (i) it is carried out at relatively 
low temperatures, (ii) it produces fine (iii) the method requires less time, 
(iv) and essentially the product is reproducible. It is important to report 
that the sol–gel method has definite advantages over other wet chemical 
methods because the method is simple, cost-effective low processing 
temperatures, and produces homogeneous fine particles of nanometer 

dimensions with a narrow size distribution, in relatively short process-
ing time.[14] 

Among synthesis techniques, the green synthesis is used to produce 
ferrite powders from plant extracts. It is superior to various other 
techniques as it is clean, eco-friendly with low reaction temperature and 
free from undesirable harmful by-products.[15] 

Supercapacitor is a promising device for energy storage applications 
since it exhibits attracting characteristics such as high power, minimum 
equivalent series resistance and extreme cycle life.[5,6] Nanomaterials 
play fundamental responsibility in energy storage devices, especially, 
supercapacitors and batteries. Electrochemical supercapacitor perfor-
mance is mainly controlled by various factors such as electrode material 
surface, morphology, current collector, separator, and electrolyte.[16] 
Controllably prepared nanomaterials exhibit interesting morphologies, 
which plays the virtual major role in the electrochemical activities. 
[17,18] 

Ferrite materials demonstrate attractive magnetic, phase transitions 
and electrical properties with chemical and thermal stabilities.[19,20] 
The preparation of the ferrite materials in nano size play fundamental 
responsibility in energy storage devices, especially, supercapacitors and 
batteries.[21] Electrochemical supercapacitor implementation is 
essentially controlled by numerous factors such as electrode material 
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surface, morphology, current collector, separator, and electrolyte.[16] 
Most of the properties required for ferrite applications are extrinsic 

and not intrinsic. Consequently, it is important to study the effects of 
preparation methods on structural features of cupper ferrite nano-
particles and their physical properties. We reported previously the 
impact of preparation method on the particle size, magnetic, optical, and 
catalytic properties of CuFe2O4.[22] In the present work, we extend our 
work to study the effect of synthetic tools using green and chemical 
methods (co-precipitation, green sol–gel, green hydrothermal, auto- 
combustion, and microwave) on the electrochemical properties of 
CuFe2O4. 

2. Experimental 

2.1. 1. Materials 

All materials used without further purification. Copper (ll) nitrate 
[Cu(NO3)2⋅3H2O] was purchased from SD fine chem Limited, Mumbai 
400 030. Ferric nitrate [Fe(NO3)3⋅9H2O] was purchased from LOBA 
CHEMIE PVT.LTD. Gelatin type B was purchased from Sigma-Aldrich, 
St. Louis. MC, USA, and Hibiscus flower/ leaves from the local market. 

2.2. Synthesis of samples 

2.2.1. Hibiscus flower extract preparation 
The extract was prepared by boiling 10 g of dried flowers in 150 ml 

distilled water for 20 min. The extract obtained was left to cool at room 
temperature and filtered. 

2.2.2. Self-combustion method 
In this method, 2 × 10-3 mol of Cu(NO3)2⋅3H2O and 4 × 10-3 mol of 

Fe(NO3)3⋅9H2O were put gradually with stirring into the aqueous Hi-
biscus rosa-Sinensis flower extract. The solution pH was raised to pH =
10 using NaOH aqueous solution. The gel was formed after concentrated 
on the solution. This gel was put on a heater at 300 ◦C. The gel started to 
melt following by decomposition spontaneously by self-ignition to form 
a voluminous foam. The powder obtained washed carefully with bi- 
distilled water and then dried in an oven for 24 h.[23] The sample is 
symbolized as Cugc. 

2.2.3. Green – Hydrothermal method 
2 × 10-3 mol of Fe(NO3)3⋅9H2O, 1 × 10-3 mol of Cu(NO3)2⋅3H2O, and 

0.1 g of gelatin were dissolved in 150 ml of distilled water with stirring 
for 30 min. Then 12 ml of NaOH (1 M) was gradually inserted to get a pH 
of 10. The obtained mixture was then transferred into a Teflon-lined 
stainless autoclave and put it in an oven at 180 ◦C for 7 h. Next, after 
cooling the autoclave, the acquired precipitates were washed several 
times with distilled water then dried at room temperature. The obtained 
precipitate was finally dried for 24 h in an oven.[24] The sample is 
symbolized as Cugh. 

