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Nickel blended Copper Ferrite (CuNiFe2O4): Synthesis, morphology, 

supercapacitive features, and asymmetric device performance 

 

Abstract  

Copper ferrite (CuFe2O4), a cost-effective and promising supercapacitive electrode material, 

was doped with highly electroactive nickel using a simple microwave combustion process. 

The presence of nickel was found to enhance the electrode kinetics and favours the fast 

diffusion process when the material was used to construct a supercapacitor. The nickel 

blended copper ferrite (Cu0.7Ni0.3Fe2O4) exhibited a specific capacitance of 1050 Fg-1 at a 

current density of 1 Ag-1 in 2 M KOH electrolyte solution. Further, a reasonable rate of 

performance and better cyclic stability was observed with the material. Also, an asymmetric 

type supercapacitor device was fabricated using CuNiFe2O4 electrodes, and the 

electrochemical performance was analyzed. The fabricated device showed an energy density 

of 21.5 WhKg-1 and a power density of 417 WKg-1. These electrochemical investigations 

suggest the potential application of Cu0.7Ni0.3Fe2O4 as a supercapacitor electrode material for 

achieving superior performance. 

 

Keywords: Copper ferrites, microwave combustion, mixed metal oxides, supercapacitor 

 

1. Introduction 

Supercapacitors (SCs) are electrochemical energy storage devices with high power density, 

long cyclic stability, environmental friendliness, and safety. These exciting properties of SCs 

find a variety of uses in hybrid electric vehicles, mobile electronic gadgets, and energy backup 

devices [1, 2]. Supercapacitor devices that store electric charge at the electrode and electrolyte 

solution interface are known as electric double-layer capacitors (EDLC). In contrast, if 

charge storage occurs due to fast Faradic reactions and electron transfer, the devices are 

commonly known as pseudocapacitors. Electric double-layer capacitors generally utilize 
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carbonaceous materials having high specific area such as, activated carbon, carbon 

nanotubes, and graphene [3]. Transition metal oxides (TMOs), conducting polymers (CPs), 

and other hybrid electrodes are used as SC electrodes due to their multiple transition states 

and capacity of providing higher capacitance [4-6]. However, in comparison with batteries, 

SCs may provide higher power density, but they fail to facilitate higher energy density. 

Therefore, the design of SCs with higher energy density is essential for future technology. 

Among different TMOs, Fe2O3 is an attractive material that can easily blend with divalent 

metal oxides and form MFe2O4. Here, the spinel TMOs (AB2O4) having two metal moieties 

may provide space to design different nanostructures by varying the metal composition. Many 

ferrite structures have been fabricated and exploited for SC electrode applications, including 

NiFe2O4, CuFe2O4, CoFe2O4, and MnFe2O4 [7-10]. 

Among these ferrites, copper ferrite (CuFe2O4), having a unique electronic configuration 

(3d10 4s1) in valance shell, makes it favourable for many applications including catalysis, and 

energy storage [11, 12]. Also, it is interesting that nickel ferrite is a low-cost and 

environmentally friendly material possessing a high theoretical capacitance and good 

redox behaviour. In NiFe2O4, Ni2+ ions occupy the octahedral sites, while Fe3+ ions occupy 

both octahedral and tetrahedral sites [13, 14]. Considering these merits, introducing 

copper and nickel in ferrites is expected to provide enhanced electrochemical behaviour. The 

energy storage systems commonly use lithium-ion batteries for distributed renewable energy 

integrated microgrid systems and electric vehicles. With the introduction of 

superconductor-based storage systems, the adverse environmental impact of lithium-ion 

batteries is envisioned to be drastically reduced. Majeed et al. developed a metal-organic 

framework that advocates the use of nickel blended copper ferrite (Cu1-xNixFe2O4) for large-

scale lithium storage applications [15]. The core-shell structure of nickel blended copper 

ferrites facilitates their use as anode materials of high-power lithium-ion batteries with an 
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increased rate of performance, adequate AC impedance measurement, cyclic durability with 

enhanced cyclic performance, stability, and ultra-fast charging of the storage systems. 

