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—I
Cobalt-substituted zinc ferrite (Co.Zn,..Fe,O4) nanoparticles were synthesized and studied for their structural, morphological and |
electrochemical properties. The XRD results confirmed that the prepared samples possess cubic spinel structure with crystallite size |
decreased from 31.45 nm to 26.13 nm upon cobalt substitution. FTIR and Raman spectroscopic studies validated spinel phase formation
with metal-oxygen vibrations in tetrahedral and octahedral sites. The FESEM study showed agglomerated morphology and the EDX |
result confirmed stoichiometry. Electrochemical tests (CV, GCD, EIS, cyclic stability test) revealed improved charge storage and conductivity |
caused by cobalt content. CogsZnsFe,O, achieved 306.2 F/g at 1 A/g and 96% capacitance retention after 4000 cycles at 10 A/g, indicating |
its potential as a high-performance supercapacitor electrode. |
|

Keywords: Supercapacitor, Cubic spinel structure, Electrochemical energy storage, Charge transfer kinetics.

INTRODUCTION

The global energy demand is rising due to rapid industri-
alization, population growth and technological progress. This
demand has traditionally been met using non-renewable, fossil
fuels like coal, oil and natural gas. To ensure sustainability, there
is a growing focus on clean, renewable energy sources such as
solar, wind, hydro and geothermal, biomass and efficient energy
storage and conversion technologies. Among storage solutions,
fuel cells, batteries and supercapacitors play key roles, each
suited to different applications [1,2]. Comparing other storage
technologies supercapacitors offer rapid charge/discharge capab-
ilities, high power handling capacity and long cycle life due
to their surface storage mechanism [3]. Based on their charge
storage mechanisms, the electric double-layer capacitors (EDLCs)
store energy through electrostatic adsorption using inert mate-
rials like carbon. At the same time, the pseudocapacitors rely
on fast Faradaic redox reactions involving active materials [4,5].

Transition metal oxides are considered promising materials
for supercapacitor electrodes due to their high specific capaci-
tance and efficient charge transfer abilities [6,7]. Nowadays,

developing complex metal oxide-based materials that are both
inexpensive and possess high specific capacitance is highly
desirable. In addition, transition metal oxides possess spinel
structures, such as spinel ferrites (MFe,O,, M = Fe, Co, Ni,
Mn, Cu, Zn) are well suited for energy storage and conversion
technologies due to their rich redox states and capability to
exhibit electrochemical stability. Feng ef al. [8] investigated
the capacitance of NiFe,O4 nanoparticles, which shows 110
F/g and after 10000 cycles, about 73% retention. Saraf et al.
[9] reported that ZnFe,O4/GCE microspheres express a specific
capacitance of 175 F/g and 82.75% capacitance retention after
1000 cycles. Ternary transition metal ferrites, incorporating
three metal elements, exhibit remarkable properties like high
specific capacitance and efficient charge transfer, offering great
promise for cost-effective, durable and high-performance super-
capacitors in next-generation energy storage systems [10,11].

These transition metal oxides were synthesized using a
variety of processes, including co-precipitation [12], hydro-
thermal [6,8], solvothermal [9] and wet chemical [11] proce-
dures. Each approach enables modifications in particle size,
shape and composition, making them suitable for diverse appli-
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cations. In such techniques, sol-gel auto combustion is a fast,
cost-effective method for synthesizing active material to super-
capacitor electrodes, enabling high surface area, optimized
porosity and excellent conductivity for improved energy storage
and performance [10,13]. Khairy ez al. [ 14] reported the CuCoF
electrode exhibited a specific capacitance of 220 F/g and ~94%
capacitance retention after 1000 cycles. Similarly, the electro-
chemical performance of the CogsZn,sFe,O, electrode and
reported a specific capacitance of 218 F/g is also documented.

