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Abstract

In this work, Ni-doped ZnFe:O4 nanoparticles were prepared by low-cost co-precipitation method. The effects of Ni
doping on the phase composition, microstructure, thermal, and electrochemical properties of ZnFe:O4 were
investigated. Xray diffraction patterns confirm single-phase cubic spinel structures with crystallite size in the range
around 34 nm. Particle sizes obtained from transmission electron micrographs were also in good agreement with the
crystallite sizes obtained from the XRD data. FTIR result reveals that the synthesized Ni doped ZnFe;O4 nanoparticles
were of phase pure with cubic structure. EDX image confirm the presence of Ni, Fe, Zn and O in the Ni doped
ZnFe:O4 nanoparticles. Thermo gravimetric and differential thermal analysis (TG/DTA) method was used to confirm
the formation of Ni doped ZnFe:O4 nanoparticles. From the CV analysis, higher capacitance value observed for the
scanning rate 2 mV/s. The electrochemical results show that Ni doped ZnFe;O4nanoparticles may function well as
supercapacitor electrodes. For the sake of designing and optimizing supercapacitors to satisfy future energy needs, this
work adds to our knowledge of their electrochemical characteristics and energy storage capacity.
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1. INTRODUCTION

In the recent past the research interests in nano crystalline materials have grown considerably increased
because of their large novel physical aspects. These aspects make them very attractive for a variety of
applications including but not limited to use as electrodes in energy storage devices, as catalysts, in
magnetic storage devices, etc. [1-3]. Now a day, the environmental issues are the most important problem
worldwide, and for that reason, there is an important demand for clean, efficient, and sustainable sources
of energy as well as efficient technologies for energy storage [2]. With this purpose in mind, iron oxides
have been identified as a low-cost and potentially environmentally friendly material. Supercapacitor is
much more attractive because it could provide high-power density, high-rate capability, and long cycle life.
Even though, greater capacitance and long cycle life is provided by other materials, ferrite-based
supercapacitors gained attention due to its non-toxicity and cheaper costs [3]. Spinel ferrite is particularly
appealing for spintronic device engineering, energy storage, photo-electrochemical water splitting, and
optoelectronic and biomedical applications because its semiconducting and magnetic properties can be
tailored by varying the type and concentration of intrinsic defects [4]. In literature, Spinel ferrites have
the general formula of AFe,Q4 (where A*": Co™", Ni*", Mg*", Zn** and Mn?") [5-10] and unit cell contains
32 oxygen atoms in cubic close packing with 8 tetrahedral (Td) and 16 octahedral (Oh) occupied sites. By
changing type of the divalent cation, it is possible to obtain significantly different physical and electrical
properties in these ferrites. Among the divalent metal ions, zinc improves the efficiency of ferrites in many
field especially electrical storage system and photocatalysis [8-13]. Zinc ferrite is a ceramic material that
mixes and fires iron (III) oxide with zinc oxide. The ZnFe,O, crystallizes in a standard spinel
configuration, with Fe and Zn cations distributed among the fcc anion lattice’s octahedral and tetrahedral
interstitial sites, reported by S. Nadaf et al., [14]. Especially, ferrite family member of zinc ferrite (ZnFe,O,)
exhibits promising potential for the application of supercapacitor, due to abundant resources, low cost,
environmental friendliness and high electrochemical activity [15]. However, the ZnFe,O, based electrode
often suffers from low conductivity, leading to unsatisfactory rate capability [16]. Furthermore, the
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morphology and size of the electrode materials also play important roles in determining the performance
of supercapacitors [17]. Doping is the critical process that monitors the properties of nanostructured
ferrites and obtains new technologically relevant materials that are significant. The optical, electrical and
supercapacitor properties of zinc ferrites can be modified strongly by doping systems, the highly abundant
electron states make nickel (Ni) as a promising dopant [1]. Ni-Zn ferrite is a mixed spinel in which Tj
sites are occupied by Zn** and Fe’* ions and the O, sites are occupied by Ni*" and Fe’" in the lattice [18].
The distribution of various ions in Ty and O, sites is different when the ferrite is synthesized at low
temperatures and the particle size is in nanometer region [19]. Further, as per the author’s knowledge,
there were no previous reports on thermal and electrochemical properties of Ni-doped ZnFe,O,
nanoparticles prepared by Co-precipitation technique. In order to explain, predict and optimize the
properties of Ni-doped ZnFe,O4 nanoparticles, it is necessary to understand the nature of the electronic
properties of Ni-doped ZnFe,O, nanoparticles. This paper is aimed at this problem. The Ni-doped
ZnFe;O4nanoparticles is prepared by Co-precipitation technique. The effect of nickel on the structural,
thermal and electrochemical properties of ZnFe,O, is systematically studied. The combination of
experimental results provides important information for future doping research and supercapacitor
applications reference.