These properties make nickel blended copper ferrites an ideal alternative for the energy 

storage applications. Many blending strategies such as, precipitation, mechanical milling, 

hydrothermal method, sol-gel method, combustion, and reverse micelle technique, are 

adopted to synthesize ferrites [16]. Notably, these methods consume a long synthesis time and 

draw a lower yield of the samples. Adopting these methods for large-scale industrial 

applications is difficult [17]. Microwave combustion is an efficient strategy due to the short 

time required for sample preparation, rapid reaction rate, and environmentally benign 

nature. Further, the microwave method also provides homogeneous and controllable heating. 

The overall efficiency of any SC system relies not only on the electrode materials but also on 

the electrolyte. In the present scenario, the abundance of lithium is depleted due to its 

excessive use in different kinds of battery systems. Therefore, it is essential to identify specific 

suitable alternate ions that can replace lithium. In this context, an alkaline potassium 

hydroxide (KOH) electrolyte solution is a good choice due to its higher ionic conductivity, 

good electrochemical stability, and better solubility in water. In addition, OH- ions have higher 

mobility in water. Apart from all these advantages, KOH electrolyte is a low-cost material 

compared to organic and ionic liquid electrolytes making the proposed nickel blended copper 

ferrite a low-cost SC system with increased efficiency. 

Reflecting on the points mentioned above, an attempt has been made to synthesize Ni-

doped copper ferrite using low-cost precursors by microwave combustion. The presence of 

Ni with CuFe2O4 significantly enhances the supercapacitive features of this doped material. 

This composite material revealed larger capacitance, good rate performance, and better cyclic 

stability than the bare CuFe2O4 sample in 2 M KOH electrolyte. Further, an asymmetric SC 
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device (2 electrodes) using Ni-doped CuFe2O4 and a high surface area carbon has been 

fabricated and its performance has been investigated. 

2. Experimental 

2.1.  Fabrication of Cu0.7Ni0.3Fe2O4 sample  

Analytical grade chemical reagents with high purity such as copper nitrate (Cu 

(NO3)2.3H2O), ferric nitrate (Fe(NO3)3.9H2O, nickel nitrate (Ni(NO3)2), and L-arginine 

(C6H14N4O2) purchased from Merck, India ,were used as starting materials for the 

synthesis of the samples. The Cu0.7Ni0.3Fe2O4 sample was synthesized using a simple 

microwave combustion technique. Briefly, 0.169 g of (Cu (NO3)2.3H2O), 0.703 g of (Ni 

(NO3)2), 0.808 g of (Fe(NO3)3.9H2O, and the fuel C6H14N4O2 (0.266 g) were dissolved in 35 

mL of double-distilled water (DDW) maintaining the ratio between fuel and oxidizer as one. 

The solution was magnetically stirred for an hour, and the solution was transferred to a silica 

crucible carefully. Then, the solution was kept in a microwave system (800 W, 

CE1041DFB/XTL, and 2.54 GHz frequency) for 10 minutes. After the combustion process, 

the samples were removed from the oven and annealed at 500℃ for two hours. For the 

preparation of bare copper ferrite, the same procedure was adopted without using Ni source. 

The nanoparticles of CuFe2O4 and Cu0.7Ni0.3Fe2O4 were labelled as CF and NCF respectively. 

The synthesis protocol of Cu0.7Ni0.3Fe2O4 is shown in Scheme 1. 

 

 

 
Scheme 1. Illustration of the formation of Cu0.7Ni0.3Fe2O4. 
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2.2.  Analytical instruments used 

The crystallinity of the samples was investigated by a RIGAKU powder X-ray 

diffractometer (CuKα, λ = 1.5418 Å) between 2θ range from 20 to 90°. The FT-IR spectra 

of the prepared samples were recorded on a Nicolet iS10 spectrometer. The morphological 

investigations were carried out using a JEOL 6360 High-resolution Scanning Electron 

Microscope system attached with EDX. 

