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Abstract

In this work, ZnFe;O4 nanoparticles were successfully synthesised by a simple, high yield and low-cost co-precipitation
method. The ZnFe;O4 nanoparticles were fully characterized by Xray diffraction analysis (XRD), scanning electron
microscope (SEM) with (EDX), Fourier transform infrared spectroscopy (FTIR) and thermal analysis (TG/DTA).
XRD and FTIR analyses reveal that the synthesized ZnFe;O4 nanoparticles were of phase pure with cubic structure.
Morphological study of FESEM images reveals that the particles were in quasi-cubic shape composed of tiny blocks
and flakes. EDX spectrum confirmed the elemental composition of Fe, Zn and O in the synthesized ZnFe;Oq4
nanoparticles. Thermo-gravimetric and differential thermal analysis (TG/DTA) method was used to confirm the
formation of ZnFe:O4nanoparticles. From the CV analysis, higher capacitance value observed for the lower scanning
rate 2 mV/s. The electrochemical performance suggesting that the synthesized of ZnFe2O4 nanoparticles could be
suitable for super capacitance application.
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1. INTRODUCTION

In the recent years, environmental issues are at present 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 [1, 2]. In this regard, supercapacitors have attracted increasing
attention due to their long-life cycle, high power density, and ability to bridge the power/energy gap
between batteries/fuel cells and traditional dielectric capacitors [3, 4]. The major challenge for the
supercapacitor is the power density, the cyclic stability, and whether it can be cost-effective. Several
researchers have been interested in the synthesis of new materials to meet the growing demand for
electrochemical capacitors [5]. Moreover, supercapacitors and batteries are popular now electrochemical
energy storage system in recent days. The batteries distribute high energy density and low power density
whereas, conventional capacitors deliver high power density and low energy density. Supercapacitor is
attractive because it can afford high power density, high-rate capability, and long cycle life [6, 7]. These
supercapacitors have plentiful potential applications such as power electronics, electric vehicles, sensor,
and computer backup etc., [8].

In literature, the metal oxides are too expensive for commercial purposes; however, the search for
appropriate and cheap materials still continues. With this purpose in mind, iron oxides have been
identified as a low-cost and potentially environmentally friendly material. Among the iron oxides,
magnetite (Fe,O,) is considered as a supercapacitor material [2]. Indeed, spinel ferrites are competitive
crystalline materials due to their excellent electrical properties. The structural equation of spinel ferrite is
XFe,0,, where is a divalent metal ion. For the last few decades, many researchers studied the physical
properties of ferrites substituting X with Co™, Ni**, Mg”, Zn*" and Mn** [8, 10-14]. Among the divalent
metal ions, zinc improves the efficiency of ferrites in many fields especially electrical storage system and
photocatalysis [1, 13-16].

In this current work, we focus on the synthesis, electrical properties of zinc ferrites nanoparticles prepared
by using a low cost and simple co-precipitation method for super-capacitor application. The zinc ferrites
nanoparticles were characterized using X-ray diffraction (XRD) analysis, scanning electron microscope
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(SEM), Fourier transform infrared spectroscopy (FTIR), Energy Dispersive X-ray Spectroscopy (EDX),
Thermal analysis (TG/DTA) and Cyclic voltammetry (CV). These characterization techniques provided
valuable information on the structural, morphological, electrochemical, thermal and chemical
characteristics of the zinc ferrite nanoparticles.

2. Experimental

2.1 Synthesis of ZnFe,0, nanoparticles

The precursor for the formation of ZnFe,O4 nanoparticles was prepared through a novel co-precipitation
process, using ZnFe,O, as the precipitant. All chemicals were sourced from Merck Chemicals. Firstly,
Zn(NOs),-6H,0, Fe(NO3),-9H,0, and citric acid (CsHgO;) 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-coloured 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 behavior 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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Figure 1 X-ray diffraction patterns of ZnFe,O, nanoparticles
Fig. 1 shows the powder X-ray diffraction patterns for as-synthesized ZnFe,O, nanoparticles annealed at
500°C prepared using the co-precipitation method. The XRD patterns of the ZnFe,O, nano particles
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) [17]. The crystallite size (D) of the sample was

calculated from the (311) peak using Scherrer’s formula [18].
0.94 A _ ()

= 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 ZnFe,O, nano
particles were in the range of 32 nm.
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Fig. 2 (a) SEM image, (b) TEM image and (c) SAED pattern of ZnFe,O, nanoparticles

The surface morphology of the synthesized ZnFe,O,was 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 a quasi-cubic shape composed of tiny
blocks and spheres. The environment of SEM micrograms is so typical to identify the shapes of the
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 observed increase in roughness on the surface of ZnFe,O4 nanoparticles has an impact on the
electrochemical properties of the synthesized material since an electrochemical reaction takes place on
the surface of the material [1]. The SAED pattern (Fig. 2(c)) reveals the presence of circular rings from
the 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 ZnFe,O,.

