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ABSTRACT 
Nickel cobaltite is attracting attention as a supercapacitor electrode material as a result of the growing demand 

for energy storage solutions that are both efficient and effective in regard to the global energy crisis. Introducing 

transition metals into nickel cobaltite electrodes improves their electrochemical behaviour in energy storage 

applications. An effective microwave hydrothermal process is used to synthesize a series of VxNi1-xCo2O4 

samples where x=0.0 to0.5 with Δx = 0.1.The structural analysis (XRD, FESEM, EDS, FTIR, and XPS) of the 

samples indicates that they feature a nickel cobaltite cubic spinel structure, which is classified under the Fd-3m 

space group. The synthesized samples exhibit grain sizes ranging from 80 nm to 127 nm and reveal the presence 

of multiple oxidation states, notably Ni²⁺/Ni³⁺, Co²⁺/Co³⁺, and V⁵⁺. Electrochemical characterization using cyclic 

voltammetry (CV), galvanostatic charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS) 

demonstrated that the V0.3Ni0.7Co2O4 (VNCO-0.3) electrode achieved a notable specific capacitance, energy 

density and a power density at a current density of 1 Ag⁻¹ in a 2 M KOH electrolyte. So,the VNCO-0.3 electrode 

sample serves as an effective material for supercapacitor-based energy storage applications. 
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I. Introduction 
Supercapacitors are widely recognized as 

complementary energy storage devices owing to 

their exceptional electrochemical characteristics, 

such as fast charge–discharge rates, high power 

density, and extended cycling stability. These 

attributes render them highly suitable for next-

generation energy storage technologies. Based on 

the underlying charge storage mechanisms, 

supercapacitors are generally categorized into three 

main types: electric double-layer capacitors 

(EDLCs), pseudocapacitors (PCs), and hybrid 

capacitors (HCs) [1–3].In electric double-layer 

capacitors (EDLCs), energy storage occurs through 

electrostatic charge accumulation at the electrode–

electrolyte interface, without involving any faradaic 

(chemical) reactions [4–6]. Conversely, PCs store 

energy via fast and reversible redox reactions 

occurring at or near the surface of the electrode in 

contact with the electrolyte [7–10]. 

It is important to note that hybrid 

capacitors (HCs) integrate both electrostatic and 

faradaic charge storage mechanisms.Typically, one 

electrode functions via electric double-layer 

capacitance, while the other operates through 

faradaic processes. Both the energy and power 

density functions of the devices are significantly 

improved by this synergy. Recently, numerous 

conducting polymers have been employed to store 

energy in redox-active transition oxide materials 

such as MnO2 and RuO2 [11-18]. 

While carbon-based electrodes are 

predominantly confined to electric double-layer 

capacitors (EDLCs) because of their comparatively 

low specific and volumetric capacitance [19–21], 

binary metal oxides with spinel structures (MCo₂O₄, 

where M denotes transition metals such as Mn, Ni, 

Zn, Cu, or Mg) have emerged as promising 

alternatives for improving supercapacitor 

performance. This is primarily attributed to their fast 

and reversible redox reactions, excellent structural 

stability, and superior electrical conductivity [22]. 
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Nickel cobaltite (NiCo2O4), a spinel-

structured material, has gained attention as a 

potential electrode for supercapacitors due to its 

cost-effectiveness, environmental compatibility, and 

abundance of redox-active sites [23, 24]. In parallel, 

transition metal vanadates such as V2O5have 

garnered significant interest owing to their versatile 

oxidation states (V⁵⁺, V⁴⁺, and V³⁺), which facilitate 

rich redox activity [25–26].This characteristic 

enhances their electrochemical performance and 

expands their range of potential applications.  

Various synthesis methods have been employed for 

the fabrication of nickel cobalt oxide materials, 

including co-precipitation [27], sol–gel techniques 

[28], conventional hydrothermal processes [29], and 

the microwave-assisted hydrothermal approach [30]. 

