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Abstract: Vanadium-assisted cobalt ferrite nanoparticles generated using the co-precipitation process 

have better structural, morphological, and electrochemical properties than pure cobalt ferrite. The 

remarkable crystallinity of the cubic crystal structure was confirmed by X-ray diffraction (XRD) 

investigation. The use of field emission scanning electron microscopy (FESEM) demonstrated the 

presence of vanadium and consistent elemental composition with cobalt ferrite, while energy dispersive 

X-ray analysis (EDAX) verified the spherical nanoparticles with an average size of around 20 nm. 

Electrochemical impedance spectroscopy (EIS) indicated significant improvements in electrochemical 

performance, with a reduction in equivalent series resistance (ESR) from 1.54 Ω to 1.22 Ω and charge 

transfer resistance from 1.68 x 10⁻³ Ω to 1.5 x 10⁻³ Ω for V-doped CoFe₂O₄. Additionally, lower internal 

and Warburg resistance values were observed for V-doped CoFe₂O₄, suggesting efficient ion transport 

and storage capabilities. These findings highlight the potential of vanadium-doped cobalt ferrite 

nanostructures as promising materials for next-generation supercapacitors, addressing critical challenges 

in energy storage for renewable energy systems and portable electronics. Future studies should 

concentrate on refining the synthesis procedure and investigating other dopants in order to significantly 

improve the efficiency of supercapacitors based on cobalt ferrite. 

 

Keywords: Cobalt Ferrite, Supercapacitors, İnternal resistance, EIS. 

 

1. Introduction 

Supercapacitors have emerged as 

attractive alternatives due to their high power 

density and quick charge-discharge times due to 

the worldwide energy crisis and the growing 

demand for effective energy storage solutions. 

The low specific capacitance and cycling stability 

of traditional materials are issues that have 

spurred new research aimed at improving the 

electrochemical performance of supercapacitors 

using novel materials. Promising materials for [1–

3] supercapacitors include graphene, carbon 

nanotubes, manganese dioxide (MnO₂), and 

nickel oxide (NiO). Graphene and carbon 

nanotubes are known for their exceptional 

electrical conductivity, large surface area, and 

mechanical strength. These carbon-based 

materials are often used to create high-

performance supercapacitor electrodes that 

exhibit excellent capacitive behavior and long 

cycle life. Manganese dioxide offers high 

theoretical capacitance and is abundant and 

environmentally friendly, making it a popular 

choice for supercapacitor research. Nickel oxide is 

also notable for its high capacitance and good 

electrochemical stability. 

Transition metal oxides and ferrites have 

been extensively explored for their potential in 
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energy storage applications. Among them, cobalt 

ferrite (CoFe₂O₄) has garnered significant 

attention due to its excellent electrical 

conductivity, chemical stability, and mechanical 

robustness. Current studies are advancing the 

field by synthesizing nanostructured cobalt ferrite 

materials, leveraging its cubic crystal structure 

and semiconducting properties, which are 

advantageous for electrochemical applications, 

facilitating efficient charge storage and discharge 

processes [4, 5]. Because of its strong magnetic 

characteristics, high electrical conductivity, and 

electrochemical stability, cobalt ferrite is being 

investigated for application in supercapacitors. 

Applications include energy storage systems for 

renewable energy sources, electric vehicles (EVs) 

for quick energy delivery, portable electronics for 

extended battery life, and grid stabilization by 

mitigating voltage and frequency fluctuations [6, 

7]. Cobalt ferrite supercapacitors are also used in 

industrial applications to increase the performance 

and efficiency of heavy machinery, as well as in 

hybrid energy storage systems that combine the 

advantages of batteries and supercapacitors. They 

also serve in backup power supplies (UPS) to 

ensure smooth operation during power outages. 

While promising, challenges such as material 

synthesis, cost, and scalability remain for 

commercial viability [8]. 