In this experimental study, the effects of gradually repla-
cing Zn with Co on the structural, functional, morphological
and electrochemical properties of Co,Zn,..Fe,O4 nanoparticles
was investigated. The subsequent investigations aim to examine
the impact of different Zn-Co ratios on their performance and
properties in supercapacitor applications.

EXPERIMENTAL

Nickel(II) nitrate nonahydrate (98%, Merck), cobalt(Il)
nitrate hexahydrate (98 %, Merck), zinc(II) nitrate hexahydrate
(97%, Sigma-Aldrich) were used as received.

For the synthesis of Co,Zn,.,Fe,O4 (x = 0, 0.25, 0.5) nano-
particles, Fe(NOs);-9H,0, Zn(NO;),-6H,0, Co(NO3),-6H,0O and
surfactant material (citric acid, C4HsO,) were dissolved in de-
ionized water separately and added together one by one. Brown
sol is formed by dropwise addition of NH; solution such that
the solution maintains a pH value of 7. For the combustion
process, the temperature was increased to 120 °C on a hot plate
with continuous stirring, transforming the sol into a viscous
gel. The resulting gel underwent an auto-combustion reaction,
producing a loose ash-like powder. After combustion, samples
were dried in an oven at 150 °C for 90 min to remove water
molecules. Further, the samples were ground and annealed at
700 °C for 5 h.

Characterization: Rigaku MiniFlex 600 (Japan) powder
Xray diffraction (p-XRD) instrument was used to determine
the phase of the prepared spinel Co,Zn,..Fe,O, (x = 0, 0.25,
0.5) solid solutions. The 20 values in the range of 10 to 80°
were used to calculate lattice constants and crystallite size.
The FTIR spectra were acquired at room temperature using a
Perkin-Elmer spectrometer in the 4000-400 cm™ wavenumber
range. Raman spectra were collected at room temperature using
a commercial Confocal Raman Microscope with AFM (WiTec
Alpha 300). While the spectra were obtained from 50 to 4000
cm’', this research focuses on the 200-800 cm™ region. The
morphological and elemental characterization of nanoparticles
were done by a FEI-Quanta FEG 200F. The electrochemical
studies were taken using SAS Origalys, OrigaFlex-OGFO1A.

Electrode preparation: The working electrodes were
prepared by mixing a slurry consisting of 80 wt.% active
material, 5 wt.% polytetrafluoroethylene (PTFE) and 15 wt.%
conductive carbon, along with a few drops of N-methyl-2-
pyrrolidone (NMP) solution. The resulting slurry was coated
onto a 1 cm x 1 cm graphite sheet using the drop-casting techni-
que and then vacuum-dried at 60 °C overnight. Pt-wire and
Ag/AgCl electrodes act as counter electrodes and reference
electrodes in three-electrode system, respectively. The electro-

chemical studies were carried out in 2 M Na,SO;, electrolytes
at room temperature.

RESULTS AND DISCUSSION

XRD studies: Fig. 1 shows the Powder X-ray diffraction
(PXRD) patterns of Co,Zn;..Fe;O4 (x = 0, 0.25, 0.5) nano-
particles exhibit distinct peaks at 20 values of 29.9°, 35.2°,37.1°,
42.8° 53.2°, 56.6° and 62.2°. These peaks correspond to the
(220), (311),(222), (400), (422), (511) and (440) planes confirm
the formation of a cubic spinel ferrite structure. Among these,
the (311) plane is the most intense, indicating the high crystall-
inity of the spinal phase. This matches well with the standard
JCPDS data card no. 22-1012 corresponding to the Fd3m space
group. The XRD pattern confirms the formation of pure and
cobalt-substituted zinc ferrite and the intensity changes caused
by the incorporation of cobalt into the zinc ferrite system are
observed in Fig. 1. The intensities of the (220) and (440) planes
are highly sensitive to the spinel ferrite system [ 15]. The average
crystallite size can be calculated using the Debye-Scherrer’s
formula:
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Fig. 1. XRD patterns of Co,Zn;.,Fe;O, (x = 0, 0.25, 0.5) nanoparticles
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The results show a decrease in the average crystallite size
(from 31.45 nm to 26.13 nm) due to the substitution of cobalt
ions in the zinc-ferrite structure. The lattice constant of each
peak of each sample was calculated using the following formula:

a=d{h*+k>+1%)
here, a is the lattice parameter; d is interplanar spacing which
is determined using Bragg’s law and £, k, [ are the Miller indices
[16]. The cobalt substitution is responsible for the significant
decrease in the lattice constant (Table-1). The unit cell volume
is calculated based on the lattice parameter.

