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Abstract

The field of science has shown an abundance of interest in electrochemical capacitors, namely
supercapacitors. They have a large power storage capacity and short recharging times due to their
lengthy cycle life. In the present study, the Mg-doped nickel ferrite Niy,MgsFe,O, (x=0.5) was
prepared by the co-precipitation method. The samples were examined using different techniques for
various annealing temperatures (400°C,600°C,700°C) for structural and morphological characterization.
By using XRD, the structural details of the synthesized samples were elucidated. By using TG/DT
analysis the optimum temperature of the samples, determining to be 700°C. As a result, additional
analysis was done for the sample annealed at 700°C. SEM and HR-TEM were used to study the
nanoparticle’s morphology which revealed well-defined nanostructures with an agglomerated
spherical morphology. From the obtained vibrational bands, the FTIR spectra illustrate the occurrence
of the spinel phase. The surface area of the nanoparticles was used to record the BET technique. The
elemental composition and chemical states of constituent elements were identified through XPS
analysis. The electrochemical properties of the nanoparticles were assessed by CV from which a
higher capacitance reading of 412 Fg* at a low scan rate of 2mVs™ has been reached confirming
which will be suitable for supercapacitor applications.

Keywords: Spherical morphology, supercapacitor, surface area, spinel phase, elemental composition,
optimum temperature
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1.INTRODUCTION

The demand for innovative energy generation and storage technologies has increased due to the
growing need for clean and renewable energy sources as well as the non-renewable nature of fossil
fuels and their decreasing availability [1]. Researchers have dedicated significant efforts to studying
supercapacitors due to their numerous advantages. One notable benefit is their ability to quickly store
and release energy, making them well-suited for applications requiring rapid power delivery, like
regenerative braking in electric vehicles or managing power fluctuations in renewable energy systems
[2-3]. The electrode materials used in supercapacitors, often referred to as ultra-capacitors or
electrochemical capacitors, have a high surface area, and the electrolytic dielectrics are thin. This
unique design enables them to achieve capacitances that are several orders of magnitude greater than
those of traditional capacitors [4-5]. In both electric double-layer capacitors (EDLCs) and
supercapacitors, electrode materials such as transition metal oxides and highly porous activated
carbon are commonly used [14].

Consequently, in recent decades, transition metal oxides and certain ferrites have
emerged as preferred electrode materials for supercapacitor applications due to their ability to provide
high specific capacitance. These alternative materials help overcome the limitations associated with
activated carbon, thereby enhancing the performance of supercapacitors [6-8]. Low energy density
refers to the limited amount of energy that can be held per unit volume or mass of the electrode
material. Supercapacitors typically exhibit lower energy densities compared to batteries due to their
reliance on surface adsorption or electrostatic double-layer capacitance [9-10]. NiFe,O,4, known as
nickel ferrite, is a ferrite material of great importance due to its specific uses in various applications. It
has practical uses in things like microwave electronics, ferrofluids, color imaging, high-density
magnetic storage, and MRI contrast agents. As a spinel ferrite, NiFe,O, functions as an n-type
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semiconductor. It can exhibit paramagnetic, superparamagnetic, and ferromagnetic properties, and its
behavior can vary based on parameters including particle size and shape [11].

Ferrites have gained prominence across various fields owing to their impressive structural,
electrical, magnetic, and chemical properties. Among the wide range of ferrites, magnesium, and
nickel ferrites are particularly appealing due to their cost-effectiveness, environmentally friendly
nature, substantial magneto crystalline anisotropy, and chemical stability Furthermore, these ferrites
have recently exhibited remarkable electrochemical performance in supercapacitors, underscoring
their significance in energy storage applications [12,13,15]. Several methods can be employed to
synthesize nanoparticles, among which the co-precipitation method is a simple and cost-effective
technique. In this present research work, magnesium-doped nickel ferrite was synthesized by the
chemical co-precipitation method, to study the structural, morphological properties and
electrochemical properties. Based on the evaluation of existing published research reports, there is a
notable scarcity of studies examining the electrochemical performance of magnesium substituted with
nickel ferrites. This research paper aims to fill the existing research gap by investigating the
electrochemical properties of Ni,_,MgxFe,O,4, Which are magnesium substituted with nickel ferrites.