Synthesis processes for cobalt ferrite 

typically involve several methods tailored to 

achieve nanostructured materials optimized for 

supercapacitor applications. These methods 

include sol-gel techniques, hydrothermal 

synthesis, co-precipitation, and thermal 

decomposition of precursors. Each approach 

offers control over particle size, morphology, and 

crystallinity, influencing the material's 

electrochemical performance [9, 10]. The 

magnetic properties of cobalt ferrite also 

contribute significantly to supercapacitor 

functionality. While primarily recognized for their 

electrical properties, cobalt ferrites' magnetic 

characteristics can influence their interaction with 

external magnetic fields, potentially enabling 

novel applications in energy harvesting or 

magnetic field-assisted charge/discharge 

processes. To further optimize cobalt ferrite's 

performance, researchers are investigating 

various dopants such as vanadium (V), chromium 

(Cr), and nickel (Ni), which modify the material's 

electronic band structure and enhance its 

electrochemical activity.[10] [5, 8]Vanadium 

doping introduces defects into the cobalt ferrite 

lattice, promoting ion diffusion and improving 

charge transfer kinetics. Chromium doping can 

enhance electrical conductivity and 

electrochemical stability, while nickel doping 

improves overall capacitance and cycling stability. 

These synergistic enhancements significantly 

boost the overall performance of supercapacitors, 

effectively addressing critical challenges in energy 

storage technology [10, 11]. Future 

advancements in dopant-assisted cobalt ferrite 

hold substantial promise for developing next-

generation supercapacitors capable of meeting 

the escalating demands of modern energy 

systems. 

The combination of modern 

characterization techniques, including as X-ray 

diffraction (XRD), scanning electron microscopy 

(SEM), and electrochemical impedance 

spectroscopy (EIS), yields detailed insights into 

these materials' structural, morphological, and 

electrochemical properties. [12] In summary, 

cobalt ferrite's integration into supercapacitor 

electrodes represents a significant advancement 

due to its robust synthesis methodologies and the 

material's inherent electrical and magnetic 

properties. Future energy storage systems may 

benefit from supercapacitors if their performance 

is improved and their potential for use is 

increased through further study into the 

magnetic-electrochemical interaction of cobalt 

ferrite and its optimized nanostructure. [13, 14] 

This work introduces an approach to 

enhancing the properties of cobalt ferrite 

nanoparticles through vanadium doping, achieved 

via the co-precipitation method. The notable 

enhancements in electrochemical performance, 

including decreased charge transfer resistance 

and comparable series resistance, emphasize the 

special advantages of vanadium inclusion. 

Additionally, the enhanced ion transport and 

storage capabilities, as evidenced by lower 

internal and Warburg resistances, underscore the 

potential of vanadium-doped cobalt ferrite 

nanostructures as superior materials for next-

generation supercapacitors. This study offers new 

insights into the optimization of cobalt ferrite-

based materials for advanced energy storage 

applications. 
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2. Experimental Details 

2.1 Materials Used 

Cobalt nitrate (Co(NO3)2), Iron nitrate 

Fe(NO3)2 ammonium metavanadate (NH4VO3), 

ammonia (NH3), deionized water, ethanol, 

potassium hydroxide (KOH), N-methyl-2-

pyrrolidinone (C5H9NO, NMP), and polyvinylidene 

fluoride ((–(C2H2F2)n–), PVDF) were all procured 

from Sigma-Aldrich with analytical reagent (AR) 

grade and purity exceeding 98%, and were 

utilized without further modification. 

 

2.2. Synthesis of Vanadium assisted Cobalt 

ferrite nanoparticles 

To synthesize Cobalt ferrite (CoFe₂O₄) and 

Vanadium assisted Cobalt ferrite (CoFe₂O₄-V) 

nanoparticles (CoFe₂O₄-V), we adopted a well-

established coprecipitation method. Initially, the 

starting concentrations were set at 0.1 M for 

cobalt nitrate hexahydrate (Co (NO₃)₂·6H₂O) and 

0.1 M for ammonium vanadate (NH₄VO₃) in a 1:1 

ratio [15, 16]. [17]. The reaction mixture's pH and 

particle size were carefully regulated by gradually 

adding little amounts (0.1 M) of ammonia (NH3), 

stirring constantly, and precisely adjusting the pH 

to 7. Equations (1) and (2) represent the chemical 

reactions occurring in the reaction mixture. 

