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ABSTRACT 

 The development of alternative energy storage systems is undoubtedly one of the 

greatest challenges faced by our modern society as a result of emerging energy requirements 

and environmental concerns over fossil fuels. Recently, supercapacitors have gained much 

attention owing to their high power density than batteries, energy density than conventional 

capacitors, flexibility, long life, and low cost. In order to make the efficient usage of these 

stationary energy storage devices, state-of-the-art research on new and advanced electrode 

materials is highly needed. Recognition of nano-materials for supercapacitors has given the 

new extended platform to the researchers in order to develop appropriate electrode materials 

that can deliver excellent specific capacitance. The main focus of this doctoral thesis is to 

develop high-performing supercapacitor electrodes through simple and cost-effective 

methods suitable for industrial and commercial use. The materials reported herein are spinel 

ferrite, conducting polyaniline, and spinel ferrite-polyaniline nanocomposite to produce a 

synergistic impact for the energy storage supercapacitor application. 

 In the present research work, the two different series of the doped spinel ferrites have 

been prepared by employing the facile and minimal cost sol-gel auto-combustion approach. 

The two prepared spinel ferrite series are mentioned below: 

 A pristine zinc doped magnesium spinel ferrite, Mg1-xZnxFe2O4 (x = 0.0, 0.2, and 0.4), 

sintered at 800 
o
C for 6 h. 

 A pristine manganese doped cobalt-zinc spinel ferrite, MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 0.1, 

0.2, 0.3, and 0.4), sintered at 1200 
o
C for 6 h. 

 These above prepared doped series were initially analyzed to examine the basic 

characteristics viz. structurally, morphological, elemental, and magnetic which are essential 

for its utilization as a supercapacitor electrode material. The various techniques like X-ray 

Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Field Emission 

Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Analysis (EDX), and 

Vibrating Sample Magnetometer (VSM) were employed to investigate the above-said 

characteristics. 

     Owing to the large surface area, appropriate pore size, pore size dissemination, and 

the presence of the functional group in the prepared MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 0.1, 0.2, 

0.3, and 0.4) in contrast to the Mg1-xZnxFe2O4 (x = 0.0, 0.2, and 0.4), the MnxCo0.5-

xZn0.5Fe2O4 have been preferred as a promising active material for supercapacitor.  



VI  

 One of the vital steps for the preparation of the spinel ferrite by the sol-gel technique 

is the sintering. The sintering temperature plays a significant part in influencing the various 

structural properties viz. phase, crystallinity, crystallite size, density, porosity, etc. In order to 

track down the reasonable sintering temperature, out of the five prepared manganese doped 

samples, the sample at x = 0.3 concentration i.e. Mn0.3Co0.2Zn0.5Fe2O4 is favored, and sintered 

at three different temperatures viz. 750, 950, and 1150 
o
C for examining the single phase. The 

lower temperature (750 and 950 
o
C) yields spinel and hematite peaks whereas the higher 

temperature (1150 
o
C) yields a single spinel phase. Moreover at 1150 

o
C excellent 

morphological, elemental, and magnetic characteristics have been exhibited by the 

Mn0.3Co0.2Zn0.5Fe2O4 spinel ferrite.  

        Based on the above investigation, further spinel ferrite nanocomposite with conducting 

polymer polyaniline has been prepared. The facile chemical oxidative polymerization was 

employed for the preparation of polyaniline, which is then physically blended with prepared 

Mn0.3Co0.2Zn0.5Fe2O4 spinel ferrite to form the Mn0.3Co0.2Zn0.5Fe2O4-polyaniline 

nanocomposite. The prepared nanocomposite was examined for the structural, morphological, 

elemental, and electrochemical characteristics by employing the X-ray Diffraction (XRD), 

Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron 

Microscopy (FESEM), Energy Dispersive X-ray Analysis (EDX), Cyclic voltammetry (CV), 

Galvanostatic charge-discharge (GCD), and Electrochemical impedance spectroscopy (EIS).            

  The electrochemical activity of the novel Mn0.3Co0.2Zn0.5Fe2O4-polyaniline 

nanocomposites is manifested to be higher as compared to their counterparts on account of 

synergistic impact, continual movement of electrons towards the electrode, and multiple 

redox reactions. 
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CHAPTER-1 

Introduction 

1.1. Preamble 

 Energy plays a very crucial role in our day-to-day life. From 7,323 TWh in 1980 to 

23,845 TWh in 2019, global electricity consumption has expanded dramatically in recent 

decades. According to the World Energy and Climate Statistics - Year Book 2021, worldwide 

energy usage fell by 1.1 % in 2020, the first drop since 2009. The global economy is largely 

reliant on energy generation, storage, and transportation. Energy production is heavily reliant 

on non-renewable fossil fuels such as coal, oil, and gas, according to the International Energy 

Agency [1]. Furthermore, it is widely accepted that the increase in greenhouse gas 

concentrations in the atmosphere during the 1950s is largely due to the combustion of fossil 

fuels, which is driving global climate change [2]. Population growth, the depletion of fossil 

fuel reserves, and the harmful effects of greenhouse gases on the ecosystem and climate all 

pose a severe danger in the future decades. As a result, switching from fossil fuels to 

renewable energy sources and ecologically friendly technology is critical for long-term 

growth [3]. Renewable energy sources such as solar and wind, among others, cannot be 

employed for commercial or residential use since supply interruptions might result in huge 

losses [4]. As a result, the comprehensive approach toward clean energy emerges in modern 

civilization, as does the necessity to investigate new storage and conversion technologies as 

the global economy grows [5]. Energy-storage systems are becoming increasingly important 

in this respect, and have been hailed as the most promising among numerous renewable 

energy storage technologies due to their high efficiency, adaptability, and flexibility. The 

currently used energy storage and conversion devices as mentioned in Fig. 1.1 are fuel cells, 

batteries, capacitors, and supercapacitors (SCs) [6,7]. Unlike fuel cell and batteries which 

converts chemical energy into electrical energy, conventional capacitor deals with the 

physical separation of electric charge across the dielectric medium such as ceramic, polymer 

film, or oxide layer [8]. In a conventional capacitor, the maximum energy storage is not 

possible due to the small surface area. Therefore the researchers are too much concentrating 

on finding those devices which have high energy storage capacity and which can deliver 

maximum power [9]. In light of this, the SCs are one of the best contenders for all of the 

above energy storage devices.  
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Fig. 1.1. Energy storage and conversion devices. 

 Because of their increased energy density (E), fuel cells and batteries are mostly 

exploited in high-energy applications. Low power density (P), limited cycle life, high cost, 

complicated device manufacturing process, and a lack of safety are some of their drawbacks. 

Conventional capacitors have a high power density and a long cycle life, but they have a 

lower energy density than batteries and fuel cells. Thus, electrochemical supercapacitors 

(ESCs) are regarded as one of the most intriguing energy storage technologies capable of 

bridging the gap between batteries and ordinary capacitors, as seen in the Ragone plot in Fig. 

1.2 [10]. 

 

Fig. 1.2. Ragone plot of specific power versus specific energy for supercapacitors [11]. 
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 The electrochemical supercapacitors (ESCs) have superior energy and power density, 

excellent cyclic life, rapid charge-discharge rate, superb reversibility, longer shelf life, fast 

dynamic response, minimum equivalent series resistance (ESR), economic, featherweight, 

pliable, highly efficient, operational safety, and eco-friendly character [12-14]. Owing to the 

above-mentioned characteristics of the ESCs it seems to have its application in mobile 

phones, laptops, notebook computers, smartwatches, memory backup, digital cameras, 

electric as well as hybrid electric vehicles, energy power systems, urban rail transit, toys, 

headphones, calculators, etc. [15]. Because ESCs have magnificent power density, they may 

quickly release stored energy, making them ideal for short-term applications that require high 

electricity bursts [16].  

1.2. Supercapacitor 

 In comparison with conventional capacitors, supercapacitors (SCs) are specifically 

constructed capacitors with large capacitance and energy density values. Relatively small, the 

SCs can provide capacitance in the tens, hundreds, or even thousands of farad range. They 

not only can hold a lot of charges, but they can also withstand thousands of charge-discharge 

cycles without breaking down. That's why SCs, are usually called ultracapacitors [17]. Due to 

its high capacitance value, it can store much more electric energy between its plates. The SCs 

are more like an electrochemical device similar to the electrolytic capacitor but in this, no 

chemical reactions are involved for the storage of electric energy. As an electrostatic field 

( ⃗⃗ ), the SCs store a huge amount of charge. The construction of the SCs is somewhat like 

electrolytic capacitors and it consists of the porous electrodes (cathode as well as the anode), 

electrolyte, and separator as depicted in Fig. 1.3. These porous electrodes have the ability to 

attract a large quantity of charge. The electrolytes employed in SCs can be solid, liquid, or 

gel, and they play an important part in the SCs redox processes [18]. The electrodes in the 

SCs are separated by a separator (paper membrane) that is permeable to charge carriers but 

prevents direct shorting between them. SCs store charge in a completely different way than 

conventional capacitors. The polarization of the dielectric material is responsible for charge 

storage in conventional capacitors. The electrolyte of SCs, on the other hand, does not act as 

a dielectric. It is solely responsible for supplying charge carriers to the electrodes. However, 

the charge is stored on electrodes through the buildup of opposing charge carriers. The 

electrolyte affects the internal or equivalent series resistance (ESR) of the SCs. According to 
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Eq. (1.1), the higher the power density (P) of the SCs, the lower the resistance (R) given by 

the electrolyte [19]. 

   
  

    
      (1.1) 

 Here P, V, and R signify the power density, applied voltage, and equivalent series 

resistance respectively [20].  

 
 

Fig. 1.3. Construction of the supercapacitor [21]. 

1.2.1. Principle and Working of the Supercapacitor 

 In a supercapacitor (SC), the energy storage principle can either be pure charge 

storage on the interface of electrode-electrolyte electrochemically or it can be a transfer of the 

charge to the redox molecule layers on the surface of the electrode [22]. 

 The supercapacitor (SC) works similar to the conventional capacitor, both 

electrostatic and electrolytic, with only minor differences in technical features. It comprises 

two exceptionally permeable or porous electrodes, a paper membrane that isolates positive 

and negative plates called a separator; these terminals are electrically associated with an ionic 

liquid called the electrolyte. Whenever the voltage is supplied to the negative electrode, 

positive ions from the electrolyte are attracted to it, and vice versa. These ions accumulate on 

the electrode surface, thereby reducing the distance (l) between the electrodes [23]. As a 

result, the capacitance (C) of the SC is extremely high. Because the C of the SC is inversely 

related to the l between the electrodes (  
 

 
), where A and l are the cross-sectional areas 

and separation distance between the two electrodes respectively.  
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 An electrostatic field ( ⃗⃗ ) is created between the current collectors due to the buildup 

of opposing charges. The SC is charged until the  ⃗⃗  between the current collectors equals and 

opposes the applied voltage. Till the supply voltage lowers or reverses polarity, the charge 

carriers are held by the current collectors. When the supplied voltage is reduced, the current 

collectors return a corresponding number of charge carriers to the electrolyte. During such an 

operation, an equivalent current travels in the opposite direction through the SC. The SC goes 

through a similar charging and discharging cycle when the polarity changes, as seen in Fig. 

1.4 [24]. The SC has a ten-times higher specific capacitance (Cs) and energy density (E) than 

an electrolytic capacitor and a hundred-times higher Cs and E than an electrostatic capacitor 

[25]. 

 

Fig. 1.4. Working of the supercapacitor [26]. 

1.2.2. Types of the Supercapacitors 

 The supercapacitors (SCs) may be categorized into three major types viz. electrical 

double layer capacitor, pseudocapacitor, and hybrid capacitor [27] as shown in Fig. 1.5, based 

on what kind of charge storage strategy and active material are utilized.  

 

Fig. 1.5. Types of the supercapacitors. 
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(a) Electric Double-Layer Capacitor  

 The electric double-layer capacitor (EDLC) uses carbon-based material (viz. carbon 

nanotubes, carbon aerogel, activated carbon, carbon fiber cloth, graphene, etc.) as an active 

material for the electrode, an electrolyte, and a separator. The charge storage in EDLC is due 

to electrostatically or by a non-faradic mechanism where no charge is transferred in between 

the electrolyte and electrode [28,29]. Whenever a voltage is supplied to an electrode, a charge 

builds on the electrode's surface, and ions in the electrolyte solution begin diffusing over the 

separator into the pores of the electrode with the opposite charge. The design of the electrode 

is in such a way, that it prevents ion recombination, resulting in a double layer of charge at 

each electrode. The development of a double layer, together with an increase in surface area 

and a reduction in the distance (d) between the two electrodes, culminates in an EDLC with a 

higher energy density (E) than a conventional capacitor [30]. 

(b) Pseudocapacitor  

 The construction of the pseudocapacitor (PC) is similar to EDLC but uses conducting 

polymer [polyaniline (PANI), polythiophene (PTh), poly(3,4-ethylenedioxythiophene) 

(PEDOT), and polypyrrole (PPy)] and metal oxides (Fe2O3, Co3O4, ZnO2, MnO2, RuO2, NiO, 

V2O5, SnO2, CoFe2O4, etc.) as an active material for the electrode. Charge storage in PC 

is mostly accomplished by a faradic mechanism, where a charge is transferred between the 

electrolyte and electrode. Under potential deposition, intercalation, and reduction-oxidation 

processes are used to store charge in the PC, allowing it to reach higher specific capacitance 

(Cs) and energy densities (E) than an EDLC. The reduction-oxidation reaction occurs in the 

PC, just as it does in batteries, resulting in poor cycling stability and low power density (P) 

[31,32].  

(c) Hybrid capacitor 

 A hybrid capacitor (HC) combines an EDLC with a PC. When EDLC and PC storage 

are combined, the drawbacks of the combining components are overshadowed, resulting in 

larger specific capacitance (Cs).  HC is mainly composed of two electrodes, which possess 

different materials and have superior electrochemical performance than the SCs employing 

the same electrode material [33,34]. 

1.3. Materials for the Supercapacitor Electrode 

 The electrode materials have a major impact on the supercapacitors (SCs) 

electrochemical performance. Owing to the types of the SCs as discussed earlier, three 
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distinct types of electrode materials are being used for energy storage applications in the SCs: 

carbon-based, metal oxides, and conducting polymer. Electrical conductivity, specific surface 

area, surface functionality, pore size distribution, and pore shape and structure are all 

important material properties that impact the electrochemical performance of the SCs [35]. 

1.3.1. Carbon-Based Materials    

 The active carbon-based material viz. carbon nanotubes, carbon aerogel, activated 

carbon, carbon fiber cloth, graphene, etc. were extensively utilized as electrode materials in 

supercapacitor (SC) fabrication. The reasons for this include (a) minimal cost, (b) large 

surface-to-volume ratio, (c) well-established electrode fabrication technology, and (d) easy 

availability. Carbon materials utilize an electrochemical double layer produced at the 

electrode-electrolyte interface as a storage mechanism. As a result, with carbon-based 

materials, capacitance is mostly determined by the surface area available to electrolyte ions 

[36]. In the case of carbon materials, having a large specific surface area leads to a high 

capacity for charge buildup at the electrode-electrolyte interface. Surface functionalization 

must be addressed when enhancing specific capacitance (Cs) for carbon materials, in addition 

to pore size and high specific surface area [37]. The carbon-based SC electrodes, with high 

conductivity and stability, typically offer great cyclic stability and high power density (P). 

Furthermore, due to the limitations of the energy storage strategy, the energy density (E) of 

carbon-based electrodes for SCs is typically low. 

1.3.2. Metal Oxides 

 Various metal oxides viz. Fe2O3, Co3O4, ZnO2, MnO2, RuO2, NiO, V2O5, SnO2, etc. 

were examined for the energy storage application. Owing to their magnificent activity and 

superior inherent electrochemical characteristics, these metal oxides have outstanding 

electrochemical performance in the supercapacitors (SCs). However, they still face issues like 

scarcity of natural resources, poor conductivity, and exorbitant costs. Out of these above-

specified metal oxides, RuO2 was observed to be the most amazing active material for 

pseudocapacitor (PC) electrodes which exhibits reverse charge-discharge properties, and 

excellent specific capacitance (Cs), and extremely high electrical conductivity. Despite that, 

there emerge a few difficulties with the utilization of RuO2 as an active material for 

electrodes because it is highly toxic and too much expensive [38]. Moreover, the single 

transition metal oxides have lower Cs and lower electrical conductivity which needs to be 

https://www.powerthesaurus.org/exorbitant_cost/synonyms
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improved. These above troubles can be eliminated by the utilization of the mixed metal 

oxides viz. cobaltite (MCo2O4), aluminate (MAl2O4), spinel ferrite (MFe2O4), etc. These 

mixed metal oxides have been contemplated as possible contestants for superior SCs in light 

of the fact that they exhibit magnificent electrochemical performance due to the synergetic 

impact of different metal cations [39]. One of the most outstanding known, mixed metal 

oxides is the spinel ferrite (MFe2O4) because it imparts surprising properties viz. 

electrochemical stability, different oxidation states, electronic, magnetic, optical, and 

catalytic [40]. Furthermore, these spinel ferrites are easily available, have minimal cost, 

massive productivity, are ecologically innocuous, and are convenient to synthesize on an 

industrial scale. 

1.3.3. Conducting Polymers 

 Due to their ease of synthesis and minimal cost, a variety of conductive polymers 

have been studied as supercapacitor (SC) electrode materials [41]. When compared to carbon-

based electrode materials, conducting polymers have a higher conductivity and specific 

capacitance (Cs), as well as lower equivalent series resistance (ESR). For conducting 

polymers various arrangements or configurations of the electrodes were utilized. The n-p type 

arrangement, which has one n-doped and one p-doped electrode, offers high energy densities 

(E), yet the shortage of n-doped electrodes of the conducting polymer has prevented 

pseudocapacitor (PC) from achieving their full potential [42]. The reversible redox reaction 

was utilized to store and release charge in the conducting polymers. Ions are transported to 

the polymer backbone when oxidation takes place, which is also called doping. However, 

ions are released back into the solution when reduction takes place, which is also called de-

doping [43]. In conducting polymer the mechanical stress caused by redox reactions restricts 

the stability of the material during numerous charge-discharge cycles [44]. Owing to the 

minimal cost, high conductivity, excellent energy storage capacity, and ease of synthesis,  

polyaniline (PANI) is perhaps the most encouraging SC electrode material out of the various 

existing conducting polymers [viz. polyaniline (PANI), polythiophene (PTh), poly(3,4-

ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy)] [45]. Swelling and shrinking of 

PANI are prone to a substantial loss in performance owing to recurrent charge-

discharge cycles. PANI has been proven to be more stable when combined with metal oxides 

or carbon-based materials which also enhance the value of Cs [46]. 

 However, these above specified active materials have their own shortcomings such as 
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lower E of carbon-based material, low electronic conductivity of metal oxides, and low cyclic 

stability of the conducting polymers. These above-specified properties can be enhanced by 

preparing the various binary nanocomposites (NCs) viz. metal oxide-carbon, conducting 

polymer-carbon, and metal oxide-conducting polymer. Out of these binary NCs, the metal 

oxide (spinel ferrite)-conducting polymer (PANI) NC was favored as an active material for 

PC electrodes in light of their faradic reactions [47].  

1.4. Ferrite 

 Thales, a Greek philosopher who made advances in the area of magnetism in the sixth 

century, saw a magnet as an attractive substance. Magnesia in Asia Minor was called after 

the ferrous oxide (Fe3O4) rock known as magnetite, which occurs naturally and has mutual 

attracting characteristics. William Gilbert presented the first magnetic substance for compass 

as an iron needle in CE 1600. Ferrites were first utilized in 1930, and various experts, 

notably Snoek [48], have focused on their magnetic, electrical, and structural characteristics. 

The ferrites are insulators with moderate permittivity and high electric resistivity, high 

magnetic permeability, low eddy currents, and low dielectric loss [49]. Ferrites are the only 

material that exhibits such a broad range of characteristics, making them suitable for usage 

in a variety of fields and applications [50].  

1.4.1. Classification of Ferrites 

 The crystal structure of the ferrites can be utilized to categorize them, as per the 

majority of the investigation done on ferrites by the researcher's group. Subsequently in fact 

talking, the ferrites are categorized into four main types: spinel, hexagonal, garnet, and ortho 

as illustrated in Fig. 1.6.  

 

Fig. 1.6. Classification of ferrites. 
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 Each one of these ferrites comprises Fe2O3 as the basic formula. These four ferrites 

are unique, concerning one another by the structure as well as by properties and applications 

and have been explained one by one in detail below [51]. 

(a) Spinel Ferrite 

 Spinel ferrites are in fact a prototype of naturally occurring ferrites, i.e., FeO·Fe2O3. 

The spinel structure is derived from the mineral spinel (MgAl2O4 or MgO·Al2O3), which 

crystallizes in the cubic system. This crystal structure was first determined by Bragg and by 

Nishikawa. Analogous to the mineral spinel, the magnetic spinel has the general formula 

MO·Fe2O3 or MFe2O4 where M is the divalent metal ion. The smallest cell of the spinel 

lattice that has cubic symmetry contains eight “molecules” of MFe2O4. The relatively large 

sized oxygen ions (radius about 1.4 Å form fcc lattice, and the much smaller metal ions [radii 

from about 0.7 to 0.8 Å]) occupy the spaces between them. In this cubic close-packed 

structure, two kinds of interstitial sites occur: the tetrahedral and the octahedral sites, which 

are surrounded by four and six oxygen ions, respectively. 

(b) Hexagonal Ferrite 

 This class of magnetic oxides suggests the magnetoplumbite structure, which comes 

from the mineral of the same name. The hexagonal ferrites are get defined by MFe12O19, 

where, M is usually Ba, Sr, or Pb. The symmetry of the magnetoplumbite structure is 

hexagonal. Thus, it has a major preferred axis called the c-axis and a minor axis called the a-

axis. The preferred direction is used for a good advantage in permanent magnet material. 

Most of these compounds are ferrimagnetic, but some are antiferromagnetic. The best known 

compounds in this class are BaFe12O19, SrFe12O19, and PbFe12O19. 

(c) Garnet Ferrite 

 These are the ferrites that accommodate a large trivalent rare earth ions of large 

magnetic moments. Garnet ferrites reveal the structure of the silicate mineral garnet. 

Magnetic garnets crystallize in the dodecahedral or 12-sided structure related to the mineral 

garnet. The general formula is M3Fe5O12. It is to be noted that all the metal ions are trivalent 

in contrast to the other classes. In the important magnetic garnets, M is usually yttrium (Y) or 

one of the rare earth ions. The crystal structure and the unit cell dimensions of the rare-earth 

iron garnets were first reported by Bertaut and Forrat and then by Geller and Gilleo. 

(d) Ortho Ferrite 

 Apart from the spinel, hexagonal, and garnet ferrites, the next important structure is 

the ortho ferrites or perovskites. The formula is RFeO3 where, R is yttrium or a rare earth ion. 
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These are also cubic ferrites but of slightly distorted perovskite structure. Perovskite structure 

is the name given to the atomic arrangement of the oxides of formula RMO3, e.g., BaTiO3, 

PbTiO3 etc. This structure is often acquired by a material, which has a complicated molecular 

arrangement consistent with cubic symmetry. The structure is orthorhombic rather than cubic. 

The canting or nonparallel alignment of the antiferromagnetic coupled ions leads to weak 

ferromagnetism in the perovskite structured materials. These compounds present the structure 

which is formed by the superposition of a canted spin antiferromagnetic sub lattice M and sub 

lattice R. The rare earth iron perovskites are also known as “ortho ferrite”. They were first 

studied by Forestier and Guillot Guillain and then by Pauthenet and Blum. They observed 

that these rare earth iron perovskites have a parasitic ferromagnetic moment at room 

temperature. 

 Out of these above ferrites, spinel ferrite has pulled in the focal point of numerous 

scientists in light of its immense scope of utilizations in high-performance energy storage 

supercapacitors (SC). 

1.4.2. Spinel Ferrite and its Crystal Structure 

 Bragg and Nishikawa were the first to notice the spinel structure. When spinel ferrite 

crystallizes in the space group Fd-3m, it forms a cubic structure [52].  

 

Fig. 1.7. Spinel ferrite unit cell crystal structure [53]. 

 The structure of the spinel consists of 32 oxygen anions packed closely together to 

develop a complete structural unit cell. These oxygen anions are arranged in a face-centered 

cubic (fcc) pattern, leaving two types of voids between them: A or tetrahedral site, which is 
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surrounded by 4 oxygen anions, and B or octahedral site, which is surrounded by 6 oxygen 

anions. Spinel ferrite consists of 8 small cubes of MFe2O4 known as formula units or octants 

in a single crystallographic unit cell (where M is a divalent metal cation). There are 64 A or 

tetrahedral sites in each unit cell of spinel ferrite, 8 of which are occupied and 32 B or 

octahedral sites, 16 of which are occupied. The ionic circumstances within just two 

neighboring octants are depicted, with the octant on the left showing A or tetrahedral site and 

the octant on the right showing B or octahedral site. Each octant in the spinel ferrite has 4 

oxygen anions on the body diagonals and at the tetrahedron's corners. Fig. 1.7 manifests the 

crystal structure of spinel ferrite.  

1.4.3. Classification of Spinel Ferrites 

 The generic formula Mx
2+

Fe1-x
3+

[M1-x
2+

Fe1+x
3+

]O4
2-

 is used to represent spinel ferrites. 

The cations which are outside the square bracket are represented by A or tetrahedral sites and 

the cations which are inside the square brackets are represented by B or octahedral sites. Here 

x is the inversion factor that decides the classification of spinel ferrites. The spinel ferrites 

may be categorized into three categories based on the distribution of metal cations, as shown 

in Fig. 1.8, viz. normal, inverse, and mixed [54]. 

 

Fig. 1.8. Classification of spinel ferrites. 

(a) Normal Spinel Ferrite 

 The normal spinel ferrite structural formula is denoted by M
2+

[Fe2
3+

]O4
2-

. All divalent 

metal cations (M
2+

) occupy A or tetrahedral sites, whereas trivalent metal cations (Fe
3+

) 

occupy B or octahedral sites in the normal spinel ferrite. Zinc ferrite (ZnFe2O4) belongs to the 

category of the normal spinel ferrite.   
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(b) Inverse Spinel Ferrite 

 The inverse spinel ferrite structural formula is denoted by Fe
3+

[M
2+

Fe
3+

]O4
2-

. All 

divalent metal cations (M
2+

) occupy B or octahedral sites, while trivalent metal cations (Fe
3+

) 

equally occupy A or tetrahedral and B or octahedral sites in the inverse spinel ferrite. Nickel 

ferrite (NiFe2O4) and cobalt ferrite (CoFe2O4) belongs to the category of inverse spinel 

ferrite.     

(c) Mixed Spinel Ferrite 

 The mixed spinel ferrite structural formula is denoted by M1-x
2+

Fex
3+

[Mx
2+

Fe2-

x
3+

]O4
2-

. Both divalent metal cations (M
2+

) and trivalent metal cations (Fe
3+

) occupy A or 

tetrahedral and B or octahedral sites in the mixed spinel ferrite. Manganese ferrite (MnFe2O4) 

belongs to the category of mixed spinel ferrite.   

1.4.4. Spinel Ferrite Synthesis Method 

 The properties of the spinel ferrite viz. structural, morphological, optical, electrical, 

magnetic, electrochemical, etc. relied heavily on the synthesis method. Several methods viz. 

ceramic, co-precipitation, solid-state, hydrothermal, microwave, spray pyrolysis, and sol-gel 

can be utilized for the synthesis of the spinel ferrite as depicted in Fig. 1.9.  

 

Fig. 1.9. Methods for the synthesis of spinel ferrite. 

 The sol-gel procedure is favored over the other procedures stated above, owing to its 

minimal cost, nanosized structure formulation of the product, formulation of thin films, 

massive production, decrement of the crystallization temperature, homogeneity, formulation 

of the porous product, the minimum time for the synthesis of product, and formulation of the 

immaculate product. Furthermore, the use of distilled water as a solvent in the sol-gel makes 

this procedure ecologically benign [55].  

1.4.5. Sol-Gel Auto Combustion Method 

 The most extensively utilized and facile method for the synthesis of the nanoparticles 
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is the wet chemical method known as the sol-gel auto combustion method. It is mainly used 

for metal oxide synthesis. The popularity and wide acceptance of this method are attributed 

to its great advantages over other methods of synthesis such as the ceramic method, solid-

state reaction method, co-precipitation method, and hydrothermal method. Sol-gel is a 

compelling method due to its properties such as controlled particle size and porosity, 

performed at low temperature, it is a cheap method because no complicated equipment is 

required, high homogeneity and it can be used to synthesize thin film. The beginning of this 

process as depicted in Fig. 1.10 is to convert monomers or starting material into colloidal 

solution (sol) which acts as a precursor for the further formation of a gel [56].  

 

Fig. 1.10. Sol-gel auto combustion process [57]. 

 The raw material such as metal nitrates or alkoxides is usually dissolved in a liquid 

medium such as ethylene glycol, distilled water, or a suitable acid to form a “sol” which is 

succeeded by aging and then heating of the sol to get what is named as "gel", further drying 

or heating the gel at higher temperatures evaporate the liquid medium and transform the gel 

into a “precursor”. A sol is a colloid suspended in a liquid, however, a gel is a suspension 

that maintains its shape, thus the name "sol-gel". The hydrolysis, condensation, and 
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polymerization of monomers to produce particles and particle agglomeration, followed 

mostly by the creation of a network that spreads across the liquid media, resulting in the 

formulation of a gel using the sol-gel auto combustion method. Hydrolysis is a chemical 

breakdown of a compound when reacts with water whereas condensation is the conversion of 

a gas or vapor into liquid. 

 AR grade chemicals are employed for the production of spinel ferrites. The steps in 

the sol-gel auto combustion procedure for the production of spinel ferrite are manifested in 

Fig. 1.11.  

 

Fig. 1.11.  Steps in the sol-gel procedure for spinel ferrite production. 
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1.5. Polyaniline  

 With the introduction of polyacetylene during the year 1958, the phase of naturally 

conducting polymers began. Despite Alan J. Heeger's, Hideki Shirakawa, and Alan G. 

McDiarmid study is regarded as the innovative research in the area of conducting polymers, 

for which they were awarded the Nobel Prize in 2000, the origin of polyaniline (PANI) could 

be even earlier than that of polyacetylene and several other known conducting polymers. The 

“blue material” synthesized via electrolysis of aniline sulphate was firstly described by Dr. 

Henry Letheby, in 1862. While handling the synthesized blue material with a reducing agent 

it somewhat gets decolorized [58]. Owing to its dark colour it was extensively utilized for 

colouring the textile materials in the ancient era and designated as the aniline black. 

Subsequently, much study has been conducted in this sector to determine its potential 

application in a variety of fields. Among the various existing conducting polymers [viz. 

polyaniline (PANI), polythiophene (PTh), poly(3,4-ethylenedioxythiophene) (PEDOT), and 

polypyrrole (PPy)], PANI has sparked a lot of interest among researchers working on 

conversion and energy storage devices viz fuel cells, batteries, and supercapacitors (SCs). 

The superb electrical conductivity, excellent electrochemical activity, magnificent redox 

properties, minimal cost for infinite abundance, eco-friendly nature, huge pseudocapacitance 

(PC), and adaptability of PANI has enticed the researchers to serve it as an active material for 

SC electrodes [59]. PANI is also more thermally stable and therefore can be easily produced 

as a powder as well as a thin film. PANI structures are adaptable over a broad range of crystal 

structures, sizes, and shapes [60]. Despite the fact that PANI is a homopolymer, its chemical 

structure can comprise a benzenoid (B) ring, quinonoid (Q) ring, or both in varying 

quantities. As seen in Fig. 1.12, PANI occurs in three distinct oxidation states. The 

leucoemeraldine (LB) is a fully reduced state and comprises the B ring, in which atoms of the 

hydrogen are coupled to atoms of the nitrogen, whereas pernigraniline (PB) is a fully 

oxidized state and comprises the Q ring, in which no atoms of hydrogen is coupled to atoms 

of nitrogen. The m:n ratio in PANI chains determines the PANI redox state. The m:n ratio of 

B to Q ring, as seen in Fig. 1.12, ought to have 1:0 for LB (fully reduced) state, 0:1 for PB 

(fully oxidized) state, and 1:1 for emeraldine (EB) (partially oxidized) state [61]. The above-

stated PANI states may be changed by changing the synthesis technique and doping amount. 

The PANI LB form is colourless, while the PB form is violet or blue in colour, and both are 

unstable in the environment. The emeraldine base (EB) which is blue in colour is a very 

valuable PANI form owing to its high thermal stability at ambient temperature. On 
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subsequent doping with an acidic solution in EB, the resultant PANI form is the emeraldine 

salt (ES) which is green in colour and is exceptionally conductive. When the ES is de-doped 

using a basic solution, the operation is reversible, and the ES becomes EB (redox procedure) 

[62]. However, when treated with an acidic solution, LB and PB remain an insulator. The 

conductivity of emeraldine can be increased by 10 orders of magnitude when it is treated with 

acidic solutions. Upon doping with 4 % HBr the PANI conductivity had incremented from 

6.28×10
−9

 to 4.60×10
−5

 S/m [59].  