2. EXPERIMENTAL STUDIES

A unique co-precipitation technique was used to create nanocrystalline Ni;,Mg,Fe,O4 (x=0.5)
nanoparticles. The chemicals are from Merck Chemicals and are of the highest purity. For
synthesizing NiysMgxFe,O4 nanoparticles Mg(NOs),.6H,O, Ni(NOs3)s.6H,O, Fe(NOs3)3.9H,O and
citric acid(C¢HgO;) were taken as a precursor. All of the metal nitrates were weighed, and then
dissolved in 20 ml of deionized water (DD), together with 0.29 M citric acid and 4 M NaOH. The
metal nitrates were combined in a 1:2:3 molar ratio after the dissolution. The final step was to add 4M
off NaOH solution as a precipitating agent and stir the entire solution for 750 rpm at 80°C to reach a
PH value of roughly 9. The agitated solution was then left to continue stirring continuously for three
hours at 80°C. We get a dark brown precipitate after thorough stirring. To produce a clear precipitate,
acetone, and deionized water are utilized for washing. The precipitate was dried by using a heating
mantle for 2h at 90-100°C to obtain NiMgFe,O, powder and these samples were annealed at different
temperatures such as 400°C,600°C,700°C.

To identify the crystalline phase of the Mg-doped NiFe,O, nanoparticles, the
researchers employed the X-ray Diffraction (XRD) technique. The XRD analysis was performed
using a BRUKER USA D8 Advance, Davinci device, which utilized CuKa radiation with a
wavelength (L) of 1.54060 A. The XRD instrument operated at 40kV and 30mA. The XRD
measurements were conducted by scanning the samples over a range of 26 values from 20° to 80°.
The scan speed was set at 10°min™. To estimate the mean crystal diameter, the Debye Scherer
formulation was used.

K
(f cos=d)

Here, D stands for the average crystal diameter, K is the constant (k=0.9)
associated with crystal shape, A denotes the X-ray wavelength, B is the Full width at half-maximum
FWHM of the diffraction peak, and 0 is the Bragg angle.

The phase of the sample was determined using the JCPDS database, which is the Joint
Committee of Powder Diffraction Standards. To evaluate the degradation performance of the prepared
sample a TG/DT analysis was led using a NETZSCH-STA 449 F3 JUPITER analyzer. Elemental
imaging analysis was performed using an EVO 18 model Scanning Electron Microscope (SEM) after
sputtering the samples. The morphology and size of the samples were studied using HR-TEM analysis
with an FEI-TECNAI G2-20 TWIN model operating at 200 kV. Elemental analysis was carried out
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using EDX with a Bruker EDX instrument featuring an LN2-free detector. The material was scattered
across a copper grid that was coated with carbon to produce SAED patterns. XPS measurements were
performed using the ULVAC-PHI MODEL: PHI5000 Version Probe 111. FTIR analysis was
conducted using a Spectrum Two model. The Brunauer-Emmett-Teller (BET) method was used by
Quantachrome Instruments' Autosorb 1Q series to calculate the specific surface area of the
nanoparticles. Utilizing the Versa STAT MC model, cyclic voltammetry (CV) was used to examine
the electrochemical characteristics of the nanoparticles.
3. RESULT AND DISCUSSION
3.1 X-ray diffraction
The structural study of Mg-doped nickel ferrite nanoparticle samples Ni;,Mg,Fe,O, (x=0.5) was
described using X-ray diffraction (XRD)analysis, followed by different annealing temperatures (400
°C,600 °C,700 °C) which depicts in Fig.1.The primary peak is centered at 26=35.4 and corresponds to
the miller indices (311) crystalline plane. The XRD peaks demonstrated only a single cubic spinel
phase without showcasing any impurities, the same report was reported earlier by Bhandare et al;
[16]. The diffraction peaks were observed as follows 32.38°, 35.54°, 36.20°, 41.22°, 56.6°, and 62.5°
shows the crystal planes (200), (311), (222), (400),(422),(511),(440) respectively. The planes are in
good agreement with the reference pattern from the JCPDS database (card no:74-2081 for NiFe,O,4
and card no:89-4924 for MgFe,0,). With the use of the Debye-Scherrer equation, the average
crystalline size of the particles was determined
Kl
= {p cos=B)