 

Among the diverse synthesis techniques 

available, the microwave-assisted hydrothermal 

(MH) method is distinguished by its significant 

advantages, including homogeneous thermal 

distribution, enhanced reaction kinetics, and precise 

control over particle morphology [31–32].However, 

there is a scarcity of literature regarding the 

synthesis of vanadium-doped NiCo2O4 using this 

method. In this study, the MH technique was 

successfully used to create V-doped NiCo2O4 

(VNCO) samples. A thorough study was performed 

to assess the structural and electrochemical effects 

of vanadium inclusion at the nickel sites within the 

NiCo2O4 lattice. 

 

II. Experimental 
Vanadium-substituted NiCo2O4 compounds 

with compositions VₓNi1-xCo2O4 (x = 0.0 to 0.5) 

were synthesized using accurately measured 

stoichiometric quantities of nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O), cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O), ammonium 

metavanadate (NH4VO3), and sodium hydroxide 

(NaOH). These precursors were dissolved in 50 mL 

of distilled water to form a uniform solution, which 

was stirred vigorously using a magnetic stirrer to 

ensure complete mixing. The prepared solution was 

then transferred into a Teflon-lined stainless steel 

autoclave and subjected to microwave-assisted 

hydrothermal treatment at 160 °C for 2 hours in a 

1200 W microwave system, with a heating ramp 

duration of 10 minutes. After the reaction, the 

autoclave was allowed to cool naturally to ambient 

temperature, resulting in the formation of a solid 

precipitate. 

 

Deionized water was used to repeatedly 

cleanse the precipitates, ensuring complete removal 

of impurities.The purified samples were 

subsequently dried in a hot air oven at 80 °C for a 

duration of 48 hours to remove residual 

moisture.The nanopowders were produced by 

precisely grinding the materials and calcining them 

at 950°C for 4 hours after drying out. These VNCO 

nanopowders were subsequently used for various 

characterization studies, including structural and 

electrochemical analyses. 

Electrochemical evaluations were carried 

out using a standard three-electrode system 

comprising a working electrode, a reference 

electrode, and a counter electrode. To fabricate the 

working electrode, a homogeneous slurry was 

prepared by mixing the synthesized VNCO powder, 

carbon black, and polyvinylidene fluoride (PVDF) 

in a weight ratio of 80:10:10, with N-methyl-2-

pyrrolidone (NMP) serving as the solvent. The 

resulting slurry was uniformly coated onto a nickel 

foil current collector and dried at 80 °C for 12 hours. 

In this configuration, a platinum wire acted as the 

counter electrode, while an Ag/AgCl electrode was 

employed as the reference. 

The crystal structure and phase purity of 

the synthesized VNCO materials were examined 

using X-ray diffraction (XRD) with Cu-Kα 

radiation. The surface morphology, microstructural 

features, and elemental distribution were 

investigated through Field Emission Scanning 

Electron Microscopy (FESEM) integrated with 

Energy-Dispersive X-ray Spectroscopy (EDS). 

Fourier-transform infrared spectroscopy (FTIR) was 

employed to analyze the vibrational modes of 

functional groups, while X-ray photoelectron 

spectroscopy (XPS) was used to determine the 

oxidation states and chemical environments of the 

constituent elements. 

The electrochemical performance of the 

VNCO samples was systematically investigated 

using cyclic voltammetry (CV), galvanostatic 

charge–discharge (GCD), and electrochemical 

impedance spectroscopy (EIS). CV measurements 

were performed within a potential window of –0.1 V 

to 0.4 V at scan rates of 5, 10, 15, 20, and 25 mV s⁻¹. 

To assess cycling stability, GCD tests were 

conducted over 1000 consecutive charge–discharge 

cycles at a current density of 1 A g⁻¹. EIS analysis 

was carried out in the frequency range of 0.1 Hz to 

10⁵ Hz using 2 M KOH as the electrolyte [33]. 

 

III. Interpretations of Results 
 

Figure 1a presents the X-ray diffraction 

(XRD) patterns of VxNi1-xCo2O4 samples with 

varying vanadium concentrations (x = 0.0 to 0.5, in 

increments of 0.1). The diffraction profiles exhibit 

sharp and well-resolved peaks, indicative of high 

crystallinity in the synthesized materials. The 

observed reflections at 2θ values of 18.93°, 31.24°, 
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36.78°, 38.54°, 44.76°, 55.56°, 59.26°, and 65.08° 

correspond to the (111), (220), (311), (222), (400), 

(422), (511), and (440) planes, respectively. These 

diffraction peaks are consistent with the standard 

pattern for a face-centered cubic spinel structure of 

NiCo2O4, assigned to the Fd-3m space group (ICDD 

card number 01-073-1702). 