2. Experimental

2.1 Synthesis of Ni doped ZnFe,O, nanoparticles

The precursor for the formation of Ni doped ZnFe,O4 nanoparticles was prepared through a novel co-
precipitation process, using Ni doped ZnFe,O, as the precipitant. All chemicals were sourced from Merck
Chemicals. Firstly, Zn(NO;)*-6H,0, Fe(NO;)*-9H,0, nickel nitrate hexahydrate (Ni(NO3), . 6H,0O) and
citric acid (C¢HgO;) were separately dissolved in 20 ml of deionized water. Sodium hydroxide (NaOH)
was slowly added drop by drop to the mixture, which was stirred at 60 minutes for 80 °C. The presence
of citric acid behaved as a chelating agent during the process, resulting in the development of brown-
colored precipitates. The precipitates were widely cleaned multiple times using deionized water and
acetone. Subsequently, they were dried at 80 °C to obtain dark brown precipitates. Finally, the precipitates
were subjected to calcinations at 500 °C for 3 h in a furnace.

2.2 Characterization techniques

The Xeray diffraction (XRD) analysis was examined to assess the crystalline phase of the ZnFe,O,
nanoparticles utilizing an instrument BRUKER USA D8 Advance, Davinci with CuKa radiation (A =
1.54060 A), operating at 40 kV and 30 mA. The characterization purposes, a scanning electron
microscope (SEM) with EDX system from OXFORD Instrument have been performed Sigma 300 model
was utilized after sputtering the sample and high-resolution transmission electron microscope, specifically
the Jeol/JEM 2100, was utilized. Fourier transform infrared (FTIR) spectroscopy was performed using
Purkin Elmer model Spectrum Two. The degradation behaviour of the synthesized sample was assessed
using a thermal gravimetric and differential thermal analysis (TG/DTA) conducted with a NETZSCH-
STA 449 F3 JUPITER instrument. To assess the electrochemical properties, cyclic voltammetry (CV) was
performed using a Versa STAT MC model.

3. RESULTS AND DISCUSSION
3.1 XRD analysis
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Fig. 1 X-ray diffraction patterns of Ni doped ZnFe,O, nanoparticles
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In order to investigate the crystal structure of the obtained powder material XRD analysis was performed
and the resultant pattern of the as-prepared Ni doped ZnFe,O, nanoparticles is presented in Fig. 1. The
XRD patterns of the Ni doped ZnFe,O, nanoparticles reveal the specific reflections (311), (222), (331),
(511) and (440) corresponding to 2-theta angles of 35.32°, 36.98¢°,41.92°, 56.86°, and 62.69°, respectively,
which are match with the characteristic of the Fd-3m cubic spinel structure (JCPDS Card no. 22-1012)
[20]. The higher the value of lattice parameter with increase in nickel content is attributed to the
replacement of larger Zn** cation in the interstitial site. The induced strain due to this has been calculated.
It is found that strain is maximum for zinc rich sample and decreases as nickel concentration increases.
This attributes to the more accommodation of large ionic radii of zinc ion as compared to Ni & Fe in the
interstitial site [21]. The average crystallite size (D) of the prepared Ni doped ZnFe,O, nanoparticles was

determined by using Scherrer’s formula [22].

D = 0942 (1)

Bp cos O
Where Bp is the full width at half maximum (FWHM) of diffracting peak, A is the wavelength of X-ray
(0.1541 nm) and 0 is the Bragg’s diffraction angle. The crystallite sizes of the sintered Ni doped ZnFe,O,
nano particles was in the range of 34 nm.
3.2 Structural analysis
Scanning Electron Microscopy (SEM) was utilized to examine the surface morphology and granular
microstructure of host zinc ferrites, mainly focusing on the effects of nickel doping. The surface
morphology of the synthesized Ni doped ZnFe,O, nanoparticles as examined, scanning electron
microscope (SEM) and transmission electron microscope (TEM) images are depicted in Fig. 2 (a and b).
The synthesized materials show an uneven surface morphology characterized by closely packed tiny blocks
and spheres. The environment of SEM micrograms is so typical to identify the shapes of the Ni doped
ZnFe;O, nanoparticles. From the TEM results (figure 2 (b)), the formation of more small particles on the
surface like spherical morphology, distributed uniformly on top of bigger blocks to create a rough surface.
The SAED pattern (Fig. 2(c)) reveals the presence of circular rings from the Ni doped ZnFe,O, cubic
spinel structure and no additional rings are detected. The diffraction rings in the SAED pattern are in
good agreement with the standard data (JCPDS Card no. 22-1012)) of Ni doped ZnFe,0,. From the
structural studies, an increase in roughness on the surface of Ni doped ZnFe,O, nanoparticles has an
impact on the electrochemical properties of the synthesized material since an electrochemical reaction
takes place on the surface of the material [3].