2.3. Electrochemical analysis 

An electrochemical workstation (CHI 660C, CH Instruments Inc., USA) was used to 

perform all the electrochemical measurements using a 3-electrode setup. The prepared CF, 

and NCF samples were used as working electrodes. A platinum wire and a silver (Ag)/silver 

chloride (AgCl) were employed as counter- and reference electrodes, respectively. Here, the 

working electrode consists of 85 wt% of the sample, 10 wt% carbon black (Super-P), and 5 

wt% polytetrafluoroethylene (PTFE) (binding material). Ethanol was used as a solvent for 

preparing the slurry. This slurry mixture was firmly coated over a pre-cleaned current collector 

(nickel foam, 1 cm2) and dried at 60℃ for two hours. Before coating the active material, Ni 

foam current collectors were cleaned using HCl (37 wt%) to remove the impurities on the 

surface. Additionally, the Ni foam was also cleaned using ethanol and DDW. The prepared 

electrodes were then analyzed using cyclic voltammetry, charge-discharge measurements, 

and impedance measurements in 2 M KOH liquid electrolyte. The supercapacitive features 

were calculated using the active electrode mass (0.8 mg). 

2.4.  Assembly of asymmetric supercapacitor device 

A supercapacitor device in asymmetric form using NCF and activated carbon 

purchased from Sigma-Aldrich (1100 m2/g) as positive and negative electrodes was 

fabricated. Analysis of the device was done by using polypropylene as the separator and 2 M 
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KOH as the electrolyte. The equations used to evaluate the electrochemical parameters are 

presented in the supporting information. 

3. Results and discussion 

3.1  Morphological and structural analysis  

The crystallographic information of the prepared samples was investigated using the X-ray 

diffraction technique. Figure 1a illustrates the diffraction pattern of the CF and NCF samples. 

The prominent peaks matched well with the JCPDS 77-0010, indicating the formation of 

copper ferrite (Fd-3m space group) with a cubic spinel structure. 

 

 

 

 

 

 

 

 

 

It is to be noted that there is a peak shift (Fig. S1) in 2θ from 35.80 to 36.15 for the 

NCF sample. This change in the peak position is attributed to the addition of Ni [18]. The same 

trend was observed by Nguyen Kim et al. [19]. To further understand this peak shift and 

the effect of Ni on the CF sample, the crystallite sizes were estimated by Debye-Scherrer 

equation (Supporting information). The estimated crystallite sizes of CF and NCF samples 

were 19.3 and 21.8 nm, respectively. This increase in crystallite size indicates the addition 

of Ni into CF. 

Fig. 1 (a) XRD spectra of bare CF and NCF samples. (b) FT-IR spectra of bare  

                 CF and NCF samples 
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The FTIR spectra of CF and NCF are presented in Fig 1b. In both the spectra, the 

peak at 575 cm-1 is attributed to stretching vibration of Fe3+– O2 (tetrahedral voids) [20]. The 

band at 883 cm-1 is due to spinel formation and Cu–O vibration [21]. A sharp peak at 1115 

cm-1 indicates O–H stretching due to H2O adsorption [21]. The bands at 2357 cm-1 and 1615 

cm-1 are assigned to CO2 and bending vibrations of H–O–H [22, 23]. A broad peak observed 

at 3480 cm-1 is attributed to O–H stretching vibrations in H2O molecules [24].  

High resolution SEM images of CF and NCF are presented in Fig. 2 (a,b,d,e). The SEM 

images of both the samples exhibit nano-sized particle structure with agglomeration. The 

microwave heat and the inter-molecular friction led to particle agglomeration [24]. To 

further confirm the presence of Ni in the sample, EDX analysis was performed.   

3.2  Electrochemical analysis  

The supercapacitive features of the synthesized samples were studied by cyclic 

voltammetry (CV) in the potential window 0-0.5 mVs-1. Figure 3 (a) presents the CV curves 

of CF and NCF electrodes at the voltage sweep rate of 5 mVs-1. The CV curves possess better 

visible anodic and cathodic peaks indicating the significant influence of redox reaction due to 

insertion/desertion of electrolyte ions. Also, it is valid to mention that the Ni-blended sample 

has a large loop area and higher current response. This increased current in the NCF sample 

is attributed to electrochemically active Ni ions in the sample, which lower the internal 

resistance and favour enhanced supercapacitive properties. Further, Fig. S3 (a,b) displays CV 

curves of CF and NCF electrodes at different voltage sweep rates from 5 -100 mVs-1. The 

increment in the scan rate shifts the anodic and cathodic peaks to lower (or) higher potentials 

due to the limitations of the ion diffusion rate to satisfy electronic neutralization during 

the redox process [25]. 
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Fig. 2 (a,b & d,e) SEM images of CF and NCF samples. Fig. 2 (c) EDX spectra of sample CF 

indicating Fe, Cu, and O in the sample. In addition, Fig. 2(f) displaying the EDX spectra of the 