Here, D-represents for average crystal size, K is a diffraction constant (k = 0.9) as related to crystal
shape, A denotes the wavelength of the incident X-ray, p corresponds to the Full width at half
maximum (FWHM) of the characteristic peak in radius, then 6 denotes the Bragg diffraction angle.
The calculated crystalline size of the Mg-doped nickel ferrite was found to be around 18 nm. [17].
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Fig .1. XRD images of Ni;,Mg,Fe,0,4 (x=0.5) at 400°C,600°C,700°C
3.2 Fourier transform infrared spectroscopy

The NiyxMgyFe,0, (x=0.5) nanoparticles' FTIR spectra are shown in Fig.2. The measurements were
conducted within the frequency range of 4000-400 cm™. The spectra exhibited prominent absorption
bands at around 564 cm™ and 425 cm™, representing the principal absorption regions. The highest
band (vi) was observed between 515 cm™ and 525 cm™, indicating the stretching vibration of
tetrahedral metal-oxygen bonds. In contrast, the lowest bands (v,) appeared within the range of 409
cm™ to 425 cm™, signifying the stretching vibration of octahedral metal-oxygen bonds [18]. The
spectra also displayed bands in the vicinity of 3391 cm™ and 1450 cm™, corresponding to the
stretching and bending vibrations of H-O, suggestive of free or absorbed water molecules. This
finding corroborates a previous report by Mund et.al; [19]. Furthermore, distinctive absorption bands
were detected at approximately 2970 cm™, 1639 cm™, and 901 cm™, representing the symmetric
stretching, bending, and twisting vibrations of the C-H bond, respectively [32].
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Fig .2 FTIR spectrum of Niy ,MgyFe,O,4 (x=0.5) at 700°C

3.3 Scanning Electron Microscope

A scanning electron microscope was used to study the sample's morphology. Fig.3. (a,b,c) shows the
SEM images of the synthesized Ni;.xMgyFe,O,4 (x=0.5) at 700°C. These images confirm the formation
of NiMgFe,O,4. The particles exhibit a well-arranged and fine-grained, roughly spherical structure
with only a few agglomerations. This can be associated with the strong magnetic interaction between
the particles. [20,31]
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Fig.3. (a,b,c) SEM images of Ni;,Mg.Fe,O4 (x=0.5) at 700°C

3.4 Energy Dispersive X-ray Spectroscopy

EDX investigation was employed to investigate the elemental composition of the spinel NiMgFe,O,
sample. Fig.4. depicts the results of the analysis. The compositional spectrum clearly shows peaks
corresponding to the components of NiMgFe,O4 confirming the presence of oxygen, nickel,
magnesium, and iron. Furthermore, the spectrum indicates the absence of any additional impurities,
providing further confirmation of the sample's purity.
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Fig .4 EDX analysis of the sample Ni,.,Mg,Fe,O,4 (x=0.5) at 700°C
Element Series Net unn.C norm.C Atom. C Error (3
[wt.%%0] [wt.%] [at.%] Sigma)
Oxygen K-series 27874 40.11 40.11 68.63 3.76
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Nickel K-series 7093 8.15 8.15 3.80 0.87
Iron K-series 46391 48.28 48.28 23.67 4.48
Magnesium | K-series 4347 3.46 3.46 3.90 0.42