 

Fig. 1.12. Oxidation states of polyaniline [62]. 

 To obtain the desired electrochemical performance, it is common practice to maintain 

equilibrium between B and Q rings in the ES. The ratio of peak intensities in the 

FTIR spectrum in which peaks near 1460 and 1560 cm
-1

 associates to B and Q respectively 

were utilized to evaluate the m:n ratio [62].  

 

Fig. 1.13. Conversion between different forms of polyaniline [63]. 
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 To tailor the electrochemical activity of the PANI, the most significant phenomenon 

is doping. It should be noted that the dopant utilized in the PANI neither creates a chemical 

connection nor chemically reacts with the PANI chain. Nonetheless, it resides in proximity to 

the PANI chain, as manifested in Fig.1.13. The PANI band gap is lowered by relying on the 

dopant types and their polarities thereby improving conductivity. The redox approach may be 

utilized to transform distinct PANI forms into one another, as depicted in Fig. 1.13 [64]. The 

conductivity, microstructure, solubility, degree of crystallinity, molecular weight, and optical 

property of PANI are all influenced by the dopant: aniline and oxidant: aniline molar ratios. 

1.5.1. Polyaniline Synthesis Method 

 The synthesis techniques of polyaniline (PANI) described by various research groups 

may be divided into two categories as presented in Fig. 1.14: (a) without using oxidant and 

(b) with using oxidant. The former part involves only electrochemical polymerization, while 

the latter part involves chemical oxidative polymerization (COP), interfacial polymerization, 

solid-state polymerization, enzymatic polymerization, microemulsion polymerization, plasma 

polymerization, electrospinning technique, and ultrasonic irradiation [62]. 

 

Fig. 1.14. Method for synthesis of polyaniline. 
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 Out of the above mention techniques, the chemical oxidative polymerization (COP) 

technique is preferred and most widely used by virtue of the following properties [65-67]: 

(a) The COP is a facile synthesis technique that yields immaculate PANI in bulk amounts. 

(b) In COP the starting material used was cost-effective. 

(c) The COP controls the growth and alignment of the PANI nanofibers. 

(d) The COP will take less than 1 h to complete the polymerization of PANI. 

(e) In the COP technique, the oxidant part could be cycled. 

(f) Owing to the lower molecular weight of the oxidant, the dosage of the oxidant used in the 

COP is very small.   

(g) Unlike other synthesis techniques, the PANI prepared by the COP technique can be 

deposited on both the conducting as well as non-conducting substrates.  

(h) The PANI prepared by the COP technique doesn’t require the nasty or toxic solvent for 

the preparation of PANI ink which is to be loaded on conducting substrate surface by 

utilizing spin or dip coating.   

1.5.2. Chemical Oxidative Polymerization 

 As illustrated in Fig. 1.15, polyaniline (PANI) is produced in an aqueous environment 

utilizing the dopants (HCl) and an oxidant (APS) in chemical oxidation polymerization 

(COP) [68,69]. The oxidant might remove a proton from the aniline monomer at this stage 

without forming a bond with the final product. 

 

Fig. 1.15. Chemical oxidative polymerization method for preparation of polyaniline. 
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 The monomer [aniline], oxidant [K3(Fe(CN)6, (NH4)2S2O8, Ce(SO4)2, H2O2, NaVO3, 

KIO3, K2Cr2O7], and dopant [HCl, H2SO4] are involved for the chemical production of PANI. 

The most widely utilized and facile technique for the production of the PANI is the COP. In 

this technique, the monomer of aniline acts as a neutralizer by interacting with the doping 

reagent. The polymerization phenomenon occurs at different temperatures when the oxidizing 

reagent is added drop by drop to the aforementioned (anile+HCl) solution. After 3 h, the 

PANI polymerization is pretty much under completion, and the resulting PANI is still in 

aqueous form. The PANI residues are collected by filtering the PANI solution, which is then 

washed repeatedly with distilled water to obtain a pristine PANI. The resulting PANI residue 

is then further rinsed with acetone to render the colorless filtrate and assure that all non-

reactive elements are eliminated. The final PANI is emeraldine salt (ES) having a slime-green 

colour which is unstable because of the presence of swords [70]. As a result, the ES state 

transforms to the emeraldine base (EB) state of PANI at ambient temperature, which itself is 

inherently stable, enabling these precipitates to reach equilibrium with an adequate quantity 

of ammonia (NH4OH) [71].  

1.6. Spinel Ferrite-Polyaniline Nanocomposite 

 Polyaniline (PANI) has shown tremendous interest in supercapacitors (SCs) owing to 

its minimal cost, ease of synthesis, adaptability, and magnificent specific capacitance (Cs) 

[72]. It solitary may be utilized to prepare an SC electrode for excellent Cs. The lower PANI 

stability, on the other hand, restricts its usage as an SC electrode. PANI in association with 

other well-known active materials viz. carbon materials or metal oxides can overcome 

PANI's inherent drawbacks. For the energy storage SCs, PANI is considered to be a candidate 

material, which demands additional research and product development. Furthermore, doping-

dedoping of charged ions, during the reversible redox reactions in the pseudocapacitor (PC) 

undergoes the PANI to crack, shrink, and swell, thereby reducing the cyclic life [73]. 

Furthermore, owing to excessive oxidation, PANI can deteriorate at higher applied potentials, 

resulting in the PANI operating at low potentials. Such issues need the development of 

composite systems that combine PANI matrix with the additional well-known SC electrode 

materials (carbon materials or metal oxides). Out of the various known binary 

nanocomposites (NCs), metal oxide-PANI was most desirable for the PC electrode material 

by virtue of the faradic reactions. Numerous metal oxides had been investigated for the SC 

electrode material. To the best of our knowledge the mixed metal oxide viz. spinel ferrite had 
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been envisioned as a possible contestant for SC application as discussed earlier in section 

1.3.2. This is an intriguing process of combining the amazing features of spinel ferrite and 

PANI into a single electrode [47]. This process enables the NC (spinel ferrite-PANI) 

materials to have synergistic effects that are not possible with individual constituents. The 

nanoparticles (NPs) of the spinel ferrite can be merged and deeply embedded with the PANI 

matrix in the NC electrode, resulting in improved electrical conductivity, porous structure, 

and structural stabilization thereby giving rise to superfluous storage of charge by virtue of 

kinetic operations and enhanced charge transportation. 

1.6.1. Spinel Ferrite-Polyaniline Nanocomposite Synthesis Method 

 The researchers working on the conducting polymer PANI-based nanocomposite are 

predominantly employing two methods for its synthesis viz. in situ polymerization method 

and blending or direct compounding method as presented in Fig. 1.16 [74].  

 

Fig. 1.16. Method for synthesis of spinel ferrite-polyaniline nanocomposite. 

 An appropriate method will be preferred depending upon the type of polymeric 

matrix, nanoparticles, and desired properties for the final products. The blending method is 

widely utilized for the synthesis of the PANI-based nanocomposite due to the facile 

synthesis, less time, and minimal cost. Moreover, it is very difficult in the blending method to 

attain a proper dispersion of the nanoparticles in the PANI matrix as compared to the in situ 

polymerization method. 

1.6.2. Blending or Direct Compounding Method  

 Blending, sometimes known as direct compounding, is considered to be a facile and 

quick procedure to produce polymer nanocomposites (NCs). Solution, emulsion, melt, 
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mechanical, and physical are the commonly known blending procedures, as manifested in 

Fig. 1.17. These blending procedures deal with the direct insertion of nanoparticles (NPs) into 

the polymer matrix in the required proportion. The preforms of polymers and NPs are 

prepared separately in this case before being blended together to produce the NCs. Aside 

from the benefits, there are also drawbacks to this procedure, as it results in non-uniform 

dissemination of NPs inside the polymer matrix owing to NPs agglomeration [75]. 

Regardless of the drawbacks mentioned above, the blending procedures continue to be 

utilized for the production of polymer NCs.  

 

Fig. 1.17. Blending method for synthesis of the polymeric nanocomposite. 

Blending 

Solution 

Emulsion 

Melt Mechanical 

Physical 



23  

CHAPTER-2 

Review of Literature, Research Gaps, and Objectives 

2.1. Review of Literature 

T. Dippong et al. (2022) had discussed the effect of Mn
2+

 substitution by Ni
2+

 on the 

structural, morphological, and magnetic characteristics of Mn1-xNixFe2O4@SiO2 (x = 0, 0.25, 

0.50, 0.75, 1.00) nanocomposites (NCs) produced using a modified sol-gel process. The 

formation of a SiO2 matrix and ferrite is confirmed by Fourier transform infrared spectra, and 

X-ray diffraction patterns reveal the presence of poorly crystalline ferrite at low annealing 

temperatures and highly crystalline mixed cubic spinel ferrite with secondary phases at high 

annealing temperatures. With increasing Ni content and in accordance with Vegard's rule, the 

lattice parameters steadily drop as the crystallite size, volume, and X-ray density of Mn1-

xNixFe2O4@SiO2 NCs rise. The coercivity falls as the Ni concentration rises, while the 

saturation magnetization, remanent magnetization, squareness, magnetic moment per formula 

unit, and anisotropy constant all rise. For samples that were annealed at greater temperatures 

and had the same chemical formula, these parameters were bigger. While the NCs with high 

Mn content exhibit paramagnetic activity, the NCs with high Ni content exhibit 

superparamagnetic-like behaviour [76].   

S. A. Al Kiey et al. (2022) had reported that due to the various oxidation states of the metal 

ions, metal ferrites possess exceptional electrochemical properties, making them intriguing 

materials for solving both the expanding environmental problems and sustainable energy 

conversion and storage. Thus the three nano-crystallites of transition metal ferrites viz. 

CoFe2O4, CuFe2O4, and Co/CuFe2O4 were prepared by employing citrate precursor’s method. 

These materials were then used as electrode materials for supercapacitor applications. Mixed 

transition metal ferrite nanoparticles were examined using Fourier transform infrared (FT-

IR), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX), 

transmission electron microscopy (TEM), Raman spectroscopy, and thermal analysis (TGA). 

The results showed how a single-phase spinel ferrite was formed, which was demonstrated by 

XRD data. The as-synthesized nanomaterial also displayed a spherical form with a size 

ranging from 30 to 50 nm, according to the particle shape and size data collected through 

TEM investigation. The outcome showed that the electrochemical performance of the ferrite 

https://sciprofiles.com/profile/992291


24  

nanoparticles attained an impressive maximum specific capacitance of 893 F g
-1

 at a scan rate 

of 5 mV s
-1

 while employing a three-electrode configuration. Co-Cu ferrite demonstrated 

exceptional cycling stability over 3000 cycles with 90 % capacity retention at a current 

density of 1 A g
-1

. Based on the aforementioned information, it can be concluded that the Co-

Cu ferrite nanocomposites exhibit extraordinary electrochemical performance and hold 

promise as potential materials for supercapacitor electrodes [77].  

S. Balideh et al. (2021) had prepared Ni0.3Co0.7DyxFe2-xO4 (x = 0:0, 0.02, 0.04, 0.06, 0.08, 

and 0.1) samples by utilizing the hydrothermal process, an annealing treatment, and NaOH as 

a solvent. The prepared samples underwent a 7-hour annealing process at 150. On structural, 

morphological, electrical, and magnetic characteristics, the effect of Dy doping was 

investigated. The structure, size, morphology, and magnetic characteristics of synthesized 

compounds were examined using X-ray diffraction, Fourier transform infrared spectroscopy, 

field emission scanning electron microscopy, an energy dispersive spectrometer, and a 

vibrating sample magnetometer (VSM). X-ray diffraction proved the presence of a ferrite 

phase. An increase in Dy doping has been seen to result in larger average crystallite and grain 

sizes. Two distinct, significant absorption bands at 500-600 cm
-1

 were visible in the Fourier 

transform infrared spectra. Particles with an average size ranging from 45 to 60 nm were seen 

by field emission scanning electron microscopy to have a consistent spherical form. The 

presence of the component elements Co, Ni, Fe, and Dy, with proportions that are extremely 

near to the stoichiometry of the chemical formula, was confirmed by examining the energy 

dispersive spectrometer analysis patterns. The characteristic magnetic behaviour of spinel 

ferrite nanoparticles was validated by magnetic measurements, and the magnetic hysteresis 

behaviour was enhanced over that described in other studies [78]. 

B. Nawaz et al. (2021) had developed Ni0.5Zn0.5Fe2O4 as electrodes with and without binders. 

Simple hydrothermal procedures are used to directly produce the binder-free electrode on 

nickel foam. X-ray diffraction is used to investigate the crystalline phase of both of these 

electrodes. Through the use of high resolution transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM), their morphology has been studied. These techniques 

have shown a well-defined nanostructure that resembles tiny hexagonal platelets. Using 

energy dispersive spectroscopy (EDX), the chemical composition is confirmed. By using 

cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS), their electrochemical characteristics are examined. Due to the 
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nickel foam's 3-D linked structure, the NZF@NF electrode has surpassed the NZF electrode 

based on a binder in terms of electrochemical performance. The NZF@NF electrode 

produced a high specific capacity of 504 F g
-1

 at a current density of 1 A g
-1

, whereas its 

counterpart produced a specific capacity of 151 F g
-1

 at the same current density [79]. 

E. Samuel et al. (2021) had worked in synthesizing NiFe2O4 nanosheets over nickel 

nanocone decorated nickel foil via the electrodeposition method. The above formed NiFe2O4 

nanosheets were confirmed by XRD characterization. This excellent NiFe2O4 Cs was revealed 

to be 560 F g
-1

 and 483 F g
-1

 at 1 A g
-1

 and 5 A g
-1

 current densities, respectively, and 

brilliant cycling performance with capacitance retention of 95.3 % beyond 10,000 cycles, 

making it an appropriate binder-free NiFe2O4 nanostructure for advanced SC electrode 

material [80].  

K. Sathiyamurthy et al. (2021) had employed a simple co-precipitation approach to prepare 

ZnFe2O4, CoFe2O4, and Co-doped ZnFe2O4. XRD was utilized to confirm the cubic spinel 

structure of the Co-doped ZnFe2O4 nanoparticles. The metal oxide's characteristic vibration 

mode was determined utilizing composite FTIR spectra. FE-TEM and FE-SEM corroborated 

the shape, exhibiting a spherical structure with an aggregation of the nanocomposite. EDX 

analysis indicates the elemental characteristics of the Co-doped ZnFe2O4 nanocomposite. A 

VSM was used to investigate the produced NC, which revealed the transition from 

paramagnetic to ferromagnetic activity. The Cs of the three ferrites were estimated at a scan 

rate of 10 mV s
-1

, and Co0.5Zn0.5Fe2O4 had a significantly enhanced Cs of 218 F g
-1

. The NC 

that has been prepared can be utilized in energy storage systems. The theoretical component 

was determined utilizing the density functional theory technique, which was then utilized to 

examine the physicochemical, nonlinear optics, and structural properties of CoZnFe2O4 NPs 

[81]. 

M. Safari et al. (2021) was using a two-step approach for Fe2Co-MOF production viz. 

solvothermal procedure and then calcination. The occurrence of the cubic structure of 

CoFe2O4 and MIL-88A (Fe) structure of Fe2Co-MOF has been validated by XRD patterns. 

As per FE-SEM micrographs, the calcination method transforms the morphology from 

spindle (Fe2Co-MOF) into yolk-shell (CoFe2O4). As per BET analysis, the specific surface 

areas of Fe2Co-MOF and CoFe2O4 are 36.0 and 29.2 m
2
 g

-1
 respectively. VSM study found 

that CoFe2O4 had a high value of coercivity of 2500 Oe owing to the surface anisotropy. 

During morphological change, the optical band gap is decreased from 1.92 to 1.77 eV. GCD 
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curves at 1 A g
-1

 yield Cs of 489.9 F g
-1

 (Fe2Co-MOF/NF) and 192.6 F g
-1

 (CoFe2O4/NF). 

The Fe2Co-MOF/NF exhibits more magnificent cyclic stability than their counterparts 

beyond 3000 cycles [82]. 

W. Raza et al. (2021) had synthesized for the first time, lanthanum cerium ferrite 

nanoparticles by employing a hydrothermal and co-precipitation approach. The structural 

along with the morphological characteristics of NPs were investigated employing XRD, 

SEM, TEM, and EDX. For CV, GCD, and EIS of J1 and J2 electrodes, a three-electrode 

setup in 6 M KOH electrolyte has been used. The excellent Cs of 1195 F g
-1

 was achieved for 

J2 at 10 mV s
-1

 and had 92.3 % capacitive retention beyond 2000 cycles. The E and P 

densities for the J2 electrode at 5 A g
-1

 were noticed to be 59 Wh kg
-1

 and 9234 W kg
-1

, 

respectively. As a consequence, the developed J2 electrode is a likely contender for 

supercapacitor use [83]. 

A. Anwar et al. (2021) had employed a co-precipitation method to prepare NiGdxFe2-xO4 

NPs. The spinel cubic structure of NiGdxFe2-xO4 NPs was verified by XRD.  Moreover, XRD 

spectra have also been utilized to determine the presence of metal cations in the A and B 

sites, bond lengths, hopping, and site radii. The M-O vibrations (stretching) at the A and B 

sites and spinel structure were corroborated by the FTIR spectra. The uneven shape of 

NiGdxFe2-xO4 nanoparticles was validated by the FESEM investigation. The elemental 

compositions were determined using EDX spectrographs. The dielectric characteristics were 

explored by employing Koop's model and Debye's theory. There was no discernible dielectric 

loss at higher applied frequencies (AC). Additionally, the electron exchange energy, 

magneto-crystalline anisotropy, and spin canting all aided in magnetic assessment. Owing to 

the low coercivity of NiGdxFe2-xO4, it can be extensively utilized in data storage systems 

having high frequency [84].       

I. Petrila et al. (2021) had employed a sol-gel procedure to examine the influence of the 

sintering of Cu0.5Zn0.5Fe2O4 on the structural, electrical, and magnetic characteristics. XRD 

reveals the size of the crystallite and phase of the prepared samples. SEM and AFM reveal 

the impact of sintering on several aspects viz. size of the crystallite, homogeneity, and 

porosity. At ambient temperature, relative permittivity, relative permeability, and electrical 

conductivity were computed with frequency. Eventually, at varying levels of humidity, an 

evaluation of relative permittivity, electrical conductivity, and the temporal response has 
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been done. Consequently, the prepared sample would have the possibility to be used in 

humidity sensors [85]. 

S. A. Mazen et al. (2020) had prepared Li0.25Mn0.5-xMxFe2.25O4 by the conventional ceramic 

method. The metal cations (M) viz. Co
2+

, Ni
2+

, and Cu
2+

 were doped at different 

concentrations (x = 0.0, 0.1, 0.3 and 0.5) to enhance the magnetic characteristics. The 

structural along with the magnetic characteristics of the prepared samples were examined by 

employing the XRD, SEM, and VSM. For all prepared samples the single-phase (spinel) was 

affirmed by the XRD. With increasing doping concentrations, the lattice parameter fell 

linearly. The crystallite sizes range from 60 to 101 nanometers. VSM tests demonstrated that 

different metal ions replacements had a significant impact on the Ms of Li0.25Mn0.5-

xMxFe2.25O4, which is attributable to the distribution of metal cations in the A and B sites. 

Owing to the enhanced magnetic characteristics of the Li0.25Mn0.5-xCoxFe2.25O4 as compared 

to their counterparts, it can be eventually implemented in the magnetic recorders and 

microwave appliances. It was noticed that the prepared Li0.25Mn0.5Fe2.25O4, structural and 

magnetic characteristics can be tuned by the substitution of various divalent transition metal 

ions [86]. 

M. I. A. A. Maksoud et al. (2020) explored conducting polymers, carbon materials, 

transition metal sulphides, perovskite oxides, and spinel ferrite which are all utilized to make 

supercapacitors. The Cs of  ZnCo2S4 (1269 F g
-1

) were four times that of Zn-Co ferrite (296 F 

g
-1

). The rapid ionic diffusion and the small Rct of the ZnCo2S4 account for this. The excellent 

capacitive retention and the Cs were examined for the composite materials (metal sulphides or 

oxides with carbon or conducting polymer-based material). This seems to be owing to the 

active sites of sulphur and oxygen that will enhance electrolyte intake and, as a result, 

develop new active sites while cycling [33]. 

S. J. Uke et al. (2020) had synthesized Zn doped MgFe2O4 by sol-gel technique, as an 

electrode material for SC at varied Zn concentrations. The concentration of Zn in MgFe2O4 

improves the SCs performance and raises the value of electric conductivity. The 2 wt. % Zn 

concentration in MgFe2O4 has been reported to be a high mesopores content with a modest 

surface area for ions to be accommodated. In 1 mol L
-1

 of Na2SO4 electrolyte, Zn doping in 

MgFe2O4 exhibited excellent Cs. The enhanced Cs of 484.6 F g
-1

 for 2 wt. % Zn in MgFe2O4 

at 1 mA cm
-2

 was observed in the GCD investigation. P and E are determined to be 2 kW kg
-1

 

and, 9 Wh kg
-1

 respectively. Furthermore, EIS demonstrates that 2 wt. % Zn doped MgFe2O4 
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has a lower resistance for intercalation and de-intercalation. The larger value of resistance is 

1.2, and Rct is 3.2, which is quite low, thus it's a great choice for SCs [87]. 

M. Barakzehi et al. (2020) had prepared at room temperature, a commonly utilized PET that 

is modified utilizing MIL-53(Al), via a layer-by-layer fabrication process. The rGO is then 

dipped into a GO solution and deposited on the surface of PET-MOF following chemical 

reduction. Finally, an in situ chemical polymerization method polymerizes pyrrole on the 

PET-MOF-rGO surface. The produced composite has been used as electrode material in an 

H2SO4 solution, yielding a Cs of 510 mF cm
-2

 at 1 mV s
-1

. The improved electrode is used in 

symmetrical SCs that has a 3.5 F cm
-3 

(volumetric Cs), 64 mWh cm
-3 

(E), and 0.6 mW cm
-3

 

(P). The fabricated SC maintains 85 % of its initial Cs beyond 1000 cycles after twelve 

months of storage under ambient temperature [88]. 

J. P. Cheng et al. (2020) had investigated the high activity and electrical conductivity of 

NiCo2O4 which has been regarded as an effective electrode material. NiCo2O4 (core-shell) 

structural composites have been produced, and the composites seem to have superior Cs than 

pure NiCo2O4. This research is aimed at the present state of composites (core-shell) that use 

NiCo2O4 as a scaffolding. In core-shell structures conductive polymers, sulphides, 

hydroxides, and metal oxides are explored in detail as shell materials. The structure (core-

shell) produced on conductive substrates can prevent material agglomeration and allow 

electrolytes to penetrate more easily. The cores of NiCo2O4 act as conducting conduits to the 

shell materials, ensuring synergic impact, while the shell materials protect and stabilize the 

NiCo2O4 cores. The electrodes of the NiCo2O4 core were examined in terms of potential 

development paths and prospects [89]. 

R. Awata et al. (2020) had exploited in situ chemical oxidation polymerization, to prepare 

CSA substituted PANI-MWCNT in varied ratios for SC electrodes. The maximal Cs and E of 

the SC electrodes relying on PANI-MWCNTs (2 wt. %) over graphite sheet and Ni 

foam, were 1183 and 2053 F g
-1

 and 183.18 and 102.6 Wh kg
-1

, respectively. For PANI-

MWCNTs (2 wt. %), over the graphite sheet, the capacitive retention was reduced to 13 % 

beyond 1000 cycles and displayed outstanding cyclic stability of 100 % over Ni foam. Cyclic 

stability of PANI over the Ni foam, on the other hand, was about 50 %. Thus SC electrode of 

PANI-MWCNTs (2 wt. %) seems to be more reversible than pristine PANI [90]. 
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S. Gul et al. (2020) had prepared AlxZnFe2-xO4 nanoparticles using a facile and minimal cost 

co-precipitation technique. The single-phase formation was seen at around 600 °C, according 

to the thermal study. The genesis of the fcc structure was shown via structural investigation. 

Ionic exchange in the ferrite nanoparticles caused the crystallite size to shrink as the 

aluminium concentration rose. The unsubstituted and substituted zinc spinel ferrite 

nanoparticles had a generally spherical shape and a size of 100 nm, according to the 

morphological study. The replacement philosophy has a significant impact on magnetic 

characteristics. The saturation magnetization of the nanoparticles dropped as the aluminum 

concentration increased. The material was discovered to have significant resistance values 

after an electrical examination. The optical characteristics of the produced nanoparticles 

demonstrated that they were suitable for photocatalysis and could destroy organic-based 

contaminants in drinking water [91]. 

S. B. Somvanshi et al. (2020) reported surface, optical, spectral, thermal, and structural 

investigations of Gd
3+

 doped Zn-Mg ferrite NPs prepared by utilizing the sol-gel procedure. 

The fluctuation in thermal characteristics and spinel phase development with weight loss % 

in the obtained samples was analyzed using the TG-DTA technique. The nano-crystalline and 

spinel-phase formation of all prepared samples were validated by XRD spectra. A rising and 

falling trend in the lattice constant and crystallite size respectively was noticed with the 

addition of Gd
3+

. FT-IR spectrum investigations confirmed the occurrence of two vibrational 

bands. The enhancement and decrement in the absorbance and bandgap energy respectively 

with the doping of Gd
3+

 were examined by the UV-VIS. The surface characteristics viz. pore 

size distribution, pores radius, pore-volume, surface area, etc. were investigated by the BET. 

All of the samples showed an increase in these surface characteristics due to Gd
3+

 doping. 

The current research emphasizes the importance of Gd
3+

 doped Zn-Mg ferrites NPs in MRI 

imaging and magnetic hyperthermia [92]. 

Y. Slimani et al. (2020) had utilized ultrasonic irradiation procedure for the preparation of 

Ni0.4Cu0.2Zn0.4Fe2xEuxO4 (x = 0.00-0.10) ferrite NPs and thoroughly researched as a green 

and simple approach. Various properties viz. dielectric, electrical, magnetic, optical, 

morphology, and structure were examined on doping Eu
3+

 in NiCuZn ferrite NPs. The band 

gap in the range of 1.86-1.90 eV was evaluated utilizing the tauc plots. At ambient 

temperature, magnetization tests revealed superparamagnetic activity. A transition from 

superparamagnetic to ferromagnetic might be observed below the blocking temperature (TB). 



30  

The decrement in the Ms was noticed with the doping of Eu
3+

. The greatest fluctuation in dc 

conductivity was exhibited at the concentration of x = 0.02. The activation energy is shown to 

be significantly dependent on both the substitution ratios of Eu ions and the temperature 

regions [93]. 

M. F. Warsi et al. (2020) had prepared the nanoparticles using a cost-effective and simple 

surfactant-assisted co-precipitation method. Er-doped Ni-Co ferrites are substantially 

tailorable in terms of magnetic, electrical, physical, and structural characteristics. XRD 

investigation verified the cubic phase of these nanoparticles. Using hysteresis loops and 

dielectric tests, the nanoparticles were further evaluated for potential application studies. Ms 

was enhanced from 35.99 to 45.6 emu g
-1

 after Er
+3

 doping. Owing to the composition's 

substantial rise in saturation density and coercivity, it's a good candidate for use in high-

density media recording device construction. Increased Er
+3

 concentrations in Ni0.4Co0.6Fe2O4 

spinel ferrite nanoparticles resulted in a considerable improvement in AC conductivity [94]. 

S. Ikram et al. (2020) used a simple sol-gel auto combustion approach to successfully 

synthesis a series of CoFe2-x-yTbxDyyO4 (x + y = 0.00-0.25). The produced sample's single-

phase formation and nanocrystalline characteristics were verified by XRD analysis. The 

structure of the studied materials did not degrade up to 900 °C temperature, and now the 

phrase has evolved, according to time and temperature-dependent XRD observations. Dy
3+ 

and Tb
3+

    ions were effectively integrated into Co ferrite NPs, as per the XPS investigation. 

XPS has also been used to validate the spinel structure of the prepared samples. The single 

domain and the magnetic soft characteristics of the prepared samples were avowed by the 

VSM study [95].  

S. Ikram et al. (2020) had assessed the impact on the dielectric, magnetic, electrical, and 

structural characteristics of the doping of the rare earth metal cations. XRD scans and 

subsequent FTIR analyses verified the cubic spinel structure of all produced nano-ferrites. 

The type of dopant RE
3+

 ions has a substantial impact on the lattice constant, grain size, and 

crystallite size. Secondary phases on doping La exist for x > 0.2 owing to the La larger radius 

than the Ce. The spin order coupled with RE
3+

 ionic radius was affected by decreasing 

crystallite size, resulting in a reduction in magnetization. The decrement in the coercivity and 

increment in the permeability was examined for the dopant having a short radius. The 

dielectric constant, as well as dielectric loss, dropped with the decrement in the frequency. 
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These ferrites NPs were applicable for microwave and high-frequency appliances according 

to their described properties [96]. 

S. V. Bhandare et al. (2020) had utilized a glycine-aided sol-gel auto combustion technique 

to make nanocrystalline Co-Mg-Ni ferrite samples, which were then calcinated at 600 
o
C. 

The impact of substituting Mg for Ni relies on the presence of metal cation in the A and B 

sites. The 
57

Fe-Mossbauer spectroscopy, magnetic characteristics, and rietveld refinement 

affirms the existence of Co in the A and B sites in the ratio of 2:3, Ni in the B site, and Mg in 

the A site. For maintaining the spinel structure of the prepared samples, only Fe
3+

 shifts their 

lattice sites, but sites of the Co
2+

, Ni
2+

, and Mg
2+

 remain unchanged when Mg
2+

 is substituted 

for Ni
2+

. Thus when Mg
2+

 is substituted for Ni
2+

 in a Co0.5Ni0.5Fe2O4 sample, the cation 

distribution and magnetic characteristics change [97]. 

C. Murugesan et al. (2020) had employed the combustion reaction approach to successfully 

produce nanocrystalline Mn1-xZnxFe2O4 mixed ferrites. The single spinel phase of all the 

prepared samples was avowed by the XRD. The spherical ferrite NPs were prepared, 

according to surface morphology studies. Furthermore, the SAED patterns reveal the 

produced ferrite's polycrystalline nature. The existence of O, Fe, Zn, and Mn in the states O 

1s, Fe 2p, Zn 2p, and Mn 2p may be seen in the XPS spectra. With the doping of Zn, the 

decrement in the AC electrical conductivity, tan δ, and dielectric constant were noticed for x 

< 0.9. The enhancement in the activation energy from x = 0.0 to 0.8 was noticed. The 

prepared Mn0.2Zn0.8Fe2O4 NPs are beneficial for high-frequency applications [98]. 

R. P. Patil et al. (2020) had synthesized Mn-doped LiFe2O4 NPs by employing the sol-gel 

procedure. The prepared sample is sintered in air at various temperatures. FTIR, SEM, and 

XRD have been utilized for the examination of morphological and structural characteristics. 

All of the samples had a nanocrystalline single cubic phase structure, as per the XRD pattern. 

The SEM method is used to provide morphological investigations of produced 

nanocrystalline materials. It can be observed that when the sintering temperature rises, the 

average grain size grows dramatically. According to FT-IR investigations, the spinel phase 

forms at a higher sintering temperature [99]. 

K. Tanbir et al. (2020) studied the effects of Eu
3+

, Sm
3+

, and Gd
3+

 doping on the magnetic, 

optical, and structural characteristics of Ni-Co ferrite NPs produced via the facile co-

precipitation route. XRD confirmed the development of single-phase (spinel) for all the 
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samples. Owing to the larger radius of the dopant, a decrement in the crystallite size was 

exhibited. The HR-TEM micrograph-derived mean particle size closely matched the X-ray 

diffraction data. At ambient temperature, the paramagnetic character of rare-earth ions 

decreases the superexchange interactions between sublattices. In contrast with the dopant, the 

Curie temperature, Ms, and coercivity were noticed to be lower than the pristine samples. The 

nano-size effect of the produced NPs is responsible for the enhancement in the bandgap 

(optical) [100]. 

N. Mechi et al. (2020) had used the sol-gel technique to produce Ni0.4Cd0.3Zn0.3Fe2O4 ferrites 

at two different temperatures. The produced NPs exhibit spinel phase, according to Rietveld 

refinements of XRD patterns. With the enhancement in sintering temperature, the increment 

in the grain size and lattice constant was noticed. When the sintering temperature is raised, 

the maximum magnetization (Ms) increases, but coercivity (Hc) and remanence (Mr) decrease. 

An impedance study was utilized to examine the frequency and temperature dependency of 

electrical conductivity, electrical modulus, and electrical impedance. The conductivity of the 

samples increases as the sintering temperature rises. The presence of an electrical relaxation 

event and non-Debye nature may be seen in the changing of the imaginary component of the 

modulus. An electrical equivalent circuit was used to examine Nyquist representations. The 

obtained findings show that the grain boundary contribution is mostly responsible for the 

sample's conduction mechanism [101]. 