2.2.4. Co-Precipitation method 
100 ml 5 M NaOH solution was added slowly to 150 ml of a mixture 

of 2.5 × 10-2 mol Cu(NO3)2⋅3H2O and 5 × 10-2 mol Fe(NO3)3⋅9H2O then 
heated at 85 ◦C for 1.5 h, filtered, washed with bi-distilled water and 
dried at 85 ◦C for 15 h and finally calcined at 700 ◦C for 5 h. The sample 
is symbolized as Cuco. 

2.2.5. Microwave method 
CuFe2O4 nanoparticles were synthesized using the microwave tech-

nique.[25] In a typical experiment, 2 × 10-2 mol of Fe(NO3)3⋅9H2O and 
1 × 10-2 mol of Cu(NO3)2⋅3H2O were mixed in 100 ml water. Then, 
NaOH solution (1 M) was gradually supplemented into the solution until 
the pH of the mixture was 10 under microwave irradiation 20 min, 600 
W (40 s On, 40 s Off). The suspended solution obtained was cooled for 
30 min at room temperature. The precipitate obtained was centrifuged 

for 20 min at 3,000 rpm, washed with bi-distilled water and ethanol four 
times. Finally, the precipitate was dried in an oven at 100 ◦C for 4 h 
followed by calcination at 700 ◦C for 5 h.[21] The sample is symbolized 
as Cumc. 

2.2.6. Green- Sol-Gel Method:- 
A mixed powder of 2 × 10-2 mol of Fe(NO3)3⋅9H2O, 1 × 10-2 mol of 

Cu(NO3)2⋅3H2O, and 0.1 g gelatin were dissolved in a beaker containing 
200 ml of bi- distilled water with slow stirring at a heating temperature 
of 50 ◦C for 2 h. The temperature was then increased to ~ 80 ◦C and kept 
under stirring to form a gel. The gel was then calcined at 350 ◦C for 2 h at 
a heating rate 10 ◦C/min to eliminate the residual organic matter. The 
produced powder was calcined for 7 h at 700 ◦C for 5 h using a heating 
rate of 5 K/min.[26] The sample is denoted as Cugg. 

2.3. Characterization methods 

2.3.1. X-ray diffraction (XRD) 
XRD data of the ferrite samples were collected on Philips X’ Pert Pro 

Super diffractometer with Cu Kα radiation (λ = 1.54 Ȧ) in the range of 
2θ = 10-80◦. 

2.3.2. Fourier transform infrared spectra (FT-IR) 
The FT-IR spectra of the ferrite samples were verified using a 

Brucker-FT-IR. The absorbance was automatically registered against 
wavenumber in the range of 400–4000 cm− 1. 

2.3.3. Scanning and Transmission Electron Microscope (SEM and TEM):- 
Transmission and Scanning Electron Microscope analyses (TEM) and 

(SEM) were done by using JEOL-2010 and JEOL JEM-100CXII, 
respectively. 

2.3.4. Nitrogen adsorption measurements 
The volumetric method was used to measure the adsorption of ni-

trogen gas at liquid nitrogen temperature. In all cases, the adsorbent 
surface will be cleared out of adsorbed molecules generally by thermal 
outgassing before the N2 physical adsorption isotherm can be deter-
mined. The outgassing process of the ferrite samples was performed at 
473 K for 2 h. 

2.3.5. Electrochemical properties 
Electrochemical measurements were performed in a conventional 

three-electrode system in 1 M LiCl electrolyte at room temperature, 
using Pt square foil (area = 0.61 cm2) as a counter electrode, and 
saturated calomel as a reference electrode. The working electrode was 
made by mixing 8 mg, 1 mg, and 1 mg of the cupper ferrite sample, 
acetylene black, and polytetrafluorethylene (5% wt), respectively to get 
homogeneous slurry. The slurry was coated onto stainless steel and dried 
at 230 K for 24 h. The cyclic voltammetry (CV) in the range − 0.2 to 0.8 V 
was performed at different scan rates. The galvanostatic charge/ 
discharge (CD) at a different current density) was tested using a 
CHI660D electrochemical working station (Shanghai, China). Electro-
chemical Impedance Spectroscopy (EIS) was carried out by using an ac 
volt amplitude 5 mV between the frequency ranges 0.1 Hz to 100 k Hz. 