Co (NO₃)₂·6H₂O + NH₄VO₃ + NH₃ → 

CoFe₂O₄-V + NH₄NO₃ + H₂O                 (1) 

2Co (NO₃)₂·6H₂O + 2NH₄VO₃ + 2NH₃ → 

CoFe₂O₄-V + 2NH₄NO₃ + 2H₂O              (2) 

Centrifugation was used to collect the 

greenish-blue precipitate that, at reaction 

completion, indicated the synthesis of vanadium-

assisted Cobalt ferrite nanoparticles, or CoFe₂O₄-

V. After carefully decanting the supernatant to 

separate the precipitate, the precipitate was 

rinsed four times in a row with ethanol and water 

in alternate cycles to eliminate any remaining 

reactants. The resulting nanomaterials were then 

dried in an air oven for the entire night at 80°C, 

and then they were annealed for two hours at 

400°C. This thermal treatment resulted in the 

formation of nanostructured CoFe₂O₄-V, 

enhancing its crystallinity and electrochemical 

properties. Importantly, this synthesis method 

demonstrates reproducibility under consistent 

reaction conditions. 

 

2.3 Electrode preparation  

Surface cleaning plays a crucial role in 

eliminating contaminants before electrode design. 

A composite comprising 80% by weight of 

synthetic Vanadium Assisted Cobalt Ferrite 

Nanoparticles (CoFe3O4-V), 10% acetylene black, 

and 10% Polyvinylidene Fluoride (PVDF) was 

prepared in order to prepare the working 

electrode. To reach a surface area of 1 cm², this 

composite was dissolved in N-methyl-2-

pyrrolidinone (NMP) solvent to produce a slurry, 

which was subsequently sprayed onto a nickel 

foam substrate. After that, the coated substrate 

was dried for the entire night at 80°C in an air 

oven. [18] 

The electrochemical performance of 

Vanadium assisted Cobalt ferrite nanoparticles 

(CoFe3O4-V) electrode was assessed by means of 

a variety of electrochemical techniques, such as 

cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD), and electrochemical impedance 

spectroscopy (EIS). The electrochemical 

characterization provided significant insights into 

the behaviour and performance of the vanadium-

assisted Cobalt ferrite nanoparticles (CoFe₂O₄-V) 

electrode [19]. 

 

3. Result and Discussion 

3.1 X-ray diffraction studies 

Figure 1 displays the Cobalt Ferrite 

nanoparticles' XRD pattern. The 2θ values were 

fixed between 20º and 70º. The intensity values 

were taken from 1200 to 4800. The crystal system 

observed from the XRD technique is cubic. The 

empirical and chemical formula is CoFe2O4, and 

the second chemical formula is CoO.Fe2O3. the 

space group were observed to be Fd3m and the 

space group number is 227 with cell parameters 

being a = b = c = 8.3919 Å. Figure 1 displays the 

XRD spectra of the fresh and vanadium-doped 

CoFe2O4 MNPs. The crystalline CoFe2O4 (JCPDS 

22-1086) showed seven distinct peaks at 2θ of 

30.1°, 35.5°, 43.1°, 53.40°, 56.9°, 62.7°, and 

73.9°, which were indexed to the (2 2 0), (3 1 1), 

(4 0 0), (4 2 2), (5 1 1), (4 2 2), and (5 3 3) 

planes, respectively [20]. The calculated density 

from the XRD result is 5.30 g/cm3. The volume of 

a cell is given as 590.99 x 106 pm3. The sample 

for XRD was made by heating co-precipitated 

hydroxides at 950º C for 40 hours.  
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Table 1. XRD Parameters of CoFe2O4 & V doped CoFe2O4 

Sample β 
Grain Size (D) 

(nm) 

Interplanar Spacing 

(d) Å 

Micro strain (t) 

(μm) 

Dislocation 

Density m/m3 

CoFe2O4 0.149 97 2.513  0.0355  0.01046  

V+CoFe2O4 0.22 66 2.512  0.0523  0.02282  

 

The XRD patterns were noted at 25º C. 