3.3 Elemental composition analysis

Fig. 3 EDX spectrum of ZnFe,O, nanoparticles

Elemental composition analysis of ZnFe,O, nano ferrite sample has been studied through the Energy
Dispersive X-ray (EDX) spectrum. The characteristic EDX spectra of ZnFe,O,4 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,
O, Fe and Zn are found to have chemical compositions of 44.91 wt%, 34.87 wt%, and 10.22 wt% in the
ZnFe,O4nanoparticles, respectively. In addition, the atomic percentages (%) for O, Fe and Zn are found
to be 31.72 %, 48.23 %, and 20.01 %, respectively. Small peaks were also found, which could be due to
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the impurities from sample holder of the instrument [19]. Fig. 4 (a and b) shows the elemental mapping
of the ZnFe,O, nanoparticles. From the figure, the signals pertaining to Zn, Fe, and O have a uniform
spatial distribution.

- O Kat Fe Kal

- .o

Fig. 4 (a and b) elemental composition images of ZnFe,0, nanoparticles

3.4 FTIR-spectrum
Infrared (IR) transmittance spectrum of ZnFe,O, nanoparticles was recorded in the wavenumber range
3000-500 cm™ at room temperature. Figure 5 depicts the FTIR spectrum of ZnFe,O, nanoparticles. The

vibrational frequency around 600-500 cm™ is related to the Fe’* - O~ complex at the tetrahedral site,
proposed by Waldron et al. [20].
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Figure 5 FTIR spectrums of ZnFe,O, nanoparticles
The spectra showed characteristic peak of tetrahedral and octahedral Fe-O stretching band at 543 cm™
[21]. V. A. Fabiani et al., [22] reported that the wavenumber 543 cm™ corresponding to the vibrational
mode of the metal oxygen bond (Zn-O-Fe). The C-O and C-N stretching bands at 1029 cm” indicate the
presence of secondary alcohol and aromatic amine, respectively [23]. 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 [24]. In addition to these vibrational modes, a broad hump due
to bending mode of water at 1662 cm-1 are observed in this spectrum. The broadness of stretching mode
is attributed to the existence of weak hydrogen bonding [25]. The vibrational band at 2302 cm™ is
absorbed water molecules and allocated to the remained free in the ZnFe,O, during the preparation [26].
Moreover, the peak at 2327 cm~' reveals the O-H stretching vibration of the absorbed water molecule
[27]. The symmetric and anti-symmetric stretching modes of carboxylate ions are obtained at 1440 and
1392 cm™. These peaks indicate the presence of oleic acid in these ZnFe,O4 nanoparticles.
3.5 Thermal analysis (TG/DTA)
Thermal stability of the synthesized ZnFe,O, nanoparticles was examined by simultaneous TG and DTA
measurement. The result was carried out from room temperature to 900 °C temperatures at a heating
rate of 10°C/min which is shown in Fig.6. Three major weight losses have been found from TG analysis.
The first stage of weight loss is observed at a temperature below 120 °C (11%) due to desorption of water.
The second weight loss is predicted in the range from 120 °C to 175 °C (8%) as a result of decomposition
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of organic templates. No weight loss is found between 175 °C and 680 °C indicating the formation of
ZnFe,O, nanoparticles. The third weight loss of (3%) is observed beyond 680 °C due to crystallization of
the final product. Additionally, the exothermic peak in DTA curve at 190 °C due to the thermal

decomposition of citric acid [28] which is associated in the formation of ZnFe,O, nanoparticles.