F. Hcini et al. (2020) had used the sol-gel technique to prepare Cd0.5Zn0.5FeCrO4 at two 

different temperatures. The sintering impact on the electrical, magnetic, infrared, and 

structural characteristics of the prepared samples was examined. For all the prepared samples 

the development of the single-phase (spinel) was assured by the XRD. With the increment in 

the sintering temperature, the increment in the grain size and lattice constant was noticed. 

Moreover, the enhancement in the dielectric constant, electrical conductivity, Ms, and 

absorption band intensity was observed with the enhancement in the temperature. Owing to 

the same current carriers, the dc-conductivity and relaxation time revealed similar activation 

energies, thereby demonstrating the conduction and relaxation phenomenon [102]. 

M. A. Almessiere et al. (2020) had used sol-gel technique to prepare Eu doped Ni-Cu-Zn 

ferrite NPs. The single-phase (spinel) for all the prepared samples was affirmed by the XRD. 

The hyperfine magnetic field (HMF), quadrupole splitting, isomeric shift, and line-width 

disparity were all estimated using Mossbauer spectra. With the increment in the Eu doping, 
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the decrement in the HMF was noticed. The prepared NPs paramagnetic contribution grew as 

the Eu
3+

 level rose. The suggested NSF’s S-parameters were measured using the co-axial 

approach. Natural ferromagnetic resonance (NFMR) occurrences allowed for significant EM 

energy absorption in the range of 2.5-9.5 GHz. Furthermore, the frequency features of the 

NSF’s were greatly altered by the rise in Eu substitution. The resonant amplitude changed 

abnormally (more than four times). The findings indicate that the prepared materials are 

applicable for radio-electronic gadgets [103].  

R. R. Chilwar et al. (2019) had employed a chemical spray approach to preparing a thin film 

of Al
3+

 doped LiFe2O4. The single-phase (spinel) development of the prepared sample was 

assured by XRD pattern analysis. The decrement in the lattice constant was noticed with the 

doping of Al
3+

. FTIR study exhibits the effective integration of the dopant in the LiFe2O4. 

The agglomerated spherical-shaped grain was perceived in the FESEM. The bandgap lies in 

the range of 2.36 and 2.04 eV, which is estimated utilizing the Tauc plot. With increasing 

Al
3+

 content, the saturation magnetization (MS) drops, but the coercivity (HC) increases. With 

increasing Al
3+

 concentrations, the dielectric characteristics deteriorated [104]. 

P. Bandyopadhyay et al. (2019) had employed a facile hydrothermal approach to preparing 

porous 3-D Zn-Ni-Co oxide/NiMoO4 over Ni foam for SC. The hierarchical porous Zn-Ni-Co 

oxide/NiMoO4 exhibits excellent reversible Faradaic reaction, by having quick ions mobility, 

porous structure, stability, and magnificent conductivity. It was perceived that the asymmetric 

SC exhibits an excellent life span, Cs, and quick charge-discharge rate if Fe2O3/rGO and Zn-

Ni-Co oxide/NiMoO4 were utilized as an anode and cathode material respectively [105]. 

Y. Z. Cai et al. (2019) had altered the composition ratio, to produce rGO-NiFe2O4 nano-

hybrids with NiFe2O4 dispersed over a 2-D rGO substrate. NiFe2O4 levels might interfere 

with the ideal condition of transportation of ions and conduction of the electron, thereby 

lowering Cs. The weight capacitance of the G-N3 (30 wt. % NiFe2O4) SC electrode is four 

times that of pristine NiFe2O4 at 0.5 A g
-1

. Furthermore, this G-N3 SC electrode has excellent 

rate performance as well as long-term cycle stability. Quantitative electrochemical kinetics 

experiments are also used to investigate a surface capacitive storage mechanism. The findings 

suggest that nanoscale tailoring may be a more reliable route to developing novel SC 

electrodes [106]. 
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J. Bhagwan et al. (2019) had applied a facile, rapid, and cost-effective combustion process 

was used to synthesize zinc cobaltate (ZCO) nanoparticles. To achieve acceptable 

crystallinity and a suitable morphology in ZCO, several calcination temperatures were 

utilized. The impact on the electrochemical activity of the SC with the temperature was 

examined. The excellent Cs at 1 A g
-1

 for optimized sample yields to be 843 F g
-1

. The 

aqueous asymmetric supercapacitor was made using the optimum sample. The P and E at 1 A 

g
-1

 for asymmetric SC were evaluated to be 716 W kg
-1

 and 26.28 Wh kg
-1

 respectively. The 

parallel-connected 14 LEDs and fan were operated with the two asymmetric SCs connected 

in series. Based on the foregoing findings, optimized ZCO appears to be favorable for the SC 

electrode [107]. 

J. Acharya et al. (2019) had utilized a facile sonochemical technique to prepare the SC 

electrode material (CoFe2O4-MWCNTs). The prepared material had 3D porous morphology 

as exhibited by the FESEM owing to which there is quick mobility of the ions in between the 

electrode and the electrolyte. The prepared material had magnificent capacitive retention, 

excellent rate capability, and high Cs. Moreover, the electrochemical activity of the SC is 

remarkably higher when AC and CoFe2O4-MWCNTs were utilized as the negative and the 

positive electrode respectively. At 3 mA cm
-2

, the Cs were noticed to be 81 F g
-1

 and beyond 

2000 cycles, there exist excellent capacitive retention (92 %) with P and E to be 319 W kg
-1

 

and 26.67 Wh kg
-1

 respectively [108]. 

T. Das et al. (2019) had successfully prepared a novel hybrid ternary (CuFe2O4-Acetylene 

black-PANI) nanocomposite. The prepared material characteristics were examined by the 

EDX, SEM, UV, FTIR, and XRD. The ternary system's linked structure encouraged various 

electrochemical processes. The Cs of the prepared material at 0.5 A g
-1

 are estimated to be 

732.35 F g
-1

. The prepared SC exhibits the Cs of 192.64 F g
-1

 at 0.5 A g
-1

. The P and E of the 

prepared sample were noticed to be 3165.25 W kg
-1

, and 26.757 Wh kg
-1

 respectively. 

Because of the synergistic effects between separate components, ternary composites provide 

intriguing outcomes and are favorable for the SCs. To determine the resistances of electrode 

material, an EIS study was performed [109]. 

H. Javed et al. (2019) used a co-precipitation approach to make Ni0.65Zn0.35NdxFe2-xO4 

nanoparticles. The electromagnetic and structural characteristics of the prepared samples can 

be tuned with doping (RE). The electric, magnetic, spectral, and structural behavior of the 

prepared samples was examined utilizing I-V measurements, VSM, FTIR, and XRD. 
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Excluding x = 0.075, for all the prepared samples the development of the single-phase 

(spinel) was avowed by the XRD. The nonlinear trend in the magnetic, electric and structural 

study was perceived with the doping of Nd
3+

. The vibrations in the prepared samples were 

explained by the FTIR [110].      

B. J. Rani et al. (2018) had employed a facile co-precipitation procedure for the production 

of Co-doped ZnFe2O4. The electrochemical, optical, and structural characteristics of the 

prepared samples are highly swayed by the dopant. The active modes were precisely defined 

in the prepared samples as detected by the Raman results. The occurrence of vacancies in the 

produced samples was corroborated by the PL spectra. The doping of the Co, as well as the 

spinel phase in the prepared samples, was confirmed by the FTIR. The increment in the Cs 

was noticed from 319.37 to 377.81 F g
-1

 with the Co doping [111]. 

M. Chandel et al. (2018) had utilized the facile in-situ approach for the production of 

CuFe2O4-rGO NC. Density functional theory was employed to examine the interaction of rGo 

with CuFe2O4 inside the prepared NC. The excellent Cs of the NC were exhibited, due to their 

synergic action. The prepared NC in the weight % ratio of 96:04 showed remarkable catalytic 

efficiency. This efficiency was much greater than that of pristine CuFe2O4 in each of these 

processes. The prepared NC also outperformed pristine CuFe2O4 in terms of super-

capacitance. The Cs of the NC at 2 A g
-1 

were estimated to be 797 F g
-1

 and hold excellent 

capacitive retention (92 %) beyond 2000 cycles [112]. 

S. Hcini et al. (2018) had exploited the sol-gel approach for the production of 

Ni0.4Cd0.3Zn0.3Fe2O4 and investigated the critical, magneto-caloric, magnetic, and structural 

characteristics of the temperature. The increment in the size of the crystal and lattice constant 

was perceived with the increase in the temperature. In the prepared samples the transitions 

from FM-PM are noticed in the magnetic investigation. The enhancement in the relative 

cooling power, entropy, Curie temperature, and magnetization was manifested with the 

enhancement in the temperature. Owing to the enhancement in the size of the crystal, there 

arises variability in the critical exponents [113].                

F. M. Ismail et al. (2018) had successfully worked in preparing Mn0.5Zn0.5Fe2O4 spinel 

ferrite for the first time for high-performance supercapacitor electrodes. The Mn0.5Zn0.5Fe2O4 

spinel ferrite so formed has a mesoporous nanostructure, narrow pore size dissemination, and 

high surface to volume ratio. The electrode prepared by utilizing Mn0.5Zn0.5Fe2O4 exhibits a 
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very high value of Cs (783 Fg
-1

) in 0.5 M H2SO4 and has a very high coulombic efficiency. 

The P and E at 1.0 A g
-1 

for the Mn0.5Zn0.5Fe2O4 are 899.7 W kg
-1

 and 15.8 Wh kg
-1

 

respectively, which is comparatively larger than the P and E of MnFe2O4 and ZnFe2O4. This 

makes Mn0.5Zn0.5Fe2O4 a favorable material for high-performance SC applications [114]. 

N. Arsalani et al. (2018) had prepared MnFe2O4 nanoparticles using a simple hydrothermal 

process and subsequently inserted them in a PANI matrix by in situ polymerization. The 

prepared NC characteristics were examined utilizing FESEM, FTIR, and XRD. At 1 A g
-1

 the 

excellent Cs of NC (371 F g
-1

) are exhibited in contrast with the pristine PANI (312 F g
-1

). 

Furthermore, the synthesized NC exhibits magnificent cyclic life with better capacitive 

retention (86.7 %) beyond 2000 cycles [39]. 

A. Shokri et al. (2018) had utilized a simple co-precipitation approach to preparing CoxSn1-

xFe2O4 NPs. The optical, morphological, magnetic, and structural characteristics of the 

prepared samples were examined utilizing DRS, EDX, FESEM, VSM, FTIR, and XRD. The 

development of the cubic spinel structure was verified by XRD and FTIR findings. With the 

doping of the Co, the lattice constant first increments (up to x = 0.25) and then decrements 

(above x = 0.25). For x < 0.25 and x > 0.25, the shifting of the υ1 peak towards the lower and 

higher wavenumber respectively was perceived in the FTIR. For x = 0.50 the value of 

anisotropy constant, Mr, and Ms were extremely higher and then decrements above x = 0.50 

[115].        

X. Feng et al. (2018) had applied a simple hydrothermal approach to synthesize hierarchical 

CoFe2O4-NiFe2O4 NC. In contrast to their counterparts, the prepared NC at 1 A g
-1

 exhibits 

excellent Cs of 269 F g
-1

 and has magnificent capacitive retention (81 %) beyond 10000 

cycles. The superb electrochemical activity of the prepared NC makes it favorable for SC of 

the future [116].       

H. Kennnaz et al. (2018) had employed a facile hydrothermal and co-precipitation procedure 

to prepare CoFe2O4. The development of the single-phase (spinel) in the prepared samples 

was avowed by the XRD. The particle size (average) in the nanoscale range of 11 to 26 nm 

was perceived by the HRTEM and FESEM. The prepared CoFe2O4 (hydrothermal) exhibits 

Hc and Ms at ambient temperature to be 750 Oe and 63 emu g
-1

 respectively. Moreover, at 

0.5 A g
-1

 excellent Cs (429 F g
-1

) were perceived with 98.8 % efficiency (coulombic) beyond 

6000 cycles, which makes CoFe2O4 a promising material for SC application [117]. 
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V. Vignesh et al. (2018) had utilized a facile and minimal cost co-precipitation technique for 

the production of MnFe2O4. The 3.5 M KOH had been utilized for the electrochemical 

investigation and it was revealed that at 0.2 A g
-1

, the excellent Cs (245 F g
-1

) with capacitive 

retention of 105 % beyond 10,000 cycles. The P and E were perceived to be 1207 W kg
-1

 and 

12.6 Wh kg
-1

 respectively and thus make MnFe2O4 a favorable material for SC [118].  

S. R. Bhongale et al. (2018) had utilized the oxalate co-precipitation approach to prepare 

MgxCd1-xNd0.03Fe1.97O4 using a unique microwave sintering procedure. Sintering of the 

prepared sample was done in a microwave oven for 10 minutes. The structural characteristics 

of the prepared sample were investigated utilizing FTIR, SEM, and XRD. The development 

of the spinel structure in the prepared sample was assured by the XRD. In spite of the 4 

absorption peaks, two sharp peaks were noticed near 400 and 600 cm
-1

 in the FTIR study. 

The magnetic characteristics of the produced samples are reliant on the grain size, and per the 

VSM analysis. The processed sample's superior magnetic characteristics make them ideal for 

use as a recording medium. The microwave sintering process allows for the rapid production 

of spinel ferrites [119]. 

E. R. Kumar et al. (2018) had prepared the pure phase of Ni0.8Co0.2Fe2O4 using egg white as 

a bio-template and by simple evaporation process. The prepared nanoparticles act as a binder 

for emulsifying, foaming, and gelling properties which are controlled by egg white. Core-

shell interactions appear to impact the magnetic behavior of the current ferrite system. In the 

current ferrite system, the anisotropy function must be understood in order to account for the 

overall magnetic behaviour. Koop's hooping mechanism may be used to explain the dielectric 

behaviour. As there isn't any assurance that Fe
2+

 ions exist, they are generated quickly as a 

result of the heat treatment for electron hooping [120]. 

M. N. Akhtar et al. (2018) utilized the sol-gel process to successfully synthesize 

Ni0.8Zn0.2CexFe2-xO4. The decrement in the porosity, X-ray density, and bulk density was 

manifested with the doping of the Ce
3+

. The distribution of the cations in the A and B sites 

(viz. unshared edges, shared edges, bond length, and cation radii) were examined by the 

XRD. With increased Ce
3+

 concentration, crystallite and grain size decreased. On Ce
3+

 

doping, the decrement in the Ms by 61 % was manifested by the VSM examination. Whereas 

doping Dy
3+

 in CoFe2O4, results in a 40 % drop in Ms. In addition, Ce doped Cu ferrite 

showed a 46 % increase in Ms. The utilization of Ce
3+

 doped Ni-Zn nano ferrites for 

switching applications was shown using switching field distribution (SFD) measurements. 
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The relationship between Ce
3+

 content and assessed attributes revealed that these prepared 

samples can be applied in a wide range of technical and industrial areas [121]. 

F. S. Omar et al. (2017) had synthesized ZnCo2O4 spinel nanoparticles by the hydrothermal 

method which were then physically blended with Polyaniline (PANI) to form PANI-ZnCo2O4 

spinel NCs. The PANI-ZnCo2O4 spinel NCs formation was confirmed by XRD, FTIR, and 

FESEM analysis. It has been revealed that the substitution of PANI in the ZnCo2O4 spinel 

NPs increases the conductivity, specific capacitance, and the rate of the capability. This 

enhancement in the above characteristics accounts for the augmentation of the redox site and 

the synergistic effect of the PANI- ZnCo2O4 spinel nanocomposites which will ultimately 

lead to an increase in the effective charge transportation. The PANI- ZnCo2O4 spinel NCs 

achieve excellent E and P which is 13.25 Wh kg
-1

 and 375 W kg
-1

 respectively as well as 

excellent cycling life with the coulombic efficiency of 90 % beyond 3000 cycles [122]. 

R. S. Yadav et al. (2017) had procured a hot press sintering procedure for the preparation of 

Co1-xZnxFe2O4. The development of the spinel structure for the prepared sample was avowed 

by the XRD. Smaller ferrite nanoparticles grew and densified faster than bigger ferrite 

nanoparticles, according to the scanning electron micrographs. In the prepared samples, 

magnetic characteristics are reliant on the grain size at the ambient temperature which was 

examined by the SQUID. The high Ms (82.47 emu g
-1

) was noticed for the Co0.5Zn0.5Fe2O4. 

The prepared samples, grain size, and density impact on the ac conductivity, dielectric 

characteristics, and hardness had also been explored [123].                  

M. A. Mousa et al. (2017) had successfully prepared the ternary NC which consists of 

Nanoferrite (Fe3O4, NiFe2O4, CoFe2O4), graphene, and PANI. This ternary NC so formed 

was then characterized for its structural and electrochemical properties. The development of 

the single-phase (spinel) in the prepared samples was avowed by the XRD. The fiber 

structure of PANI was confirmed by TEM micrographs which is very useful for the transfer 

of electrolyte ions. It has been analyzed that the ternary NCs so formed show an excellent 

performance than individual and binary NCs. These ternary NCs at 1 A g
-1

 have a very high 

value of Cs i.e. 1123 F g
-1

.
 
The magnificent P and E of the prepared NC at 1 A g

-1
 were 

perceived to be 2680 W kg
-1

 and 240 Wh kg
-1

 respectively along with the capacitive retention 

of 98.2 % beyond 2000 cycles [124]. 

A. E. Elkholy et al. (2017) had employed a facile co-precipitation procedure for the 
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preparation of MnCoFeO4. The prepared sample characteristics were examined by the N2 

desorption-adsorption, FTIR, HRTEM, XRD, and EDX. The prepared samples at 1 mV s
-1

 

exhibit excellent Cs (675 F g
-1

). The P and E at 1.5 A g
-1

 were perceived to be 337.50 W kg
-1

 

and 18.85 Wh kg
-1

 respectively. The cyclic stability had been explored by employing GCD 

and EIS. After 1000 GCD cycles, the supercapacitive performance had just 7.14 % 

deterioration, showing good long-term stability [125]. 

P. Thakur et al. (2017) had employed the co-precipitation approach to preparing 

Mn0.5Zn0.5Fe2O4. The prepared sample crystallite size (average) at 1373, 1173, and 973 K 

was evaluated to be 67.42, 39.02, and 11.38 nm respectively. The secondary phase Fe2O3 was 

removed during sintering at 1373 K, revealing a single-phase cubical spinel structure. The 

spinel structure of the prepared samples was assured by the existence of the two sharp bands 

near 400 and 600 cm
-1

. The production of homogeneous nanoparticles may be seen in 

FESEM pictures. The peak of the absorption spectra shifts to a higher wavelength from 214 

nm to 285 nm as the sintering temperature rises. The redshift in the PL and decrement in the 

bandgap energy were noticed with the sintering temperature [126]. 

S. A. Ansari et al. (2017) had employed a facile chemical oxidative polymerization process 

to prepare an M-MoS2-PANI NC. The prepared M-MoS2-PANI NC exhibits excellent Cs in 

contrast with its counterparts. Owing to the synergic activity and MoS2-PANI   interface 

connection in the NC, magnificent cyclic stability was noticed at 10 A g
-1

. The structural 

integrity is also compromised during the cycling test as a result of this. With an accessible 

and scalable production technique, the prepared NC had enhanced electrochemical activity 

and offers a lot of promise for SC application [127].    

N. S. Arul et al. (2017) had applied a simple chemical precipitation approach to preparing 

pristine ZnS NPs, MnS NPs, and ZnS-MnS NCs. The prepared NCs at 2 mV s
-1

 exhibit 

excellent Cs of 884 F g
-1

. The prepared NC-based SC manifests superb P and E which is to be 

7.78 kW kg
-1

 and 91 Wh kg
-1

 respectively. Moreover, the synthesized NC has magnificent 

cyclic stability after 5000 cycles. Thus owing to the excellent Cs,  magnificent cyclic stability, 

and superb P and E the prepared ZnS-MnS NC would be the best alternative for the minimal 

cost SC according to their findings [128].               

M. T. Farid et al. (2017) had employed a facile sol-gel procedure to prepare MnPryFe2-yO4. 

The activation energy of samples with high conductivity has been shown to be low. Owing to 
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the composition of the produced samples, there is a fluctuation in the exponent n, which 

ensures conductivity via charge hopping. Koop's (theory) and Maxwell-Wagner's (model) had 

been employed to examine the AC conductivity. The dielectric and electric characteristics of 

the prepared sample are highly influenced by the doping of the Pr. Chip inductors (high 

frequency) and power systems may boost from spinel ferrites that have been prepared [129].      

C. Wei et al. (2016) had prepared MnFe2O4, FeFe2O4, CoFe2O4, and NiFe2O4 for 

employment in the SC working electrode. Owing to the tiny size of the prepared MnFe2O4, it 

manifests excellent Cs as compared to its counterparts. To have comprehensive knowledge 

related to the process that governs spinel Cs, EXAFS and XANES are employed. The shift in 

the valance state was noticed only for the Mn metal cation. In contrast with the Mn, the 

valence states of Co, Ni, and Fe remained constant, resulting in substantially lower Cs. The Fe 

content of the produced ferrite was stable, which contributes very little to the 

pseudocapacitance. Cs were improved by having more Mn to B locations. However, in 

NiFe2O4 and CoFe2O4, 88 % and 89 % of the Ni and Co respectively are existing in the B 

location and their capacitances are limited by their inability to change valence state. In the 

prepared ferrite, the two main factors viz. B location existence and oxidation state change are 

responsible for the pseudocapacitance [130].     

K. V. Sanka et al. (2016) had worked on synthesizing CoFe2O4 ferrite, reduced graphene 

(rGO) oxide, and polyaniline (PANI) ternary nanocomposites (CGP) and used it as a negative 

electrode. The bonding (covalent) formed between PANI-rGO was affirmed by the 

spectroscopic studies which will ultimately lead to the increase in the electrochemical 

properties of the ternary CGP nanocomposites. The prepared CGP at 1 mV s
-1

 exhibits Cs of 

8.59 F m
-1

. Moreover, the fabricated SC with the prepared CGP at 1 mA manifests the Cs of 9 

mF cm
-1

 and having E of 270×10
-8

 Wh cm
-1

 [131].          

B. Bashir et al. (2016) had successfully prepared the Mn0.9Cu0.1Fe2O4 and rGO NC via 

simple chemical methods. The electrochemical activity of the prepared samples was 

examined with the EIS and CV. I-V (two probe) instruments were employed for the 

investigation of the conductivity of the prepared samples. In contrast to other samples, the 

prepared NC manifests superb cyclic stability, excellent capability rate, and magnificent Cs of 

300 F g
-1

 which make it favorable for SC [132].  

S. Sahoo et al. (2016) had worked on developing a ternary nanocomposite material of rGO, 
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NiMn2O4, and PANI by using a facile chemical process. It had been revealed that the ternary 

nanocomposites have a higher value of specific capacitance and lower impedance than binary 

nanocomposites. The above ternary NCs so formed have the higher energy density which is 

70 Wh kg
-1

 at 1 A g
-1

 current density and it also showed excellent rate capability and brilliant 

electrochemical performance at the higher value of current density [133]. 

B. Bhujun et al. (2016) had employed a sol-gel approach for the preparation of the ternary 

ferrite. The prepared spinel ferrite characteristics were examined by the electrochemical, 

SEM, and XRD study. The development of the single-phase (spinel) in the prepared sample 

was assured by the XRD. The porous structure with micropores that enables the transfer of 

electrolyte ions was confirmed by SEM micrographs. For the prepared sample at 5 mV s
-1,

 

superb Cs were perceived to be 221 F g
-1

 with excellent P and E to be 1711 kW kg
-1

 and 7.9 

Wh kg
-1

 respectively [134]. 

V. Manikandan et al. (2016) had utilized a facile co-precipitation procedure for the 

preparation of Sn doped CuFe2O4 at different temperatures. It was perceived that the particle 

size grew as the sintering temperature rose, according to XRD analysis. There is a decrement 

in the lattice parameter with the enhancement in the temperature as well as doping. The 

polycrystalline nature is confirmed by the superimposition of bright spots in the SAED 

pattern of TEM data. The two sharp absorption bands were noticed for the prepared samples 

in the FTIR and assert the spinel phase. In the 100 KHz to 700 MHz frequency, the prepared 

samples exhibit a loss and fluctuation in the dielectric constant [135].   

K. Praveena et al. (2016) had employed a minimal cost sol-gel approach to preparing the 

Ni0.4Zn0.2Mn0.4Fe2O4 NPs. All of the samples had grain sizes ranging from 18 to 30 

nanometers. The hysteresis loops indicate a high saturation magnetization and low coercivity, 

indicating that the material is magnetically soft. Permittivity's imaginary and real constituents 

are almost constant up to 1 GHz, then rise as the frequency is increased. The permeability is 

governed by Snoek's law, which states that the value of μ′ increases as the temperature rises, 

and the resonance frequency rises as well. The reflection coefficient, on the other hand, rises 

with sintering temperature, with the largest loss occurring in the 100 MHz-1 GHz region. The 

largest reflection loss in the sample sintered at 700 
o
C is due to absorption, destructive 

interference, and many internal reflections in the sample. For all the samples sintered at 

different temperatures, the quality factor is constant up to 380 MHz and rises with frequency 

[136].  
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G. Chandra et al. (2016) had utilized the sol-gel process to synthesize CoFe2O4 

nanoparticles of various sizes. Mossbauer spectroscopy, VSM, TEM, and XRD, were 

employed for the examination of the magnetic and structural characteristics. The decrement 

in the Hc and enhancement in the Ms (53 to 85 emu g
-1

), Mr, and particle size were perceived 

with the enhancement in the temperature. The ferri-magnetic character of all the samples is 

shown by Mossbauer spectra. Owing to the Mossbauer research, the prepared CoFe2O4 

stoichiometry was estimated to be (Co
2+

xFe
3+

1-x)[Co
2+

1-xFe
3+

1+x]O4. As the sintering 

temperature rises, the inverse spinel structure progressively converts into the conventional 

spinel structure [137]. 

D. Zha et al. (2015) had employed a simple two-step approach to preparing MnFe2O4-

Carbon black-PANI NC. The prepared NC at the 5 A g
-1

 manifests superb capacitive 

retention of 80 % after 10,000 cycles and at 40 A g
-1

 excellent capability rate of 98 %. 

Furthermore, this synthesized NC have outstanding Cs, P, and E all of which accounts for its 

usage as a minimal cost SC material for working electrode [138].      

R. Tholkappiyan et al. (2015) had successfully prepared manganese cobaltite nanoparticles 

under two distinct circumstances. To affirm the phase (spinel) and purity of the prepared 

sample FTIR and XRD were employed. The elemental analysis and composition of the 

prepared samples were examined with the XPS. FESEM manifests the sponge-like and flake-

like morphology of the Mn (C-C) and Mn (C-H) respectively. The nonporous characteristics 

of the prepared sample were investigated employing the BET. The two factors viz. state and 

shape of the prepared material are highly responsible for its electrochemical activity. Because 

of its flake-like shape, EIS spectra suggest that hydrothermally synthesized MnCo2O4 has a 

reduced diffusion resistance. MnCo2O4 synthesized by a controlled synthesis process has 

superior capacitance performance and is regarded as a favorable material for the SC as per the 

electrochemical results [139]. 

P. Liu et al. (2015) had focused on preparing the Mn-doped spinel ferrite and its usage as a 

catalyst. The prepared sample, cationic distribution, and structural characteristics were 

examined by employing TG-DSC, XPS, Raman, and XRD. The temperature-programmed 

reduction was employed for estimating the decline in the catalytic activity of the prepared 

sample. The Mn doping enhances the O2 content of the lattice, accelerates ferrite reduction, 

and improves the oxidative activity of the Mn and Fe catalyst's surface. In the presence of 

water vapour, the investigated catalyst exhibits great stability and superior activity, which is 
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of practical importance. In light of the fluctuation in the physicochemical and microstructural 

characteristics of the prepared ferrite, the impact of the Mn doping on formaldehyde 

oxidation was explored [140].     

P. Xiong et al. (2014) had worked in successfully synthesizing CoFe2O4, graphene, and 

PANI ternary nanocomposites by a two-step approach. The prepared sample characteristics 

were examined by employing the electrochemical, FESEM, TGA, XPS, and XRD study. The 

prepared NC at 2 A g
-1

 manifests superb Cs of 1133.3 F g
-1

 and magnificent capacitance 

retained (96.6 %) beyond 5000 cycles. At 2 A g
-1

 the NC exhibits excellent P and E of 3776.1 

W kg
-1

 and 21.5 Wh kg
-1

 respectively [141].            

F. Cai et al. (2014) had exploited a facile co-deposition approach for the preparation of 1-D 

nano-sheets of NiCo2O4-CNT. The hydroxide nano-sheet precursor was then thermally 

transformed into NiCo2O4 nano-sheets, with the overall shape and structure being preserved 

throughout the process. For NiCo2O4, the CNT acts as a conducting substrate, thereby 

resulting in an excellent electrochemical activity. The prepared sample at 0.5 A g
-1 

manifests 

superb Cs of 1038 F g
-1

 and has capacitive retention of 100 % after 1000 cycles. Moreover, a 

substantial amount of NiCo2O4 was deposited onto CNT which makes it favorable for SC 

[142]. 

H. Bahiraei et al. (2014) had utilized a sol-gel procedure for the production of MgCuZn 

ferrite at different temperatures. The magnetic and structural characteristics of the prepared 

samples were examined at various temperatures. The development of the single-phase 

(spinel) was assured by the XRD. Microstructural examinations revealed homogenous grains 

and suggested that sintering temperature change had a substantial impact on the elongation of 

the grain and density of the prepared specimen. For the prepared samples, with the increment 

in the sintering temperature, the enhancement in the Ms, permeability, grain size, and density 

was manifested [143]. 

R. P. Patil et al. (2013) had exploited the sol-gel approach to prepare ZnFe2O4, ZnMnO4, 

ZnCrO4, and ZnTiO4.  The development of the tetragonal (by doping Mn) and spinel (by 

doping Ti and Cr) phase was avowed by the XRD. The two sharp absorption peaks in the 

wavenumber ranging from 400-800 cm
-1 

in the FTIR ratify the development of the spinel 

structure. The agglomerated spherical-shaped particles were perceived in the FESEM for all 
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the prepared specimens. EDX validates the initial composition utilized in the synthesis. VSM 

revealed the ferromagnetic characteristics of the prepared samples [144]. 

M. Rahimi et al. (2013) had utilized a sol-gel approach for the preparation of Ni0.3Zn0.7Fe2O4 

ferrite NPs. The prepared sample's magnetic and structural characteristics are highly 

influenced by the temperature (sintering). The development of the single-phase in the 

prepared samples was ratified by the XRD. The typical crystallite size was estimated to be 

between 13 and 58 nm. As crystallite size, the Ms also enhances, whereas Hc first inclined and 

then declined, according to magnetic investigations of sintered samples at various 

temperatures. The findings of AC susceptibility studies on Ni0.3Zn0.7Fe2O4 NPs reveal that the 

NPs interaction (magnetic) may cause superspin glasses-like behavior [145]. 

V. S. Kumbhar et al. (2012) had employed a facile chemical procedure to make a thin 

CoFe2O4 coating on an SS substrate. The formation of CoFe2O4 spinel ferrite was confirmed 

by XRD and FTIR. The nanostructured morphology provides a high surface area which is 

very helpful for super capacitance. The Cs were observed to be 366 F g
-1

 which might be 

useful for the energy storage SC [146]. 

R. P. Patil et al. (2012) had employed the sol-gel process was to prepare Li-Cr ferrite NPs. 

The prepared samples had been sintered in the air at various temperatures. The magnetic and 

structural characteristics of the prepared samples were examined by employing P-E loop 

tracer, FTIR, RAMAN, TEM, SEM, and XRD. The development of the single-phase (spinel)  

in all the prepared samples was avowed by the XRD. The morphology of the produced 

specimens was ratified by the TEM and SEM. As per the FTIR and RAMAN, the single-

phase development arises at a higher temperature [147]. 

M. F. Al-Hilli et al. (2011) had adopted a typical chemical solid reaction approach, to 

prepare (Li0.5Fe0.5)0.5Ni0.5GdyFe2yO4. The microstructure was studied in relation to sintering 

temperature. The prepared samples exhibit the development of the single-phase (spinel) as 

per the XRD spectra. A higher doping concentration of Gd in the grain may limit grain 

development. However, temperature (sintering), has a substantial influence on the size of the 

grain as per the SEM. It was noticed that the co-efficient of Seebeck, which would have been 

computed utilizing thermal electromotive force values, is negative. It shows that n-type 

charge carriers are the majority, implying that electron hopping is the primary method of 
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conduction. The resistivity rose as the Gd substitution increased, but it reduced dramatically 

when the sintering temperature climbed [148]. 