The highest peak from the XRD pattern of pure 

cobalt ferrite and vanadium doped cobalt ferrite is 

taken which is at 35.677º and 35.7º and both 

have h k l indices as (311). The peak is used to 

calculate the Full Width Half Maxima (β) value of 

the material, which can be used to find the grain 

size/crystal size (D) and Micro strain (t) of the 

material. From the peak of the Full Width Half 

Maxima, β = 0.149 and 0.22. Using the Scherrer 

formula which is given as  

𝐷 =  0.9 𝜆 / 𝛽 𝐶𝑜𝑠 𝜃               (3) 

 

Using θ = 17.8385 and 17.85, the 

wavelength of the X-ray from the X-ray 

Diffractometer, λ = 1.54 Å and the β =0.149 and 

0.22 in the above formula the grain size, D = 97 

nm and 66 nm [10]. The interplanar spacing (d) is 

found using the formula, 

d =  n λ / 2 Sin θ                             (4) 

Where n = 1. The interplanar spacing, d = 

2.5135 x 10 -10 m and 2.512 x 10 -10 m 

The microstrain, which gives the degree of 

distortion present in the crystalline lattice is 

calculated using the formula,  

       𝑡 =  𝛽 𝐶𝑜𝑠 𝜃 / 4                            (5) 

and the value of microstrain, t = 0.03545 

µm and 0.0523 µm 

The magnitude of a crystal's crystal 

defects is shown by the dislocation density, which 

displays the quantity of dislocation lines per unit 

Figure 1 XRD Pattern of Pure and Vanadium doped CoFe2O4 nanoparticles. 
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volume of crystal [11]. The following formula is 

used to determine the dislocation density.  

1/D2 which is equal to 0.02282 m/m3 and 

0.01046 m/m3 

The values of dislocation density and 

microstrain have increased in the vanadium-doped 

cobalt ferrite when compared to the pure form. 

This shows the presence of vanadium in the 

material. After comparing the pure and doped 

forms of vanadium, we may infer from the XRD 

results above that it is present in the material. 

 

3.2 Morphology Investigation 

Figure 2 (a -d) shows the FESEM images 
of the vanadium-doped cobalt ferrite 
nanoparticles. The images were captured using a 
Zeiss Gemini Sigma – V. The images were taken 
at different scales and magnifications. The images 
were taken in 100 nm and 200 nm. The 
magnifications at which the images were taken is 
100 K and 200 K respectively. As shown in Fig. 2 
(a -d), vanadium-doped CoFe2O4 nanoparticles 
(~20 nm in diameter) were spherical and tended 

to aggregate [21, 22]. The CoFe2O4 nanoparticles' 
composition and the near-2:1 atomic ratio of Fe to 
Co, as well as evidence of vanadium presence, are 
shown by the EDX analysis of the particles, which 
is shown in Fig. 1d [23, 24]. 

 

3.3. Electrochemical Impedance 
Spectroscopy 

The Nyquist pattern for the vanadium-
doped cobalt ferrite-coated Ni-foam electrode is 
displayed in Figure (3). The two main sections of 
the Nyquist plot are the lower frequency zone, 
which has a slope, and the higher frequency 
region, which has a line that resembles a 
semicircle. Lower resistance is indicated by the 
semicircle's narrower diameter range. Resistance 
values of the CoFe2O4 and Vanadium doped 
CoFe2O4 were determined using the Nyquist plot. 