 

The crystallite size (D) of the samples was estimated 

using Scherrer’s equation, expressed as: 

 

D =
Kλ

βcosθ
   𝑛𝑚          --------- (1) 

 

Where K denotes the shape factor (commonly taken 

as 0.9), λ is the wavelength of the X-ray radiation 

(0.154 nm), β is the full width at half maximum 

(FWHM) of the diffraction peak, and θ is the Bragg 

diffraction angle. The X-ray density (ρ) was 

determined using the relation: 

 

ρ =
ZM

𝑁𝑎3

𝑔

𝑐𝑚3----------   (2) 

 

In this equation, Z represents the number of formula 

units per unit cell, M is the molar mass of the 

compound, N is Avogadro’s number, and a 

corresponds to the lattice constant obtained from 

XRD analysis. 

 

 
Fig. 1a The XRD patterns and Fig. 1b presents the effect of doping of vanadium on both the lattice parameter 

and X-ray density of VNCO samples 

 

Figure 1b presents the dependence of the 

lattice constant (a) and X-ray density (ρ) on the 

vanadium doping concentration. The diffraction 

peak observed at 2θ = 43.14°, indicated by an 

asterisk (*), corresponds to the (601) 

crystallographic plane of VO₂, as identified by the 

standard reference pattern (JCPDS card No. 31-

1438). According to Scherrer's formula, the size of 

the crystallites varied between 9.1 A0and 14.26 A0. 

The alteration in crystallite size results from micro 

strain induced in the prepared samples, which 

affects X-ray density in relation to the vanadium 

doping percentage. 

 

Table 1 Measured structural parameters of VNCO samples 

Sample No. Vanadium  

(x) 

Lattice Parameter  

<a> (Å) 

Average Crystallite Size 

<D> (nm) 

X-ray Density 

(ρ)  (g.cm-3) 

1 0.0 8.13 9.10 5.94 

2 0.1 8.11 14.15 5.86 

3 0.2 8.10 14.26 5.82 

4 0.3 8.08 14.12 5.66 

5 0.4 8.09 14.15 5.68 

6 0.5 8.10 14.17 5.70 

 

The progressive reduction in the lattice 

parameter (a) with increasing vanadium 

incorporation is primarily ascribed to the 

substitution of Ni²⁺ ions by smaller V5⁺ ions, 

resulting in a contraction of the crystal lattice due to 

the difference in ionic radii.The average crystallite 

size initially grows with vanadium incorporation but 

begins to decline beyond the VNCO (x = 0.3) 

composition, possibly due to lattice distortion. X-ray 

density generally decreases with increasing 

vanadium content, then shows a slight rise after x = 

0.3, which can be associated with changes in molar 

mass and micro strain within the spinel structure. 
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Figure 2(a–f) presents Field Emission 

Scanning Electron Microscopy (FESEM) 

micrographs of VxNi1-xCo2O4 samples with varying 

vanadium content (x = 0.0 to 0.5), providing 

detailed insights into the surface morphology and 

elemental distribution as influenced by progressive 

vanadium substitution.All samples display 

irregularly agglomerated microstructures, with grain 

sizes ranging from approximately 80 nm to 127 nm. 

A noticeable change in particle shape occurs as the 

level of vanadium doping increases. 

The undoped NiCo2O4 (x = 0.0) sample 

shows a hexagonal morphology, which gradually 

transitions to a more spherical form with higher 

vanadium content. Energy Dispersive X-ray 

Spectroscopy (EDS) analysis, as shown in Figure 

2(g–l), confirms the absence of any extraneous 

elemental contamination. The detected elements Ni, 

Co, O, and V are uniformly distributed and exhibit 

compositional ratios consistent with the theoretical 

stoichiometry anticipated from the synthesis 

protocol.The VxNi1–xCo2O4 sample with x = 0.3 has 

smaller particles and a larger surface area, which 

usually results in improved electrochemical 

performance, according to similar research on 

nanoferrites [34].  