Table. 1 Elemental composition of Ni; ,Mg,Fe,O,4 (x=0.5)

3.5 High-resolution transmission electron microscope

In order to gain insight into the morphology of Ni;.\MgxFe,O, (x=0.5) nanoparticles, HR-TEM and
SAED studies were conducted. Fig.5. (a,b,c,d) shows the results of these studies. The HR-TEM
images reveal a nanocrystalline structure with agglomeration, which is attributed to the magnetic
interaction between the nanoparticles. The synthesized samples exhibit a roughly spherical shape. By
using image °j’ software, the average particle size was estimated to be 21.84 nm, as depicted in
Fig.5(e) which corresponds well with the size determined by XRD (X-ray Diffraction) measurements.
The SAED pattern exhibits distinct and well-separated continuous rings, indicating that the Mg-doped
NiFe,O4 nanoparticles possess a well-crystalline nature [21].

T T

Fig.5. (a,b,c,d) HR-TEM images of Ni;,Mg,Fe,O4 (x=0.5) at 700°C
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No.of Particles Particle size (nm) No.of Particles Particle size (nm)
1 10.848 18 39.2652

2 11.432 19 31.352

3 13.458 20 25.379

4 14.103 21 20.036

5 15.713 22 19.778

6 15.08 23 18.686

7 16.204 24 17.13

8 17.073 25 16.852

9 18.079 26 15.116

10 18.726 27 15.944

11 19.956 28 14.93

12 23.356 29 13.742

13 28.513 30 12.423

14 34.159 31 11.398

15 46.935 32 10.279

17 40.932 Mean 21.844 nm

Table 2. No. of particles and particle size NiyxMgxFe,O, (x=0.5) using image ‘j° viewer software

from HR-TEM.
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Fig.5. (e) Average particle size using image ‘j’ viewer software from HR-TEM

3.6 Thermo Gravimetric and Differential Thermal Analysis

The TG/DT analysis curve precursor was obtained by means of the co-precipitation method. The
analysis was conducted within a temperature range of 35°Cto 800°C. It is depicted in Fig.6. During the
initial decomposition step (35°Cto 243°C), a weight loss of 9% was observed, which can be attributed
to the adsorption of water molecules. The second decomposition step (243°C to 390°C) exhibited an
exothermic peak at 322°C and an endothermic peak at 379°C, indicating the decomposition of metal

Eur. Chem. Bull. 2022, 11 (01), 116— 132
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nitrates and the release of CO, and N,[22]. The third decomposition step (390°Cto 640°C) involved the
continuous de-hydroxylation process [23]. Beyond 640°C, the weight loss was almost negligible,
indicating stability and confirming the formation of NiMgFe,O,[24].

3.0 100

DTA(mW/mg)
TG%

0 200 400 600 80O

(Temperature”C)

Fig.6. TG/DT analysis of Ni; xMgyFe,0, (x=0.5) at 700°C
3.7 X-ray Photoelectron Spectroscopy
The XPS study is an important way to identify quantitatively determine the surface
components and composites of the sample. The wide scan XPS spectra of the sample in the binding
energy range(0-1400eV) are shown in Fig.7(e). The individual components of the composites were
confirmed by individual XPS Spectra of Oxygen (O1s), Ferrous (Fe2p), Nickel (Ni2p), Magnesium
(Mg1s) and Mg-doped NiFe,O, as shown in Fig.(7e) respectively