NCF sample  

  

 

Galvanostatic discharge measurements (GCD) were investigated to understand the 

charge storage property of the prepared samples. The GCD profiles of CF and NCF samples 

at a current density of 1 Ag-1 between the potentials 0-0.4 V are presented in Fig 3(b). The 

nonlinear GCD profiles highlight the influence of redox reactions over the EDLC behaviour of 

the samples. 

 

(a) 

(b) 

(d) 

(e) 

  (f) 

  (c) 
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The calculated specific capacitance for CF and NCF samples are 620 Fg-1 and 1050 Fg-

1, respectively. This capacitance value is higher than many reports based on ferrites. For 

example, (CuFe2O4-Graphene, 576.6 @ 1 Ag-1), (CuFe2O4, 334 @ 0.6 Ag-1), (CuFe2O4, 28 @ 

0.5 Ag-1) ,(NiFe2O4/rGO,  584.63 Fg-1@ 1Ag-1 ), (NiFe2O4, 168.5 Fg-1@ 1 Ag-1), (Ni1-

xCuxFe2O4, 735@ 1.47 m Ag-1), (CoFe2O4/rGO,  835.7 Fg-1@ 1Ag-1), (CoFe2O4/MWCNT,  

390 F g−1 @ 1 mA cm−2), (CoFe2O4 , 503 F g−1 @ 1Ag-1) [25-33]. Interestingly, the Ni-doped 

sample exhibits notably enhanced capacitance due to electroactive Ni in the doped sample. Fig. 

S3 (c, d) shows the GCD curves of CF and NCF samples at different current densities. The 

balanced GCD curves at the lower and higher current rates indicate the ion intercalation and 

deintercalation process of the Ni-doped SC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) CV curves of CF and NCF electrodes at a scan rate of 5mVs-1.(b) GCD profiles of 

CF and NCF electrodes at a current rate of 1Ag-1.(c) Cyclic stability plot for CF and NCF 

electrodes. (d) Nyquist plot for CF and NCF electrodes (inset presents enlarged image). 
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Fig. S(3) displays the variation of specific capacitance with various current densities. 

At lower current rates, electrolyte ions will have sufficient time to access the inner active sites 

of the electrode, providing larger capacitance. In contrast, the ions get significantly less time 

for intercalation at higher current rates, leading to lower capacitance [35]. Here, the NCF 

electrode holds 70% of initial capacitance at 6 Ag-1 and 55% capacitance at 8 Ag-1. This 

capacitance withstanding ability at higher current reveals better rate performance of the NCF 

electrode.  

For commercial adaptability of any SC, the electrode material should have good 

cyclic stability. To get better insight into the stability of CF and NCF electrodes, repeated 

charge-discharge up to 2000 cycles at a current density of 10 Ag-1 was performed, and the 

respective plot is presented in Fig. 3c. The NCF electrode holds 98 % of initial capacitance, 

which is higher than the CF electrode (86%) after 2000 cycles. This result is comparable with 

some of the literature reports. For instance, NiFe2O4/rGO (91% after 2000 cycles) [29], Ni1-

xCuxFe2O4, (65% after 1000 cycles) [31], CoFe2O4/MWCNT (91% after 2000 cycles) [33], 

CuFe2O4 (90.2% after 1000 cycles) [36], 

Electrochemical impedance spectra (EIS) measurements are a better analytical 

procedure to study the resistive and capacitive properties of any SC electrode material. The 

EIS investigations for CF and NCF electrodes were performed, and the Nyquist graph is 

displayed in Fig 3(d). A circuit used to fix the EIS data is shown in Fig S4. The circuit has 

charge transfer resistance (RCT), mass capacitance (CL), double layer capacitance (DDL), and 

Warburg element (W). An intercept semicircle at the x-axis indicates RCT from ion interfacing 

at the electrode [37]. The measured RCT values of CF and NCF electrodes are 49 Ω and 3.9 Ω. 