M. P. Reddy et al. (2010) utilized the traditional mixed oxide approach for the production of 

Mg0.35Cu0.05Zn0.60Fe2O4 and Ni0.35Cu0.05Zn0.60Fe2O4. At 900 and 950 
o
C, the prepared 

Mg0.35Cu0.05Zn0.60Fe2O4, and Ni0.35Cu0.05Zn0.60Fe2O4 respectively have high densities. Both 

ferrite sample's SEM appears to be almost identical. At all sintering temperatures, the 

prepared Mg0.35Cu0.05Zn0.60Fe2O4 would have a high permeability than its counterparts which 

is on account of the reduction of magnetostrictive and magnetocrystalline constant of 

Mg0.35Cu0.05Zn0.60Fe2O4. Because Ni0.35Cu0.05Zn0.60Fe2O4 have a larger magnetic moment 

than Mg0.35Cu0.05Zn0.60Fe2O4, they have a higher Ms. The produced material was favorable for 

the multilayer chip indicator, based on their findings [149].  

P. P. Hankare et al. (2009) had utilized the co-precipitation technique to synthesize 

Mg0.5Ni0.5Fe2O4 at a temperature of 110 °C and a pH of 9.5 to obtain a high particle surface 

area. The powdered materials that resulted were sintered at various temperatures. The 

prepared sample's structural characteristics were examined by employing the SEM, XRD, and 

TGA. The high intense peak (311) for the prepared samples is perceived by the XRD 

patterns. With the enhancement in the temperature (sintering), the enhancement in the peak 

intensity was avowed by the XRD. With the temperature (sintering), the particle size and Ms 

were enhanced and ratifies by the SEM and VSM respectively [150].     

 

H. Su et al. (2009) had employed the traditional mixed oxide process to prepare 

Mg0.4Cu0.2Zn0.4Fe1.96O4 and Ni0.4Cu0.2Zn0.4Fe1.96O4. Both types of ferrite samples attained 

sufficient density when sintered at 900 °C. Owing to the low weight (atomic) of Mg in 

contrast to the Ni, the density of Mg0.4Cu0.2Zn0.4Fe1.96O4 ferrite was lower. The 

microstructures of these two types of ferrite samples did not differ significantly. At all 

sintering temperatures, the prepared Mg0.35Cu0.05Zn0.60Fe2O4 would have a high permeability 

than its counterparts which is on account of the reduction of magnetostrictive and 

magnetocrystalline constant of Mg0.35Cu0.05Zn0.60Fe2O4. The contents of Fe
3+

 and Fe
2+

 in the 

prepared samples really do not tend to be influenced by Mg
2+

 or Ni
2+

, there were no 

significant variations in permittivity between the two types of ferrite samples [151]. 

S. D. Bhame et al. (2008) had investigated the magnetostrictive characteristics of 

polycrystalline cobalt ferrite produced by the traditional ceramic process in relation to the 



46  

sintering temperature and dwell duration. The amount of magnetostriction is highly 

influenced by the microstructure of the final sintered product, according to the findings of 

this study. The magnetostrictive strain is increased when tiny, homogeneous grains with a 

less porous structure are present in the sintered material. For samples sintered at a lower 

temperature of 1100 
o
C, higher magnetostriction is produced. These findings are further 

supported by an examination of the microstructural and magnetostrictive characteristics of 

various additives during sintering [152]. 

2.2. Research Gaps 

 After surveying numerous pieces of literature in the field of the spinel ferrite for 

energy storage supercapacitors (SCs), a few research gaps were noted and stated below:   

(a) Most of the spinel ferrites utilized as an active material for SC electrodes were 

synthesized by the conventional solid-state method, co-precipitation method, 

hydrothermal method, etc. but very few researchers had synthesized spinel ferrite by 

facile sol-gel auto combustion method. 

(b) The spinel ferrite prepared in most of the literature consists of the two divalent metal 

cations but spinel ferrite consisting of more than two divalent cations are rarely 

synthesized for energy storage application. 

(c) In order to enhance the electrochemical activity of the spinel ferrite material, several 

nanocomposites (NCs) with carbon material or conducting polymer polyaniline (PANI) 

can be prepared. In contrast with the carbon material, the PANI-based spinel ferrite NC 

was very less explored for the SC electrode material. 

(d) The literature regarding the spinel ferrite-PANI NC, used for energy storage SC or many 

other applications had been produced utilizing an in-situ polymerization procedure, 

whereas the blending procedure was very less exploited.   

(e) In most of the literature, the values of power density (P), energy density (E), and specific 

capacitance (Cs) for spinel ferrite and with conducting polymer PANI NCs were found to 

be very low, which has to be improved for high-performance energy storage SCs. 

 To beat these above research gaps, my present research objectives focus on exploring 

the best possible spinel ferrite material and synthesizing its NC with the conducting polymer 

PANI using facile techniques for energy storage application. More emphasis is given to 

preparing the bulk amount, eco-friendly, easy availability, and minimal cost NC material for 

the welfare of the society. 
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2.3. Objectives of the Present Work  

The main aim and objectives of the study of the present research are: 

(a) To synthesis spinel ferrite nano-materials and nanocomposite with conducting material.   

(b) To study the effect of metal cation substitution on structural, morphological, and 

magnetic properties of spinel ferrite. 

(c) To investigate the variation in the properties of the doped spinel ferrite with temperature. 

(d) To study electrochemical properties of doped spinel ferrite and its conducting 

nanocomposite for better-performance energy storage devices. 
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CHAPTER-3 

Method of Synthesis 

 The synthesis method plays an important role in the production of spinel ferrite, 

polyaniline (PANI), and spinel ferrite-PANI nanocomposite (NC). Various well-known 

properties of the spinel ferrite viz. structural, morphological, magnetic, and electrochemical 

were highly influenced by the synthesis methodology utilized. However, these above 

properties also have a greater impact on the composition, type of the dopant used, and 

sintering temperature of the prepared material. For the preparation of the conducting PANI, 

an appropriate selection of dopant, oxidant, and synthesis techniques is required. For 

preparing the NC (spinel ferrite-PANI) a facile and quick synthesis procedure should be 

chosen for excellent entanglement of PANI with spinel ferrite nanoparticles (NPs). 

Furthermore, for the supercapacitor electrode preparation, the electrochemical performance 

of the prepared materials relies heavily on the type of the substrate, binder, conducting 

material, and electrolyte utilized. As discussed earlier in chapter 1, about the best synthesis 

techniques out of the several known techniques, the sol-gel auto combustion, chemical 

oxidative polymerization (COP), and physical blending have been employed for the synthesis 

of the spinel ferrite, PANI, and spinel ferrite-PANI NC respectively. The detailed procedures 

for the preparation of the materials by these above-selected techniques along with the 

properties to be studied are discussed below one by one in the form of a table.     

3.1. Synthesis of Zinc Doped Magnesium Spinel Ferrite 

 

Fig. 3.1. Chemicals along with their company for Mg1-xZnxFe2O4 preparation. 

Company Name Chemicals Used Spinel Ferrite 

Mg1-xZnxFe2O4  

Magnesium Nitrate Loba 

Zinc Nitrate Loba 

Ferric Nitrate Loba 

Citric Acid Loba 

Ammonia Solution Loba 
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 For the preparation of Mg1-xZnxFe2O4 (x = 0.0, 0.2, and 0.4), AR grade chemicals 

were utilized as illustrated in Fig. 3.1, and the detailed steps for the preparation of spinel 

ferrite along with the properties studied using various characterization techniques are 

mentioned in Table 3.1. 

Table 3.1. Detailed procedure for the synthesis of Mg1-xZnxFe2O4. 

Material name: Zinc doped magnesium spinel ferrite 

Chemical formulae: Mg1-xZnxFe2O4 Synthesis method: Sol-gel method 

Cations to citric acid ratio: 1:1 Doping concentration (x): 0.0, 0.2, and 0.4 

Molar ratio of Mg:Zn:Fe = 1-x:x:2 

Chemicals used Mg(NO3)2·6H2O Zn(NO3)2·6H2O Fe(NO3)3·9H2O 
Citric acid 

(Anhydrous) 

Mol. Wt. (in g) 256.41 297.48 404 192.13 

Chemicals 

amount used 

(in g) 

x = 0.0 12.82 0.00 40.40 28.81 

x = 0.2 10.25 2.97 40.40 28.81 

x = 0.4 7.69 5.94 40.40 28.81 

Amount of distilled water used for mixing nitrates & citric acid: 100 ml 

Time for which magnetic stirrer is used to obtain a clear solution: 30 min. 

Solution used to balance pH: Ammonia solution 

pH is maintained: 7 

Magnetic stirring and heating are given to make gel:  For 4-5 h at 100 
o
C 

Only heating is given to gel for auto combustion process: For 1 h at 100 
o
C 

Further heating of the as burnt powder to form a fluffy powder: For 8-10 h at 80-100 
o
C 

Sintering in muffle furnace is done:  For 6 h at 800 
o
C 

Grinding of the powder is done by using a mortar & pestle 

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemental (EDX), 

and Magnetic (VSM) 

3.2. Synthesis of Manganese Doped Cobalt-Zinc Spinel Ferrite 

 For the production of MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, and 0.4), AR grade 

chemicals were utilized as manifested in the Fig. 3.2. Table 3.2 lists the detailed processes for 

producing spinel ferrite, as well as the properties studied employing several characterization 

techniques.   
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Fig. 3.2. Chemicals along with their company for MnxCo0.5-xZn0.5Fe2O4 preparation. 

Table 3.2. Detailed procedure for the synthesis of MnxCo0.5-xZn0.5Fe2O4. 

Material name : Manganese doped cobalt zinc spinel ferrite 

Chemical formulae: MnxCo0.5-xZn0.5Fe2O4 Synthesis method: Sol-gel method 

Cations to citric acid ratio: 1:1 Doping concentration (x): 0.0, 0.1, 0.2, 0.3, and 0.4 

Molar ratio of Mn:Co:Zn:Fe = x:0.5-x:0.5:2 

Chemicals used 
Mn(NO3)2 

·6H2O 

Co(NO3)2 

·6H2O 

Zn(NO3)2 

·6H2O 

Fe(NO3)3 

·9H2O 

Citric acid 

(Anhydrous) 

Mol. Wt. (in g) 287.04 291.03 297.48 404 192.13 

Chemicals 

amount used 

(in g) 

x = 0.0 0.00 2.91 2.96 16.16 11.52 

x = 0.1 0.57 2.33 2.96 16.16 11.52 

x = 0.2 1.14 1.74 2.96 16.16 11.52 

x = 0.3 1.72 1.16 2.96 16.16 11.52 

x = 0.4 2.28 0.58 2.96 16.16 11.52 

Amount of distilled water used for mixing nitrates & citric acid: 100 ml 

Time for which magnetic stirrer is used to obtain a clear solution: 30 min. 

Solution used to balance pH: Ammonia solution 

pH is maintained: 7 

Magnetic stirring and heating are given to make gel:  For 4-5 h at 100 
o
C 

Only heating is given to gel for auto combustion process: For 1 h at 100 
o
C 

Further heating of the as burnt powder to form a fluffy powder: For 8-10 h at 80-100 
o
C 

Sintering in muffle furnace is done:  For 6 h at 1200 
o
C 

Grinding of the powder is done by using a mortar & pestle 

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemental (EDX), and 

Magnetic (VSM) 

Company Name Chemicals Used Spinel Ferrite 

MnxCo0.5-xZn0.5Fe2O4  

Manganese Nitrate Alfa Aesar 

Cobalt Nitrate Loba 

Zinc Nitrate Loba 

Ferric Nitrate Loba 

Citric Acid Loba 

Ammonia Solution Loba 
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3.3. Synthesis of Mn0.3Co0.2Zn0.5Fe2O4 at Different Sintering Temperatures 

 AR grade chemicals have been used to prepare Mn0.3Co0.2Zn0.5Fe2O4, as shown in Fig. 

3.3, and the detailed procedures for the production of spinel ferrite, as well as the 

characteristics evaluated using different characterization techniques, are included in Table 

3.3. 

 

Fig. 3.3. Chemicals along with their company for Mn0.3Co0.2Zn0.5Fe2O4 preparation. 

Table 3.3. Detailed procedure for the synthesis of Mn0.3Co0.2Zn0.5Fe2O4. 

Material name: Manganese cobalt zinc spinel ferrite 

Chemical formulae: Mn0.3Co0.2Zn0.5Fe2O4 Synthesis method: Sol-gel method 

Cations to citric acid ratio: 1:1 No. of sintering temperatures: 3 

Chemicals used 
Mn(NO3)2 

·6H2O 

Co(NO3)2 

·6H2O 

Zn(NO3)2 

·6H2O 

Fe(NO3)3 

·9H2O 

Citric acid 

(Anhydrous) 

Mol. Wt. (in g) 287.04 291.03 297.48 404 192.13 

Chemicals amount used (in g) 1.72 1.16 2.96 16.16 11.52 

Amount of distilled water used for mixing nitrates & citric acid: 100 ml 

Time for which magnetic stirrer is used to obtain a clear solution: 30 min. 

Solution used to balance pH: Ammonia solution 

pH is maintained: 7 

Magnetic stirring and heating are given to make gel:  For 4 h at 120 
o
C 

Only heating is given to gel for auto combustion process: For 1 h at 100 
o
C 

Further heating of the as burnt powder to form a fluffy powder: For 8-10 h at 80-100 
o
C 

Sintering in muffle furnace is done:  For 4 h at 750, 950, and 1150 
o
C 

Grinding of the powder is done by using a mortar & pestle 

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemental (EDX), and 

Magnetic (VSM) 

Company Name Chemicals Used Spinel Ferrite 

Mn0.3Co0.2Zn0.5Fe2O4  

Manganese Nitrate Alfa Aesar 

Cobalt Nitrate Loba 

Zinc Nitrate Loba 

Ferric Nitrate Loba 

Citric Acid Loba 

Ammonia Solution Loba 
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3.4. Synthesis of Polyaniline (PANI) 

 The chemical oxidative polymerization (COP) approach, in which polymerization and 

doping occur concurrently, was used to make conducting polyaniline (PANI). The 

diagrammatic representation for preparing PANI is displayed in chapter 1 (Fig. 1.15). PANI 

has three reactants in the COP technique: aniline (monomer), ammonia persulphate (oxidant), 

and hydrochloric acid (dopant or acidic medium). Aniline (0.5 M) was dispersed in 40 ml of 

HCl (1 M) to make the PANI. The dispersed solution was agitated in an ice bath to establish a 

homogenous suspension, and the procedure was repeated for 2 h until anilinium ions were 

formed. The ammonia persulphate solution (APS) was made by combining 0.4 M ammonia 

persulphate with 60 ml HCl (1 M). The APS solution was added to the preceding solution 

drop-wise and stirred constantly in an ice bath for 5 h until the solution became green. The 

formation of the emeraldine salt (ES), which is PANI's conducting form, is indicated by the 

green colour. After that, the solution was stored in an ice bath overnight and the precipitates 

were vacuum filtered. Repeated washings with distilled water and HCl were used to remove 

the residues adhered to the precipitates. Finally, the PANI green precipitates were dried for 

12 h in a hot air oven at 70 
o
C and then crushed with the assistance of a mortar and pestle to 

obtain a fine powder form of PANI as manifested in Fig. 3.4. 

 

Fig. 3.4. Fine powdered PANI prepared by COP technique. 
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3.5. Synthesis of (Mn0.3Co0.2Zn0.5Fe2O4-PANI) Nanocomposite 

 A physical blending process as presented in Fig. 3.5 was used to make the 

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. The weight ratio of Mn0.3Co0.2Zn0.5Fe2O4:PANI 

was chosen at 1:5, and the nanocomposite was physically mixed using a mortar and pestle to 

achieve a homogeneous mixture. 

 

Fig. 3.5. Physical blending process for the production of the nanocomposite. 

3.6. Fabrication of Electrochemical Electrode 

 A three-electrode apparatus was used to conduct the electrochemical examination at 

room temperature. The working electrode (ink-loaded nickel foam), reference electrode 

(Ag/AgCl), and counter electrode (platinum wire) were the three electrodes used. The 

experiment was carried out with 3 M KOH as the electrolyte. To remove the nickel oxide 

layer, nickel foam (1 cm × 1 cm) was sonicated in 3 M HCl at 50 
o
C for 1 h before being used 

as a working electrode and manifested in Fig. 3.6. The nickel foam was then repeatedly 

rinsed with ethanol and distilled water before being dried at 60 
o
C for 3 h. 

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite (70 Wt. %), acetylene black (20 Wt. %), and 

polyvinylidene fluoride (PVDF) (10 Wt. %) were used to make the ink, which is to be drop 

cast on the nickel foam, with n-methyl-2-pyrrolidone (NMP) as a solvent. The ink-soaked 
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nickel foam was dried for 12 h at 60 
o
C. For the relative investigation, the same procedures 

were used to set up the working electrodes of pure Mn0.3Co0.2Zn0.5Fe2O4 and PANI as 

manifested in Fig. 3.7. 

 

Fig. 3.6. Steps for the fabrication of the nanocomposite working electrode. 

    

 

Fig. 3.7. Fabricated working electrode for pure Mn0.3Co0.2Zn0.5Fe2O4 and PANI. 

Mn0.3Co0.2Zn0.5Fe2OMn0.3Co0.2Zn0.5Fe2O PANI PANI 
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CHAPTER-4 

Characterization Techniques 

 The structural, morphological, magnetic, and electrochemical characteristics of the 

produced samples were investigated utilizing the following characterization techniques.  

4.1. X-Ray Diffraction (XRD) 

 X-ray diffraction (XRD) analysis is the most widely utilized analytic tool to determine 

the crystallinity of a prepared sample and gather information on the phase and dimensions of 

the unit cell of material [153]. Structure identification, lattice parameters, strain, preferred 

orientation, structural defect, epitaxy, and grain size of the materials can be determined by 

the XRD pattern. It is a non-contact and non-destructive, approach that uses the scattering of 

X-rays from long-range order structures to deliver meaningful information [154]. Due to 

enhanced detection techniques of X-rays, specific monochromators, and intense micro-

focused X-ray beam, the XRD technique has been used to probe crystallite size which is 

limited to cases where the average crystallite size is ≤ 1 μm. The arrangement of the atoms at 

the interface (in multilayer) may be quantified as well as accurately determined using XRD 

intensity measurements [155]. The snapshot of the Bruker D8 Advance X-ray diffractometer 

is displayed in Fig. 4.1.  

 

Fig. 4.1. Snapshot of Bruker D8 Advance XRD diffractometer [156]. 
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 Fig. 4.2 manifests a schematic of an XRD diffractometer, with the diffraction angle 

(2θ) representing the angle between diffracted and incident X-rays. The scanning of the X-

ray wavelength up to 145° correlates to the energy of the X-ray beam. The XRD technique 

has been used by numerous researchers to examine the structural properties of powdered 

samples. In the XRD technique, a diffraction beam provided by chromator is diffracted from 

the film surface and detected by an oscillating detector around the mean diffraction position. 

The basic requirement of the XRD technique is monochromatic radiation since the interplanar 

spacing can be measured from a diffraction angle, according to Bragg's law as exhibited in 

Eq. (4.1) [157]. 

2d sin (θ) = n λ          (4.1) 

 Here d, θ, n, and, λ signify the interplanar spacing, Bragg’s angle, order of the 

diffraction, and X-ray wavelength respectively. The X-ray powder diffraction data achieved 

from the diffractometer is compared with Joint Committee Powder Diffraction Standards 

(JCPDS) or American Standards for Testing of Materials (ASTM) to identify phases of 

materials [158]. The powder, single crystal, or thin-film sample can be identified by the XRD 

technique. 

 

Fig. 4.2. Schematic diagram of XRD diffractometer [159]. 

 Several grains or crystallites with a variety of orientations can be found in powder 

samples. If somehow the arrangement is entirely haphazard, any crystallite with the proper 

orientation and meets the diffraction criterion will cause diffraction. The beam of X-rays 
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which gets diffracted, forms cones with an angle of 2θhkl around the incident beam, thereby 

forming a powdered diffracted pattern. Though, the XRD technique effectively investigates 

the structural properties e.g. structure of a material, lattice dimensions, crystallite size, etc. 

However, it is unable to determine quantitative compositional analysis. 

4.2. Fourier Transform Infrared Spectroscopy (FTIR) 

 In order to determine the covalent bonds and functional group information of the 

prepared samples, Fourier-Transform Infrared Spectroscopy (FTIR) is an effective 

analytic technique. The spontaneous orientation of the dipole moment in materials is studied 

by the non-destructive tool using infrared spectroscopy that can provide information about 

inter-atomic forces within the crystal lattice. There are six different ways an 

organic/inorganic compound can vibrate: symmetrical and anti-symmetrical stretching, 

wagging, rocking, scissoring, and twisting [160]. FTIR spectrometer; of Perkin Elmer 

company is used for characterization and the ray diagram of the FTIR is displayed in Fig. 4.3. 

 

Fig. 4.3. Basic ray diagram of FTIR spectrometer [161]. 

 The infrared vibrational frequencies and inter-atomic forces are correlated and so it is 

used to investigate functional groups in the material. According to the Planck-Einstein 

relation, energy transfer between different energy states of molecules can be written as the 
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following Eq. (4.2). 

ΔE = h𝜈              (4.2) 

 Here ΔE, h, and 𝜈 represent the change in energy, Planck constant, and frequency 

respectively. The positive ΔE means molecule absorbs energy; when ΔE is negative means it 

emits energy in form of radiation, and thus emission spectrum is obtained. When Eq. (4.2) is 

satisfied, an absorption spectrum is obtained, which is particular to a molecule under 

investigation. The spectrum is normally presented as an intensity plot versus frequency and 

absorption peaks obtain when Eq. (4.2) is satisfied. A spectrum close to a visible region 

(comparatively small portion) is used for spectroscopic investigations. This portion 

incorporates UV-VIS and IR regions (10 nm to 1 mm). The different absorption spectra can 

be observed from atoms and molecules, because of the nature of energy levels in transition. 

The transition of electrons between orbitals of atoms takes place due to the absorption of 

energy. However, the atoms vibrate in a molecule and it moves due to the absorption of 

energy [162]. A few transition energies such as rotational, vibrational, and electronic are 

possible to measure. Usually, translational energy can be ignored, since it is sufficiently 

small. The vibrational spectrum is believed to be a unique physical characteristic of 

molecules. Therefore, the IR spectrum is supposed as a fingerprint for the identification of 

material [163].  

4.3. Field Emission-Scanning Electron Microscopy (FESEM) 

 In view of its versatility, field emission scanning electron microscopy (FESEM) is the 

most widely used microscopy technique. Its various imaging techniques and easy 

interpretation of images make visualize the specimen  surface scanned by a focused high-

energy electron beam [164]. The FESEM produces clear images, with low electrostatic 

distortion and spatial resolution of ~1 nm (that means 3-6 times better resolution than regular 

SEM. 

 Generally, electrons incident on atoms, and they produce signals which give 

information about the material's surface topography, elemental analysis, grain size, particle 

size, etc. [165]. In a vacuum, the electrons are created by the field emission source and 

accelerate in the field gradient. The bombardment resulted in a variety of emissions from the 

specimen. The detector captures the secondary electrons, which are useful for the generation 

of sample surface images. Fig. 4.4 illustrates the FESEM ray diagram. The ray diagram of 

emitted different types of electrons and X-rays during a scan is presented in Fig. 4.5. The 
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electron either goes away without any interaction or the electron is dispersed within the 

cloud with potential. The ejection of electrons from a specimen occurs due to the number of 

interactions of a specimen with an electron beam. This interaction involves the emission of 

Auger electrons, back-scattered electrons, secondary electrons, and elemental X-rays (shown 

in Fig. 4.5). Depending on energies, the secondary electrons and backscattered electrons are 

separated out. The detector collects secondary electrons and produces electrical signals; these 

electrical signals are amplified and converted into video scan images that can appear on the 

monitor screen as a digital image of a sample surface. 

 

Fig. 4.4. Ray diagram of FESEM [166]. 

 A highly energetic primary electron beam interacts in elastic and inelastic ways, 

providing a variety of signals. The kinetic energy of an electron does not affect even when its 
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trajectory has been changed, so it is called elastic scattering. However, in inelastic scattering, 

energy transfer to atoms in a sample from an electron beam, and reduces the energy of the 

electron with a smaller trajectory deviation. The electrons can leave the sample surface if the 

transmitted energy exceeds the work function of the test sample. If the energy of an emitted 

electron is lower than 50 eV, it is classified as a secondary electron. In most cases, secondary 

electrons are created from the sample's top layer. The emitted electrons that have energy 

above 50 eV are known as back-scattered electrons [167].  

Fig. 4.5. Ray diagram for the emission of diverse forms of electrons during  scanning 

[168]. 

 Low voltage FESEM is used to measure the image without conductive coatings to 

prevent beam-induced damage to the surface [164]. FESEM equipment consists of the 

following components; excitation source (electron beam), detector, pulse processor, and 

analyzer, etc. Information about the underlying structure of the sample cannot be found by 

FESEM, because it is a surface analysis technique. 

4.4. Energy Dispersive X-Ray Spectroscopy (EDX) 

 The elemental composition along with the stoichiometry of the specimen is 

determined by energy-dispersive X-ray spectroscopy (EDX or EDS). It’s organized in 
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conjunction with FESEM. Spot analysis, line scanning, and qualitative X-ray mapping are 

some of the EDX applications. EDX has mainly based on the concept that a specific atomic 

structure of elements can exhibit a distinct set of peaks in its emission spectrum. The K, L, 

and M shells of the electron around an atom's nucleus are depicted schematically in Fig. 4.6.  

 

Fig. 4.6. A schematic representation of K, L, and, M electron shells around the nucleus of an 

atom [169]. 

 To induce the emission of X-rays (characteristic), a high-energy beam of X-rays, or 

protons, or electrons are allowed to an incident on the sample. Initially, an atom in a 

specimen consists of unexcited electrons that are ground-state electrons at discrete energy 

levels. When an electron is incident and emits an electron from the inner shell, the outer 

shell electron fills the hole and releases energy in the form of X-rays [170]. The energy-

dispersive spectrometer measures the energy and amount of X-rays emitted out of a sample. 

The X-ray emitted has the energy equal to the difference in the energy of the two shells in 

which electronic transitions undergo and this enables to identify of the elements present in 
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the test sample. The low detection limit varies from ~ 0.1 to several atomic percentages, 

depending on the element and sample matrix. An X-ray spectrometer can examine radiation 

and identify the test sample elements based on their wavelength (characteristic). 

4.5. Vibrating Sample Magnetometer (VSM) 

 Using Faraday's law of electromagnetic induction, which says that a changing 

magnetic field generates an electric field, the Vibrating Sample Magnetometer (VSM) 

technique examines the magnetic response of the test sample. The sample under study is 

placed in a sample holder which is then placed in between two sets of pickup coils that 

are attached to an electromagnet as manifested in Fig. 4.7. Owing to the uniformity of the 

electromagnet's magnetic field, the magnetization will be induced in the test sample. The 

sample holder with the sample inside it is made to mechanically undergo sinusoidal 

vibration. When a vibrating component produces a change in the magnetic field of the 

sample, Faraday's law of electromagnetic induction generates an electric field 

corresponding to the magnetization. Magnetic flux changes induce a voltage in the 

pickup coils that is proportional to the sample's magnetization. Software in a computer 

attached to the VSM equipment converts these changes into a graph of magnetization 

(M) against the applied magnetic field (H) [171]. 

 

Fig. 4.7. Schematic diagram of VSM [172].
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4.6. Electrochemical Techniques 

 Generally, the three-electrode (half-cell) system is used in electrochemical 

investigations to determine specific electrochemical properties of a material, while a two-

electrode (full-cell) system is suggested for performance evaluation of supercapacitor (SC) 

device [173]. The three electrodes viz. working, reference and counter are immersed in an 

electrolyte in a half-cell. Fig. 4.8(a) illustrates a schematic of a three-electrode cell system. 

The electrochemical workstation controller monitors the current flowing from the counter to 

the working electrode by measuring the potential difference between working and 

reference electrodes. The resulting current is proportional to the voltage established between 

the working and the reference electrode, then transformed to a voltage by a current-to-voltage 

(I/E) converter and recorded by the data-acquisition system with regard to time. It is noted 

that the electrical resistance of an ideal electrometer should be large enough so that it has zero 

input current. Since, when current passes through a reference electrode, it can change actual 

potential which in turn affects the precision of data [174]. 

 In the two-electrode (full-cell) systems, two working electrodes are sandwiched with 

a solid electrolyte and it acts as a separator. A schematic of a two-electrode configuration that 

is comparable to a packed SC cell and gives a better representation of the electrode's 

electrochemical performance in the device [173] is illustrated in Fig. 4.8(b). The working 

electrodes of the half-cells were double the potential window that was applied to the 

electrodes in the full cells at the specified potential window on the electrochemical system.  

 

Fig. 4.8. Schematic diagram of (a) three-electrode electrochemical (half-cell) system and, (b) 

two-electrode (full-cell) systems [175]. 
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 The specific capacitance of two or three-electrode-based SCs is calculated by the 

following relation [111,176] mentioned in Eq. (4.3) and Eq. (4.4). 

   
 

      
∫       

  

  
    [For CV]  (4.3) 

 Here Cs, m, ν,  V, and I(V) depict the specific capacitance, loaded mass, scan rate, 

potential window, and the current response respectively.   

          

  
             [For GCD] (4.4) 

 Here Cs, Im,  t, and  V represent the specific capacitance, current density, discharging 

time, and potential window respectively. The energy (E) and power density (P) of the 

supercapacitor can be calculated using Eq. (4.5) and Eq. (4.6) respectively [177].  

E = 
 

 
 Cs ∆V

2
      (4.5) 

P = 
 

  
       (4.6) 

 To attain the greatest value of specific E, SCs must have a large Cs and operational 

∆V. However, the Cs and ∆V of an SC depend on working electrode material and electrolyte. 

A number of techniques including CV, GCD, and EIS studies can be employed to probe 

the electrochemical capacitive performance of developed materials. For the utilization of the 

thin layer as an active electrode for supercapacitor devices, the electrochemical 

characteristics of the thin layer are significant. 

4.6.1. Cyclic Voltammetry (CV) 

 Cyclic voltammetry (CV), commonly known as two-way linear sweep voltammetry 

(LSV), and is regarded as an electro-analytical method to examine the electrochemical 

activity of active material in an electrolyte solution for a supercapacitor (SC). As 

manifested in Fig. 4.9, it is a potentiodynamic approach in which the potential of the working 

electrode sweeps between two voltage limits at a constant voltage scan rate. It produces 

fundamental data viz. test sample stability, reversibility, charge transfer kinetics, specific 

capacitance (Cs), and redox behaviour [178].  

 Firstly, the selection of initial and final potential is a very significant factor for CV 

measurement. The three-electrode system is utilized to minimize the ohmic resistance. 

Between a working and reference electrodes, a potential is provided, and between working 
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and counter electrodes a current is monitored. The range of operating potentials ( V) for a 

CV in the different electrolytes can vary not only depending on electrode material but also on 

the composition of electrolytes. Furthermore, the operational  V of a working electrode is 

determined by the material's redox potential as well as the electrolyte's decomposition 

capacity. Generally, high current resulting from electrolyte oxidation causes a positive 

potential limit, whereas electrolyte reduction causes a negative potential limit. 

 

Fig. 4.9. CV curve for a single electrode with a reversible redox process [179]. 

 In CV, the potential is swept within two fixed values (i.e. in a given potential window). 

The scan swept back and the voltage reverted to point V1 when the voltage reached point V2. 

The potential limits are V1 and V2, the cathodic and anodic peak currents are ipc and ipa, and 

the cathodic and anodic peak voltages of the resultant voltammogram are Epc and Epa. Owing 

to the large concentration of electrolytic ions at the electro-active sites, the current rises 

during the forward scan as the potential approaches the oxidation potential of the 

electrochemically active material, but it drops as the potential rises. The product generated in 

the initial oxidation step diminishes when a reversible redox couple is supplied with reverse 

potential, resulting in a reverse polarity current. 

4.6.2. Galvanostatic Charge-Discharge (GCD) 

 The experimental procedure of Galvanostatic charge-discharge (GCD), commonly 
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described as chronopotentiometry (CP), can offer crucial data on cyclic life, equivalent series 

resistance (ESR), and energy (E) as well as power (P) densities, and specific capacitance 

(Cs). In the GCD technique, a constant current is provided to the working electrode, and the 

corresponding potential with respect to a reference electrode is measured. The amount of 

charge transmitted between the electrodes remains constant when the working electrode 

charges and discharges at a fixed current density. The amount of potential change over time is 

monitored and differs depending on the current density employed. Fig. 4.10 depicts a GCD 

curve schematic.   

 However, to characterize the cycle life of supercapacitors (SCs), the two electrode test 

cell is favorable because it is analogous to the more practical operating conditions. The 

nature of the charge-discharge curve reveals the charge storage mechanism of a specified 

electrode. If the charge-discharge curve is linear in nature, then the charges are stored 

by an electric double-layer capacitance (EDLC) mechanism otherwise non-linear nature 

indicates that the charges are stored by a pseudocapacitive (PC) mechanism [180]. 

 

Fig. 4.10. Schematic of GCD curve [181]. 