V=a’
FTIR studies: Fig. 2 shows the FTIR spectra cobalt-

substituted zinc ferrites (x = 0, 0.25, 0.5) exhibited two promi-
nent absorption bands, with the high-frequency band (v,) shifting
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TABLE-1
XRD PATTERNS FOR Co,Zn, Fe,0, (x =0, 0.25, 0.5) NANOPARTICLES

Sample a(A) V (A) D (nm)

x=0 8.431 599.402 33.726
x=0.25 8.413 595.549 27.846
x=05 8.381 588.747 26.450

(c)x=0.5

(b) x = 0.25

(a)x=0

Transmittance (%)

Octahedral and Tetrahedral bands

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™")

Fig. 2. FTIR spectra for Co,Zn,.[Fe,04 (x = 0, 0.25, 0.5) nanoparticles

from 546 cm™ to 569 cm™ and the lower-frequency band (v,)
decreasing from 432 cm™ t0 402 cm™. Since these bands corre-
spond to metal-oxygen vibrations in the tetrahedral and octahe-
dral sites, respectively this confirms the formation of the spinel
phase. The observed decrease in v, and increase in v, with incre-
asing cobalt content indicate modifications changes in the metal-
oxygen vibrational modes, affecting both the tetrahedral and
octahedral sites [12].

Raman studies: Raman spectra of the synthesized Co,Zn;.
.Fe,O4 nanoparticles, as shown in Fig. 3, contains six broad
peaks, Fa,(1), Eg, F5(2), F2(3), Ai(2) and Aj,(1) [17]. These
values are given in Table-2. The F,,(1) mode involves the tetra-
hedral metal-oxygen translation, E, corresponds to symmetric
oxygen bending and A,(1,2) modes arise from the symmetric
oxygen stretching in AO, tetrahedra. F,,(2) and F,,(3) represent
asymmetric stretching and bending of octahedral metal-oxygen
bonds, respectively, a key feature of spinel ferrites. These modes
confirm the spinel structure of the synthesized Co,Zn,.,Fe,O.
nanoparticles and the structural changes caused by the incor-
poration of Co into the ZnFe,O, lattice.

Raman intensity (a.u.)

200 300 400 500 600 700 800
Raman shift (cm ™)

Fig. 3. Raman spectra for Co.Zn,..Fe,O, (x = 0, 0.25, 0.5) nanoparticles

TABLE-2
RAMAN SPECTRA VALUES FOR
CoZn, Fe,0, (x =0, 0.25, 0.5) NANOPARTICLES

Samples  F,,(1) E, F.2) F,3) A2
x=0 248.19 = 337.69 = 609.58
333.58 46443 604.48

x=025 241.08 293.78
x=05 23250 298.88 332.58 46642 60547

A
663.68
651.49
638.18

FESEM analysis: The field emission scanning electron
microscopy (FESEM) analysis of Co,sZn, sFe,O, nanoparticles,
as depicted in Fig. 4a-b, reveals that the nanoparticles exhibit
an agglomerate with a spherical shape. The observed morpho-
logy of the synthesized nanoparticles significantly influences
their electrochemical performance. Furthermore, the EDX
spectra, shown in Fig. 4c, confirms the elemental composition
of the synthesized nanoparticles, verifying the presence of cobalt
(Co), zinc (Zn), iron (Fe) and oxygen (O). Fig. 4d shows that
the elemental ratios obtained from EDX analysis follow a stoichio-
metric composition of Co-Zn:Fe is 1:2, indicating the effective
substitution of cobalt into the zinc ferrite structure.

