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Abstract  
 

In the recent times, the demand of the energy and the environmental pollution is the main concern of the global. Due to their 
significant chemical, physical and magnetically properties spinel-based materials are prominently used in the field of 
photocatalysis and water splitting. In the present report is emphasis on the fundamental’s understandings for their size, shape, 
chemical and the degradation of various pharmaceutical drugs, pesticides, and textile dye materials. This report explained 
the way of formation, characteristics and the wide applications of the spinel-based materials in the vast energy and 
environmental research. Future prospectus of the energy and the cost effectiveness this spinel-based materials plays an 
important role in hydrogen generation as well as in catalytic activities. 
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1. Introduction 

At present Nanotechnology is a vision rather than a reality 

where both the global crisis of the present era is frugally 

settled. There are different fields and departments that 

envisage nanotechnology in the scope of material sciences. 

Out of the vast and diverse area there are photo-catalytic 

techniques resultants of which the global problems are being 

established. Basically, our sustainable existence is expected to 

be eco-friendly, long life, renewable energy resource 

dependence, pollution free, and affordable solution to the 

issues. 

Of the present era, nanotechnology has emerged as a 

successful field of technology of the decade where the particle 

of the interest amounting to nano scale dimension less than 

100nm. Last century witnessed widespread interest in the of 

the present era, nanotechnology has emerged as a successful 

field of technology of the decade where the particle of the 

interest amounting to nano scale dimension less than 100nm. 

Last century witnessed widespread interest in the 

nanotechnology field in the terms of adventurous 

achievements in researches like food processing, dye 

detoxification, pollution control, pharmaceuticals, storage 

equipment’s etc. Properties featuring nanomaterials in terms 

of photo-catalytic nature, large surface area, highly reliable, 

tunable pore volume, hydrophilic and hydrophobic make the 

nanomaterials remarkable. In photo-catalyzed reactions, the 

rate of such reaction is dependent on the crystal structure of 

photo-catalyst and the suitable frequency of incoming photons 

of either visible or UV light used for the irradiation processes. 

Besides, this nanomaterial acting as certain types of photo-

sensitizers for the irradiation of light-stimulated redox 

processes in relevance to their electronic structure pertinent to 

their filled valance and the vacant conduction bands (Fig. 1).[2] 

Metal oxides acting as spinel nanoparticles due to their 

peculiar electronic structure absorb light radiations having 

energy band gap in UV-visible range stand in terms of the 

photo catalysis and other various spectral applications. Such 

metal oxides are characterized by auspicious light absorption, 

electronic structure, and band gap (in the range of UV –visible 

range of affordable cost).[3] Keeping in consideration the 

morphology, size of the unit cell, their physical and chemical 

properties, and carbon-based nanoparticles (giant fullerenes, 

CNT, graphene oxide), metal-based ceramics, semi-conductor 

and polymeric nano-materials constitute different categories 
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of nanomaterials. 

 
Fig. 1 Mechanism of photocatalytic process including chemical 

reactions. 

 

 
Fig. 2 Crystal structure of spinel material, Reference adopted 

from source. Reproduced with the permission from [3], 

Copyright © 2011 Elsevier B.V.  

 

From Figs. 2 and 3, it is easy to identify that in a calculated 

approach for normal spinel lattice, all the tetrahedral sites are 

occupied by 8 bivalent cations and all the octahedral lattice 

sites are occupied by 16 trivalent cations. For an inverse spinel 

structure, their 8 octahedral lattice sites are occupied by 8 

bivalent cations and their 16 trivalent cations are likely 

distributed between 8 tetrahedral and 8 octahedral sites. The 

value of the inversion degree (i) determines the type of the 

spinel nano particle. If the value of (i) corresponds to 0, i.e. (i) 

= 0, then it can be called as a normal spinel. If, however (і) =1, 

then it is an inverted spinel. In case for a spinel type where 

bivalent cations occupy both the tetrahedral as well as 

octahedral lattice sites, then in such instance the spinel can be 

called as partially inverted, i.e., 0> (і) <1. 

There is an important class of the nanomaterials called as 

Spinel Ferrite Nano materials (SFNs).[4] They have much 

significance in terms of the fundamental science point of view. 