4.6.3. Electrochemical Impedance Spectroscopy (EIS) 

 Electrochemical impedance spectroscopy (EIS) determines the impedance of 

material in a set of frequencies and is beneficial to provide information about the resistance 

of the electrode-electrolyte interface and charge transfer process [182]. Over a frequency 
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range of 10 μHz to 1 MHz, a tiny AC signal (5 to 50 mV) is supplied to the supercapacitor 

(SC) cell. The output signals are a current response of applied AC signals. The EIS spectra 

can be analyzed and interpreted by Nyquist and bode plot [183]. 

 

Fig. 4.11. Nyquist plot with an electrical equivalent circuit [184]. 

 A Nyquist plot with equivalent circuits is manifested in Fig. 4.11, which comprises 

the four circuit elements: Rs (ohmic resistance), Rs+Rct (charge transfer resistance), CPE 

(constant phase element), and W (Warburg impedance). The EIS technique is essential 

because it determines the frequency-dependent and independent electrical components from 

the Nyquist plot. Equivalent circuit models based on basic electric circuit elements such as 

capacitors and resistors are used to simulate complicated electrochemical processes near the 

electrode-electrolyte interface [185]. Components of equivalent circuits and the equations of 

their current-voltage relationships are illustrated in Table 4.1. The resistor is not dependent 

on the frequency and does not contain imaginary elements. Furthermore, the inductor and 

capacitor have an imaginary element of impedance [186]. 

Table 4.1 Common electrical elements. 

Component Current Vs. Voltage Impedance 

Resistor E = IR Z = R 

Inductor E = L di/dt Z = jωL 

Capacitor I = C dE/dt Z = 1/jωC 
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 The imaginary, as well as real impedance components, are described in the Nyquist 

plot shown in Fig. 4.11. The imaginary and real components of the impedance are shown on 

the Y and X-axis, respectively, in a Nyquist plot. The inset diagram displays a fitted 

equivalent circuit associated with the Nyquist plot. In this figure, the semi-circular loop is 

associated with the resistance of charge transfer. Furthermore, in the impedance of an 

electrochemical cell, solution resistance is a significant concept. The temperature, the kind of 

ion present, the amount of ions present, and the geometry of the region through which the 

electric current passes define the resistance of an electrolytic solution. Also, the transfer of 

these charges has fixed kinetics and the kinetics depend on reaction type, temperature, 

concentration, and potential of reaction products. Ionic diffusion can also cause a 

phenomenon known as Warburg impedance. Impedance is also influenced by the 

potential irritability frequency.  

 The Warburg impedance is smaller at higher frequencies because the diffusing 

reactant does not need to go very far. Also, the real-axis intercept (at high frequencies) 

corresponds to the ohmic resistance. At lower frequencies, the reactors have to diffuse more 

distance, increasing the Warburg-impedance. In the Nyquist plot, Warburg impedance is 

described by a diagonal line with an inclination of 45° arising due to the mass transport of 

ions [187]. In the EIS study, capacitors are normally not ideally behaved; rather they act as 

CPE. In short, an SC behaves as a capacitor and pure resistor at low and high frequencies, 

respectively. Moreover, in the medium-frequency range, the physical and morphological 

properties of electro-active material play a crucial role in achieving the capacitance value and 

serving as an association of resistors and capacitors [188]. The impedance response mainly 

depends on the operating voltage [189]. The obtained data were fitted with different 

interface parameters by algorithms with minimum chi-square value. EIS is employed as an 

important characterization technique for applications to many material systems such as plating, 

corrosion, fuel cells, batteries, etc. Also, EIS gives the opportunity to determine the 

capacitance as a function of frequency [190]. 
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CHAPTER-5 

 Structural, Morphological, and Magnetic Investigation of the 

Zinc Substituted Magnesium Spinel Ferrite 

Abstract 

By employing the sol-gel auto combustion approach, we have prepared Mg1-xZnxFe2O4 (x = 

0.0, 0.2, and 0.4) in the present research. The prepared samples have a cubic single-phase 

(spinel) structure, according to the XRD study. As Zn
2+

 ions possess a larger ionic radius than 

Mg
2+

 ions, the lattice constant (ao) rises with Zn content from 8.390 to 8.417 Å. The nano-

sized crystallite (D) has been evaluated utilizing the Debye-Scherrer formula. The spinel 

structure was verified by bands in the range of 442.93-454.42 cm
-1

 and 554.08-536.45 cm
-1

 in 

the prepared samples, which correlates to the octahedral (ν2) and tetrahedral (ν1) sites, 

respectively. Using ImageJ software, FESEM micrographs assess particle size (average) in 

the nanoscale range, revealing the existence of agglomerated and homogeneous grains. The 

stoichiometric proportions of the synthesized sample were confirmed by the EDX spectra. 

With rising Zn content, the VSM study exhibits the increment and decrement in the saturation 

magnetization (Ms) and coercivity (Hc) respectively. Owing to the lower Hc value, prepared 

samples possess soft ferromagnetic characteristics, making them favorable for power and 

electromagnetic applications. 

5.1. Introduction 

 In the family of magnetic materials, the first solid which comes into the picture was 

the ceramic spinel ferrite. Due to the tremendous advantage in electromagnetic properties, the 

ceramic spinel ferrite was contemplated over the entire world [191]. Owing to the high 

surface-to-volume ratio of today's nanomaterials, their physical and chemical characteristics 

differ from those of bulk materials. The study of characteristics such as size and shape had a 

substantial influence on the physical and chemical characteristics of the materials, which 

have attracted a lot of attention due to their scientific and industrial value [192,193]. 

Presently, ecofriendly nanomaterials (spinel ferrite) have a wide extent of anticipated 

applications in medical sciences [194], catalysts [140], energy storage devices [195], 

pollution control [196], sensors [197], data storage systems [198], microwave absorbing 

materials [199], magnetic resonance imaging (MRI) [200], anticorrosive paints ferrofluids 

[201], and microelectronics [202]. In spinel ferrites, the existence of the metal cations in the 
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lattice sites gives rise to various forms of the crystal structure (normal, inverse, or mixed) 

which has a substantial impact on the structural, morphological, electrical, optical, and 

magnetic characteristics. Moreover, the cations in the lattice site had been contingent upon 

some key benchmarks, viz. sintering temperature, composition, stoichiometry, and production 

technique [203-207]. 

 Amongst the numerous ferrites (spinel) reported, magnesium spinel ferrite (MgFe2O4) 

is found to be eco-friendly in nature, whose physical and chemical properties can be varied 

by embracing different synthesis techniques and their circumstances [208]. The presence of 

the different metal cations (divalent) viz. Ba
2+

, Ca
2+

, Cd
2+

, Cr
2+

, Zr
2+

, Zn
2+

, Al
2+

, Ti
2+ 

etc. into 

the magnesium spinel ferrite (MgFe2O4) may help in enhancing the electric, magnetic and 

dielectric properties [209-212]. Out of these divalent metal cations, Zn
2+

 is found to be a very 

exciting and promising candidate doping material. The Zn
2+ 

doped spinel ferrite materials 

have a wide range of importance for soft magnetic applications and high-frequency devices 

[213]. Although Mg
2+

 and Zn
2+

 divalent metal cations exhibit non-magnetic behavior, they 

have a strong ability to enhance the magnetic properties by occupying the different lattice 

sites. Magnesium spinel ferrite (MgFe2O4) has an inverse structure, whereas zinc spinel 

ferrite (ZnFe2O4) has a normal structure [214,215]. The magnesium zinc spinel ferrite (Mg1-

xZnxFe2O4) exhibits a soft n-type semiconducting behavior and found its potential application 

in magneto-optical equipment, electromagnetic wave absorbers, magnetic refrigeration, gas-

based sensors, core materials, microwave appliances, and magnetic recording gadgets 

because of the low magnetic losses and high permeability, and resistivity value [216-218].  

 The sol-gel auto combustion procedure has been chosen over the other nanomaterials 

preparation procedures reported [219-224] because of its nano-scale size, pristine product, 

minimal time, low-temperature formation, bulk production, and homogeneity [225,226]. 

However, the use of deionized water ensures this procedure to be ecologically friendly. 

Keeping this into consideration, the present study intends to shed light on the production of 

Mg1-xZnxFe2O4 (x = 0.0, 0.2, and 0.4) by employing the sol-gel auto combustion procedure. 

The structural, morphological, and magnetic characteristics of the nanoparticles (NPs) 

produced were contrasted and examined by employing XRD, FTIR, FESEM, EDX, and 

VSM. 
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5.2. Experimental Procedures 

 The Mg1-xZnxFe2O4 NPs were prepared using Loba AR grade reagents viz. 

magnesium nitrate, zinc nitrate, ferric nitrate, citric acid, and ammonia solution. To achieve a 

clear solution, firstly all of the metal nitrates and citric acid in the ratio of 1:1 as per the 

desired stoichiometry were taken and mixed in 100 ml of deionized water for around 30 

minutes with the aid of a magnetic stirrer. Citric acid has been preferred over all other 

existing fuels owing to its superior complexing capabilities and low ignition temperature 

[227]. To retain the pH level at 7, the ammonia solution has been added drop by drop to the 

aforesaid solution. To yield a xerogel, the solution was agitated for 4-5 h at 100 °C. Heating 

the xerogel to 100 
o
C initiated the auto-combustion process. The as-burnt powder was then 

heated for another 8-10 h at 80-100 
o
C to obtain a fluffy powder, which was then mashed 

using a mortar and pestle to produce a fine powder. After sintering this fine powder at 800 
o
C 

for 6 h, single-phase (spinel ferrite) NPs were produced. The single-phase, spinel structure, 

surface morphology, composition, and magnetic examination of the prepared samples were 

assured by the XRD (Bruker D8 Advance), FTIR (Perkin Elmer Spectrum 2), FESEM (JEOL 

JSM-7610F), EDX (OXFORD EDX LN2 free), and VSM (Lake Shore) respectively. 

5.3. Results and Discussions 

5.3.1. XRD Study 

 The prepared samples phase and structural parameters viz. lattice constant (a0), unit 

cell volume (V), and crystallite size (D) were examined by employing the X-ray diffraction 

(XRD) study and presented in Table 5.1. The diffraction pattern for Mg1-xZnxFe2O4 (x = 0.0, 

0.2, and 0.4) with a wavelength (λ) of 1.5406 Å and diffraction angle (2θ) in the range of 10
o
 

to 70
o
 is manifested in Fig. 5.1. The characteristic diffraction peaks in accordance with the 

JCPDS card no. 22-1012 viz. (111), (220), (311), (222), (400), (422), (511), and (440) were 

inspected from the XRD pattern, thereby affirming the pristine spinel phase, face-centered 

cubic (fcc) configuration and Fd-3m space group of the prepared specimens [228]. The 

variation in the a0 values causes a minor shift in the characteristic diffraction peak. The a0, V, 

and D were evaluated utilizing Eq. (5.1), (5.2), and (5.3) respectively [229-231].      

ao =  √             (5.1) 

V = (a0)
3
               (5.2) 
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D = 
   

      
      (5.3) 

 Here d, (hkl),  ,  ,  , and   represent interlayer spacing, miller indices, shape factor, 

wavelength of the X-ray source, full width at half maximum, and higher intensity peak angle 

respectively.    

 

Fig. 5.1. XRD pattern of Mg1-xZnxFe2O4 samples. 

Table 5.1  

Structural parameters of Mg1-xZnxFe2O4 samples. 

Zn  

Concentration 

x 

ao (Å) V (Å)
3 

D (nm) 

0.0 8.390 590.647 37.558 

0.2 8.413 595.633 32.591 

0.4 8.417 596.456 34.391 

 The variability in the ao and D as a function of Zn content is manifested in Fig. 5.2. 

As the Zn content rises, the ao rises from 8.390 to 8.417 as perceived in Fig. 5.2(a), following 

Vegard's rule. Because Zn has greater ionic radii [0.60 Å (A-site) and 0.74 Å (B-site)] than 

Mg [0.57 Å (A-site) and 0.72 Å (B-site)] [232], there is a considerable increment in the ao, 

which eventually increases the V and thus expands the unit cell of the produced samples with 

the Zn content. The nano-sized crystallite (D) was assessed by employing the Debye-Scherrer 

equation, and it was perceived in Fig. 5.2(b) that the D initially decrements from 37.558 to 

32.591 nm and then increments up to 34.391 nm with Zn content. A comparable fluctuation 

in the D was reported for a similar system prepared by employing a facile sol-gel approach 
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utilizing coconut water as a fuel [233]. This erratic relationship between D and Zn content 

illustrates the randomized occurrence of metal cations at the A and B sites, thereby resulting 

in the non-homogeneous strain in the lattice of the prepared spinel ferrite NPs [97,234]. 

 

Fig. 5.2. (a) Lattice constant, and (b) Crystallite size as a function of Zn concentration. 

5.3.2. FTIR Study 

 The spinel structure, immaculateness, and chemical bonding in the prepared samples 

were examined by the FTIR. The FTIR spectra for samples with varying Zn content are 

presented in Fig. 5.3 with wavenumbers varying from 400 to 4000 cm
-1

. The prepared Mg1-

xZnxFe2O4 lattice sites are occupied by the metal cations [235]. For all the prepared samples 

the bands in the range of 442.93-454.42 cm
-1

 and 554.08-536.45 cm
-1

 were noticed which 

corresponds to the octahedral (ν2) and the tetrahedral (ν1) sites respectively and verifies the 

spinel structure. As per Waldron [230], these bands exist by virtue of M-O vibrations 

(stretching) in the lattice sites. The frequency of the two vibrational bands differs owing to 

the variation in M-O bond length in the lattice sites [227]. The shift in the vibrational bands 

(ν1 and ν2) was noticed which reveals the distortion of the crystal structure [236]. Because of 

the occupancy of the Zn ions to the octahedral site, the FTIR spectra show a clear shift of the 

tetrahedral vibrational band (ν1) towards the lower wavenumber side (red-shift) with the Zn 

content. The Zn ions had a strong inclination to involve the tetrahedral site and with the 

increase in value of the Zn content, the reduced mass will be increased thereby reducing the 

force constant value as they are inversely related to each other and hence undergoes a red-

shift [237]. The bands in the 3400-3800 cm
-1

 range have confirmed the adsorbed water in the 

prepared samples. The elimination of bands at 1100 cm
-1

 proved that all nitrates had been 

evacuated from our prepared samples. The disappearance of bands at 1385, 1572, and 3137 
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cm
-1

 reveals the entire removal of the citric acid after sintering, illustrating the quality of our 

produced spinel ferrite NPs and validating our XRD study [225]. 

 

Fig. 5.3. FTIR spectra of Mg1-xZnxFe2O4 samples. 

5.3.3. FESEM Study 

 The FESEM investigation focused on the morphological characteristics and average 

particle size of the prepared NPs. FESEM micrographs of the prepared samples, as well as a 

histogram showing particle size, are illustrated in Fig. 5.4. The micrographs in Fig. 5.4 depict 

a compact arrangement of particles that are homogenous in shape but vary in particle size. 

FESEM micrographs of doped samples (x = 0.2 and 0.4) were agglomerated and 

homogenous, exhibiting a spherical form. The magnetic interactions between NPs are mostly 

responsible for the apparent aggregation in the FESEM micrograph [238,239]. Employing 

ImageJ software and the histogram obtained from the FESEM micrograph, the average 

particle size for the prepared samples was estimated and presented in Table 5.2. It was 

revealed that the particle's average size was greater than D, demonstrating that two or more 

crystallites are joined together to form a particle, resulting in the particle's massive size. 
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Fig. 5.4. FESEM micrograph and particle size histogram of Mg1-xZnxFe2O4 samples. 

Table 5.2 

Particle size (average) estimated from FESEM micrograph of Mg1-xZnxFe2O4 samples. 

Zn Concentration (x) Average Particle Size (nm) 

0.0 127.867  

0.2 60.005  

0.4 94.950 

 

5.3.4. EDX Study 

 EDX spectra represented in Fig. 5.5 have been used to assess the stoichiometric 

proportions and composition of the prepared samples. The x = 0.0 spectra portrayed the 

elements viz. Mg, Fe and O, whereas the x = 0.2 and 0.4 spectra portrayed the elements 

viz. Mg, Zn, Fe, and O. For the undoped sample the elemental mapping is illustrated in Fig. 

5.6, revealing that the elements Mg, Fe, and O exist in the associated ferrite NPs and are 

distributed symmetrically. The experimental At. % and Wt. % values, as noticed in Table 5.3, 

are in close proximity to the theoretical values, thereby proving the pureness of the prepared 

ferrite NPs. However the slight variation in the Fe and O content for undoped sample has 

been noticed and this might be due to the porosity as observed in the FESEM micrograph of 

the undoped sample.         
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Fig. 5.5. EDX spectra of Mg1-xZnxFe2O4 samples. 

 

 

Fig. 5.6. Elemental mapping for undoped sample. 

Table 5.3  

Experimental and theoretical values of At. % and Wt. % of Mg1-xZnxFe2O4 samples. 

Zn 

Concentration 

(x) 

Atomic % 

and 

Weight % 

Values 
Elements Total 

% Mg Zn Fe O 

0.0 

Atomic % 

Experimental 13.72 0 43.26 43.02 100 

Theoretical 14.28 0 28.57 57.14 100 

Weight % 

Experimental 9.70 0 70.27 20.02 100 

Theoretical 12.15 0 55.84 31.99 100 
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0.2 

Atomic % 

Experimental 11.86 3.54 30.64 53.97 100 

Theoretical 11.42 2.85 28.57 57.14 100 

Weight % 

Experimental 9.32 7.47 55.30 27.91 100 

Theoretical 9.33 6.28 53.64 30.73 100 

0.4 

Atomic % 

Experimental 9.46 7.10 28.88 54.56 100 

Theoretical 8.57 5.71 28.57 57.14 100 

Weight % 

Experimental 7.23 14.59 50.72 27.45 100 

Theoretical 6.73 12.08 51.60 29.57 100 

5.3.5. VSM Study 

 The VSM approach with a magnetic field of   20 KOe is being used to examine the 

magnetic characteristics of the prepared samples at room temperature. The values of 

magnetic characteristics such as saturation magnetization (Ms), magnetic moment (nB), 

remnant magnetization (Mr), coercivity (Hc), squareness ratio (R), and anisotropy constant 

(K1) are listed in Table 5.4. The prepared sample's M-H curve (Fig. 5.7) exhibits an S-shaped 

hysteresis curve with features comparable to ferromagnetic materials [240]. In the prepared 

Mg1-xZnxFe2O4 (x = 0.0) sample (inverse structure), all Mg
2+

 cations were present in the 

octahedral site, whereas Fe
3+

 cations were equally prevalent in the tetrahedral and octahedral 

sites. The Fe
3+

 cations in the tetrahedral and octahedral sites are imbalanced when the NPs 

crystallize, forming a partly inverted structure [214,241]. The super-exchange interaction 

between the two lattice sites is enhanced by the Fe
3+

 cation imbalance, resulting in net 

magnetization [242]. The magnetic moment (nB) for the incorporated samples is assessed by 

the formulae given in Eq. (5.4) [243,244]. 

nB = 
       

    
      (5.4) 

 The rising trend in Ms with Zn (x = 0.2) content is perceived in Fig. 5.8(a). Owing to 

the replacement of non-magnetic Zn
2+

 cations (   B) to the tetrahedral site results in the 

movement of Fe
3+

 cations (5  B) from the tetrahedral to the octahedral site. This enhances the 

difference in magnetization between the two sites as predicted by Eq. (5.5) [237,245] and, as 

a result, intensifies the Ms from 41.232 to 45.180 emu/g. 



78 
 

Ms = |MB – MA|     (5.5) 

 Here the magnetizations of octahedral and tetrahedral sites are shown by MB and MA, 

respectively. Exceeding Zn content to x = 0.4, furthermore of the Fe
3+

 cations move to the 

octahedral site which brings about the increment in the MS from 45.180 to 91 emu/g. A 

comparable increasing trend in the MS was reported by P.Y. Reyes-Rodriguez et. al [246]. 

The Hc estimated via Eq. (5.6) varies based on K1, Ms, size, and morphology of the prepared 

samples [247]. 

Hc
 
= 
         

  
      (5.6) 

 The significant decline of Hc with Zn content is manifested in Fig. 5.8(b). The Browns 

relation is assured by the Ms and Hc, which exhibit an inverse proportionate relationship with 

Zn content. The magnetic soft nature of the prepared sample is revealed by the Hc value 

presented in Table 5.4, which make it valuable for power and electromagnetic [248,249] 

applications. The formulae in Eq. (5.7) [240] can be utilized to compute the R of the 

prepared samples. 

R = 
  

  
       (5.7) 

 The prepared sample's R-value was perceived to be lesser than 0.5, thereby indicating 

the presence of sporadically aligned tiny single domain assemblies of NPs [225,227,250] and 

revealing magnetostatic interactions between them [243]. 

Table 5.4  

Magnetic parameters of Mg1-xZnxFe2O4 samples. 

Zn 

Concentration 

(x) 

Ms 

(emu/g) 

nB 

( B) 

Mr 

(emu/g) 

Hc 

(Oe) 
R 

K1 

(erg/cc) 

0.0 41.232 1.476 10.985 59.199 0.266 2542.627 

0.2 45.180 1.684 6.691 49.392 0.148 2324.557 

0.4 91 3.526 8.569 30.323 0.094 2874.367 
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Fig. 5.7. M-H curve of Mg1-xZnxFe2O4 samples. 

 

Fig. 5.8. (a) Saturation magnetization (Ms), and (b) Coercivity (Hc) as a function of Zn 

concentration. 

 

5.4. Conclusion 

 Mg1-xZnxFe2O4 (spinel ferrite) nanoparticles with various stoichiometric ratios and 

having crystallite size (D) in the nanoscale range of 32.591 to 37.558 nm were effectively 

synthesized by the sol-gel auto combustion technique. FTIR spectra display the red-shift of 

the tetrahedral vibrational peak with the zinc content. FESEM micrographs depict the 

agglomerated grains due to the magnetic interaction between the nanoparticles. EDX spectra 

avow the elements present in the incorporated samples without any extra impurity peak 

present in the spectra. The Atomic percent (At. %) and Weight percent (Wt. %) values, 

determined utilizing EDX spectra were in close concurrence with the theoretical values, thus 

affirms the immaculateness of the synthesized samples. The increment in the saturation 

magnetization (Ms) is because of the substitution of non-magnetic Zn
2+

 (divalent) metal 
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cations (   B) to the tetrahedral or A-site. The synthesized samples exhibit soft ferromagnetic 

properties due to the low coercivity (Hc) value which makes them suitable for 

electromagnetic radiation material and power application.  
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CHAPTER-6 

Synthesis and Investigation of Structural, Morphological, 

and Magnetic Properties of the Manganese doped Cobalt-

Zinc Spinel Ferrite 

Abstract 

The current work involves the synthesis of MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, and 

0.4) by adopting sol-gel auto combustion technique. For all the samples, the single-phase 

spinel structure with cubic symmetry was assured by the XRD studies. The crystallite size 

lies in the nanoscale range of 35.4 to 43.6 nm as estimated by utilizing Debye-Scherrer 

formula. FTIR spectroscopy affirms the formation of spinel structure due to the appearance of 

characteristic vibrational bands near 400 and 600 cm
-1

 which corresponds to the octahedral 

and tetrahedral sites respectively. FESEM micrographs reveal the presence of non-uniform 

grain growth which was agglomerated, in-homogenous in size and shape, and having porous 

morphology. VSM study exhibits soft ferromagnetic nature due to the low coercivity value. 

There is a decrement in the saturation magnetization with increasing Mn
2+

 concentration 

which is due to the decrease in the crystallite size and non-magnetic nature of the Mn
2+

.  

6.1. Introduction 

 Spinel ferrite ceramics are significant rivals in various electronic devices. Presently, 

ecofriendly nanomaterials such as spinel ferrite, having good thermal and chemical stability, 

exhibits amazing properties viz. structural and magnetic, due to which it has a wide extent of 

anticipated applications in energy storage devices [195], magnetic recording [251], catalysts 

[140], drug delivery system [252], sensors [197], microelectronics [202], data storage system 

[198], magnetic resonance imaging (MRI) [200], pollution control [196], anticorrosive paints 

ferrofluids [201], medical sciences [194] and many more. The spinel ferrite has a cubic 

structure and exhibits an Fd-3m space group. The spinel structure is made up of a closely 

packed oxygen anion in which thirty-two oxygen anions form a complete structure unit cell. 

These oxygen anions form a face-centered cubic arrangement leaving two sorts of spaces 

between these oxygen anions: tetrahedral or A-site, encircled by four oxygen particles, and 

octahedral or B-site, encircled by six oxygen particles. The single crystallographic unit cell of 

spinel ferrite contains eight formulae units of MFe2O4 (where M is one or more divalent 

metal cations). Every unit cell of spinel ferrite has sixty-four tetrahedral sites, eight of which 
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are involved, and thirty-two octahedral sites, sixteen of which are involved. The difference in 

the magnetization of these lattice sites gives the net value of magnetization of the spinel 

structure [204]. The presence of metal (divalent or trivalent) cations to the lattice sites have 

pored over, utilizing the crystal field theory, which results in the different types of crystal 

structure such as normal, inverse, or mixed. Moreover, these cations emphatically influence 

the physical properties viz. structural, electrical, optical, and magnetic. Further, this 

occupancy of metal (divalent or trivalent) cations to these tetrahedral and octahedral sites 

relied on a few key factors viz. preparation method, elemental composition, and sintering 

temperature [205-207,253].  

 The spinel ferrites can be synthesized by several techniques which include the co-

precipitation method, hydrothermal method, microwave combustion, sol-gel auto 

combustion, spray pyrolysis, ceramic, etc. [254-273]. The structural properties such as size, 

morphology, state of the surface, and chemical homogeneity relied heavily on the preparation 

method. Out of these above synthesis techniques, the sol-gel auto combustion method has 

been preferred because of homogeneity, large-scale production, lowering of the 

crystallization temperature, short time, stoichiometrically pure product formulation, and 

nanosize formulation of compound [225,226]. Additionally, the utilization of water as a 

solvent makes this technique eco-friendly according to the natural perspective.  

 Among the various spinel ferrites present, the CoFe2O4 and ZnFe2O4 have drawn an 

impressive interest in view of their wide scope of uses [274-276]. The CoFe2O4 exhibits an 

inverse structure, wherein divalent Co
2+

 cations occupy the octahedral sites and trivalent Fe
3+

 

cations equally occupy the tetrahedral and octahedral sites. The ZnFe2O4 exhibits a normal 

structure wherein divalent Zn
2+

 cations occupy the tetrahedral sites and trivalent Fe
3+

 cations 

occupy the octahedral sites [277]. In addition, Mn-Zn ferrite (inverse structure) and Co-Zn 

ferrite (normal structure) have been researched broadly [278-281]. To the best of our 

knowledge, several doped spinel ferrites have been developed, but no information is available 

on the substitution of Mn in Co-Zn spinel ferrite nanoparticles (NPs) for the structural, 

morphological, and magnetic properties.  

 Taking into account this, the current work plans to reveal insight into the synthesis of 

the Mn
 
doped Co-Zn spinel ferrite in different stoichiometric ratios i.e. MnxCo0.5-xZn0.5Fe2O4 

(x = 0.0, 0.1, 0.2, 0.3, and 0.4) by adopting the sol-gel auto combustion technique. Various 

characterization techniques viz. XRD, FTIR, FESEM, EDX, and VSM were performed for 

investigating the structural, morphological, and magnetic properties of the spinel ferrite NPs. 
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6.2. Experimental Procedures 

 The AR grade chemicals viz. manganese (II) nitrate hexahydrate from Alfa Aesar, 

cobalt (II) nitrate hexahydrate, zinc (II) nitrate hexahydrate, ferric (III) nitrate nonahydrate, 

citric acid anhydrous, and ammonium hydroxide from Loba Chemie Pvt. Ltd. were used for 

the synthesis of MnxCo0.5-xZn0.5Fe2O4 by adopting the sol-gel auto-combustion technique. 

Based on the stoichiometric proportions of the spinel ferrite, all the metal nitrates (oxidants) 

and citric acid (chelating agent or fuel) in the ratio of 1:1 were weighed accordingly and 

dissolved in 100 ml of distilled water. The solution was stirred for about 30 min. with the 

help of a magnetic stirrer to obtain a clear solution. Out of the various fuels used in the sol-

gel auto-combustion technique, citric acid was preferred because of the low ignition 

temperature and having excellent complexing ability [227]. The ammonium hydroxide 

solution was added in a drop-wise manner to the above solution to maintain the pH value at 7. 

The solution was then persistently stirred at 100 
o
C for 4 to 5 h to form a xerogel. The xerogel 

so formed was heated at 100 
o
C to undergo the auto combustion process. The as burnt ferrite 

powder so obtained was further heated at 80 
o
C to 100 

o
C for 8 to 10 h to form a fluffy 

powder which was then crushed with the assistance of mortar and pestle to get a fine powder. 

Finally, black powder of the MnxCo0.5-xZn0.5Fe2O4 spinel ferrite NPs was obtained by 

sintering the fluffy powder under the atmosphere in the muffle furnace. The phase of the 

synthesized samples was assured by the XRD studies which were performed by Powder X-

ray diffractometer (Bruker D8 Advance). In XRD Cu-Kα was used as a radiation source 

having wavelength λ = 1.5406 Å with diffraction angles of 20° to 70° in increments of 0.02°. 

The FTIR spectra which are helpful for structural determination of the synthesized spinel 

ferrite have been performed by using FTIR with diamond ATR and pellet accessories (Perkin 

Elmer Spectrum 2). The FESEM micrograph and EDX spectra affirm the surface morphology 

and composition respectively of the synthesized NPs which were performed by using FESEM 

coupled with EDX detector, Au sputter coater (FE-SEM: JEOL JSM-7610F Plus EDX: 

OXFORD EDX LN2 free, Au Coater: JEOL Smart Coater). The magnetic studies of the 

synthesized spinel ferrite have been performed at room temperature by using a vibrating 

sample magnetometer (VSM-EZ9) in a magnetic field range of ± 20 kOe.  

 

 



84 
 

6.3. Results and Discussions 

6.3.1. XRD Study 

 One of the vital steps for the preparation of the spinel ferrite by the sol-gel technique 

is the sintering. The sintering temperature plays a significant part in influencing the various 

structural properties viz. phase, crystallinity, crystallite size, density, porosity, etc. To track 

down the reasonable sintering temperature for obtaining the single-phase spinel structure of 

the synthesized samples, the undoped Co-Zn spinel ferrite was sintered at 800 
o
C, 1000 

o
C, 

and 1200 
o
C for 6 h. Fig. 6.1(a) presents XRD pattern for undoped Co-Zn spinel ferrite in 

which crystalline spinel phase peaks along with the α-Fe2O3 were observed for the lower 

temperatures viz. 800 
o
C and 1000 

o
C. The presence of α-Fe2O3 peaks demonstrates that the 

incomplete sol-gel auto-combustion reaction of CoO, ZnO, and Fe2O3 to form a 

Co0.5Zn0.5Fe2O4 ferrite NP. At 1200 
o
C the α-Fe2O3 peaks were completely disappeared and 

only spinel phase peaks were present [282]. As per the above XRD investigation, a 

reasonable sintering temperature of 1200 
o
C for 6 h was employed to synthesize the Mn 

doped Co-Zn spinel ferrite. The X-ray diffraction studies of the synthesized Mn doped Co-Zn 

samples were performed to examine the phase structure, and evaluate various lattice 

parameters for the maximum intensity characteristic diffraction peak (311).  The lattice 

parameters viz. lattice constant (a0), unit cell volume (Vcell), crystallite size (D), dislocation 

density (δ), and lattice strain (ε) are reported in Table 6.1.  

 

Fig. 6.1. X-ray diffraction pattern of (a) Co0.5Zn0.5Fe2O4, and (b) MnxCo0.5-xZn0.5Fe2O4 

samples. 

 From the X-ray diffraction pattern Fig. 6.1(b) (220), (311), (222), (400), (422), (511), 

and (440) characteristic diffraction peaks are present which is as per the ICDD no. 22-1086 
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(Co-ferrite) and 89-1009 (Zn-ferrite) [97,283] and affirms the face-centered cubic (fcc) 

arrangement of the synthesized samples. The X-ray diffraction pattern of all the samples with 

different Mn concentrations exhibits symmetry of the Fd-3m space group and affirms the 

single-phase crystalline structure without the presence of any impurity diffraction peak 

(Fe2O3 or ZnO). The slight shifting of the characteristic diffraction peak towards a lower 2θ 

side (Fig. 6.2) demonstrates an expansion in lattice constant (a0) which likewise gets affirmed 

by the determined value of lattice constant (a0) as reported in Table 6.1. 

 

Fig. 6.2. Shift in 2θ (~ 35.25
0
) value of MnxCo0.5-xZn0.5Fe2O4 samples. 