Electrochemical analysis

Cyclic voltammetry (CV): The CV studies were condu-
cted on the synthesized electrode materials at scan rates ranging
from 5 to 100 mV/s. As shown in Fig. 5a-c, the increasing
scan rate with specific capacitance decreases. At low scan rates,
electrolyte ions fully diffuse into electrode nanopores, enabling
efficient charge storage and at high scan rates, limited ion
diffusion reduces capacitance. The CV curves exhibit a quasi-
rectangular shape, suggest a charge storage mechanism involving
both electrostatic adsorption (EDLC) and Faradaic redox reactions
(pseudocapacitance). In Fig. Sa-c, the area of the curve increases
due to cobalt replacement in the zinc ferrite system, which
increases the specific capacity. This charge storage mechanism
can be confirmed and calculated by the Dunn method [18].

Generally, the energy storage process mainly involves two
parts: a non-Faradaic surface interaction with electric double-
layer ion adsorption and a diffusion-controlled Faradaic reaction.
The current (i) follows the power law:

i=av

The b value from the slope in Fig. 6a indicates the charge
storage mechanism: b = 1 suggests capacitive behaviour, while
b = 0.5 indicates diffusion-controlled redox. The b-values of
Co,Zn,.Fe,0, (x =0,0.25,0.5) are 0.63, 0.66 and 0.69, respec-
tively, revealing a transition from diffusion-controlled to capaci-
tive processes. The total stored charge contributions can be
expressed as:

i(V)=kv + szl/Z

where kv represents capacitive effects and kov'"” corresponds
to diffusion-controlled processes.

Fig. 6b-d illustrates the capacitive and diffusion-controlled
charge contributions for Co,Zn,..Fe,O, (x = 0, 0.25, 0.5) electr-
odes. Diffusion-controlled charges dominate the total charge
at low scan rates, whereas at higher scan rates, the capacitive
contributions dominate. Increasing Co content enhances the
capacitive contribution, making the material more suitable for
high-power supercapacitor applications [19,20].
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Fig. 5. Cyclic voltammograms for Co,Zn,..Fe,O, (x = 0, 0.25, 0.5) electrodes

GCD analysis: The GCD curves of Co,Zn,_,Fe,0, (x =0,
0.25, 0.5) electrodes recorded at different current densities
ranging from 1 to 10 A/g, are shown in Fig. 7a-c. The GCD
graphs show a nearly triangular shape with a slight IR drop at
the start of the discharge curve indicating low internal resis-
tance at the electrode/electrolyte interface [21]. The specific
capacitance has been calculated from the following equation:

_ LAt
' mAV
where C, (F/g) is the specific capacitance, I (A) is the applied
current, At is discharge time, AV the potential window and m
is the mass of the active material [22,23]. The specific capaci-
tance values, calculated from the discharge curves at 1 A/g,
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Fig. 7. GCD curves for Co.Zn,..Fe;O4 (x = 0, 0.25, 0.5) electrodes

are 159.6 F/g, 186.2 F/g and 306.2 F/g for x = 0,0.25 and 0.5,
respectively. At low current densities, longer discharge time
indicates higher charge storage, while at high current densities,
shorter discharge time results from limited electrolyte ion diffu-
sion into electrode nanopores. Increasing the Co content impr-
oves conductivity, ion diffusion and the increase in specific
capacitance, making the CoysZn, sFe,O, material more suitable
for high-power supercapacitor applications.