 

 
Fig. 2(a-f) FESEM micrographs, and the associated EDS images (Figure 2(g–l)) illustrate the elemental 

composition, surface features of VNCO materials 

 

The Fourier Transform Infrared (FTIR) 

spectra (Figure 3) of the VNCO samples reveal 

distinct absorption bands associated with various 

functional groups and metal–oxygen bonds. The 

wide peak seen at 3454.62 cm⁻¹ is due to O–H 

stretching vibrations, probably caused by moisture 

that has collected on the sample's surface. The 

absorption feature around 2362.87 cm⁻¹ corresponds 

to the asymmetric stretching of CO₂ molecules, 

which may originate from exposure to atmospheric 

carbon dioxide during the measurement process.The 

absorption band at 1626.04 cm⁻¹ is associated with 

H–O–H bending vibrations, indicating the presence 

of adsorbed moisture within the sample.  
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Fig. 3 FTIR spectra of VNCO samples with varying vanadium content (x = 0.0 to 0.5) 

 

Prominent peaks observed at 818.8 cm⁻¹, 

649.06 cm⁻¹, and564.19 cm⁻¹correspond tometal–

oxygen (M–O) stretching vibrations, which are 

characteristic of the spinel crystal structure. 

Notably, a gradual shift of these absorption bands 

toward higher wavenumbers is observed with 

increasing vanadium doping concentration [35], 

suggesting modifications in the local bonding 

environment. These spectral features are attributed 

to Ni–O, Co–O, and V–O bonds, confirming the 

successful incorporation of vanadium into the 

NiCo2O4 lattice without the emergence of secondary 

phases. 

X-ray Photoelectron Spectroscopy (XPS) 

was employed to examine the chemical composition 

and oxidation states of the constituent elements in 

the VNCO samples. Figure 4(a–e) presents the 

deconvoluted high-resolution XPS spectra for the 

VxNi1-xCo2O4 composition at x = 0.3, along with a 

wide-scan spectrum covering the full elemental 

range. The analysis confirms the presence of Ni, Co, 

O, and V, with no detectable signals corresponding 

to foreign contaminants, indicating high sample 

purity. Additionally, the optical band gap energies 

were determined through Gaussian fitting of the 

absorption edges, and the extracted values are 

summarized in Table 2. 

 
Table 2Binding energy (in eV) values of Ni, Co, V, and O elements in VNCO samplesat Various Vanadium 

Concentrations 

V  

Concentration 

 (x) 

Ni 

2p₁/₂ 

Ni 

2p₃/₂ 

Co 

2p₁/₂ 

Co 

2p₃/₂ 

V 

2p₁/₂ 

V 

2p₃/₂ 

O  

1s 

0.0 873.10 855.40 795.40 780.30 – – 529.60 

0.1 875.00 855.60 796.50 781.10 523.98 516.28 530.70 

0.2 873.90 855.50 795.00 779.90 524.08 516.58 529.80 

0.3 873.00 855.50 795.60 780.20 524.18 516.78 530.00 

0.4 874.10 854.60 795.30 780.10 523.08 516.18 529.90 

0.5 873.70 854.80 794.80 780.20 523.68 516.28 529.90 
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Fig. 4(a–d)deconvoluted XPS spectra of the V0.3Ni0.7Co2O4 sample, and Fig. 4(e)the broad XPS spectrum of all 

VNCO nanopowders 

 

The deconvoluted X-ray Photoelectron 

Spectroscopy (XPS) spectra reveal that the Ni 

2p3/2peaks are located within the range of 854.6 to 

855.6 eV, while the corresponding Ni 2p1/2 peaks 

appear between 873.0 and 875.0 eV, accompanied 

by distinct satellite features. These spectral 

characteristics indicate the presence of both Ni2+ and 

Ni3+ oxidation states within the VNCO samples. 