 The value of the lattice constant (a0) can be calculated by the interlayer spacing (d) 

and characteristic diffracting peak values (hkl) given by Eq. (6.1) [229]. 

ao =  √                (6.1) 

The interplanar spacing (theoretically) was determined by Bragg’s law given in Eq. (6.2) 

[284]. 

d = 
   

      
                        (6.2) 

 Where n represents the order of the characteristic diffraction peak and is normally 

taken as 1,   represents the wavelength of Cu-Kα radiation equivalent to 1.5406 Å, and θ 

represents the angle for the maximum intensity characteristic diffraction peak. The 

interplanar spacing (d) for the distinctive hkl planes of the incorporated samples are 
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determined by utilizing XPowder software and appeared in Table 6.2. The crystallite size (D) 

for all the samples with different Mn concentrations can be calculated for the maximum 

intensity characteristic diffraction peak (311) by the Debye-Scherrer formula given in Eq. 

(6.3) [230,231]. 

D = 
   

      
       (6.3) 

 Where   represents the shape factor of crystallite which is taken to be 0.9, and   

represents full width at half maximum (FWHM) of the maximum intensity characteristic 

diffraction peak. The dislocation density (δ) can be determined by Eq. (6.4).  

δ = 
 

  
          (6.4) 

and the lattice strain (ε) can be assessed by utilizing the Eq. (6.5). 

ε = 
 

       
                      (6.5) 

Table 6.1   

Lattice parameters of MnxCo0.5-xZn0.5Fe2O4 samples. 

Mn 

Concentration 

(x) 

a0  (Å) Vcell (Å)
3 

D (nm) δ (m)
-2 

ε 

0.0 8.434 599.98 42.5 5.53 × 10
14 

0.0026 

0.1 8.444 602.12 36.3 7.55 × 10
14

 0.0031 

0.2 8.452 603.86 35.4 7.95 × 10
14

 0.0032 

0.3 8.454 604.21 43.6 5.25 × 10
14

 0.0026 

0.4 8.457 604.98 40.5 6.08 × 10
14

 0.0028 
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Table 6.2 
Interplanar spacing (d) for hkl planes of MnxCo0.5-xZn0.5Fe2O4 samples. 

(hkl) 
d (Å) 

x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 

(220) 2.984 2.987 2.991 2.989 2.991 

(311) 2.543 2.546 2.549 2.549 2.550 

(222) 2.434 2.437 2.440 2.440 2.440 

(400) 2.107 2.109 2.112 2.112 2.113 

(422) 1.720 1.721 1.723 1.724 1.725 

(511) 1.622 1.623 1.624 1.625 1.626 

(440) 1.490 1.490 1.492 1.493 1.493 

 With the increase in the Mn content, the variability in the value of the lattice constant 

(a0) was plotted and displayed in Fig. 6.3. The increasing trend of the lattice constant (a0) 

from 8.434
 
to 8.457 Å with Mn content was noticed and follows Vegard’s law [227,261,285]. 

The increase in the value of the lattice constant (a0) with the Mn content is because the ionic 

radius of the Mn
2+

 ion (0.80 Å) being larger than the ionic radius of the Co
2+

 ion (0.78 Å) 

[286,287].  This ionic radius difference results in enhancing the unit cell volume (Vcell) and 

subsequent expansion in the unit cell of the synthesized spinel ferrite.
 

 

Fig. 6.3. Lattice constant as a function of Mn concentration. 
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 Fig. 6.4 uncovers the Gaussian profile fit of Co0.5Zn0.5Fe2O4 (x = 0.0) sample for the 

maximum intensity characteristic diffraction peak (311). The Gaussian fit was utilized for the 

computation of Full Width at Half Maximum (FWHM) for the estimation of crystallite size 

(D). Table 6.1 reveals the variability in the crystallite size (D) with Mn content for all the 

incorporated samples. The crystallite size (D) assessed by utilizing the Debye-Scherrer 

formulae was found to be in the nanoscale range. It was noticed that the crystallite size (D) 

first decreased from 42.5 (x = 0.0) to 35.4 (x = 0.2) nm it further increased to the 43.6 (x = 

0.3) nm and finally reduced to 40.5 (x = 0.4) nm. A comparative pattern for crystallite size 

(D) was accounted for a similar system prepared by the co-precipitation method [286]. This 

irregular trend or variation of the crystallite size (D) with the Mn content reveals the random 

presence of the metal (divalent or trivalent) cations at the tetrahedral and octahedral sites. 

This randomness of the metal cations creates inhomogeneous strain in the lattice of the 

synthesized spinel ferrite [97,288,289], breaking them into irregular particles of sporadic 

shape. Due to the distinction in ionic radii of the metal (divalent or trivalent) cations (Mn
2+

 = 

0.80 Å, Co
2+

 = 0.78 Å, Zn
2+

 = 0.74 Å, and Fe
3+

 = 0.64 Å) [285,286], the inhomogeneous 

strain was predicted and reported in Table 6.1. The value of dislocation density (δ) and lattice 

strain (ε) initially increments from x = 0.0 to x = 0.2 as displayed in Table 6.1. The maximum 

value of the dislocation density (δ) and lattice strain (ε) was determined to be 7.95 × 10
14

 m
-2 

and 0.0032 respectively for x = 0.2 sample which implies plainly that the maximum 

deformation and failure of the crystallographic system in the incorporated samples would 

take at x = 0.2. 

 

Fig. 6.4. Gaussian profile fit for x = 0.0 sample. 
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6.3.2. FTIR Study 

 The infrared spectroscopy technique is particularly helpful in inspecting the quality, 

chemical bonds, and affirms the spinel structure of the synthesized samples. Fig. 6.5 

illustrates the FTIR spectra at room temperature for the incorporated samples with different 

Mn content in the wavenumber ranging from 400 to 4000 cm
-1

.  

 

Fig. 6.5. FTIR spectra of MnxCo0.5-xZn0.5Fe2O4 samples. 

 In ferrite, the metal (divalent or trivalent) cations exist in two independent lattice sites 

(tetrahedral and octahedral sites) as demonstrated by the spatial positioning of the nearest 

neighbor of oxygen ions [290]. The vibrational bands present in the FTIR spectra help in 

elucidating the position of the cations in these lattice sites. For all samples with different Mn 

concentrations, two vibrational bands were noticed in the wavenumber ranging from 400 to 

600 cm
-1

. According to Waldron [230], in the spinel ferrite, because of the stretching 

vibration of the metal-oxygen ion in the tetrahedral and octahedral sites gives rise to the 

vibrational band ν1 (near to the 600 cm
-1

) and ν2 (near to the 400 cm
-1

)
 
respectively [291]. In 

the present FTIR spectra, the vibrational band ν1 and ν2 were present near to the wavenumber 

528.77 cm
-1 

and 428.56 cm
-1 

respectively and hence verifies the spinel structure of the 

synthesized NPs [110]. Due to the distinction in the bond length of metal-oxygen ions in the 

tetrahedral and octahedral sites, it leads to the difference in the frequency of the vibrational 
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bands (ν1 and ν2) [227,292]. The vibrational bands present in the wavenumber range of 3400-

3800 cm
−1

 reveal the presence of the absorbed water molecules in the synthesized samples. 

The vibrational band due to the stretching vibration of the hydrogen-bonded OH appeared 

near the wavenumber 2346.48 cm
-1

. Moreover, the vibrational band present near the 

wavenumber 1527.82 cm
-1 

might be due to the bonding interaction between O-H and 

synthesized ferrite NPs [244]. The complete evacuation of the nitrates (N-O stretching 

vibration) in our synthesized samples was affirmed by the nonappearance of vibrational 

bands near the wavenumber 1100 cm
−1

. The complete evacuation of the citric acid during 

sintering was affirmed by the nonappearance of vibrational bands near to the wavenumber 

1385, 1572, and 3137 cm
−1

 hence portraying the faultlessness of our synthesized spinel ferrite 

and verifies our XRD results [225]. 

6.3.3. FESEM Study 

 The FESEM was utilized to contemplate the morphological characteristics and 

particle size (average) of the synthesized spinel ferrite. Fig. 6.6 (x = 0.0 - Co-Zn spinel ferrite 

, x = 0.1, 0.2, 0.3, and 0.4 - Mn doped Co-Zn spinel ferrite) displays the FESEM micrographs 

along with the particle size histogram of the incorporated samples. The micrographs of all the 

incorporated samples reveal the compact arrangement of the grains which were 

agglomerated, inhomogeneous in size and shape, and having non-uniform grain growth, 

which is by all accounts a mark of gel formation after subsequent heating a solution during 

spinel ferrite synthesis [97]. The observed agglomeration in the FESEM micrograph is 

mainly because of the magnetic interaction between the NPs and due to the inaccessibility of 

surfactant during the synthesis process [238]. As apparent from FESEM micrographs, the 

grains of all the samples were in nanoscale range with distinctive voids and pores which 

could be ascribed to the emission of gases (CO2, NO2, H2O, etc.) during the synthesis 

[293,294]. These pores in the synthesized spinel ferrite were helpful for the gas detecting 

applications on account of the huge explicit surface area of the (nanosized) grains. For the 

incorporated samples with different Mn content, the particle size (average) was assessed from 

the histogram which is formed from the FESEM micrograph using ImageJ software. The 

particle size (average) of all the samples lies in the nanoscale range. The particle size 

(average), determined by the histogram was noticed out to be larger than the crystallite size 

(D) which uncovers that, the crystallites of different sizes with strong magnetic interaction 

agglomerates to form a particle of different sizes [261,295].  
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Fig. 6.6. FESEM micrograph and particle size histogram of MnxCo0.5-xZn0.5Fe2O4 samples. 

6.3.4.  EDX Study 

 EDX spectra (Fig. 6.7) certify the composition and the stoichiometric proportion of 

the incorporated samples. Undoped Co-Zn ferrite (x = 0.0) exhibits peak for elements viz. Co, 

Zn, Fe and O and for Mn doped Co-Zn ferrite (x = 0.1, 0.2, 0.3, and 0.4) exhibits peak for 

elements viz. Mn, Co, Zn, Fe, and O. Fig. 6.8 delineates the elemental mapping for an 

undoped sample which avows the existence of the elements viz. Co, Zn, Fe. and O and their 

uniform dissemination in the specific spinel ferrite. Table 6.3 reports the atomic percent (At. 

%) values of the incorporated samples, theoretically and experimentally from EDX spectra. 

The crystalline defect in the incorporated samples results to a slight variation in the 

theoretical and experimental values of the atomic percent (At. %) [243,296]. For all the 
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samples it was scrutinized that the theoretical values of the atomic percent (At. %) were in 

close concordance with the experimental values from EDX spectra and hence affirms the 

impeccability of our synthesized (spinel ferrite) NPs. 

  

  

 

Fig. 6.7. EDX spectra of MnxCo0.5-xZn0.5Fe2O4 samples. 

 

Fig. 6.8. Elemental mapping for undoped sample. 
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Table 6.3 

Experimental and theoretical values of At. % of MnxCo0.5-xZn0.5Fe2O4 samples. 

Mn 

Concentration 

(x) 

Value 

Elements At. % 
Total 

At. % Mn Co Zn Fe O 

0.0 

Experimental 0 10.50 7.22 39.97 42.30 100 

Theoretical 0 7.14 7.14 28.57 57.14 100 

0.1 

Experimental 2.18 7.54 7.26 35.22 47.80 100 

Theoretical 1.42 5.71 7.14 28.57 57.14 100 

0.2 

Experimental 4.31 7.49 6.51 44.80 36.89 100 

Theoretical 2.85 4.28 7.14 28.57 57.14 100 

0.3 

Experimental 5.35 4.77 9.68 33.39 46.82 100 

Theoretical 4.28 2.85 7.14 28.57 57.14 100 

0.4 

Experimental 5.45 1.70 10.37 25.24 57.24 100 

Theoretical 5.71 1.42 7.14 28.57 57.14 100 

 

6.3.5. VSM Study 

 Magnetic investigation at the room temperature of the incorporated samples has been 

performed by the vibrating sample magnetometer (VSM), having the magnetic field in the 

range of   20 KOe. Table 6.4 interprets the values of magnetic parameters [saturation 

magnetization (Ms), remnant magnetization (Mr), coercivity (Hc), squareness ratio (R), 

anisotropy constant (K1), and magnetic moment (nB)]. These parameters were typically 

influenced by the microstructure, non-alignment of magnetic moments at the octahedral site, 

grain size, exchange interactions, and presence of the metal (divalent or trivalent) cations at 

the lattice sites [297-299]. The M-H curve of the incorporated samples (Fig. 6.9) with 

different Mn content presents an S-shaped hysteresis curve, which uncovers the attributes like 

that of the ferromagnetic material. The undoped Co-Zn sample achieves the saturation 

magnetization of 77.31 (emu/g) which is particularly higher than the Mn doped Co-Zn 

samples and is all around concurred with the revealed values of Co-Zn (spinel ferrite) NP 

prepared by sol-gel technique. Table 6.4 presents variability in the saturation magnetization 

with the Mn content and noticed the decrement from 77.31 (x = 0.0) (emu/g) to 56.28 (x = 
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0.4) (emu/g), the lowest value observed to be 54.80 (x = 0.3) (emu/g). This abatement in the 

saturation magnetization is a direct result of the crystallite size miniaturization. When the size 

of the particle changes from bulk to nanoscale, the saturation magnetization diminishes with 

diminishing the size of the NPs because of the presence of some level of the spin canting in 

the entire volume of the NPs [300]. Within this critical size, the magnetic domains of the 

structure changes from multi-domain to single-domain state [301]. Hence the decline in the 

saturation magnetization can be clarified by the speculation of the magnetic dead sheets 

(disarray of spins) on the surface of the incorporated NPs [302]. In addition, this diminishing 

in the saturation magnetization with the Mn content can likewise be clarified dependent on 

the superexchange interaction (A-A, B-B, and A-B) which occurs in the crystal lattice, and is 

reliable with Neel's sublattice model. As Mn exhibits non-magnetic behavior, so it can 

possess any of the site (A or B), yet it has a solid inclination to possess the B-site [303,304], 

which will bring about the reduction in the magnetization of the B-site whereas, the 

magnetization of the A-site would stay as before. This will cause the comprehensive decline 

in the magnetization of the incorporated samples as net saturation magnetization (Ms) is the 

difference of magnetization between the two lattice sites, M = |MA - MB|. MA
 
and MB 

represent the magnetizations for tetrahedral and octahedral sites respectively [237,245]. The 

value of coercivity obtained from VSM results varies with several factors viz. size, 

morphology, microstrain, and anisotropy constant of the incorporated samples. The Browns 

relation presented in Eq. (6.6) uncovers the inverse connection of coercivity (Hc) and 

saturation magnetization (MS) [227,249,286].  

Hc
 
= 
         

  
       (6.6) 

 Table 6.4 displays the increasing and decreasing pattern of coercivity (Hc) with Mn 

content because of the anomalous behavior in the anisotropy constant determined by Eq. 

(6.6). The value of the coercivity is higher for the undoped sample when contrasted with the 

doped samples which can be clarified dependent on the electronic configuration of metal 

(divalent) cations viz. Mn
 
(3d

5
) and Co

 
(3d

7
). The Mn metal (divalent) cation prompts in 

quenching of the orbital angular momentum (l = 0) and the reduction in the anisotropy 

constant will happen which will reduce the coercivity of the doped samples. The value of the 

coercivity reported in Table 6.4 reveals the magnetic soft nature of the synthesized sample 

due to which it is helpful in electromagnetic radiation material, sensors, switching, multilayer 
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chip indicators, hyperthermia, and power application. The squareness ratio for all the samples 

can be calculated by the formulae given in Eq. (6.7). 

R = 
  

  
       (6.7) 

 The value of squareness ratio for all the samples in Table 6.4 was found to be under 

0.5 which demonstrates the existence of haphazardly or randomly oriented small single 

domain assembly of (spinel ferrite) NPs [225,227] and reveals the magnetostatic interaction 

between the NPs [244]. Eq. (6.8) uncovers the direct connection of magnetic moment (nB) 

and saturation magnetization (Ms) [227,243,244]. 

nB = 
       

    
        (6.8) 

 As saturation magnetization reduces with the Mn content, the reduction in the 

magnetic moment will occur which brings about debilitating of the A-B exchange interaction 

[97,227,249] and cause the disorder of consecutive magnetic spin in the crystal structure of 

the incorporated (spinel ferrite) NP. 

 

Fig. 6.9. M-H curve of MnxCo0.5-xZn0.5Fe2O4 samples. 
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Table 6.4  

Magnetic parameters of MnxCo0.5-xZn0.5Fe2O4 samples. 

Mn 

Concentration 

(x) 

Ms 

(emu/g) 

Mr 

(emu/g) 

Hc 

(Oe) 
R 

K1 

(erg/cc) 

nB 

( B) 

0.0 77.31 5.32 34.63 0.06 2789.61 3.29 

0.1 63.03 2.38 28.80 0.03 1890.93 2.67 

0.2 75.30 3.34 31.31 0.04 2456.58 3.19 

0.3 54.80 1.54 18.07 0.02 1032.18 2.32 

0.4 56.28 1.94 16.01 0.03 938.97 2.38 

 

6.4. Conclusion 

 MnxCo0.5-xZn0.5Fe2O4 (spinel ferrite) nanoparticles with various stoichiometric ratios 

were effectively synthesized by the sol-gel auto combustion technique. The increase in the 

lattice constant from 8.434 to 8.457 Å with the Mn content may be ascribed to the ionic 

radius of Mn
2+

 ions being larger than that of Co
2+

 ions. The complete evacuation of the 

nitrates and citric acid from the incorporated samples was avowed by the FTIR spectra. The 

synthesized samples can be valuable for the gas sensing application because of the porous 

morphology exhibited by all the FESEM micrographs. The atomic percent (At. %) values, 

determined utilizing EDX spectra were in close concordance with the theoretical values, thus 

affirms the impeccability of the synthesized samples. The magnetic soft nature of the 

incorporated samples makes them suitable for electromagnetic radiation material, sensors, 

switching, multilayer chip indicators, hyperthermia, and power application. The squareness 

ratio for all the samples was noticed to be less than 0.5 which affirms the existence of the 

random oriented small single domain assembly of (spinel ferrite) nanoparticles and reveals 

the magnetostatic interaction between the nanoparticles. Moreover, the synthesized ferrite has 

a large surface area, appropriate pore size, pore size dissemination, and the presence of the 

functional group which complements its utilization in the supercapacitor electrode material.   
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CHAPTER-7 

Effect of Sintering Temperature on Structural, Morphological, 

and Magnetic Properties of Mn0.3Co0.2Zn0.5Fe2O4 Ferrite 

Abstract 

The sol-gel methodology was exploited for the preparation of Mn0.3Co0.2Zn0.5Fe2O4 ferrite 

nanoparticles (NPs), at different sintering temperatures (750, 950, and 1150 
o
C). The 

nanometer size crystallites were evaluated utilizing the Debye Scherrer formulae. The two 

bands manifested in FTIR spectra near 600 cm
-1

 (tetrahedral site) and 400 cm
-1

 (octahedral 

site) ratify the formation of spinel structure for all sintering temperatures. The FESEM 

micrographs measure the average particle size by using ImageJ software and reveal the 

agglomerated grains, which are inhomogeneous in shape and size. EDX study confirms the 

stoichiometry and composition of the synthesized samples. With the enhancement in the 

sintering temperature, the enhancement in the saturation magnetization was perceived in the 

magnetic studies by using VSM. For all incorporated samples the squareness ratio was 

assessed to be under 0.5 that assimilates to a multi-domain structure. 

7.1. Introduction 

 Throughout the ongoing years, our general public is overseeing unbelievable issues 

related to energy storage in reduced size [305]. Nonetheless, the improvement of energy 

storage systems is lingering behind the fast progression in electrical-powered industries 

[306]. Nowadays the energy storage system in, convenient electronic gadgets like 

smartphones, smartwatches, cameras, portable PCs, headphones, calculators, tablets, and so 

forth request the utilization of those energy storage systems which have featherweight, 

pliable, cost-efficient, and eco-friendly [307]. The energy storage systems viz. batteries and 

the conventional capacitors had broadly utilized, inferable from the minimal expense and 

better execution, yet these storage systems are not able to satisfy the genuine energy demands 

of hand-held electronic gadgets, hybrid automobiles, and various end-user electrical 

appliances, and so forth [308]. In addition, these energy storage systems viz. batteries and 

conventional capacitors both have their astounding benefits and negative marks [309]. The 

batteries have high energy density than the conventional capacitors while the conventional 

capacitors have high power density than the batteries [310]. In a conventional capacitor, the 
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maximum energy storage is not possible due to the small surface area [311]. Therefore the 

researchers are too much concentrating on finding those materials which have high energy 

storage capacity and which can deliver maximum power [9]. In light of this, one of the best 

contenders to the above-mentioned systems are the supercapacitors (SCs) which form a 

bridge between the batteries and conventional capacitors [312]. Moreover, these SCs are cost-

effective as well as environmentally safe and have superior efficiency, longer charge-

discharge cycle, greater shelf life, and excellent power density [10,313,314].  

 The three main factors viz. electrolyte, substrate, and active material are mainly 

accountable for the electrochemical activity of the SCs [315,316]. In SCs, the energy can be 

stored in two ways as capacitive (electrolytic double-layer capacitor) nature and 

pseudocapacitive (pseudocapacitor) nature contingent on the active material and charge 

storage procedure [317]. Carbon-based materials (active material) are utilized in the 

electrolytic double-layer capacitor and the storage is attributable to the adsorption of the 

electrolytic ion on the electrode-electrolyte interface which does not involve faradic reaction 

and hence leads to high power density [318]. Metal oxides (active material) are utilized in the 

pseudocapacitor and the storage is attributable to the reverse faradic reaction which emerges 

at the electrode-electrolyte interface as well as because of the incalation of cations from the 

electrolyte material used which helps in achieving greater capacitance and energy densities 

than an electric double-layer capacitor [319].  

 Among the several metal oxides, RuO2 is the most incredible known material for the 

pseudocapacitive electrode which yields an excellent value of specific capacitance, high 

electrical conductivity, and reversible charge-discharge properties but there arise some 

difficulties in the use of RuO2 as an electrode material because it is highly toxic and too much 

expensive [38]. These above difficulties can be developed by the use of the potential 

candidate spinel ferrite (MFe2O4, M =  divalent metal) or doped spinel ferrite material 

because of the large-scale production, low cost, flexibility in the structure, morphology, and 

eco-friendly nature [134]. Besides the spinel ferrites had anticipated applications in various 

fields viz. medical sciences [194], catalysts [140], pollution control [196], sensors [197], data 

storage system [198], microwave absorbing materials [199], microelectronics [202], etc, but 

it can also be used as active material in the SC electrode for superior electrochemical activity 

as compared to single metal oxide [114,117,146,320]. In spinel ferrite, various factors viz. 

composition, synthesis procedure, temperature, etc. are responsible for the existence of 

cations in the tetrahedral and octahedral sites [206,207]. Out of the several nanomaterials 

synthesis procedure [219,221-224,321], the sol-gel procedure is favored on account of the 
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ease of synthesis, cost-effective,  minimal time, uniformity, low temperature, reliability, 

facile formation of films, superior deposition, and nanoscale formation of the product 

[225,226].   

 Several spinel ferrites, such as Ni0.6Cu0.2Zn0.2Fe2O4, Al0.2Cu0.4Co0.4Fe2O4, 

Ni0.8Zn0.2Al0.1Fe1.9O4, etc. were synthesized at various sintering temperatures and 

subsequently examined for use in the SCs. However, for Mn0.3Co0.2Zn0.5Fe2O4 no structural, 

morphological, magnetic, or electrochemical research have been conducted so far. Before 

investigating the material for energy storage application it is vital to first investigate its 

structural, morphological, and magnetic properties at different temperatures. With this in 

mind, the current work uses a facile sol-gel procedure to synthesize and investigate the 

structural, morphological, and magnetic properties of Mn0.3Co0.2Zn0.5Fe2O4 ferrite NPs at 

varied sintering temperatures (750, 950, and 1150 
o
C).  

7.2. Experimental Procedures 

 For the preparation of Mn0.3Co0.2Zn0.5Fe2O4 AR grade chemicals were utilized. The 

metal nitrates (viz. Mn(NO3)2∙6H2O, Co(NO3)2∙6H2O, Zn(NO3)2∙6H2O, and Fe(NO3)3∙9H2O) 

and citric acid in 1:1 proportion were weighted as per the required stoichiometry and mixed 

in 100 ml of distilled water. The pH of the above solution was maintained at 7 by adding 

NH4OH in a drop-wise manner. After continual stirring and heating, the solution at 120 
o
C 

for 4 h the gel was formed. The fluffy brown powder was procured by heating the gel at 100 

o
C until self-ignition and then blended utilizing mortar and pestle. The blended powder so 

obtained was sintered in the muffle furnace at three different temperatures viz. 750, 950, and 

1150 
o
C for 4 h. XRD (PANalytical X’Pert Pro) having Cu-Kα (1.5406 Å) target was 

exploited for the phase investigation of the incorporated samples. FTIR (SHIMADZU) was 

employed for the examination of the various molecular bonds, spinel structure, and purity of 

the prepared samples. The surface morphological properties and stoichiometry of the samples 

were inspected with  FESEM (JEOL) and EDX (OXFORD) respectively. The magnetic 

properties of the samples were scrutinized at room temperature with VSM (Lake Shore).   
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7.3. Results and Discussion 

7.3.1. XRD Study 

7.3.1.1. Phase Investigation 

 The X-ray diffraction pattern for the samples sintered at 750, 950, and 1150 
o
C was 

illustrated in Fig. 7.1 having a diffraction angle between 20
o
 to 70

o
 with 0.02

o
 step size. For 

lower temperatures viz. 750 and 950 
o
C two types of peaks were perceived which relate to 

spinel and α-Fe2O3 (marked with asterisk * symbol) phases [322]. The incompletion of the 

self-ignition process at lower temperatures prompts to the α-Fe2O3
 
phase [323]. The α-Fe2O3

 

phase totally vanished at 1150 
o
C and the one and only spinel phase with fcc arrangement 

was manifested, having diffraction peaks indexed as (220), (311), (222), (400), (422), (511), 

and (440). These peaks evince the space group of Fd-3m and are ascribed with the single-

phase cobalt and zinc spinel ferrite bearing ICDD no. 22-1086 and 89-1009 respectively 

[97,283]. The existence of the pure spinel phase at 1150 
o
C indicates that increasing sintering 

temperature leads to the crystallization formation, homogeneity, and completion of the self-

ignition process. Moreover, with the increase in sintering temperature, it was noticed that the 

intensity of the diffraction peaks also increases which reveals that high sintering temperature 

is required for the crystallization of the Mn0.3Co0.2Zn0.5Fe2O4 ferrite.   

 

Fig. 7.1. X-ray diffraction pattern of Mn0.3Co0.2Zn0.5Fe2O4 samples. 
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7.3.1.2. Lattice Parameters 

 For all incorporated samples Table 7.1 records the lattice parameters viz. interlayer 

spacing (d), lattice constant (ao), unit cell volume (Vcell), and crystallite size (D). Bragg’s law 

was utilized for the evaluation of interlayer spacing (d) and lattice constant (ao) mentioned in 

Eq. (7.1) and Eq. (7.2) respectively  [229,284].  

D = 
   

      
                (7.1) 

ao =  √                (7.2) 

 

Fig. 7.2. (a) Lattice constant, and (b) Crystallite size as a function of sintering temperature. 

 Here n (1) depicts the order of the diffraction,   (1.5406 Å) signifies the wavelength 

of the X-ray, θ corresponds to high intense peak angle, and (hkl) represents the miller indices. 

With the enhancement in the sintering temperature the enhancement in the lattice constant 

from 8.43 Å (750 
o
C) to 8.45 Å (1150 

o
C) was perceived in Fig. 7.2(a) which subsequently 

enhances the volume of the unit cell as Vcell = (ao)
3
. This connotes that the sintering 

temperature prompts the expansion of Mn0.3Co0.2Zn0.5Fe2O4 unit cell. The change in the 

oxidation state and distribution of cations in the lattice sites were responsible for the 

increment in the lattice constant. During sintering, the reduction of iron (Fe) takes place from 

Fe
3+

 (0.64 Å) to Fe
2+

 (0.76 Å) thereby enhancing the lattice constant [324]. The Debye-

Scherrer formula referred in Eq. (7.3) was employed to higher intensity peak (311) for the 

evaluation of crystallite size (D) [230]. 

D = 
     

      
       (7.3) 
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 Here   signifies full width at half maximum (FWHM) of the higher intensity peak. 

Fig. 7.2(b) displays an increasing trend of crystallite size (D) from 18.1 to 50.2 nm with 

temperature. With the enhancement in the sintering temperature agglomeration may occur 

which was accountable for the enhancement of the crystallite size.  

7.3.1.3. Porosity 

 The porosity in the sample arises due to the difference in the X-ray density (Dx) and 

the bulk density (Db). For all incorporated samples Table 7.1 records the value of X-ray 

density, bulk density, and porosity by utilizing Eq. (7.4), Eq. (7.5), and Eq. (7.6) respectively 

[91,325-327].     

Dx = 
     

   
           (7.4) 

Db = 
 

      
              (7.5) 

P = (
     

  
) × 100               (7.6) 

 In X-ray density Z, MW, NA, and V signifies the number of molecules in the unit cell, 

molecular weight of the synthesized spinel ferrite, Avogadro's number (6.023×10
23

), and unit 

cell volume respectively. Whereas in bulk density m, r, and t depicts the mass, radius, and 

thickness of the prepared pellets. With the increment in the sintering temperature, the 

decrement in the X-ray density from 5.233 (750 
o
C) to 5.202 (1150 

o
C) g/cm

3
 was perceived 

which may be due to the expansion of the crystal lattice. The bulk density was noticed to be 

higher (2.770 g/cm
3
) for the sample sintered at 1150 

o
C. The defect in the grain shape by 

virtue of the sintering and several synthesis parameters was responsible for porosity in the 

synthesized spinel ferrite. For all incorporated samples the excellent porosity (%) in the range 

of 46.75 to 61.10 % was achieved. These pores were beneficial for the energy storage 

application on account of the ease of access of electrolyte to the electrode.              

7.3.1.4. Specific Surface Area 

 For all incorporated samples, the specific surface area (S) was tabulated in Table 7.1 

utilizing Eq. (7.7) [328]. 

S = 
    

   
          (7.7) 
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 The outstanding specific surface area was procured for all the samples, resulting in 

additional active sites for the ion-electron transport and adsorption-desorption process in 

the SCs. With the increment in the sintering temperature, the decrement in the specific 

surface area from 63.156×10
7
 (750 

o
C) to 22.933×10

7
 (1150 

o
C) cm

2
/g was noticed. The 

predominant factor accountable for the variety of the specific surface area is the crystallite 

size (D). This signifies that increasing the sintering temperature of the synthesized spinel 

ferrite leads to a decrease in the appearance of the atom on the surface of the sample [329].  

7.3.1.5. Lattice Strain 

 The lattice strain (ε) in the incorporated samples arises during the synthesis and 

sintering treatment process. The lattice strain (ε) was evaluated by Eq. (7.8) [330] and 

presented in Table 7.1. 

βCos(θ) = 
     

 
 + 4εSin(θ)      (7.8) 

 With the expansion in the sintering temperature, the strain in the lattice diminishes, 

which may be credited to the development and improvement towards the pure spinel phase 

structure without any extra impurity present in it. 

Table 7.1 

Structural parameters of Mn0.3Co0.2Zn0.5Fe2O4 samples. 

T 

(
o
C) 

2θ 

(
o
) 

d 

(Å) 

β 

(
o
) 

a0 

(Å) 

V 

(Å)
3
 

D 

(nm) 
Phase 

Dx 

(g/cm
3
) 

Db 

(g/cm
3
) 

P 

(%) 

S×10
7
 

(cm
2
/g) 

ε×10
-3

 

750 35.25 2.544 0.4591 8.43 600.70 18.1 

Spinel 

+ 

Fe2O3 

5.233 2.085 60.16 63.156 6.305 

950 35.24 2.545 0.2837 8.44 601.25 29.3 

Spinel 

+ 

Fe2O3 

5.228 2.033 61.10 39.064 3.898 

1150 35.18 2.549 0.1657 8.45 604.23 50.2 Spinel 5.202 2.770 46.75 22.933 2.281 
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7.3.2. FTIR Study 

 The structural investigation along with the presence of the various functional groups 

and molecular bonds which remain during the synthesis were studied with FTIR, possess 

wavenumber of 400 to 4000 cm
-1

. Fig. 7.3 manifest FTIR spectra for Mn0.3Co0.2Zn0.5Fe2O4 

samples sintered at 750, 950, and 1150 
o
C for 4 h. On account of the M-O vibrations, two 

absorption bands were observed near 541.11 cm
-1

 and 404.66 cm
-1 

which were designated 

with ν1 (tetrahedral site) and ν2 (octahedral site) respectively, and affirms the spinel structure 

of Mn0.3Co0.2Zn0.5Fe2O4 samples [291]. The variability in the position of the bands emerges 

by virtue of the variety in the bond length of M-O [292]. For all the samples the band near 

2400 cm
-1

 was observed, which is attributed to the presence of the CO2 even for high 

sintering temperature (1150 
o
C). The band observed near the 3700 cm

-1 
is attributed to the 

stretching vibration (O-H) in water molecules which get diminished with the sintering 

temperature. The bands perceived near 1100 cm
-1 

and 2900 cm
-1

 ascribes to the existence of 

nitrates and moisture respectively in the samples sintered at 750 
o
C and 950 

o
C 

[329,331,332]. These bands (near 1100 cm
-1 

and 2900 cm
-1

) were disappeared for the sample 

sintered above the 950
 o

C, which clarifies that the expansion in the sintering temperature 

prompts the development of the unadulterated spinel ferrite as likewise affirmed from the 

XRD. 