The total of the bulk electrolyte, electrode, 
and contact resistance between the electrode and 
current collector is the bulk electrolyte resistance, 
also known as the Equivalent Series Resistance 
(ESR), which for CoFe2O4 and Vanadium doped 
CoFe2O4 is 1.22 Ω and 1.54 Ω, respectively [25]. 

 Figure 2 FESEM images of the vanadium-doped CoFe2O4 nanoparticles. 
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Table 2 EIS  Parameters of  CoFe2O4 & V doped CoFe2O4
 nanoparticles 

Sample 
Equivalent Series 
Resistance (RA) 

Charge Transfer 
Resistance (RAB) 

Internal 
Resistance 
(RB) 

Warburg 
Resistance 
(RBC) 

CoFe2O4 1.54 Ω 1.68 x 10 -3 Ω 1.5225 Ω 12.4 x 10-3 Ω 

V+CoFe2O4 1.22 Ω 1.5 x 10 -3 Ω 1.2215 Ω 9.3 x 10-3 Ω 

 

The Charge Transfer Resistance, also 
known as the Electrolyte Resistance in the 
Electrode's pores and the Contact Resistance 
between the Electrode and Current Collector, is 
defined as the diameter of the semicircle-like 
region (RAB = RB – RA). The value for RAB are 
1.68 x 10-3 Ω and 1.5 Ω for CoFe2O4

 and Vanadium 
doped CoFe2O4 respectively [26]. 

The charge transfer resistance (RB = RA + 
RAB) and the bulk electrolyte (1.2215-2225 Ω for 
CoFe2O4 and Vanadium doped CoFe2O4, 
respectively) add up to the internal resistance, or 
RB [27]. 

The line that connects RB and RC at an 
intermediate frequency is attributed to either ion 
transport limitation in the bulk electrolyte or in the 
electrolyte in porous electrode structures. For 
CoFe2O4 and vanadium doped CoFe2O4, this line 
equals 12.4 x 10-3 Ω and 9.3 x 10-3 Ω, respectively 
[19]. This resistance, RBC, is called Equivalent 
Distribution Resistance or Warburg Resistance. 

The low resistance values denote that the 
electrode is a good capacitor. The Parameters of 
EIS are highlighted in the below table [19, 27]. 

 

4. Conclusions 

Vanadium-assisted cobalt ferrite 

nanoparticles made by the co-precipitation 

process have better structural, morphological, and 

electrochemical characteristics than pure cobalt 

ferrite. The synthesized nanoparticles' cubic 

crystal structure was validated by X-ray diffraction 

(XRD) analysis, which showed well defined peaks 

that indicated high crystallinity. Vanadium-doped 

cobalt ferrite was found to have spherical 

nanoparticles with an average size of about 20 

nm, which indicated a propensity to congregate, 

according to field emission scanning electron 

microscopy (FESEM). The elemental composition 

corresponding with cobalt ferrite and the presence 

Figure 3 EIS plot of CoFe2O4 & V doped CoFe2O4
 nanoparticles. 
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of vanadium were confirmed by Energy Dispersive 

X-ray Analysis (EDAX). Vanadium-doped cobalt 

ferrite's electrochemical performance significantly 

improved, according to electrochemical 

impedance spectroscopy (EIS). The equivalent 

series resistance (ESR) decreased from 1.54 Ω for 

pure CoFe₂O₄ to 1.22 Ω for V-doped CoFe₂O₄. 

The charge transfer resistance decreased from 

1.68 x 10⁻³ Ω for pure CoFe₂O₄ and 1.5 x 10⁻³ Ω 

for V-doped CoFe₂O₄ Additionally, the internal 

resistance and Warburg resistance values were 

lower for V-doped CoFe₂O₄, indicating efficient 

ion transport and storage capabilities. These 

findings underscore the potential of vanadium-

doped cobalt ferrite nanostructures as promising 

materials for next-generation supercapacitors, 

addressing critical challenges in energy storage 

for renewable energy systems. 
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