Likewise, the Co 2p3/2peaks are observed in the 

range of 779.9 to 781.1 eV, and the Co 2p1/2 peaks 

fall between 794.8 and 796.5 eV, also exhibiting 

prominent satellite structures. These findings 

confirm the coexistence of Co2+ and Co3+species, 

suggesting mixed-valence states that contribute to 

enhanced redox activity in the material. 

The O 1s XPS spectra, with binding 

energies observed in the range of 529.6 to 530.7 eV, 

correspond to metal–oxygen (M–O) bonds within 

the VNCO lattice, confirming the presence of lattice 

oxygen. The successful incorporation of vanadium 

into the spinel framework is evidenced by the 

presence of V 2p1/2 peaks between 523.08 and 

524.18 eV, and V 2p3/2peaks ranging from 516.18 to 

516.78 eV. The observed shifts in binding energy 

values with increasing vanadium content imply 

subtle structural distortions or the development of 

micro-strain, likely due to the substitution of Ni ions 

by V ions within the lattice [36]. Moreover, atomic 

ratios obtained from XPS quantitative analysis, 

particularly the O/Co/Ni ratio, highlight that 

compositional modifications at the Ni site play a 

crucial role in influencing the electrochemical 

characteristics of the VNCO nanomaterials. 

 

Cyclic voltammetry (CV) measurements 

were performed for all VxNi1-xCo2O4samples with 

varying vanadium concentrations (x = 0.0 to 0.5) to 

evaluate their electrochemical behavior. The 

corresponding CV curves, recorded over a potential 

window of –0.1 V to 0.4 Vat scan rates of 5, 10, 15, 

20, and 25 mV s⁻¹, are depicted in Figure 5(a–e).As 

illustrated in Figure 5(f), the calculated specific 

capacitance exhibits a decreasing trend with 

increasing scan rate, with the maximum capacitance 

values obtained at the lowest scan rates. This 

behavior is attributed to enhanced ion diffusion and 

greater interaction between the electrolyte and the 

electrode surface at slower scan rates. 
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Fig. 5(a–e) cyclic voltammetry profiles of VNCO samples at different scan rates (5, 10, 15, 20, and 25 mV/s), 

and Fig. 5(f) illustrates the correlation between specific capacitance and scan rate. 

 

The specific capacitance (Cₛ) of the samples was 

calculated from the cyclic voltammetry (CV) data 

using the following relation: 

 

                                     𝑪𝒔 =
∫ 𝐈𝐝𝐯 

𝟐 𝐦∗𝐕𝐬∗∆𝐕 
F g-1------- (3) 

where I(V) is the current as a function of voltage, m 

is the mass of the active material deposited on the 

electrode (in grams), ν is the scan rate (in V s⁻¹), and 

ΔV represents the potential window used during the 

measurement. 

The CV curves depicted in Figure 5(a–e) show 

asymmetrical oxidation and reduction peaks, 

indicating a kinetically irreversible redox behavior 

of the ions. As presented in Table 3, the specific 

capacitance increases with higher vanadium content 

but decreases with rising scan rates, reaching its 

maximum at lower scan rates. The specific 

capacitance typically increases when doping 

enhances redox activity and electrical conductivity.  

 

Table 3Calculated specific capacitance (Cs) values of all VNCO samples at different potential scan rates 

 

S.No Potential 

scan rates 

(mVs-1) 

specific capacitance values (Cs) of VxNi1-xCo2O4 samples 

with x=0.0 to 0.5 

(Fg⁻¹) 

0.0 0.1 0.2 0.3 0.4 0.5 

1 5 336.5 356.3 368.7 435.5 375.3 354.8 

2 10 256.5 295.4 327.6 378.2 326 324 

3 15 216.2 252.4 290.8 335.7 290 273 

4 20 194.3 205.7 262 279.6 269 222.3 

5 25 176.4 189.5 194.2 235.6 213.5 175.7 
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In vanadium-doped NiCo2O4, the 

incorporation of V5+ ions with variable oxidation 

states facilitates enhanced redox activity and 

reduces charge transfer resistance, thereby 

improving the specific capacitance. Nevertheless, an 

excessive amount of vanadium can introduce 

structural defects, disturb the redox-active 

framework, or lead to particle agglomeration, all of 

which can negatively impact the electrochemical 

performance. 