100 T T T T -4
7F

TG
80

TG (%)

40

DTA (mW/mg)

v T v T
200 400 600 800
Temperature ("C)

Fig. 6 TG/DTA curve of ZnFe,O, nanoparticles

3.6 Cyclic Voltammetry

The electrochemical properties of ZnFe,O, nanoparticles were confirmed from cyclic voltammetry (CV).
Electrochemical measurements were performed at various scan rates (2, 5,and 1 0 mV s=') 1 in the 0 V
and 0.6 V potential ranges as shown in Fig. 7. CV patterns are drawn between the current density versus
applied potential under visible light irradiation. At lower scan rates, the CV curves display an ideal
rectangular shape, indicative of well-defined capacitive behavior [29]. From the CV patterns of the
ZnFe;O, sample, which underwent calcination at 500 °C, reveal a pseudo-capacitive nature, as evidenced
by changes in the CV curves 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, these oxidation and reduction peaks have shifted to relatively higher and lower applied
potentials with an increase in the scan rate [30]. The CV graphs of the ZnFe,O, nanoparticles are nearly
symmetrical with minor redox peaks, showing the pseudo-capacitive properties. The shapes of the CV
curves do not change much, indicating their good electrochemical reversibility [31].
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Fig. 7 CV pattern of ZnFe,O, nanoparticles
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The specific capacitances (Cs) value of the prepared ZnFe,O, electrode was determined by using the
following equation [32]

Cs = —2 e (2)

Av.m
Here, Q stands for the anodic and cathodic charges that are measured during each cyclic voltammetry

(CV) scan, and Cg is the electrode material's specific capacitance. The constant scan rate (mV s!) used
for the measurements is indicated by Av, whereas the variable m represents the mass of the active electrode
material (in milligrams). Every CV analysis was carried out within the 0.0-0.6 V range.

The ZnFeO,4 CV profile's nearly perfect rectangular form indicates capacitive behaviour and is linked to
faradaic redox processes that take place at the active electrode's surface. Additional proof of the electrode
material's pseudocapacitive properties is provided by the existence of two separate redox peaks [33]. The
oxidation and reduction peak current densities rise in tandem with the scan rate as it increases from low
to high values, as illustrated in Fig. 9. Peak positions also somewhat shift [34]. Rapid and reversible redox
reactions on the electrode surface because of this shift. Interestingly, the CV curves show good
electrochemical reversibility, maintaining their shape without noticeable distortion, even at a relatively
high scan rate of 10 mV s

One significant finding was that the specific capacitance was highest at the lowest scan rate. This suggests
that electrolyte ions have enough time to penetrate the inner and outer surfaces of the porous electrode
design at slower scan rates. Larger scan speeds, however, lead to less effective use of the electrode's active
regions since ion transport is primarily restricted to the outer surface [35]. Better charge storage is made
possible by ZnFe,O,'s high mesoporous nature, which seems to increase the active surface area.

Therefore, electric double-layer capacitance and faradaic redox contributions are both involved in the
charge storage process, with the latter being more important because of the pseudocapacitive behavior.
The electrode at 2 mV s7! has the greatest capacitive double layer among the measured scan rates,
suggesting efficient electron-hole separation and charge carrier transport at the electrode-electrolyte
interface. For scan speeds of 2, 5, and 10 mV s71, the measured specific capacitance values are 221 Fg™1,
151 Fg'1, and 107 Fg™!, respectively. For applications involving high-performance supercapacitors, this
pattern shows that greater capacitance values can be obtained at lower scan rates, which is very beneficial.

4. CONCLUSION

In summary, ZnFe,O, nanoparticles were successfully prepared by a simple, high yield and low-cost co-
precipitation method. Structural, compositional and electrochemical properties of the synthesized
ZnFe,O, nanoparticles were well studied. XRD study reveals that the synthesized ZnFe,O, nanoparticles
were of phase pure with cubic structure. Morphological study of FESEM images reveals that the particles
were in quasi-cubic shape composed of tiny blocks and flakes. EDX spectra confirmed the elemental
composition of Fe, Zn and O in the synthesized ZnFe,O, nanoparticles. FTIR confirmed the presence of
zinc ferrite nanoparticles. No weight losses were noticed between 175 °C and 680 °C in TG and from
190 °C in DTA study confirmed the formation of ZnFe,O, nanoparticles. The electrochemical
performance of the ZnFe,O4 nanoparticles was investigated by CV analysis. The higher capacitance value
was observed for the scanning rate 2 mV/s. The CV result reflecting the good quality of ZnFe,O,
nanoparticles possesses suitable for supercapacitor application.
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