Their versatility is related to their unique properties such as 

high-density data storages catalytic applications, utility in gas 

sensors, portable rechargeable lithium batteries, data storage 

systems, microwave absorbers, medical diagnosis and many 

more.[5] All these features and their applications are solely 

determined by understanding their mode of synthesis, crystal 

lattice structure and the chemical composition. Spinel ferrite 

nanoparticles (SFNs) are represented by their general formula 

MFe2O4, provided majority of them are super-magnetic in 

nature with the particle size dimension of below or about 20 

nm. For spinels where metal ions occupy both tetrahedral and 

the octahedral sites are based on their affinity, stabilization 

energy, ionic radii of the metal cations and the size of the 

interstitial sites.[6] The crystal structure of the spinel lattice 

with its composition is truly determined by the proper method 

of synthesis, upon leading to its excellent physical and 

chemical properties. With the general molecular formula 

MFe2O4 (where M = Mn, Fe, Co, Ni, Cu, and Zn), the majority 

of Spinel Ferrites exhibit super paramagnetic (SPM) 

properties at the nano scale dimensions of diameter below or 

about 20 nm. The metal cations occupying both octahedral and 

tetrahedral sites of the spinel crystals based on their affinity 

which in turn are significantly dependent on the stabilization 

energy, ionic radii of metal cations, size of interstitial site, 

method of synthesis, and the reaction conditions by which they 

are synthesized. 

 
Fig. 3 The simplified representation of the spinel structure 

formula can be shown as AB2X4, where A and B being the 

transition metal cations are coordinated both tetrahedrally and 

octahedrally, respectively and X is typically an anion (O or F). 

For instance, A= Mg and B = Al, therefore the so obtained spinel 

unit cell structure is MgAl2O4. Oxide type of spinels are having 

the general formula AB2O4. Reproduced with the permission 

from [24], 2016 Elsevier B.V. 

 

Moreover, the development of suitable synthesis method 

controlling the crystal properties of Spinel Ferrites becomes 

much more important, since there is a vivid correlation 
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between the catalytic activity and the crystal lattice properties, 

and thus it is revealed that the catalytic activity of Spinel 

Ferrites also depends upon the adopted synthesis method (Fig. 

4). The structural, magnetic, electronic and optical properties 

of Spinel Ferrites are significantly efficient in the nano scale 

regime with the reduction in crystal size and increase in 

specific surface area. The size and shape of the Spinel Ferrites 

can modulate their physical and chemical properties, and 

consequently extensive researches have been devoted to the 

fabrication of Spinel Ferrites with controlled morphological 

properties (Table 1). 

Semiconductor-based photo-catalysis has attracted great 

attention in recent decades because of its potential to 

contribute to solve worldwide environmental and energy 

issues.[7] A large number of semiconductor photo-catalysts 

such as ZnO, TiO2 WO3, Fe2O3, CdSe, and SrTiO3 have been 

investigated so far for the degradation of different pollutants 

(methylene blue, malachite green, methyl orange, Rhodamine 

B, toxic heavy metals like Pb, As, Cd, Hg etc.). 

In general, an ideal photo-catalyst should have some basic 

properties, such as they must be active under UV, visible light, 

or solar light, should have property of chemical and biological 

robustness, as well as stable towards photo-corrosion.[8] 

Thekey factors for a good photo-catalyst reflect their non-

toxic nature, low cost and easy availability. Moreover, photo-

catalytic generation of hydrogen (H2) appears to promote a 

demanding renewable energy source and a water remediation 

process at the same time. The simultaneous reduction and 

 
Fig. 4 Classification of spinel ferrites synthesis method. 

 

Table 1. Some of the ferrites applied in photo-catalytic procedures. 

Dye Catalyst 
Irradiation 

Source 
Irradiation period 

Degradation 

percentage 
[Ref] 

RhB ZnFe2O4
 Visible 40min 97.5% [11] 

RhB SrFe2O4/g-C3N4 Visible 40 min 100 % [12] 

CR CdFeO4 Microwave 10 min 94.40 % [13] 

MB Co0.5Zn0.5Fe2O4 Visible 1 h 77% [14] 

MB Titania-silica/CoFe2O4 UV 40 min 98.30% [15] 

MO NiFe2O4 Visible 5 h 71% [16] 

MO CoFe2O4-Fe3O4 Visible 5 h 93% [17] 

CR MnFe2O4/Ta/ZnO Visible 90 min 84.20% [18] 

CR CoFe2O4 Visible 90 min 69% [19] 

RhB Ag3PO4@MgFe2O4 Visible 20 min 98% [20] 

MO CuFe2O4 UV 90 min 53% [21] 

MB rGO/ZnFe2O4 Visible 120 min 99.23% [22] 

MB MgFe2O4 Visible 50 min 95% [23] 
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oxidation of water is a complex multistep reaction.[9] In the 

subsequent stages we discussed the mechanism of photo-

catalysis processes using nanomaterials and their applications. 