Within the VₓNi1-xCo2O4 series, the 

composition with x = 0.3 exhibited superior specific 

capacitance and improved electrochemical 

reversibility, especially at reduced scan rates. This 

improvement is primarily ascribed to the prolonged 

duration available for effective ion diffusion and 

charge transfer within the electrode matrix under 

lower scanning rates.Theprominent loop area 

observed for x = 0.3 suggests a greater density of 

redox-active sites, with a redox peak current 

reaching approximately 7 mA. This behavior may 

result from its higher crystallinity, reduced lattice 

parameter (a = 8.10 A0), and increased surface area. 

Figure 5(f) illustrates that specific 

capacitance generally decreases with increasing scan 

rate, yet shows an upward trend with higher 

vanadium content. These findings indicate that the     

x = 0.3 sample possesses efficient charge storage 

characteristics and superior capacitance 

performance. Moreover, the incorporation of 

vanadium ions appears to enhance ionic transport 

within the porous framework of the NiCo2O4 

structure [37–41]. 

Figure 6 presents the galvanostatic charge–

discharge (GCD) profiles of VₓNi1-xCo2O4samples 

with varying vanadium content (x = 0.0 to 0.5, with 

Δx = 0.1), recorded at a constant current density of1 

A g⁻¹within a potential window of–0.1 V to 0.4 V, 

using 2 M KOH as the electrolyte. Among all the 

compositions investigated, the sample with x = 0.3 

demonstrated the longest discharge time, reaching 

approximately 400 seconds, indicating superior 

charge storage capacity under the given conditions. 

 

 
Fig. 6 Illustrates galvanostatic charge–discharge (GCD) profiles of VNCO samples at current density 1 Ag-1 

 

The specific capacitance (Cₛ), energy density (Ed), 

and power density (Pd) of the VₓNi1-xCo2O4samples 

were quantitatively evaluated using established 

electrochemical equations derived from 
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galvanostatic charge–discharge (GCD) 

measurements, as follows: 

 

𝑪𝒔 =  
𝑰𝐱 𝜟𝒕

𝐦𝐱 ∆𝐕 
Fg-1    ------- (4) 

𝑬𝒅 =
𝑪𝒔 (𝜟𝑽)𝟐

𝟐
(

𝟏𝟎

𝟑𝟔
)    Whkg-1       ------- (5) 

𝑷𝒅 = (
𝑬𝒅

𝜟𝒕
) 𝒙𝟑𝟔𝟎𝟎Wkg-1------- (6) 

 

where Cₛ (F g⁻¹) denotes the specific capacitance, I 

(A) is the applied constant current, Δt (s) is the 

discharge time, m (g) represents the mass of the 

active electrode material, and ΔV (V) is the applied 

potential window.   

Table 4 presents a comprehensive summary of the 

calculated values of specific capacitance (Cs), 

energy density (Ed), and power density (Pd) for the 

VₓNi1-xCo2O4samples, as determined from the 

galvanostatic charge–discharge (GCD) 

measurements. Figure 7 depicts how these 

electrochemical parameters vary with different 

vanadium doping levels in the synthesized VNCO 

samples.  

 

Table 4 Measured electrochemical characteristics of VNCO samples 

 

S.NO Parameters Concentration of V in VNCO samples 

(x = 0.0 to 0.5) 

0.0 0.1 0.2 0.3 0.4 0.5 

1 Specific capacitance (Cs) 

Fg-1 

242.1 285.6 330.3 412.5 320 275.7 

2 Energy density (Ed) 

Whkg-1 

6.21 7.67 9.28 12.12 9.0 7.754 

3 Power density (Pd) 

Wkg-1 

214.9 219.9 224.8 243.05 210.9 225.0 

 

 
Fig. 7 depicts the influence of vanadium on the electrochemical parameters of VNCO samples 

 

The incorporation of vanadium into the 

NiCo2O4 lattice notably enhances the 

electrochemical interaction between the electrode 

material and the electrolyte, leading to improved 

charge–discharge performance, structural stability, 

and specific capacitance. Among the synthesized 

compositions, the V0.3Ni0.7Co2O4 sample exhibits the 

most favorable electrochemical characteristics, 

delivering a specific capacitance of 412.5 F g⁻¹, 

anenergy density of 12.12 Wh kg⁻¹, and apower 

density of 243.05 W kg⁻¹ at a current density of           

1Ag⁻¹. This enhanced performance is primarily 

attributed to the improved electrical conductivity 

and optimized redox activity resulting from 

vanadium incorporation [42–46]. 