 

Fig. 7.3. FTIR spectra of Mn0.3Co0.2Zn0.5Fe2O4 samples. 
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7.3.3. FESEM Study 

 FESEM micrograph and particle size histogram of Mn0.3Co0.2Zn0.5Fe2O4 samples (Fig. 

7.4) were employed for the examination of surface morphological properties and evaluation 

of the average size of the particle respectively. FESEM micrographs display the grains which 

were irregular in shape and size and had porous morphology. In the sol-gel procedure, the gas 

discharge during self-ignition leads to the existence of pores in Mn0.3Co0.2Zn0.5Fe2O4 samples 

[293]. These pores strengthen the electrochemical activity and beneficial for the gas sensing 

application. The grains in the micrographs were appeared to agglomerate with the 

enhancement in the sintering temperature which might be the reason for the formation of 

larger particles at higher temperature (1150 
o
C). The interaction between magnetic NPs was 

responsible for these agglomerations [238]. The FESEM micrographs were utilized to 

calculate the particle size (average) with the help of ImageJ software. For all incorporated 

samples, the histogram was plotted for the estimation of the particle size (average). The 

increasing trend in the particle size (average) with temperature was perceived in Table 7.2. 

For all sintering temperature, it was observed that the particle size have a larger value than 

the crystallite size which is a clear indication that a large no of crystallites agglomerates, 

thereby resulting in the large particle size.        

   

 

Fig. 7.4. FESEM micrograph and particle size histogram of Mn0.3Co0.2Zn0.5Fe2O4 samples. 
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Table 7.2 

Particle size (average) estimated from FESEM micrograph of Mn0.3Co0.2Zn0.5Fe2O4 samples. 

Sintering 

Temperature 

(
o
C ) 

Particle Size 

(nm) 

750 57.3 

950 106.9 

1150 250.4 

 

7.3.4. EDX Study 

 The stoichiometry along with the elemental composition of the synthesized samples 

was investigated utilizing the EDX technique. Fig. 7.5 presents the EDX spectra of single-

phase Mn0.3Co0.2Zn0.5Fe2O4 sintered at 1150 
o
C. Peaks corresponding to Mn, Co, Zn, Fe, and 

O elements were manifested by the EDX spectra without the existence of any extra impurity 

peaks. These elements were uniformly distributed over the entire ferrite sample which gets 

affirmed with the elemental mapping as presented in Fig. 7.6. Table 7.3 reports the 

experimental along with the theoretical values of the Wt. % and At. % for the sample sintered 

at 1150 
o
C. The experimental Wt. % and At. % values had close estimation with the 

theoretical values as perceived in Table 7.3. Subsequently, EDX affirms the immaculateness 

of the ferrite NPs sintered at 1150 
o
C. 

 

Fig. 7.5. EDX spectra of Mn0.3Co0.2Zn0.5Fe2O4 sample at 1150 
o
C. 

   

Fig. 7.6. Elemental mapping of Mn0.3Co0.2Zn0.5Fe2O4 sample at 1150 
o
C. 
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Table 7.3 

Experimental and theoretical values of Wt. % and At. % of Mn0.3Co0.2Zn0.5Fe2O4 sample. 

Sintering 

Temperature 

(
o
C ) 

Wt. % 

and 

At. % 

Values 

Elements 

Total 

% Mn Co Zn Fe O 

1150 

Wt. % 

Experimental 7.69 7.35 16.55 48.80 19.60 100 

Theoretical 6.96 4.98 13.81 47.19 27.04 100 

At. % 

Experimental 4.24 3.66 8.57 32.28 51.26 100 

Theoretical 4.28 2.85 7.14 28.57 57.14 100 

 

7.3.5. VSM Study 

 The magnetic investigation of the spinel ferrite synthesized at different sintering 

temperatures was performed utilizing the VSM technique. The M-H curve (Fig. 7.7) for all 

the samples under an applied field of   20 KOe, displays S-shaped symmetry which is 

attributed to the ferromagnetic material [333]. Table 7.4 reports the magnetic parameters 

[saturation magnetization (Ms), magnetic moment (nB), remnant magnetization (Mr), 

coercivity (Hc), squareness ratio (R), and anisotropy constant (K1)] of the sample at different 

sintering temperatures which are influenced by the composition of the incorporated samples, 

porosity and grain size. Fig. 7.8(a) displays an increase in the value of saturation 

magnetization from 23.163 to 53.695 emu/g with an increase in the sintering temperature. 

This enhancement in the saturation magnetization with temperature could be on account of 

the superexchange interaction (Fe-O-Fe) increment, grain boundaries abatement, and grain 

size inflation [325]. The saturation magnetization is also influenced by porosity. As porosity 

decreases, agglomeration occurs by virtue of the interaction between the magnetic particles, 

causing more and more magnetic moments to align, thereby resulting in saturation 

magnetization enhancement. As shown in Eq. (7.9) [244], the magnetic moment is 

determined by saturation magnetization. The magnetic moment also exhibits an increasing 

trend with the sintering temperature, just like saturation magnetization. 

nB = 
       

    
        (7.9) 
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 The variability in coercivity as a function of temperature was manifested in Fig. 

7.8(b), with the highest value of coercivity being 21.348 Oe. This upgrade of the coercivity at 

950 
o
C can be clarified based on the porosity as assessed in the XRD studies. The porosity for 

the sample sintered at 950 
o
C was found to be larger (61.10 %). These pores block the 

movement of the domain walls which requires a large magnetic field for their alignment, 

thereby causing the high coercivity at 950 
o
C. Owing to the low coercivity value presented in 

Table 7.4, all incorporated samples have a magnetic soft character, making them suitable for 

power applications, microwave absorbers, and electromagnetic radiation materials [248,249]. 

The squareness ratio was estimated by applying the formula referred in Eq. (7.10). The 

squareness ratio in all of the samples was under 0.5, indicating that the produced spinel 

ferrites had a multi-domain structure and strong interaction between the magnetic NPs [334]. 

R = 
  

  
       (7.10) 

 

Fig. 7.7. M-H curve of Mn0.3Co0.2Zn0.5Fe2O4 samples. 

 Due to the anisotropic morphology of the spinel ferrites at different temperatures, 

there arises the variation in the anisotropic constant as observed from Table 7.4. The 

maximum value of anisotropic constant, evaluated utilizing Brown’s relation mentioned in 

Eq. (7.11) [247], was noticed to be 960.695 erg/cc at 1150 
o
C. The high value of saturation 

magnetization at 1150 
o
C may be the reason for achieving the high value of the anisotropic 

constant. 

K1
 
= 

        

    
       (7.11) 
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 Thus the magnetic characteristics of the prepared Mn0.3Co0.2Zn0.5Fe2O4 could be 

controlled by adjusting the sintering temperature, and it can meet the criteria of hyper 

frequency application such as electrical filters, multi-layer chip indicators, and circulators 

[325]. 

 

Fig. 7.8. (a) Saturation magnetization, and (b) Coercivity as a function of sintering 

temperature. 

Table 7.4 

Magnetic parameters of Mn0.3Co0.2Zn0.5Fe2O4 samples. 

Sintering 

Temperature 

(
o
C) 

Ms 

(emu/g) 

nB 

( B) 

Mr 

(emu/g) 

Hc 

(Oe) 
R 

K1 

(erg/cc) 

750 23.163 0.981 1.226 19.324 0.053 466.255 

950 26.021 1.103 1.481 21.348 0.057 578.651 

1150 53.695 2.275 1.449 17.176 0.026 960.695 

 

7.4. Conclusion 

 Mn0.3Co0.2Zn0.5Fe2O4 (spinel ferrite) was successfully synthesized at different 

sintering temperatures. Using the XRD technique, the enhancement in the lattice constant was 

detected as the sintering temperature increased, which is attributable to the reduction of iron 

(Fe) from Fe
3+

 (0.64 Å) to Fe
2+

 (0.76 Å). The pure spinel phase formation at 1150 
o
C was 

affirmed from the FTIR analysis due to the non-appearance of the nitrates, citric acid, and 

moisture peaks. With the increment in the sintering temperature, the agglomeration of the 

gains in the FESEM micrographs was observed due to the magnetic interaction between the 
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ferrite nanoparticle. Crystallite size was incremented from 18.1 to 50.2 nm by virtue of these 

agglomerations. FESEM study reveals, the increasing trend of particle size (average) in the 

nanoscale range with temperature, as estimated by the ImageJ software. The experimental 

Wt. % and At. % values had close approximation with the theoretical values as estimated by 

the EDX. For all incorporated samples, the ferromagnetic behavior was perceived on account 

of the S-shaped symmetry as per the M-H curve in the VSM study. Owing to low coercivity 

value, all samples have a magnetic soft character, making them suitable for power 

applications, microwave absorbers, and electromagnetic radiation materials. Our prepared 

spinel ferrites, magnetic characteristics can be modified by adjusting the sintering 

temperature, making them useful for high-frequency applications. Furthermore, these 

prepared ferrites had functional group availability, porous morphology, pore size 

dissemination, suitable pore size, and wide surface area, all of which contribute to its 

suitability for use as an active material for supercapacitor electrodes. 
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CHAPTER-8 

Structural, Morphological, and Electrochemical Investigation 

of Mn0.3Co0.2Zn0.5Fe2O4-Polyaniline Nanocomposite for 

Supercapacitor Application 

Abstract 

The present research deals in preparing Mn0.3Co0.2Zn0.5Fe2O4 (spinel ferrite) by sol-gel 

procedure, polyaniline (PANI) by chemical oxidative method, and Mn0.3Co0.2Zn0.5Fe2O4-

PANI nanocomposite (NC) by physical blending method. X-ray diffraction (XRD) study 

affirms the formation of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC owing to the appearance of two 

different types of peaks: sharp Mn0.3Co0.2Zn0.5Fe2O4 peaks, and broader PANI peaks. Fourier 

transform infrared spectroscopy (FTIR) of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC shows all 

characteristic vibrational bands, which are observed in the Mn0.3Co0.2Zn0.5Fe2O4 and PANI 

spectra. Field emission scanning electron microscopy (FESEM) micrographs have been used 

to measure the average particle size by using ImageJ software. The encapsulation of the 

synthesized ferrite nanoparticle (NP) with the PANI matrix is exhibited by the FESEM 

micrograph of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC. The electrochemical activity of the novel 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC is manifested to be higher as compared to their counterparts 

on account of synergistic impact, continual movement of electrons towards the electrode, and 

multiple redox reactions. 

8.1. Introduction 

 The tremendous upgrades in ecological contamination and the ineluctable lack of 

fossil fuels are compelling researchers to foster perfect and economical energy storage 

gadgets. The quickly developing business sectors for portable electronic gadgets 

(smartphones, smartwatches, cameras, portable computers, headphones, calculators, tablets, 

and so forth), and electric as well as hybrid electric automobiles demand the usage of those 

energy storage systems which have a featherweight, pliable, cost-efficient, and eco-friendly 

[307]. The expanding interest in inexhaustible and eco-friendly energy is one of the 

incredible difficulties of the 21st century. At the present juncture, the most used energy 

storage gadgets are batteries, fuel cells, conventional capacitors, and supercapacitors (SCs) 

[335]. The usage of batteries and fuel cells for high-energy applications is principally a direct 
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result of their higher energy density. Nevertheless, it has the deficiencies of significant 

expense, short cycle life, complex gadget manufacturing process, lower power density, and 

shoddy security [336]. The fundamental benefits of the conventional capacitors are long cycle 

life and higher power density, yet it experiences lower-energy density than batteries and fuel 

cells. In this manner, the SC is considered as the superior decision in the energy storage 

application as it channels the batteries and conventional capacitors through their higher 

energy and power densities with a quick dynamic reaction, quick charge-discharge rate, 

superb cycling life expectancy, featherweight, eco-friendly, minimal expense, and functional 

security [313].  

 The SCs are fundamentally classified as electric double-layer capacitors, 

pseudocapacitors, and hybrid capacitors depending on the type of active material and charge 

storage strategy. In an electric double-layer capacitor carbon-based material (viz. carbon 

nanotubes, carbon aerogel, activated carbon, carbon fiber cloth, graphene, etc.) were utilized 

as an active material for the electrode. In this SC, the charge storage is a direct result of the 

electrostatic attraction which segregates the charge (electronic and ionic) across the 

electrode-electrolyte interface and results in the formation of the double-layer on each 

electrode. Whereas in the pseudocapacitor conducting polymer and metal oxides were 

utilized as an active material for the electrode. In the pseudocapacitor, the charge storage is a 

result of the electrochemical reverse faradic reaction which undergoes at the electrode-

electrolyte interface. The hybrid capacitor is a combination of the electric double-layer 

capacitor and pseudocapacitor. This capacitor utilized composite material (either two or more 

than two components) as an active material for the electrode. In the hybrid capacitor, the 

charge storage is a result of the electrostatic double-layer formation and electrochemical 

reverse faradic reaction [318]. Notwithstanding, these active materials have their own 

shortcomings such as low energy density of electric double-layer capacitors, low electronic 

conductivity of pseudocapacitors, and small cyclic life of the hybrid capacitors. These above-

specified properties can be enhanced by preparing the various binary NCs viz. metal oxide-

carbon, conducting polymer-carbon, and metal oxide-conducting polymer. Out of these 

binary composites, the metal oxide-conducting polymer was favored as an active material for 

pseudocapacitor electrodes in light of their faradic reactions [47].  

       Various metal oxides viz. Fe2O3, Co3O4, ZnO2, MnO2, RuO2, NiO, V2O5, 

SnO2, etc. were examined for the energy storage application. Out of these above-specified 

metal oxides, RuO2 was observed to be the most amazing active material for pseudocapacitor 

electrodes which exhibits reverse charge-discharge properties, excellent specific capacitance, 
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and extremely high electrical conductivity. Despite that, there emerge a few difficulties with 

the utilization of RuO2 as an active material for electrodes because it is highly toxic and too 

much expensive [38]. Moreover, the single transition metal oxides have lower specific 

capacitance and lower electrical conductivity which needs to be improved. These above 

troubles can be eliminated by the utilization of the mixed metal oxides viz. cobaltites 

(MCo2O4), aluminates (MAl2O4), spinel ferrites (MFe2O4), etc. These mixed metal oxides 

have been contemplated as a possible contestants for superior SCs in light of the fact that they 

exhibit magnificent electrochemical performance due to the synergetic impact of different 

metal cations [39]. One of the most outstanding known, the mixed metal oxide is the spinel 

ferrite (MFe2O4) because it imparts surprising properties viz. electrochemical stability, 

different oxidation states, electronic, magnetic, optical, and catalytic [40,225]. Furthermore, 

these spinel ferrites are easily available, have minimal cost, massive productivity, 

ecologically innocuous, and convenient to synthesize on an industrial scale. Several spinel 

ferrites were examined for electrochemical execution, but till now there is no information 

available on the structural, morphological, and electrochemical properties of  

Mn0.3Co0.2Zn0.5Fe2O4 (spinel ferrite).  

 Several known electrical conducting polymers viz. polypyrrole (PPy), polythiophene 

(PTh), poly (3,4-ethylenedioxythiophene) (PEDOT), and polyaniline (PANI) were 

investigated for the electrochemical execution. These above-demonstrated polymers had 

drawn in much consideration because of their minimal cost, and high electrical conductivity 

[337]. As of late, scientists have escalated examinations about the conducting PANI as an 

active material for SC electrodes due to the excellent electrical conductivity, numerous redox 

reactions, large capacitance value, facile synthesis, and quick doping-dedoping of the ions 

during the charge-discharge cycles [72]. Despite that, the conducting PANI itself displays 

poor cyclic stability due to the swelling and shrinking, which prohibits its usage as an active 

material for the electrode [73]. To beat this above issue, it is necessary to formulate a 

composite of conducting PANI with those active materials having excellent cyclic stability. 

Thus the mixed metal oxide viz. Mn0.3Co0.2Zn0.5Fe2O4 was utilized for the synthesis of novel 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC.        

 Considering this, the present work intends to synthesize the Mn0.3Co0.2Zn0.5Fe2O4 

(spinel ferrite) by utilizing the facile auto combustion technique, conducting polyaniline 

(PANI) by adopting the chemical oxidative technique, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC 

by employing the physical blending technique. The structural, morphological, and 

electrochemical properties were investigated utilizing X-ray diffraction (XRD), Fourier 
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transform infrared spectroscopy (FTIR), Field emission scanning electron microscopy 

(FESEM), Energy dispersive X-ray analysis (EDX), Cyclic voltammetry (CV), Galvanostatic 

charge-discharge (GCD), and Electrochemical impedance spectroscopy (EIS). Despite 

breakthroughs, research on Mn0.3Co0.2Zn0.5Fe2O4-PANI NC to serve as an active material for 

pseudocapacitor electrodes has not been accounted so far. 

8.2. Materials and Methods 

8.2.1. Material Used    

 The AR-grade chemicals were utilized for the synthesis of Mn0.3Co0.2Zn0.5Fe2O4-

PANI NC. The tetrahydrate nitrates of Mn (II), Co (II), and Zn (II) were bought from Sigma-

Aldrich, nonahydrate nitrate of Fe (III), monohydrate C6H8O7 (citric acid), NH4OH (ammonia 

solution), C6H5NH2 (aniline), N2H8S2O8 (ammonia persulphate), HCl (hydrochloric acid), and 

C3H6O (acetone) were bought from Loba Chemie Pvt. Ltd, polyvinylidene fluoride was 

received from Merck, conducting acetylene black was bought from MTI Corporation, and 

nickel metal foam was purchased from Nanoshel. 

8.2.2. Synthesis of Mn0.3Co0.2Zn0.5Fe2O4  

 For the synthesis of Mn0.3Co0.2Zn0.5Fe2O4, the metal nitrates and citric acid in the 

required stoichiometry were weighted and mixed in 150 ml of distilled water. The cationic 

(oxidant) to citric acid (fuel) proportion was taken to be 1:2. To maintain the pH at 7 of the 

above reaction mixture, ammonia solution was added in a drop-wise fashion. The solution 

was thoroughly stirred and heated at 120 
o
C for 4.5 h till the xerogel formation. The auto 

combustion phenomenon occurs on heating xerogel at 100 
o
C for 3 h. The ferrite powder 

acquired while auto combustion was then further heated at 100 
o
C for 8 h and grinded by 

utilizing mortar and pestle to form a soft brown powder. The procured Mn0.3Co0.2Zn0.5Fe2O4 

ferrite powder was then sintered at 1100 
o
C for 5 h in a muffle furnace.   

8.2.3. Synthesis of PANI  

 For the synthesis of conducting PANI, the chemical oxidative technique was utilized 

in which polymerization and doping occur simultaneously. In the chemical oxidative 

technique, there are three reactants of PANI viz. aniline (monomer), ammonia persulphate 

(oxidant), and hydrochloric acid (dopant or acidic medium). The PANI was synthesized by 

dispersing aniline (0.5 M) in 40 ml of the HCl (1 M). The dispersed solution was stirred in an 
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ice bath to form a homogeneous suspension and this process continue for 2 h till the 

formation of anilinium ions. The ammonia persulphate solution (APS) was prepared by 

mixing ammonia persulphate (0.4 M) with 60 ml of HCl (1 M). The APS solution was added 

in a dropwise manner to the above solution and stirred continuously in an ice bath for 5 h till 

the green colour solution was observed. The green colour indicates the formation of the 

emeraldine salt which is the conducting form of PANI. The solution was then kept overnight 

in an ice bath and precipitates were vacuum filtered. The residues attached with precipitates 

were removed by repeated washing with distilled water and HCl. Finally, the green-colored 

precipitates of PANI were dried in a hot air oven at 70 
o
C for 12 h.     

8.2.4. Synthesis of Mn0.3Co0.2Zn0.5Fe2O4-PANI Nanocomposite 

 For the synthesis of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC, a physical blending technique 

was utilized. The weight ratio of Mn0.3Co0.2Zn0.5Fe2O4:PANI was taken to be 1:5, which was 

physically blended using mortar and pestle to obtain a homogenous mixture of the 

synthesized NC.  

8.2.5. Fabrication of Electrochemical Electrode 

 The electrochemical investigation at room temperature was carried out utilizing a 

three-electrode system. The three electrodes were designated as working electrode (ink-

loaded nickel foam), reference electrode (Ag/AgCl), and counter electrode (platinum wire). 

The experiment was performed involving 3 M KOH as an electrolyte. Prior to utilizing nickel 

foam (1 cm × 1 cm) as a working electrode, it was initially sonicated using 3 M HCl at 50 
o
C 

for 1 h to eliminate the nickel oxide layer. Then, the nickel foam was washed over and over 

with ethanol and distilled water followed by drying at 60 
o
C for 3h. The ink drop cast on the 

nickel foam was prepared with Mn0.3Co0.2Zn0.5Fe2O4-PANI NC (70 Wt. %), acetylene black 

(20 Wt. %), and polyvinylidene fluoride (10 Wt. %) utilizing n-methyl-2-pyrrolidone (NMP) 

as a solvent. The ink-loaded nickel foam was dried at 60 
o
C for 12 h. Similar strategies were 

applied to set up the working electrodes of pure Mn0.3Co0.2Zn0.5Fe2O4 and PANI for the 

relative study.       

8.2.6. Characterization Techniques 

 The XRD (BRUKER) was utilized to examine the phase and the crystalline nature of 

the incorporated samples. The type of structure, functional groups, molecular bonds, and 
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immaculateness of the incorporated samples were investigated utilizing FTIR (PERKIN 

ELMER). The FESEM (JEOL) was employed to investigate the surface morphology and 

EDX (OXFORD) measures the elemental composition of the incorporated samples. The CV, 

GCD, and EIS were employed in the electrochemical workstation (METROHM) for the 

electrochemical investigation of the prepared electrodes.  

8.3. Results and Discussion 

8.3.1. XRD Study 

 The non-destructive XRD technique that utilizes Cu-Kα as a radiation source was 

employed on pure Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC for the 

investigation of phase, structure, and crystallinity. Fig. 8.1 illustrates the XRD pattern of the 

incorporated samples having diffraction angle (2θ) of 10
o
 to 70

o 
with 0.02

o
 step size. For 

Mn0.3Co0.2Zn0.5Fe2O4 the characteristics diffraction peaks were indexed as (111), (220), 

(311), (222), (400), (422), (511), and (440) having diffraction angle (2θ) of 18.1
o
, 29.9

o
, 

35.2
o
, 36.8

o
, 42.8

o
, 53.1

o
, 56.6

o
, and 62.2

o
 respectively. These indexed peaks were in 

accordance with the single-phase cobalt and zinc spinel ferrite bearing ICDD no. 22-1086 and 

89-1009 respectively [97]. These characteristic diffraction peaks of the incorporated samples 

assure face-centered cubic (fcc) arrangement and possess a space group of Fd-3m. The 

appearance of a single phase of Mn0.3Co0.2Zn0.5Fe2O4 at 1100 
o
C is a clear indication of 

homogeneity, crystallization formation, and completion of the auto combustion process. The 

crystalline nature of Mn0.3Co0.2Zn0.5Fe2O4 was affirmed from sharp peaks in the diffraction 

pattern. The XRD pattern of the conducting PANI exhibits a semi-crystalline structure by 

virtue of the occurrence of broader peaks. For conducting PANI the characteristics diffraction 

peaks were indexed as (110) and (111) having diffraction angles (2θ) of 20.1
o
 and 25.2

o
 

respectively. The densely packed phenyl rings in the conducting PANI prompt the 

overlapping of π–π orbitals and are responsible for the broadening of the peaks. Meanwhile, 

the XRD pattern of the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC exhibits two different types of peaks, 

sharp Mn0.3Co0.2Zn0.5Fe2O4 ferrite peaks, and broader PANI peaks. The presence of two types 

of peaks in the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC results in the effective intercalation between 

Mn0.3Co0.2Zn0.5Fe2O4 and PANI matrix [338]. The higher intensity peaks of the incorporated 

samples were employed for the computation of the crystallite size (D) (Table 8.1) by the 

Debye-Scherrer formula mentioned in Eq. (8.1).          
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D = 
     

      
       (8.1) 

 Here   (1.5406 Å) signifies the wavelength of the X-ray, and   signifies full width at 

half maximum (FWHM) of the higher intensity peaks. 

 

Fig. 8.1. XRD pattern of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite. 

 

Table 8.1   

Structural parameters of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite. 

Sample 
2θ 

(Degree) 

β 

(Degree) 

D 

(nm) 

Mn0.3Co0.2Zn0.5Fe2O4 35.2 0.155 53.8 

PANI 25.2 0.237 34.3 

Mn0.3Co0.2Zn0.5Fe2O4-PANI 35.2 0.196 42.52 



119 
 

 For all the incorporated samples, the crystallite size was found to be in the nanometer 

range. The crystallite size of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was noticed to be smaller than 

the Mn0.3Co0.2Zn0.5Fe2O4. This decrement in the crystallite size of Mn0.3Co0.2Zn0.5Fe2O4-

PANI NC affirms the encapsulation of ferrite NPs with the PANI matrix which avoid 

agglomeration [339]. 

8.3.2. FTIR Study 

 The purity of the synthesized samples was confirmed by utilizing the FTIR analysis 

having wavenumber in the range of 400 to 4000 cm
-1

. The structural investigation along with 

the presence of the various functional groups and molecular bonds which remain during the 

synthesis were studied using FTIR. Fig. 8.2 delineates the FTIR spectra for 

Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC. In Mn0.3Co0.2Zn0.5Fe2O4 

due to the vibration of metal-oxygen (M-O) bonds, two absorption bands were perceived near 

550 cm
-1

 (tetrahedral site)
 
and 405 cm

-1
 (octahedral site) which assert the formation of spinel 

structure. This variation in the position of the bands was due to the variation in the bond 

length of metal-oxygen (M-O) [292]. The immaculateness of the synthesized 

Mn0.3Co0.2Zn0.5Fe2O4 was assured by the nonexistence of the bands near 1100 cm
-1

 (nitrates), 

1385 cm
-1

 (citric acid), and 3700 cm
-1

 (moisture). In conducting PANI, the strong absorption 

band that appeared at 3689 cm
-1 

is attributed to the stretching vibration (N-H) in the amino 

group. The (symmetric as well as the asymmetric) stretching vibration (C-H) in the methyl 

group gives rise to the band near 2965 cm
-1

. The band at 1562 cm
-1

, 1474 cm
-1

, and 1292 cm
-1

 

were ascribed to the stretching vibration in the quinoid ring (C=N), benzenoid ring (C=C), 

and aromatic amine (C=N) respectively and portrays the oxidation state of the conducting 

PANI [39]. The crystalline nature of the conducting PANI was asserted by these benzenoid 

and quinoid rings. The bending vibration (C-H) in the (P-disubstituted) aromatic ring gives 

rise to the bands at 1129 cm
-1

, 1040 cm
-1

, 789 cm
-1

, and 456 cm
-1

. The bands at 1129 cm
-1

 

and 456 cm
-1

 assure the conductivity of the synthesized PANI and substitutions present in the 

aromatic benzene ring during the polymerization process respectively [340]. In 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC all characteristic vibrational bands were present, which were 

observed in the Mn0.3Co0.2Zn0.5Fe2O4 and PANI spectra. As contrasted with the 

Mn0.3Co0.2Zn0.5Fe2O4 spectra, the absorption bands of Mn0.3Co0.2Zn0.5Fe2O4-PANI at 550 cm
-

1
 and 405 cm

-1
 were comparatively weak which reveals the lower concentration of 

Mn0.3Co0.2Zn0.5Fe2O4 interfaced with the PANI matrix. Moreover, the vibrational bands of the 
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PANI in Mn0.3Co0.2Zn0.5Fe2O4-PANI NC were slightly shifted towards the higher 

wavenumber which might be due to the hydrogen bonding between the Mn0.3Co0.2Zn0.5Fe2O4 

and PANI [341]. This decrease in the intensity (Mn0.3Co0.2Zn0.5Fe2O4) and shifting (PANI) of 

the vibrational bands in Mn0.3Co0.2Zn0.5Fe2O4-PANI NC affirms the successful intercalation 

and chemical interaction of Mn0.3Co0.2Zn0.5Fe2O4 with the PANI matrix [342]. The NC 

formation was assured by the FTIR spectra and ratifies our XRD study.  

 

Fig. 8.2. FTIR spectra of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite. 
 

8.3.3. FESEM Study 

 The surface morphology along with the particle size (average) was investigated with 

the FESEM micrographs. The FESEM micrographs of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC were depicted in Fig. 8.3. FESEM micrograph of 

Mn0.3Co0.2Zn0.5Fe2O4 displays the grains which were irregular in shape and size and had 

porous morphology. The discharge of gases during auto combustion gives rise to the 

existence of pores [293]. The FESEM micrograph of PANI reveals the interconnected worm-

like fiber network. The encapsulation of the synthesized ferrite NP with the PANI matrix was 

exhibited by the FESEM micrograph of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC. The hydrogen 

bonding formed between the amino group (PANI) and oxygen (ferrite) was responsible for 

the encapsulation [39]. Due to the surface absorption feature of conducting PANI, the 

synthesized NC appeared to coalesce. Moreover, the incorporated PANI controls the 
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agglomeration of Mn0.3Co0.2Zn0.5Fe2O4 NPs in Mn0.3Co0.2Zn0.5Fe2O4-PANI NC which 

ultimately leads to the enhancement of the pores [342]. These pores were helpful in 

strengthening the electrochemical activity because of the ease of access of electrolyte to the 

electrode. The FESEM micrographs were utilized to calculate the particle size (average) with 

the help of ImageJ software. For all incorporated samples, the histogram was plotted in Fig. 

8.3 for the estimation of the average particle size in the nanosize range. The particle size of 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was evaluated to be less as compared to the 

Mn0.3Co0.2Zn0.5Fe2O4 NPs due to the presence of PANI. During synthesis, PANI was washed 

with HCl as a result PANI surface attains a positive charge. This positive charge prompts 

electrostatic repulsion so as to avoid agglomeration and affirms the formation of the NC 

[343].     

   

 

Fig. 8.3. FESEM micrograph and particle size histogram of (a) Mn0.3Co0.2Zn0.5Fe2O4, (b) 

PANI, and (c) Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. 

8.3.4. EDX Study 

 The stoichiometry along with the elemental composition of the synthesized samples 

was investigated utilizing the EDX technique. Fig. 8.4 presents the EDX spectra of 

Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC. The EDX spectra, of 

Mn0.3Co0.2Zn0.5Fe2O4 NP display Mn, Co, Zn, Fe, and O peaks, PANI displays C, N, and O 

peaks and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC displays Mn, Co, Zn, Fe, C, N, and O peaks [344]. 
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For all the samples, no extra higher intensity peak was observed. The extra small intensity 

peaks in the EDX spectra might be due to the carbon tape utilized during the EDX analysis. 

The elemental mapping as presented in Fig. 8.5 affirms the uniform distribution of elements 

over the entire NC sample.  Table 8.2 reports the values of the Wt. % and At. % for all the 

incorporated samples and reflects the actual weight ratios of Mn0.3Co0.2Zn0.5Fe2O4 to PANI in 

the synthesized NC. Subsequently, EDX affirms the impeccability of our synthesized 

samples. 

   

Fig. 8.4. EDX spectra of (a) Mn0.3Co0.2Zn0.5Fe2O4, (b) PANI, and (c) Mn0.3Co0.2Zn0.5Fe2O4-

PANI nanocomposite. 

 

Fig. 8.5. Elemental mapping of Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. 

Table 8.2 

Wt. % and At. % of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite. 