(a) (b)
Mg Is
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Intensity (a.u)
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Fig.7(a-d) XPS spectra of Ni2p, Mgls, Fe2p,01s of NigsMgosFe,04
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Fig.7(e) Wide scan XPS - spectra of Mg-doped NiFe,O, sample.
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The wide-scan XPS spectra of the sample are given in Fig.7(e) which displays the binding
energies assigned to O 1s (Fig.7d), Fe2p (Fig.7c), Ni2p (Fig.7a), Mgls (Fig.7b) and Mg-doped
NiFe,O, sample (Fig.7e) on the surface of Magnesium along with Nickel Ferrite (Mg-doped NiFe,O,
sample). The binding energies of the individual components O1s, Fe2p, Ni2p, and Mgls were
tabulated in Table.3. The binding energies of Ni2pl and Ni 2pl/2 for the sample were obtained,
respectively as 868.45 eV and 867.5 eV (Fig.7(e) and Table 3). The value of FWHM for each spin—
orbit component is the same, but for Ni2p the Ni2pl/2 component is much broader than the Fe2p
peak. It is caused by the Coaster — kroning effect (post—ionization) Ni 2p1/2 peak is much shorter
compared to Fe2p3/2. XPS spectra of magnesium, there are two peaks in the binding energy region
Mgls and Mgls1/2 were observed, where the peaks Mg (Mgls) 1303.08 eV) and Mg ((Mg1s1/2)
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1304.07 eV) correspond well with the values in the literature (Fig.7(e) and Table 3). XPS results also
reveal and confirm the presence of
Fe®*, Ni*", and Mg" on the surface of the sample Mg doped NiFe,0, sample [25-28].

Name of

Elements | Peak BE FWHM eV | Area (P) CPS.eV
Ols 531.49 3.93 950223.36
Mgls 1304.07 3.43 152596.7
Fe2p 711.82 5.98 554246.24
Cils 285.93 4.64 209273.84
Cls 284.79 2.12 23924.85
Ols 530.93 2.99 122216.49
Fe2p 711.1 5.18 76335.08
Mgls 1303.08 2.55 19634.1
Ni2pl 868.45 0.99 8231.62

Table 3. Binding Energies of O1s, C1s, Fe2p, Ni2p, Mgls and Ni2pl components in the synthesized
sample.

3.8 Brunauer-Emmett Teller (BET)

Fig 8a shows the typical N, adsorption and desorption isotherms of the sample, showing that the
amount of adsorbed N, increases with the increase in relative pressure and that adsorption takes a
slightly different path than desorption and results in a hysteresis loop. In general, this type of isotherm
with an H3 hysteresis loop is symptomatic of the material's mesoporous nature. The occurrence of
capillary condensation in the mesoporous is associated with type IV isotherms that have hysteresis
loops. At higher pressures, the adsorption was increased due to capillary condensation in the pores
during the adsorption process and changes in the structure of the pore during the desorption process.
The BET surface area for the nanocrystalline material was calculated to be 21.36 m?/g. The attained
pore size distribution of the NiMgFe,O, was observed at 3.05 nm from Fig 8b. Thus, it is established
that the sample is mesoporous in nature. A larger surface area would increase the number of active
sites, facilitate redox reactions, and facilitate ion transfer. The outcome shows that the sample's
observed porosity and surface area may be helpful in enhanced supercapacitor performance [33-34].
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3.9 Cyclic voltammetry
By utilizing the formula, it is able to calculate the specific capacitance (Cs) of the nickel magnesium
ferrite Ni;,MgFe,O,4 (x=0.5) electrode.

s = ¢

Awvamn

Where Cs represents the specific capacitance measured in Farads per gram (Fg™), Q is the charge
passed during cyclic voltammetry measurement in Coulombs (C), Av is the potential scan range in
volts (V), and m is the mass of the active material on the electrode in grams (g). To calculate the
specific capacitance, the values of Q, Av, and m need to be known for each scan rate (2 mVs?,
5 mVs™, and 10 mVs™) at which the cyclic voltammetry measurements were conducted. In this study,
the specific capacitance (Cs) of the NigsMgosFe,O4 electrode was determined using electrochemical
analysis with a fixed scan rate ranging from 2 to 10 mVs™. The experimental setup was a three-
electrode setup with the platinum wire serving as the counter electrode, the sample serving as the
working electrode, and Ag/AgCI serving as the reference electrode. A 0.2 M tetra butyl ammonium
perchlorate electrolyte was used.