It is significant to note that the Ni blended sample shows a minimum charge transfer resistance 

compared to the undoped sample. This lower charge transfer resistance is the primary reason 
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for higher capacitance and better electrochemical behaviour of NCF. A lower RCT will 

facilitate better charge-discharge performance at higher current densities. 

3.3 Asymmetric supercapacitor performance  

Generally, electrochemical investigation with a two-electrode setup is more reliable for 

testing the adaptability of the prepared sample for commercial applications. In this view, an 

asymmetric SC device using NCF and high surface area activated carbon (AC) was 

fabricated. A polypropylene sheet was used as a separator with 2 M KOH electrolyte.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4(a) shows the CV curves of NCF// AC asymmetric device at different voltage 

sweep rates from 5 -100 mVs-1 in the potential window 0-1 V. The quasi-rectangular shape 

Fig. 4 (a) CV curves of CF//AC device at different voltage. (b) GCD profiles NCF NCF//AC 

at different current densities. (c) Stability plot for NCF//AC device. (d) Nyquist plot for 

NCF//AC device 
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of the curves was found to be maintained at all scan rates. It shows the better reversibility 

of the device and good capacitive behavior. To estimate the electrochemical parameters of this 

device, the capacitance, energy, and power densities were evaluated. The GCD measurements 

were carried out for this device at different current densities (1-10 Ag-1). The calculated specific 

capacitances of this device are 155, 136, 133, 125, 93, and 91 Fg-1 at current densities of 1, 2, 

4, 6, 8, and 10 Ag-1, respectively. Cyclic stability is yet another critical parameter that 

determines the overall efficiency of the supercapacitor device. The cyclic stability investigation 

for this device (Fig. 4c) was performed up to 2000 repeated charge-discharge cycles at a current 

rate of 10  Ag-1. This device holds 98% of capacitance after 2000 cycles. 

The EIS investigations for this two-electrode cell and Nyquist graph are displayed in Fig 4(d). 

This device shows an RCT value of 71 Ω, higher than the RCT value measured in the three-

electrode cell setup. It is due to the use of additional electrodes with increased total electrode 

active mass. Here, the activated carbon also will contribute to the overall resistance leading 

higher RCT value for the device. Further, energy and power density values are critical aspects 

for any SC device. The values are derived from GCD investigations at a current rate of 1 Ag-

1. This two-electrode SC device shows an energy density of 21.5 WhKg-1 and a power density 

of 417 WKg-1. This energy density and power density values are slightly greater than these 

values reported in literature. For example, device SC-CoFe33-5: energy density 46.8 WhKg-

1, power density 34 WKg-1[32], device Al0.2Cu0.4Co0.4Fe2O4: energy density 3.84 WhKg-1, 

power density 270 WKg-1 [38], device CuxMn(1-x)Fe2O4: power density 386 WKg-1[39], 

device(CF)0.75(GNPs)0.25: energy density 6.49 WhKg-1, power density 62.5 WKg-1 [40], 

device (CuFe2O4–NR@NiFe2O4–NS): energy density 72 WhKg-1 power density 287 WKg-

1 [41]. These encouraging results derived from these investigations would pave the way for 

using NCF electrodes for high-performance SC devices.  
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4. Conclusions 

 

The Ni-blended copper ferrite sample was prepared using a simple and time-efficient 

microwave combustion procedure in this work. The structural and morphological analyses 

were carried out for NCF and bare CF samples. These results motivated us to explore the 

usefulness of NCF for SC electrode applications. When tested as an SC electrode, the NCF 

sample showed very high capacitance, better rate performance, and good cyclic stability. 

Further, an asymmetric type SC device utilizing NCF as the active electrode was 

fabricated and its performance was studied. Interestingly, this NCF based device showed 

an energy density of 21.5 WhKg-1 and a power density of 417 WKg-1. These results provide 

additional insights on Ni-doped copper ferrites towards their future prospects in SC devices.  
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