Electrochemical impedance spectroscopy (EIS): The
EIS is a powerful technique for analyzing the resistive properties
of samples over a wide frequency range of 0.01 Hz—100 kHz.
Fig. 8 represented the Nyquist plot of Co.Zn,..Fe,Os (x = 0,
0.25, 0.5) electrodes exhibit an initial region indicates solution
resistance (R;), the semi-circle in high frequency represents
charge transfer resistance (R.) and a straight line in low frequ-
ency indicates ion diffusion from the electrolyte to the electrode



Vol. 37, No. 7 (2025)

Enhanced Electrochemical Performance of Cobalt-Substituted Zinc Ferrite 1695

v -
m x =0 before .-V“
100 | @ x =0 after ‘v‘
A x=0.25 before o
w x =0.25 after & V"
x = 0.5 before : v‘
801 |4 x=0.5after <.“‘*
d'd ..‘
— a4 ?
£ 60 4” .0 -
5 - 3 & -
- ‘"‘ 16 4
N . A
40 % 12
~ 0.8
20 06
0.4
1.2 16 2.0 2.4 2.8 3.2 36
04 Z, (ohm)
0 10 20 30 40 50 60 70

Z, (ohm)

Fig. 8. Nyquist plot of Co,Zn;..Fe,0, (x = 0, 0.25, 0.5) electrodes before
and after 4000 cycles

surface as Warburg impedance (W) [12]. R, values of the elect-
rodes are before and after the stability test are shown in Table-3.
These are due to the fast-Faradaic charge transfer during the
electrochemical process [24]. The Nyquist plots of the cobalt-
substituted zinc ferrites have low charge transfer resistance
and low ion diffusion resistance, indicating better ionic conduc-
tivity, which is attributed to the increase in cobalt content.

TABLE-3
ELECTROCHEMICAL VALUES FOR SUPERCAPACITOR
OF Co,Zn, Fe,0, (x =0, 0.25, 0.5) NANOPARTICLES

C,at1 A/, before after Capacitance

SenpEs (Flg) £ RC([ohm) R(Cémn) retontion (%)
x=0 159.6 0.71 0. 68 83.5
x=0.25 186.2 0.56 0.49 87.2
x=0.5 306.2 0.40 0.36 96.4

105 105
1001 100
g 951 95 ?
S >
2 90+ F90 2
S ()
o] 0
© g
; 851 85 %
o Q
§ . . el
= 80+ /~m= x =0 Capacitance retention 80 £
] . . <]
g ==a=x = 0 Coulombic efficiency S
8 754 [4—x= 0.25 Capacitance retention L75 8

=== x = 0.25 Coulombic efficiency

704 x = 0.5 Capacitance retention L0
l==d4=x = 0.5 Coulombic efficiency

65 65

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Number of cycles

Fig. 9. Cyclic stability test (4000 cycles) for Co,Zn,..Fe,O, (x = 0, 0.25,

0.5) electrodes
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Cyclic stability test: As long-term cycling stability is
crucial for assessing the practical use of supercapacitor materials,
Co,Zn;_Fe,O4(x =0, 0.25,0.5) electrodes were tested for 4000
cycles at a current density of 10 A/g as shown in Fig. 9 and the
values are given in Table-3 [23]. The CoysZn, sFe,O. electrodes
demonstrate outstanding electrochemical stability, retaining
96.4% of its capacitance after 4000 cycles.

Conclusion

In present work, cobalt-substituted zinc ferrites (Co.Zn;.,
Fe,0.) nanoparticles have been successfully synthesized and
their structural, morphological and electrochemical properties
were also carried out. XRD result confirmed a cubic spinel phase
with reduced crystallite size upon cobalt substitution, while
FTIR and Raman spectra exhibited the metal-oxygen vibrations.
FESEM and EDX studies showed agglomerated morphology
and correct stoichiometry. The electrochemical analysis revealed
that increasing cobalt content enhances both charge storage
capacity and electrical behaviour and GCD showed a maximum
conductivity. CV confirmed pseudocapacitive capacitance of
306.2 F/g at 1 A/g for CoysZnysFe,O,. EIS indicated lower
charge transfer resistance and better ion diffusion. The material
maintained 96% capacitance after 4000 cycles, confirming its
potential as a high-performance supercapacitor electrode.
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