3. Results and discussion 

3.1. X-Ray powder diffraction analysis 

The XRD patterns of the investigated CuFe2O4 samples have been 
presented in Fig. 1(a-e). All samples show diffraction peaks around an-
gles of 19.0, 31.4, 36.9, 38.9, 44.9, 55.8, 59.4, and 65.2◦ corresponds to 
the crystal planes (111), (220), (311), (222), (400), (422), (511), 
and (440), respectively confirming the construction of a single phase 
(fcc) spinel structure which is consistent with standard JCPDS data 
(#23–0283). All samples also exhibited characteristic reflection peaks 
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related to (111) plane for tenorite (CuO) as a secondary phase besides 
the main spinel phase of CuFe2O4 crystal. The crystal sizes of nano-
particles were estimated by using the Scherrer equation[27] and found 
to be 13, 18, 22, 37 and 44 nm for Cugg, Cuco, Cugc, Cugh, and Cumc 
samples, respectively. 

3.2. Fourier transform infrared spectra (FT-IR) 

FT- IR spectra of all CuFe2O4 specimens are shown in Fig. 2. The 
spectra reveal two major transmittance bands at 545–595 cm− 1 and 410 
– 470 cm− 1, which are reported to metal oxide stretching vibrations of 
the octahedral and tetrahedral sites in spinels, respectively.[28] The 
change in the band positions of the prepared samples is attributed to the 
change in the Fe3+–O2− and Cu2+–O2− distances by changing the 
preparation method.[29] The FT-IR spectra also show a peak at ~ 1640 
cm− 1 and wide-ranging band peak at ~ 3440.cm− 1, which are appointed 
to the bending and stretching vibration of O–H connected to the 

adsorbed water. 

3.3. SEM and TEM study 

Since synthetic conditions highly affect the structural properties of 
the nanoparticles,[30–33] therefore, microstructure studies on the pre-
pared samples have been carried out by TEM and SEM techniques. Fig. 3 
(A, B), reveal SEM and TEM images of the produced CuFe2O4 samples. 
The samples showed different morphologies depending on the prepa-
ration route. SEM image of Cugc (Fig. 3.b) shows the surface morphology 
of highly porous. One can see voids and pores in the Cugc sample. This 
observation could be attached to the liberation of a huge quantity of 
gases through the combustion process due to the decomposition of fuel. 
SEM of the sample obtained through the co-precipitation methods 
(Cuco), Fig. 3.c exhibits a good homogeneous distribution of nano-
particles as compared to those from the green gel (Cugg), Fig. 3.d, and 
green hydrolysis (Cugh), Fig. 3.e. Instantaneous nucleation of CuFe2O4 
nanoparticles occurs in the course of the co-precipitation process, while 
the crystal growth, is accelerated further through the sol–gel method. 
This is attributed to the long time necessary to complete the sol–gel 
process. 

TEM micrographs (Fig. 3B) of the cupper ferrite synthesized by green 
combustion (Cugg), and co-precipitation methods (Cuco) show spherical 
shapes of the NPS nanocrystalline with an average particle diameter of 
12 and 17 nm, respectively. Mixed morphological structures including 
rectangular and octahedral-shaped particles are visualized by TEM for 
the samples Cugc, Cumc, and Cugh, Fig. (3b,d,e), with an average particle 
size of 25, 40, and 45 nm, respectively. The result shows that both the 
morphology and particle size were mostly controlled by reaction 
conditions. 

3.4. Surface properties 

The adsorption isotherm was measured to give useful information on 
the texturing properties of the prepared samples. The BET data of all 
samples (Fig. 1S a-e), showed nitrogen isotherms of types (IV) and (V) 
with different hysteresis loops, which are characteristic for mesoporous 
materials. The BET surface area of Cugg, Cuco, Cugc, Cumc, and Cugh, is 
found to be 59, 48, 39, 34, and 28 m2/g, respectively, which goes par-
allel with decreasing the grain size. The pore size was calculated by the 
BJH method and found to be 8.1, 7.5, 6.2, 5.4, and 4.4 nm, for Cugg, 
Cugc, Cumc, Cuco, and Cugh, respectively. 

3.5. Electrochemical characterizations 

Fig. 4A demonstrates the CV cycles of the ferrite samples from − 0.2 
to 0.8 V vs. saturated calomel electrode at a scan rate of 10 mV s− 1. Each 
CV curve showed a pair of redox peaks indicating the fast redox and 
pseudocapacitance behavior of the ferrite samples. The specific capaci-
tance (Csp) was computed from the CV curves by applying the following 
equation.[34] 

Csp =

(∫

IdV
)

/νmV (1)  

where I is the current (A), V is the potential window (Volt), v is the 
potential scan rate, m is the mass (gram) of the ferrite in the electrode. 
The results obtained are listed in Table 1. Cugg sample with the highest 
surface area and pore volume showed the highest capacitance value. 
Therefore, the CV behavior of this sample at different scan rates was 
studied (Fig. 4B). It can be seen that with increasing the scan rate, each 
of the currents and areas under curves increase referring to ideal 
capacitive behavior.[35] The increase in capacitance with decreasing 
the scan rate can be attributed to the low diffusion of electrolyte ions. At 
a lower scan rate, the electrolyte ions have enough time to contact the 
outer and interior active sites of the ferrite surface leading to 

Fig. 1. XRD of the CuFe2O4 samples: (a), Cumc; (b), Cugh; (c), Cugc; (d), Cuco 
and (e), Cugg. 