Sample 

Weight % 

& 

Atomic % 

Elements 
Total 

% Mn Co Zn Fe O N C 

Mn0.3Co0.2Zn0.5Fe2O4 

Weight % 9.91 7.47 6.75 66.21 9.67 0 0 100 

Atomic % 8.20 5.76 4.69 53.89 27.46 0 0 100 

PANI 

Weight % 0 0 0 0 13.96 6.41 79.63 100 

Atomic % 0 0 0 0 10.96 5.75 83.29 100 

Mn0.3Co0.2Zn0.5Fe2O4-

PANI 

Weight % 6.35 7.32 3.24 61.03 2.94 0.26 18.84 100 

Atomic % 3.67 3.94 1.57 34.65 5.83 0.60 49.75 100 
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8.3.5. Electrochemical Study 

8.3.5.1. CV Study  

 The CV of the incorporated samples was conducted under the potential ranging from 

0 to 0.5 V with respect to Ag/AgCl at different scan rates (10 to 100 mV s
-1

) utilizing 3 M 

KOH as an electrolyte. The CV curves at 10 mV s
-1

 for Mn0.3Co0.2Zn0.5Fe2O4, PANI, and 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC were depicted in Fig. 8.6(a). These CV curves manifest 

faradic (battery) comportment by virtue of the appearance of redox peaks [345]. As familiar 

that the capacitance varies in a direct proportion to the area of the CV curve. In contrast with 

Mn0.3Co0.2Zn0.5Fe2O4 and PANI, the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC exhibits a larger area, 

thereby demonstrating higher capacitance for the synthesized NC. Fig. 8.6(b) delineates CV 

curves for Mn0.3Co0.2Zn0.5Fe2O4-PANI NC at different scan rates viz. 10, 20, 40, 60, and 100 

mV s
-1

. With the increment in the scan rate, it was perceived that the peak current increases 

without substantial modification in the shape of the CV curve. This property of the NC is 

convenient for fast redox reactions (reversible). Furthermore, the redox reactions (reversible) 

and high electrical polarization give rise to the shifting of the cathodic and anodic peaks 

towards lower and higher potential respectively [346,347].  The specific capacitance (Cs) of 

the incorporated samples at different scan rates were recorded in Table 8.3 utilizing Eq. (8.2) 

[348].          

   
 

    
∫       

  

  
     (8.2) 

 Here m, υ, ∆V, and integral part signifies loaded mass, scan rate, potential window, 

and area of the CV curve respectively.  

 

Fig. 8.6. (a) CV curve of  Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite at 10 mV s
-1

, (b) CV curve of Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite at 

different scan rates, and (c) Specific capacitance as a function of scan rate.   
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Table 8.3 

Electrochemical parameters from CV curve of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and 

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. 

Sample 
υ 

(mV s
-1

) 

m 

(mg) 

   

(V) 

∫       

  

  

 

(AV) 

Cs 

(F g
-1

) 

Mn0.3Co0.2Zn0.5Fe2O4 

10 1.5 0.5 0.001175 156.46 

20 1.5 0.5 0.002045 136.47 

40 1.5 0.5 0.002885 96.08 

60 1.5 0.5 0.003455 76.82 

100 1.5 0.5 0.004315 57.57 

PANI 

10 1 0.5 0.001045 208.65 

20 1 0.5 0.002040 203.76 

40 1 0.5 0.003170 158.56 

60 1 0.5 0.003860 128.67 

100 1 0.5 0.004930 98.57 

Mn0.3Co0.2Zn0.5Fe2O4

-PANI 

10 1 0.5 0.001435 286.91 

20 1 0.5 0.002860 286.20 

40 1 0.5 0.003755 187.70 

60 1 0.5 0.004555 151.83 

100 1 0.5 0.005695 113.93 

 The specific capacitance at the scan rate of 10 mV s
-1

 for Mn0.3Co0.2Zn0.5Fe2O4, 

PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was evaluated to be 156.46, 208.65, and 286.91 F 

g
-1

 respectively. The specific capacitance of the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was 

subsequently higher (286.91 F g
-1

 at 10 mV s
-1

) than that of previously published studies such 

as CoFe2O4-PANI (60 F g
-1

 at 1 mV s
-1

), NiFe2O4-PANI (51 F g
-1

 at 1 mV s
-1

), Fe3O4-PANI 

(14.5 F g
-1

 at 1 mV s
-1

), CoFe2O4-Graphene (256 F g
-1

 at 1 mV s
-1

), NiFe2O4-Graphene (81 F 

g
-1

 at 1 mV s
-1

), and Fe3O4-Graphene (23 F g
-1

 at 1 mV s
-1

) [340]. With the increment in the 

scan rate, the decrement in the specific capacitance was noticed for all the incorporated 

samples. This decrement in the specific capacitance at a higher scan rate emerges on account 

of the limited time available for OH
-1

 ions to penetrate in the depth of the synthesized 

electrode. Meanwhile, these OH
-1

 ions were extensively available to the inner as well as the 

outer surface of the synthesized electrode at the lower scan rate thereby resulting in the 
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higher value of the specific capacitance [349]. For all scan rates, the synthesized 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC had higher specific capacitance than the unitary samples as 

perceived from Fig. 8.6(c).    

8.3.5.2. GCD Study 

 The GCD of the incorporated samples were conducted at the different current 

densities (1 to 5 A g
-1

) under the potential range of 0 to 0.4 V. The GCD curves at 1 A g
-1

 for 

Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was presented in Fig. 

8.7(a). For all incorporated samples the internal resistance drop (IRdrop) was noticed at the 

turning point by virtue of the equivalent series resistance (ESR) which will ultimately loose 

energy [350,351]. The active material, electrolytic ions, and electrode-electrolyte interface 

resistances were responsible for ESR [352,353]. The specific capacitance (Cs) of the 

incorporated samples at different current densities were recorded in Table 8.4 utilizing Eq. 

(8.3) [176].          

          

  
           (8.3) 

 Here Im,  t, and  V signifies the current density, discharge time, and potential 

window respectively of the incorporated samples.  

 

Fig. 8.7. (a) GCD curve of  Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite at 1A g
-1

, (b) GCD curve of Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite at 

different current densities, and (c) Specific capacitance as a function of current density. 

 The specific capacitance at the current density of 1 A g
-1

 for Mn0.3Co0.2Zn0.5Fe2O4, 

PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was evaluated to be 95, 153.75, and 226.25 F g
-1

 

respectively. The specific capacitance of the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was 

subsequently higher (226.25 F g
-1

 at 1 A g
-1

) than that of previously published studies such as 

CoFe2O4-PANI (53 F g
-1

 at 1 A g
-1

), NiFe2O4-PANI (46 F g
-1

 at 1 A g
-1

), Fe3O4-PANI (15.5 F 

g
-1

 at 1 A g
-1

), CoFe2O4-Graphene (196 F g
-1

 at 1 A g
-1

), NiFe2O4-Graphene (70 F g
-1

 at 1 A 
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g
-1

), and Fe3O4-Graphene (15 F g
-1

 at 1 A g
-1

) [340]. The lower internal resistance in 

Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was attributed to its higher specific capacitance value [134]. 

Fig. 8.7(b) portrays GCD curves for Mn0.3Co0.2Zn0.5Fe2O4-PANI NC at different current 

densities viz. 1, 2, 3, 4, and 5 A g
-1

. With the increment in the current density, the decrement 

in the discharging time of the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was noticed which reduced the 

specific capacitance as evaluated in Table 8.4. This decrement in the specific capacitance at 

higher current density arises on account of the diffusion which impedes the mobility of 

electrolytic ions to permeate in the depth of the synthesized electrode [133].  

Table 8.4 

Electrochemical parameters from GCD curve of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and 

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. 

Sample 
Im 

(A g
-1

) 

   

(s) 

   

(V) 

Cs 

(F g
-1

) 

Mn0.3Co0.2Zn0.5Fe2O4 

1 38 0.4 95 

2 11 0.4 55 

3 6.5 0.4 48.75 

4 4.5 0.4 45 

5 3 0.4 37.50 

PANI 

1 61.5 0.4 153.75 

2 29 0.4 145 

3 18 0.4 135 

4 12 0.4 120 

5 6.4 0.4 79.42 

Mn0.3Co0.2Zn0.5Fe2O4-

PANI 

1 90.5 0.4 226.25 

2 40 0.4 200 

3 24.5 0.4 183.75 

4 17.5 0.4 175 

5 12.5 0.4 156.25 

 For all current densities, Mn0.3Co0.2Zn0.5Fe2O4-PANI NC exhibits non-linear charge-

discharge curves due to the redox reaction between the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC and 

electrolytic ions [354]. For all current densities, the synthesized Mn0.3Co0.2Zn0.5Fe2O4-PANI 

NC had higher specific capacitance than the unitary samples as perceived from Fig. 8.7(c) 

and affirms the CV results. The capacitance retention of  Mn0.3Co0.2Zn0.5Fe2O4, PANI, and 
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Mn0.3Co0.2Zn0.5Fe2O4-PANI NC at the current density of 5 A g
-1

 was achieved to be 39.47, 

51.65, and 69.06 % respectively. This enhancement in the electrochemical performance of the 

NC is because of the following aspects; [355,356] (i) In Mn0.3Co0.2Zn0.5Fe2O4-PANI NC 

large number of the redox reaction undergoes by virtue of the conducting PANI which avoids 

agglomeration and enhances the surface area. (ii) The worm-like fiber network of the 

conducting PANI supports the Mn0.3Co0.2Zn0.5Fe2O4 NPs by supplying interrelated pathways 

to assist the continual movement of electrons towards the electrode. (iii) In alkaline 

electrolyte concurrently both of the Mn0.3Co0.2Zn0.5Fe2O4 and PANI were electrochemically 

active consequently manifesting larger specific capacitance relative to their counterparts. 

8.3.5.3. EIS Study 

 The EIS was conducted under an applied potential of 5 mV to examine the response 

of the incorporated samples in the frequency range of 100 kHz-10 MHz [188]. Fig. 8.8 

delineates the Nyquist plots for Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

NC. The two regions perceived in Fig. 8.8 viz. low-frequency (straight line) and high-

frequency (semi-circle) demonstrate the ionic diffusion in the electrolyte and charge transfer 

at the interface of electrode-electrolyte respectively [357]. The equivalent series resistance 

(ESR) for Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was examined 

by the semi-circle intercept (along X-axis) and evaluated to be 1.25, 1.12, and 0.57 Ω 

respectively [358]. As EIS of the incorporated samples were performed utilizing the same 

electrolyte (KOH) as well as concentration (3 M) thereby resulting in the least variety in the 

ESR values. At the interface of the electrode-electrolyte, the charge transfer resistance (Rct) 

due to the ions were determined by the semi-circle diameter (along X-axis) [359]. The higher 

Rct was exhibited by the Mn0.3Co0.2Zn0.5Fe2O4 NPs on account of the larger diameter than 

their counterparts. Due to the diffusion of OH
-1

 inside the synthesized active materials, the 

straight line was perceived and infers Warburg impedance [360]. Mn0.3Co0.2Zn0.5Fe2O4-PANI 

NC exhibits the most vertical line whose slope is nearly close to 90
o
 indicating better 

capacitance behavior than their counterparts and ratifies CV and GCD results. Consequently, 

the physical blending of Mn0.3Co0.2Zn0.5Fe2O4 with PANI prompts the synergistic impact 

subsequently boosting the electrochemical activity of the synthesized NC electrode. 

Furthermore, investigation to enhance the specific capacitance involves the synthesis of 

ternary NC with rGO is underway.  
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Fig. 8.8. Nyquist plot of Mn0.3Co0.2Zn0.5Fe2O4, PANI, and Mn0.3Co0.2Zn0.5Fe2O4-PANI 

nanocomposite. 

8.4. Conclusion 

 The sol-gel procedure was adopted for the successful preparation of novel 

Mn0.3Co0.2Zn0.5Fe2O4 spinel ferrite which was then blended with PANI to form 

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. Scherrer’s formula evaluates the crystallite size 

in the nanosize range. The decrement in the crystallite size of Mn0.3Co0.2Zn0.5Fe2O4-PANI 

NC affirms the encapsulation of ferrite NPs with the PANI matrix which avoid 

agglomeration. The FTIR spectra of Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite exhibits 

decrement in the intensity of Mn0.3Co0.2Zn0.5Fe2O4 bands and shifting of PANI bands which 

affirms the successful intercalation and chemical interaction of Mn0.3Co0.2Zn0.5Fe2O4 with the 

PANI matrix. The porous morphology exhibited by FESEM micrograph of the 

nanocomposite is helpful in strengthening the electrochemical activity because of the ease of 

access of electrolyte to the electrode. EDX study affirms the stoichiometry along with the 

elemental composition of the incorporated samples. The excellent electrochemical activity of 

the Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite was exhibited by the CV, GCD, and EIS. The 

higher specific capacitance was achieved to be 286.91 F g
-1

 at 10 mV s
-1

 with capacitance 

retention of 69.06 % at 5 A g
-1

.  
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CHAPTER-9 

Summary and Conclusion 

 The current research deals with the sol-gel auto combustion approach to efficiently 

prepare Mg1-xZnxFe2O4 NPs with concentrations of x = 0.0, 0.2, and 0.4 and crystallite size 

(D) in the nano-meter level of 32.591 to 37.558 nm. The prepared samples have a 

cubic single-phase (spinel) structure, according to the XRD study. As Zn
2+

 ions possess a 

larger ionic radius than Mg
2+

 ions, the lattice constant (ao) rises with Zn content from 8.390 to 

8.417 Å. The spinel structure was verified by bands in the range of 442.93-454.42 cm
-1

 and 

554.08-536.45 cm
-1

 in the prepared samples, which correlates to the octahedral (ν2) and 

tetrahedral (ν1) sites, respectively. The Zn content causes the tetrahedral band to undergo a 

red shift in FTIR spectra. Using ImageJ software, FESEM micrographs assess particle size 

(average) in the nanoscale range, revealing the existence of agglomerated and homogeneous 

grains. Owing to the magnetic interaction between the prepared NPs, FESEM micrographs 

exhibit aggregation of the grains. EDX spectra avow the elements present in the incorporated 

samples without any extra impurity peak present in the spectra. The experimental At. %  and 

Wt. % values are quite close to the theoretical values, demonstrating that the prepared ferrite 

NPs are pristine. The addition of non-magnetic Zn
2+

 cations (   B) to the tetrahedral site 

enhances the Ms. The R value of the prepared samples has been less than 0.5, indicating the 

presence of sporadic single domain NP assemblies with magnetostatic interactions between 

them. Owing to the lower Hc value, prepared samples possess soft ferromagnetic 

characteristics, making them favorable for power and electromagnetic applications. 

 Further the MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) NPs were efficiently 

produced by using sol-gel auto combustion approach. The increase in the lattice constant 

from 8.434 to 8.457 Å with the Mn content may be ascribed to the ionic radius of Mn
2+

 ions 

being larger than that of Co
2+

 ions. For all the samples, the single-phase spinel structure with 

cubic symmetry was assured by the XRD studies. The crystallite size lies in the nanoscale 

range of 35.4 to 43.6 nm as estimated by utilizing the Debye-Scherrer formula. The complete 

evacuation of the nitrates and citric acid from the incorporated samples was avowed by the 

FTIR spectra. FESEM micrographs reveal the presence of non-uniform grain growth which 

was agglomerated, in-homogenous in size and shape, and had porous morphology. The 

synthesized samples can be valuable for the gas sensing application because of the porous 
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morphology exhibited by all the FESEM micrographs. The atomic percent (At. %) values, 

determined utilizing EDX spectra were in close concordance with the theoretical values, thus 

affirming the impeccability of the synthesized samples. There is a decrement in the saturation 

magnetization with increasing Mn
2+

 concentration which is due to the decrease in the 

crystallite size and non-magnetic nature of the Mn
2+

. VSM study exhibits soft ferromagnetic 

nature due to the low coercivity value. The magnetic soft nature of the incorporated samples 

makes them suitable for electromagnetic radiation material, sensors, switching, multilayer 

chip indicators, hyperthermia, and power application. The squareness ratio for all the samples 

was noticed to be less than 0.5 which affirms the existence of the random oriented small 

single domain assembly of (spinel ferrite) NPs and reveals the magneto-static interaction 

between the NPs. Moreover, the synthesized ferrite has a large surface area, appropriate pore 

size, pore size dissemination, and the presence of the functional group which complements its 

utilization in the supercapacitor electrode material. 

   Owing to the magnificent properties of the prepared MnxCo0.5-xZn0.5Fe2O4 (x = 0.0, 

0.1, 0.2, 0.3, and 0.4) samples for supercapacitor electrode material as described above, the 

sample at x = 0.3, viz. Mn0.3Co0.2Zn0.5Fe2O4 were sintered at three different temperatures to 

track down the reasonable sintering temperature for better structural, morphological, 

elemental, and magnetic characteristics. The α-Fe2O3
 
phase has totally vanished at 1150 

o
C. 

Using the XRD technique, the enhancement in the lattice constant was detected as the 

sintering temperature increased, which is attributable to the reduction of iron (Fe) from Fe
3+

 

(0.64 Å) to Fe
2+

 (0.76 Å). The pure spinel phase formation at 1150 
o
C was affirmed from the 

FTIR analysis due to the non-appearance of the nitrates, citric acid, and moisture peaks. With 

the increment in the sintering temperature, the agglomeration of the gains in the FESEM 

micrographs was observed due to the magnetic interaction between the ferrite NP. Crystallite 

size was incremented from 18.1 to 50.2 nm by virtue of these agglomerations. FESEM study 

reveals the increasing trend of particle size (average) in the nanoscale range with temperature, 

as estimated by the ImageJ software. The experimental Wt. % and At. % values had close 

approximation with the theoretical values as estimated by the EDX. Our prepared spinel 

ferrites, magnetic characteristics can be modified by adjusting the sintering temperature, 

making them useful for high-frequency applications such as electrical filters, multi-layer chip 

indicators, and circulators.  

 Taking into consideration the findings of the above studies, the conducting polymer 

PANI and novel Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite (NC) have been produced 

effectively by employing the chemical oxidative polymerization and physical blending 
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procedures respectively. XRD study affirms the formation of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC 

owing to the appearance of two different types of peaks: sharp Mn0.3Co0.2Zn0.5Fe2O4 peaks, 

and broader PANI peaks. The decrement in the crystallite size of Mn0.3Co0.2Zn0.5Fe2O4-PANI 

NC affirms the encapsulation of ferrite NPs with the PANI matrix which avoid 

agglomeration. FTIR of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC shows all characteristic vibrational 

bands, which are observed in the Mn0.3Co0.2Zn0.5Fe2O4 and PANI spectra. The FTIR spectra 

of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC exhibit decrement in the intensity of Mn0.3Co0.2Zn0.5Fe2O4 

bands and shifting of PANI bands which affirms the successful intercalation and chemical 

interaction of Mn0.3Co0.2Zn0.5Fe2O4 with the PANI matrix. The encapsulation of the 

synthesized ferrite nanoparticle (NP) with the PANI matrix is exhibited by the FESEM 

micrograph of Mn0.3Co0.2Zn0.5Fe2O4-PANI NC. The porous morphology exhibited by the 

FESEM micrograph of the NC is helpful in strengthening the electrochemical activity 

because of the ease of access of electrolytes to the electrode. EDX study affirms the 

stoichiometry along with the elemental composition of the incorporated samples. The 

excellent electrochemical activity of the Mn0.3Co0.2Zn0.5Fe2O4-PANI NC was exhibited by the 

CV, GCD, and EIS. The higher specific capacitance was achieved to be 286.91 F g
-1

 at 10 

mV s
-1

 with capacitance retention of 69.06 % at 5 A g
-1

. The electrochemical activity of the 

novel Mn0.3Co0.2Zn0.5Fe2O4-PANI NC is manifested to be higher as compared to their 

counterparts on account of synergistic impact, continual movement of electrons towards the 

electrode, and multiple redox reactions. 

Future Scope 

 Obtaining pure phase of other novel spinel ferrites is necessary to use them as potential 

candidate for the supercapacitor applications.  

 Citric acid is used as fuel in the present synthesis of spinel ferrites while use of other fuels 

like urea, glycine, tartaric acid etc. can be explored.  

 The particle size, porosity and morphology of the synthesized materials significantly 

affect the electrochemical measurements therefore other methods of synthesis can be 

explored.  

 Electrochemical measurement studies can be performed on the ternary nanocomposite 

(especially with rGO and MXene) to strengthen the specific capacitance. 
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 We believe that the aforementioned aspects will provide researchers working in this 

field more chances to look at cutting-edge spinel ferrite-based nanocomposites for use in 

supercapacitors in the future. 
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a b s t r a c t   

The current work involves the synthesis of MnxCo0.5−xZn0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) by adopting 
sol-gel auto combustion technique. For all the samples, the single-phase spinel structure with cubic sym
metry was assured by the XRD studies. The crystallite size lies in the nanoscale range of 35.4–43.6 nm as 
estimated by utilizing Debye-Scherrer formula. FTIR spectroscopy affirms the formation of spinel structure 
due to the appearance of characteristic vibrational bands near 400 and 600 cm−1 which corresponds to the 
octahedral and tetrahedral sites respectively. FESEM micrographs reveal the presence of non-uniform grain 
growth which was agglomerated, inhomogenous in size and shape, and having porous morphology. VSM 
study exhibits soft ferromagnetic nature due to the low coercivity value. There is a decrement in the sa
turation magnetization with increasing Mn2+ concentration which is due to the decrease in the crystallite 
size and non-magnetic nature of the Mn2+. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Spinel ferrite ceramics are significant rivals in various electronic 
devices. Presently, ecofriendly nanomaterials such as spinel ferrite, 
having good thermal and chemical stability, exhibits amazing 
properties viz. structural and magnetic, due to which it has a wide 
extent of anticipated applications in energy storage devices [1], 
magnetic recording [2], catalysts [3], drug delivery system [4], sen
sors [5], microelectronics [6], data storage system [7], magnetic re
sonance imaging (MRI) [8], pollution control [9], anticorrosive paints 
ferrofluids [10], medical sciences [11] and many more. The spinel 
ferrite has a cubic structure and exhibits an Fd-3 m space group. The 
spinel structure is made up of a closely packed oxygen anion in 
which thirty-two oxygen anions form a complete structure unit cell. 
These oxygen anions form a face-centered cubic arrangement 
leaving two sorts of spaces between these oxygen anions: tetra
hedral or A-site, encircled by four oxygen particles, and octahedral or 
B-site, encircled by six oxygen particles. The single crystallographic 
unit cell of spinel ferrite contains eight formulae units of MFe2O4 

(where M is one or more divalent metal cations). Every unit cell of 
spinel ferrite has sixty-four tetrahedral sites, eight of which are in
volved, and thirty-two octahedral sites, sixteen of which are 

involved. The difference in the magnetization of these lattice sites 
gives the net value of magnetization of the spinel structure [12,13]. 
The presence of metal (divalent or trivalent) cations to the lattice 
sites have pored over, utilizing the crystal field theory [14], which 
results in the different types of crystal structure such as normal, 
inverse, or mixed. Moreover, these cations emphatically influence 
the physical properties viz. structural, electrical, optical, and mag
netic. Further, this occupancy of metal (divalent or trivalent) cations 
to these tetrahedral and octahedral sites relied on a few key factors 
viz. preparation method, elemental composition, and sintering 
temperature [15–18]. 

The spinel ferrites can be synthesized by several techniques 
which include the co-precipitation method, hydrothermal method, 
microwave combustion, sol-gel auto combustion, spray pyrolysis, 
ceramic, etc. [19–38]. The structural properties such as size, mor
phology, state of the surface, and chemical homogeneity relied 
heavily on the preparation method. Out of these above synthesis 
techniques, the sol-gel auto combustion method has been preferred 
because of homogeneity, large-scale production, lowering of the 
crystallization temperature, short time, stoichiometrically pure 
product formulation, and nanosize formulation of compound  
[39,40]. Additionally, the utilization of water as a solvent makes this 
technique eco-friendly according to the natural perspective. 

Among the various spinel ferrites present, the CoFe2O4 and 
ZnFe2O4 have drawn an impressive interest in view of their wide 
scope of uses [41–43]. The CoFe2O4 exhibits an inverse structure, 

https://doi.org/10.1016/j.jallcom.2021.162966 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   
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Abstract
The sol-gel methodology was exploited for the production of Mn0.3Co0.2Zn0.5Fe2O4 ferrite nanoparticles, at different
sintering temperatures (750, 950, and 1150 °C). The nanometer size crystallites were evaluated utilizing the Debye
Scherrer formulae in the X-ray diffraction (XRD) study. The two bands manifested in Fourier transform infrared (FTIR)
spectra near 600 cm−1 (tetrahedral site) and 400 cm−1 (octahedral site) ratify the formation of spinel structure for all
sintering temperatures. Field emission scanning electron microscopy (FESEM) micrographs estimate the average size of
the particle by using ImageJ software and reveal the agglomerated grains, which are inhomogeneous in shape and size.
Energy dispersive X-ray (EDX) study confirms the stoichiometry and composition of the synthesized specimens. For an
enhancement in the sintering temperature, the enhancement in the saturation magnetization was perceived in the magnetic
studies by using a vibrating sample magnetometer (VSM). With regard to all incorporated samples, the squareness ratio
was assessed to be under 0.5 which assimilates to a multi-domain structure. For all scan rates and current densities, the
prepared Mn0.3Co0.2Zn0.5Fe2O4 (1150 °C) had the higher value of the specific capacitance as portrayed through the
electrochemical study.
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ABSTRACT

The present research deals in preparing Mn0.3Co0.2Zn0.5Fe2O4 (spinel ferrite) by

sol–gel procedure, polyaniline (PANI) by chemical oxidative method, and

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite by physical blending method. X-ray

diffraction (XRD) study affirms the formation of Mn0.3Co0.2Zn0.5Fe2O4-PANI

nanocomposite owing to the appearance of two different types of peaks: sharp

Mn0.3Co0.2Zn0.5Fe2O4 peaks, and broader PANI peaks. Fourier transform

infrared spectroscopy (FTIR) of Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite

shows all characteristic vibrational bands, which are observed in the Mn0.3

Co0.2Zn0.5Fe2O4 and PANI spectra. Field emission scanning electron microscopy

(FESEM) micrographs have been employed for measuring the average particle

size by using ImageJ software. The encapsulation of the synthesized ferrite

nanoparticle with the PANI matrix is exhibited by the FESEM micrograph of

Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite. The electrochemical activity of the

novel Mn0.3Co0.2Zn0.5Fe2O4-PANI nanocomposite is manifested to be higher as

compared to their counterparts on account of synergistic impact, continual

movement of electrons toward the electrode, and multiple redox reactions.

1 Introduction

The tremendous upgrades in ecological contamina-

tion and the ineluctable lack of fossil fuels are com-

pelling researchers to foster perfect and economical

energy storage gadgets [1]. At the present juncture,

the most used energy storage gadgets are batteries,

fuel cells, conventional capacitors, and supercapaci-

tors [2]. The usage of batteries and fuel cells for high-

energy applications is principally a direct result of

their higher energy density. Nevertheless, it has the

deficiencies of significant expense, short cycle life,
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A B S T R A C T   

This experimental study examines the effects of the La3+-Mn2+ substitution on structural, 
morphological, optical, magnetic, and microwave properties of Ba1.7-xSr0.3LaxZn2Fe12-xMnxO22 (x 
= 0.0, 0.1, 0.2) using sol-gel auto combustion. We characterize the as-prepared nanoparticles 
structurally using XRD and FTIR, and the morphology is determined using FESEM micrographs. 
Elemental analysis (EDX) verifies the presence of the entire experimental elements. The optical 
band gap was determined using UV Visible spectroscopy with the help of Tauc theory. VSM and 
VNA analyses determine the magnetic and microwave properties, respectively. The small coer-
civity and small area under the hysteresis loop show that the materials are soft magnetic. The 
microwave properties of the prepared material were affected by the grain size and saturation 
magnetization. A single absorption peak from the reflection loss graph and high shielding 
effectiveness of the synthesized nanoparticles indicates that the material may have the potential 
as an effective EMI shielding material in Ku-band.   

1. Introduction 

Wireless communication technology has steadily advanced in the information era, and electronic gadgets nearly surround every 
part of human existence, bringing in overwhelming electromagnetic waves (EMW). Excessive electromagnetic waves pollute the 
environment and potentially endanger human health [1–5]. Although electromagnetic wave has provided enormous advantages to 
humanity, the devastation it has caused is immeasurable [6]. There are significant efforts to develop high-performance EMW absorbers 
to prevent the harm caused by EM pollution to individuals and the environment while also meeting the criteria for electronic security 
and defensive stealth [7,8]. Due to their wide range of applications and great absorption capacity, EMW absorbers are protective 
agents against EMW concerns since they can convert EMW to thermal energy and subsequently dissipate it [9–12]. Thus, to convert 
EMW energy to thermal energy, various absorbers with superior EM wave attenuation performance were investigated [13]. In general, 
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ABSTRACT

In this paper, the author reports the productive synthesis of spinel ferrite

samples with composition Ni0.5Co0.5Fe2O4 using the sol–gel auto-combustion

method. The crystal structure of inverse spinel ferrite was confirmed by X-ray

Diffraction (XRD) for all the Ni0.5Co0.5Fe2O4 samples. Here, the crystallize size

(D) and theoretical density (Dx) calculated are found to be inversely propor-

tional to each other. Crystallize size (D) increases with increasing sintering

temperature from 850 �C to 1150 �C. The X-ray Photoelectron Spectroscopy

(XPS) confirms the presence of a single-phase of synthesized samples at the

highest sintering temperature of 1150 �C. The change in morphology and the

elemental composition of Ni0.5Co0.5Fe2O4 is confirmed by Field Emission

Scanning Electron Microscope (FESEM) and Energy-Dispersive X-ray Analysis

(EDAX), respectively. Additionally, Transmission Electron Microscopy (TEM)

confirms the uniformity of cuboidal shape grains having an average grain size of

about 84 nm for the Ni0.5Co0.5Fe2O4 sample at an optimized temperature of

1150 �C. Also, the Selective Area Electron Diffraction (SAED) pattern designates

the regular distribution of bright spots, affirming the high degree of crystallinity

and single-phase formation. Furthermore, Complex Impedance Spectroscopy

(CIS) along with complex dielectric modulus studies reveal a relaxation phe-

nomenon with non-Debye-type nature originating from grain boundaries. Fre-

quency-dependent complex impedance and modulus studies exhibit space

charge polarization effect with increasing sintering temperature. It is suggested

that sintering the compound at the requisite temperature is the significant rea-

son for the improved dielectric properties, which can be further useful for

magnetodielectric materials, spintronic devices, sensors, and many more.
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a b s t r a c t

This research focus on using sol-gel auto combustion method to synthesize Co2Y strontium hexaferrite
with chemical composition Sr2MnXCo2-xFe12O22 (x = 0.0, 0.5, 1.0). Samples were calcinated at 1150 for
6 h. The XRD analysis revealed a single crystalline phase Co2Y strontium hexaferrites with the absence
of secondary phase or impurity. Values of lattice parameters as well as unit cell volume rise with addition
of Mn2+. The emergence of two peaks at 422 and 580 cm�1 in FTIR analysis suggests the formation of hex-
aferrites. The morphological analysis show an agglomerated network of grains which is caused by mag-
netic interaction. EDX spectra shows the entire host as well as substituted elements, this confirm the
purity and stoichiometry of the prepared Co2Y strontium hexaferrites samples. Magnetic parameters:
coercivity, saturation magnetization, squareness ratio as well as remnant were calculated using M-H hys-
teresis loop obtained from the VSM.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Recent Advances in Mechanical Engineering and Nanomaterials.

1. Introduction

Magnetic materials are widely employed in technological and
industrial applications, including but not limited to the automobile
sector, electronics, data storage and microwave (MW) devices [1].
Hexaferrites are among the most important materials nowadays
due to the low cost, ease of manufacture, and fascinating electrical
and magnetic properties [2]. Many researchers are interested in Y-
type hexaferrites with planar magnetic anisotropy because they
have the advantage of having a higher magnetic permeability in
the GHz frequency range over other hexagonal ferrites with uniax-
ial magnetic anisotropy [3]. Also, because they develop good mag-
netic characteristics in the hyper frequency region when sintered
at low temperature, Y-type hexaferrites are considered the best
choice [4]. Crystalline structure of the Y-type hexagonal ferrites
was said to be an alternating stacking of the S and T blocks along
c-axis with space group R-3m [5–9]. Based on the relative direction
of magnetic moments in each layer, two distinct magnetic blocks
may be described: small (S) and large (L) magnetic moment and

within each block, the magnetic moments of the Fe ions were orga-
nized in a collinearmanner [10]. Two of Fe3O4 formula units formed
S block, which has a spinel structure with 2-tetrahedral and also 4-
octahedral cation sites [11]. Magnetic as well as structural proper-
ties of Y type hexaferrite are substantially influenced by a number
of parameters, including sintering duration, chemical composition,
ingredient purity, and substitution amount [12–14]. Several
researchers have improved the magnetic as well as electric proper-
ties of Y-type nanohexaferrites to make them appropriate for
microwave applications, including dielectric permittivity, dielectric
losses, saturation magnetization, coercivity, and so on [4]. In hyper-
frequency, Y-type hexaferrite has good magnetic characteristics
and it is expected to address the demand for soft magnetic materi-
als in high frequency chip components [15]. This research work
aimed to study influence of Mn2+ on morphological and also mag-
netic properties of Sr2MnxCo2-xFe12O22 (x = 0.0, 0.5, 1.0). The pro-
duced samples were analysed by XRD, FESEM/EDX, and VSM.
Furthermore, this composition has never been studied before.

2. Material and method

Analytical grade chemicals from LOBA Chemie Pvt Ltd: stron-
tium nitrate, [Sr(NO3)2�6H2O], Ferric nitrate, [Fe(NO3)2�9H2O

https://doi.org/10.1016/j.matpr.2021.12.514
2214-7853/Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Conference on Recent Advances in Mechanical Engineering and Nanomaterials.
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