A potential range of -1.5 to 2 V was used for the cyclic voltammetry observations. Fig.9
displays the cyclic voltammograms of Ni,..Mg.Fe,0, (x=0.5) electrodes at scan rates of 2 mVs™ 5
mVs™, and 10 mVs™. The outcomes designated that the specific capacitance values decreased with
higher scan rates. This can be attributed to the limited time available for the diffusion and movement
of electrolytic ions, which directly affects their accessibility to certain active surface areas of the
electrodes.

Precisely, the NiyyMgyFe,0, (x=0.5) electrode exhibited the highest specific capacitance of
412 Fg' at the lowermost scan rate of 2 mVs™. However, at a higher scan rate of 10 mVs™, the
specific capacitance decreased to 68 Fg™. Comparing these results to a previously reported work by
Wongpratat et al; [29]. It was found that on a scan rate of 2 mVs™, the reported specific capacitance
for NigsMgosFe,04 was 82 Fg™, which is lower than the specific capacitance value obtained in this
study. Similarly, on a scan rate of 10 mVs™, the reported specific capacitance was 48 Fg™, consistent
with the findings of this investigation. The enhanced crystallinity of the NigsMg,sFe,04 nanoparticles
was confirmed by the higher specific capacitance value detected in this investigation.

Additionally, the specific capacitance of MgFe,O, reported in another work was 178.34 Fg™
at a scan rate of 2 mVs™[29], while NiFe,O, nanoparticles presented a specific capacitance of 127 Fg™
at a lowermost scan rate [30]. These values provide a reference for the specific capacitance of
MgFe,O, and NiFe,O4 nanoparticles in different experimental conditions. The enhanced crystallinity
of the NiysMgysFe,0, nanoparticles observed in this present investigation could be one of the reasons
for the higher specific capacitance values obtained compared to the previous work by
Wongpratat et al.; [29].

Overall, this work demonstrates that the substitution of Magnesium in Nickel spinel
ferrites (Ni; 4 MgxFe,O4) nanoparticles results in improved overall electrochemical performance. The
materials' improved electrochemical performances and the results of the XRD, EDX, and XPS
investigations all support the idea that this substitution directly influences the materials'
electrochemical properties.
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Fig.9. CV curves of the sample Niy,Mg,Fe,0, (x=0.5) at the scan rate of 2mVs™, 5mVs™, 10mVs*
Table.4 Specific Capacitance value of NigsMgosFe,O,4 (700 °C) for different scan rates

Scan rate (mVs™) Specific capacitance (Fg™)
2 412
5 326
10 68
CONCLUSION

Magnesium-doped nickel ferrite nanoparticles were created using the co-precipitation technique.
Analysis of the X-ray diffraction pattern confirmed the presence of a cubic spinel structure in the
nickel ferrite samples doped with magnesium. Scanning electron microscopy and high-resolution
transmission electron microscopy investigations, along with selected area electron diffraction patterns,
revealed that the synthesized composites exhibited a roughly spherical shape with some
agglomeration. Energy dispersive x-ray spectroscopy analysis supported the composition of the
sample, confirming the presence of nickel (Ni), magnesium (Mg), iron (Fe), and oxygen (O) elements.
Fourier-transform infrared spectroscopy provided further evidence of compound formation. Utilizing
cyclic voltammetry techniques, the electrochemical performance of the synthesized nanoparticles was
assessed. The NiMgFe,0, nanoparticles demonstrated a significantly high specific capacitance value
of 412 Fg™ on a scan rate of 2 mVs™, indicating their superior supercapacitive properties. This result
highlights the potential of the synthesized nanoparticles for advanced supercapacitor applications, as
evidenced by their high specific capacitance value offering improved energy storage capacities.
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