Fig. 2 (a) SEM image, (b) TEM image and (c) SAED pattern of Ni doped ZnFe,O, nanoparticles
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3.3 Elemental composition analysis
Elemental composition analysis of Ni doped ZnFe,O, nanoparticles has been studied through the Energy
Dispersive X-ray (EDX) spectrum. The characteristic EDX spectra of Ni doped ZnFe,O, nanoparticles are
shown in Fig. 3, we can clearly observe presence of the constituent elements Fe, Zn, and O in the samples
without impurities. The atomic peaks of iron (Fe), zinc (Zn), and oxygen (O) are identified. From the
EDX results, Ni, O, Fe and Zn are found to have chemical compositions of 4.20 wt%, 40.71 wt%, 33.47
wt%, and 21.62 wt% in the Ni doped ZnFe,O, nanoparticles, respectively. In addition, the atomic
percentages (%) for Ni, O, Fe and Zn are found to be 8.11 %, 31.02 %, 40.12 %, and 20.75 %,
respectively. Small peaks were also found, which could be due to the impurities from sample holder of
the instrument [23]. Fig. 4 (a and b) shows the elemental mapping of the ZnFe,O, nanoparticles. From
the figure, the signals pertaining to Ni, Zn, Fe, and O have a uniform spatial distribution.
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Fig. 4 (a and b) elemental composition images of Ni doped ZnFe,O, nanoparticles
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3.4 FTIR-spectrum
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Fig. 5 FTIR spectrums of Ni doped ZnFe,O, nanoparticles

FTIR spectrum of Ni doped ZnFe,O, nanoparticles are presented in Fig. 5. Vibrations of ions in the
crystal lattice are usually recorded in the wavenumber range 3000-500 cm™ at room temperature. From
the FTIR spectrum, the highest one (v1) is generally observed in the range 600-500 cm-', and it
corresponds to intrinsic stretching vibrations of the metal at the tetrahedral site (Ty), M <O [18].
Especially, the spectrum showed characteristic peak of tetrahedral and octahedral Fe-O stretching band
at 545 cm™ [24]. In literature, the wavenumber 545 cm™ is corresponding to the vibrational mode of the
metal oxygen bond (Zn-O-Fe) [25]. The transmittance band at 683 cm™ arises from the lattice vibrations
of the oxide ion against relatively heavy metal cations [26]. Additional small bands at 867 cm-1 confirm
the successful incorporation of nickel ions in the zinc ferrite. The bands corresponding to 3000 cm™ and
1000 cm™ represent stretching and bending vibrations of H-O-H, which indicates the presence of free
or absorbed water in the samples [27]. In addition to these vibrational modes, a broad hump due to
bending mode of water at 1713 cm™ are observed in this spectrum. The broadness of stretching mode is
attributed to the existence of weak hydrogen bonding [28]. The vibrational band at 2310 cm™ is absorbed
water molecules and allocated to the remained free in the Ni doped ZnFe,O, during the preparation [29].
Moreover, the peak at 2310 cm~" reveals the O-H stretching vibration of the absorbed water molecule
[30]. The symmetric and anti-symmetric stretching modes of carboxylate ions are obtained at 1439 and
1439 cm™. These peaks indicate the presence of oleic acid in these Ni doped ZnFe,O, nanoparticles.

3.5 Thermal analysis (TG/DTA)
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Fig. 6 TG/DTA curve of Ni doped ZnFe,O, nanoparticles

Thermal examination of as readied the synthesized Ni doped ZnFe,O, nanoparticles was done to explore
the development of the spinel ferrite stage. It is recorded in the temperature scope from room temperature
to 900°C in nitrogen environment at a warming rate of 10°C/min. The TG and DTA plot for Ni doped
ZnFe,O, nanoparticles as readied powder is appeared in figure 6. Two major weight losses have been
found from TG analysis. The first stage of weight loss is observed at a temperature below 160 °C due to
desorption of water. Also, it is seen from TG bend that there is no noteworthy weight reduction after
temperature 160 °C which can be ascribed to ferrite stage development. No weight loss is found between

2023



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 21s, 2025
https://theaspd.com/index.php

185 °C and 620 °C indicating the formation of Ni doped ZnFe,O, nanoparticles. The second weight loss
is observed beyond 620 °C due to crystallization of the final product. Additionally, the exothermic peak
in DTA curve at 156 °C due to the thermal decomposition of citric acid [31] which is associated in the
formation of Ni doped ZnFe,O, nanoparticles.