 

Electrochemical Impedance Spectroscopy 

(EIS) was employed to investigate the capacitive 

behavior, charge transfer dynamics, and electrical 

conductivity of the electrode materials. The 
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resulting Nyquist plot, shown in Figure 8(a), depicts 

the relationship between the real (Z′) and imaginary 

(Z″) components of impedance across a frequency 

range of 0.1 Hz to 10⁵ Hz. The impedance profile of 

the supercapacitor electrodes reflects contributions 

from both resistive and capacitive elements. At high 

frequencies, the system demonstrates a 

predominantly capacitive response, as evidenced by 

the semicircular arc on the right side of the plot, 

which is typically associated with charge transfer 

resistance at the electrode–electrolyte interface. 

Conversely, the low-frequency region, represented 

by the leftward portion of the plot, is indicative of 

diffusion-controlled processes and reveals more 

resistive behavior, related to ion transport within the 

porous electrode structure. 

 
Fig. 8a shows Nyquist plots of VxNi1-xCo2O4 samples with varying vanadium content (x = 0.0 to 0.5), and 8b 

represents the corresponding electrical equivalent circuit model 

 

Interfacial interactions between the electrode 

surface and the electrolyte are indicated by the 

significant increase in the high-frequency region of 

the Nyquist plot.This response is characteristic of 

the material's blocking capacitance. The angle made 

by the tangent drawn to the spike of the semi-circle 

at x = 0.3 composition found to be higher than other 

compositions indicating higher value of capacitance. 

It also has semi-circle with least radius indicating a 

minimum bulk resistance. Therefore we can 

conclude that the vanadium composition at x = 0.3 

exhibits maximum specific capacitance value which 

is also confirmed by the cyclic voltammetry studies 

and also the GCD test.  

 

A reduced semicircle diameter in the 

Nyquist plot signifies a lower charge-transfer 

resistance (Rct), which is typically associated with 

improved charge storage capability and enhanced 

specific capacitance of the electrode material [47]. 

The equivalent circuit model used to interpret the 

impedance data, shown in Figure 8(b), includes 

Rs(electrolyte resistance), Cdl (double-layer 

capacitance), and Rct (charge-transfer resistance). 

Among the tested compositions, the V0.3Ni0.7Co2O4 

electrode demonstrated the most favorable 

electrochemical performance, exhibiting higher 

specific capacitance, energy density, and power 

density. These enhancements are primarily 

attributed to its reduced Rct and superior electrical 

conductivity. 

 

IV. Conclusions 
Vanadium-doped nickel cobaltite (VNCO) 

electrode materials were synthesized using a 

microwave-assisted hydrothermal method, followed 

by a calcination process. Structural analysis 

confirmed the formation of a well-defined cubic 

spinel NiCo2O4 phase, crystallizing in the Fd-3m 

space group.Among the various compositions, the 

VNCO-0.3 sample exhibited the smallest particle 

dimensions and the largest surface area. X-ray 

photoelectron spectroscopy (XPS) identified 

multiple valence states, including Ni²⁺/Ni³⁺, 

Co²⁺/Co³⁺, and V⁴⁺/V⁵⁺, indicating rich redox 

activity.Electrochemical analysis demonstrated that 

the VNCO-0.3 electrode delivered a specific 

capacitance of 412 F g⁻¹, with an associated energy 

density of 12 Wh kg⁻¹ and a power density of 

243 W kg⁻¹ at a current density of 1 A g⁻¹. These 

results emphasize the considerable promise of 

VNCO-0.3 as a high-performance electrode material 

for supercapacitor applications, attributed to its 

enhanced charge storage efficiency. 
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