Fig. 2. FT-IR of CuFe2O4 : (a) Cuco ; (b) Cumc ; (c) Cugh ; (d) Cugc ; (e)Cugg.  
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Fig. 3. A) SEM imahges ogf CuFe2O4 samples: (a), Cumc; (b), Cugc; (c), Cuco; (d), Cugg and (e), Cugh. B) TEM images of CuFe2O4samples: (a), Cugg; (b), Cumc; (c), Cuco; 
(d), Cugh and (e), Cugc. 
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accumulating a big number of charges, which is the source of the high 
specific capacitance value.[36] 

The galvanostatic charge/discharge measurements were also used to 
study the electrochemical performances of CuFe2O4 electrodes in 1 M 
LiCl at several current densities between 0.5 and 5 A g− 1 under a po-
tential window from − 0.2 to 0.8 V. Fig. 5.a demonstrates the galvano-
static charge/discharge cycles of ferrite samples measured by applying a 
current density of 1 A/g. The specific capacitance of the ferrite elec-
trodes was calculated from the discharge curve according to: 

Csp = Im × Δt/ΔV (2)  

where Im is the current density in A g− 1, Δt is the discharge time in s, and 
ΔV is the potential drop during discharge. The results acquired are listed 
in Table 1 and show good agreement with the CV results, in which the 
Cuegg sample exhibits the highest specific capacitance. The Csp value of 

Cuegg was found to decrease with raising the current density from 0.5 A 
g− 1 to 5 A g− 1, Fig. 5.b. This may be attributed to the existence of inner 
active sites, which are unable to participate in redox transitions at high 
current densities. This implies that some zones of the electrode surfaces 
are unapproachable at higher current.[37] Fig. 5.c illustrates the 
dependence of the specific capacitance on current density for Cugg 
electrode. Fig. 5.d demonstrates the electrochemical cyclic permanence 
of Cugg electrode. For supercapacitor applications, cycling stability is an 
important parameter. Thus, we studied the durability of Cugg by the 
galvanostatic tool using a current density of 1 A/g. The capacitance of 
the electrode was almost steady up to 1000 cycles, and capacity reten-
tion of 90.2% was attained at the 500th cycle, revealing that the Cugg 
electrode had respectable recycle-ability for capacitor devices. 

The specific capacitance of our Cugg sample (145F/g) is higher than 
that of other ferrites obtained at the same scan rate 10 mV/s. B. Sar-
avanakumara, et al. reported Csp value of 127.9F/g for CuFe2O4 nano-
particles,[38] whereas Bhujun et al. reported Csp values of 103.9, 46.7, 
and 8.39F/g for CuFe2O4, NiCoFe2O4 and NiCuFe2O4, respectively.[39] 

The electrochemical properties of the investigated electrodes were 
also studied using electrochemical impedance technique (EIS) in the 
frequency range from 0.01 Hz to 100 kHz with AC bias voltage of 0.01 V. 
The Nyquist plots are represented in Fig. 6. Each plot comprises a 
semicircle in the high-frequency region and a straight line in the low- 
frequency section represents the Warburg impedance. The big differ-
ences in the Warburg impedances refer to the large differences in the 
track distance of the ion diffusion and turn in the resistance of the 
progress of ions. The catch of the semi-circle with the real axis (Z) at high 
frequencies represents equivalent series resistance (ESR) which is 
attributed to several impedance processes: (a) electrode materials 
intrinsic resistance, (b) LiCl electrolyte ionic resistance, (c) interfacial 
resistance between the current collector and electrode.[40] The source 
of the arc at a higher frequency region is attributed to resistance of 
charge transfer of ions (Rct) at the electrolyte–electrode boundary and is 
determined by the intersection of the semi-circle with the real axis (Z). 
[41] Each of ESR and Rct obtained from the Nyquist plots (Fig. 6) is listed 
in Table 1. The relatively lower value of Rct of Cugg indicated its better 
charge transfer ability than other samples. The Warburg angles obtained 
for all samples are more vertical than 45◦ referring to the good elec-
trochemical super capacitance. The ferrite electrode shows an increase 
in vertical inclination according to: Cugg > Cuco > Gugp > Cugh > Cumc. 
This finding indicates that the Cugg electrode demonstrates less resis-
tance to ions diffusion, which might be attributed to the short diffusion 
path of ions, greater surface area, and better electrical conductivity. The 
Cugg sample has the greatest BET surface area than other samples. The 
outstanding current response and large surface area make the Cugg 
sample a more consistent electrode for high-performance 
supercapacitors. 