3.6 Cyclic Voltammetry
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Fig. 7 CV pattern of Ni doped ZnFe,O, nanoparticles

Cyclic voltammetry (CV) curves of Ni doped ZnFe,O4 nanoparticles were performed in at various scan
rates (2, 5, and 10 mV s=') 1 in the 0 V and 0.6 V potential ranges as shown in Fig. 7. As known, the
encircled area of CV curves is proportional to the specific capacitance of the electrodes [17]. The CV
curves display almost rectangular shape and indicative of well-defined capacitive behavior at low scan rates
[32]. In the CV curve of Ni doped ZnFe,O, nanoparticles, which underwent annealing at 500 °C, reveal
a pseudo-capacitive behavior, as evidenced by changes in the CV patterns with increasing scan rate. This
indicates the presence of pseudo-capacitive processes within the system, indicating a dynamic capacitive
response influenced by the scan rate. Moreover, when the scan rate increases, oxidation peaks generally
shift to higher potentials, and reduction peaks shift to lower potentials. This shift is related to the kinetics
of the electrochemical reactions and the ability of the system to reach equilibrium during the potential
scan [29]. The CV patterns of the Ni doped ZnFe, O, nanoparticles are exhibiting almost symmetrical CVs
with small redox peaks indicates pseudo-capacitive characteristics. These curves, typically exhibiting a
distorted, non-rectangular shape, indicate the presence of both surface-controlled and diffusion-
controlled kinetics, which are property of pseudo-capacitive materials [33]. The shapes of CV curves
persist in proportionally unchanged suggests satisfactory electrochemical reversibility. This means the
electrochemical response can readily precedes both oxidation and reduction without significant barrier,
which lead to stable and expected behavior in the CV [34]. The CV curves showed a prominent oxidation
and reduction peak even at higher scan rates, reported by P. Ramadevi et al. [35]. The specific capacitances

(C,) value of the synthesized Ni doped ZnFe,O, electrode was calculated by using the following equation

[36]
Cs = 2 e (2)

Av.m
For every cyclic voltammetry (CV) scan, Q represents the anodic and cathodic charges, Cs is the specific

capacitance, Av is the scan rate (mV s7!), and m is the mass of the active electrode material (mg). CV
measurements were carried out in the possible range of 0.0 to 0.6 V.

The virtually rectangular CV profile of Ni-doped ZnFeO, suggests faradaic redox activities at the active
electrode surface in conjunction with dominating capacitive behaviour. Its pseudocapacitive character is
further supported by the existence of two separate redox maxima. Both the oxidation and reduction peak
current densities rise proportionately as the scan rate rises from low to high values (Fig. 9), with minor
peak changes that indicate quick and reversible redox processes at the electrode surface [37]. Interestingly,
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even at a comparatively high scan rate of 10 mV s7!, the CV curves maintain their shape without
undergoing considerable distortion, indicating exceptional electrochemical reversibility.

One important finding is that the specific capacitance is at its highest at the lowest scan rate, suggesting
that slower scans provide electrolyte ions enough time to reach the porous electrode's inner and outer
surfaces [38]. lon transport is mostly restricted to the outer surface at higher scan speeds, which leads to
less efficient use of the active sites. Ni-doped ZnFeO,4 has a high mesoporosity, which increases the
accessible surface area and facilitates better charge storage performance [39].

Due to the pseudocapacitive structure of the material, the faradaic redox contributions predominate in
the charge storage process, which also includes electric double-layer capacitance. The electrode shows the
maximum double-layer capacitance at a scan rate of 2 mV s™!, demonstrating effective charge carrier
transport and electron-hole separation at the electrode-electrolyte interface. 254 F g7, 186 F g71, and
121 F g™! are the specific capacitance values for scan rates of 2, 5, and 10 mV s71, respectively. This pattern
shows that increased capacitance results from lower scan rates, which is beneficial for high-performance
supercapacitor applications.

4. CONCLUSION

In summary, Ni-doped ZnFe,O, nanoparticles were prepared by low-cost co- precipitation method. The
effects of Ni doping on the Structural, compositional, thermal and electrochemical properties of Ni-doped
ZnFe,O, were investigated. XRD study confirms that the synthesized Ni doped ZnFe,O, nanoparticles
were single-phase cubic spinel structures and crystallite size range around 34 nm. TEM results were well
matched with the crystallite sizes obtained from the XRD data. FTIR results of Ni doped ZnFe,O,
nanoparticles was confirmed the phase pure with cubic structure. EDX spectrum confirmed the elemental
composition of Ni, Fe, Zn and O in the Ni doped ZnFe,O, nanoparticles. Thermo-gravimetric and
differential thermal analysis (TG/DTA) method was used to confirm the formation of Ni doped ZnFe,O,
nanoparticles. From the CV analysis, higher capacitance value observed for the scanning rate 2 mV/s.
The electrochemical result reflecting the Ni doped ZnFe,O, nanoparticles can make it be of great promise
in the supercapacitor application.
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