The frequency (fo), corresponding to the maximum of imaginary 
impedance (Z‘‘) of the semicircle in the EIS, was used to estimate the 
time constant (τ) of the capacitor according to Eq. (3) [42] 

τ = 1/f (3) 

From the frequency (f◦, Hz) matching to the maximum of imaginary 
impedance (Z‘‘) of the semicircle in the EIS, the time constant (τ) of the 
capacitor is estimated using the following equation: τ = 1/f◦.[40] The 

Fig. 4. A) CV plots for CuFe2O4 samples in 1 M LiCl at a scan rate 10 mv/s. B) 
CV plots for Cugg at the different cycling rates. 

Table 1 
Surface and electrochemical data for the investigated CuFe2O4 samples.  

Sample Particle Size 
(nm) 

SBET(m2/ 
g) 

Pore diameter 
(nm) 

Csp (CV)F/g,scan rate10 
mv/s 

Csp(CD) (F/g),current density 
(1A/g) 

Rct(ohm) ESR 
(ohm) 

EWhKg− 1 PWKg− 1 

Cugg 12 59  8.1 160 145 1.5 7  18.9 486 
Cucp 17 48  5.4 135 116 15.5 27  14.9 487 
Cugc 25 39  7.5 128 104 12 15  13.5 433 
Cumc 40 34  6.2 87 76 13.3 14  9.5 470 
Cugh 45 12  4.4 58 55 11 14  6.8 453  
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values of τ are found to be 5.1, 9.9, 12.1, 17.8 and 25.7 for Cugg, Cuco, 
Cugp, Cugh, and Cumc, respectively. Low values of τ are ideal for elec-
trochemical capacitors for the rapid charge–discharge processes.[42] 

The power density (P) and average energy density (E) of the elec-
trochemical capacitors were determined from Eqs. (4) and (5) [43] 

E = 0.5
[
1000Cs(ΔV)

2 ]/3600 (4)  

P = E × 3600/Δt (5)  

where P is the power density (kW kg− 1), E is the energy density of the 
electrode (Wh kg− 1), Δt is the time for a sweep segment, Cs is the specific 
capacitance of the supercapacitor (Fg− 1) and ΔV is the voltage change 
during the discharge process. The results obtained are given in Table (1). 
The calculated values of E and P for Cuegg sample were analyzed and 
plotted against each other (Fig. 7) and generally referred to as the 
Ragone plot. The plot shows almost an ideal knee shaped pattern for the 
E-P relationship. 

4. Conclusions 

To summarize, we have prepared copper ferrite using green and 

Fig. 5. a) CD plots for the investigated CuFe2O4 samples at a current density of 1 A g− 1, b) CG curves for Cugg sample at different current densities, c) Effect of 
charging current density on the specific capacitance of Cugg and d) Effect of the number of cycles on the stability of Cugg capacitance. 

Fig. 6. Nyquist plots of the investigated CuFe2O4 samples.  
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chemical different synthetic routes. The nanoparticles were character-
ized by XRD, SEM, FT-IR. XRD patterns show that the main powder 
phase is the spinel structure. The crystallite size, morphology, textured 
surface, and electrochemical properties have been largely affected by 
synthetic tools. The particle size was determined from XRD and TEM 
data. The crystallite size of the produced copper ferrite powders was in 
the range between 12 and 45 nm. The BET analysis reveals the presence 
of a mesoporous structure in these cupper ferrite NPs with a specific 
surface area varies between 28–59 m2/g. The CuFe2O4 powders showed 
different electrochemical properties depending on their particle sizes. 
The studies revealed that the green sol–gel method was superior to the 
other methods for producing nanoparticles with smaller crystallite size 
and highest electrochemical super capacitance efficiency. The Cugg 
sample showed a high specific capacitance of approximately 145F/g at a 
current density of 1 A/g and excellent cycle life of 90.2% after 1000 
cycles. 
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