Following is the table showing some important nanoparticles 

used in photo-catalytic procedures.[10] 

 

2. Classifications of spinel 

Generally, spinels form a group of mixed metal oxides with 

the formula of A2+B2
3+O4 type (other combinations of cations 

are possible), (A2+ being usually Mg, Fe, Co, Ni, Zn, M; M3+ 

being Al, Fe, Cr, Rh). The crystals are having the cubic close-

packing of oxygen atoms. For a normal spinel each A2+ is 

tetrahedrally coordinated, but there is the separate type of 

arrangement of B3+ ions in case of inverse spinel, since half of 

B3+ occupies the tetrahedral position in the crystal, half in 

octahedral coordination. Intermediate arrangements have also 

been found.  

For a normal spinel structure, it is comprised of the metal 

cations and the anions there is a close-packing arrangement of 

anions. Regarding the coordination contribution, A-type of 

cations occupy 1/8 of the total tetrahedral holes and the B-type 

of cations occupy 1/2 of the octahedral holes. Each unit cell 

therefore contains eight formula units showing composition as 

A8B16O32.Inverse spinels are somewhat similar to the normal 

spinels in configuration because in the former type of spinels 

the A-site ions and half of the B-site ions exchange places 

(with the same large unit cell). Inverse spinels are thus having 

the formula of B(AB)O4, where octahedral sites are occupied 

by AB ions as shown in parentheses and tetrahedral sites are 

occupied by the other B ions. Apart from the normal and 

inverse type, there are other intermediate mixed types of 

spinels. Normal spinel and inverse spinel may be of 

combinations as: A2+B3+, e.g., MgAl2O4 (normal spinel), 

A4+B2+, e.g., Pb3O4 = PbII (PbII PbIV) O4 (inverse spinel), A6+B+, 

e.g., Na2WO4 (normal spinel). Many magnetic oxides, such as 

Fe3O4 and CoFe2O4, are normal spinels.[25] 

 

3. Photo-catalysis perspective 

In the past few years, nanomaterials have revolutionized 

whole material sciences and emerged as one of the main 

influencers in technology and biomedicine. With respect to 

their large surface area these extremely small sized 

nanomaterials (5-100 nm) owe them spectacular properties in 

addition to quantum confinement. It is well known that 

nanomaterials are of varied forms such as rods, thin films, 

powder, and so on.[26,27] Photo-catalytic property of a catalyst 

depends on its lattice morphology, band gap, surface area, 

particle size, crystalline nature and extent of hydration to its 

surface.[28] With respect to the photo-catalysis process, the 

unique properties of ferrites find applications in degradation 

of pollutants from atmosphere and water, photochemical water 

splitting etc. It is also used in producing energy. Some 

nanomaterials such as oxides,[29-31] semiconductors, metals and 

graphene have shown great effect on photo-catalysis processes 

due to their enhanced and controllable optical properties, 

which makes them excellent photo-catalysts. 

 

4. Synthesis of Nano catalysts 

Various methods have been established for the preparation of 

photo-catalytic nanomaterials during the past decade due to 

their applications in processes such as wastewater and 

effluents treatment/ management, including organic dye 

degradation, antimicrobial, antibacterial, and of antioxidant 

activity,[32] solar cell applications of photo-catalytic effect, 

hydrogen generation, biomedical and medical applications. 

The preparation and growth of nanomaterials by any method 

of synthesis is kinetically and thermodynamically controlled. 

Ideally, the preparation of photo-catalytic nanomaterials can 

be divided into three main steps: (i) preparation of an effective 

photo-catalyst, (ii) its surface operationalization to enhance 

reactivity, and (iii) its reaction to the most suitable host matrix. 

Various methods have been developed for the synthesis of 

these nanomaterials, which include hydrothermal, co-

precipitation, sol–gel, ultrasonic impregnation, ionic liquid-

assisted photochemical synthesis, electrochemical synthesis, 

solvo-thermal, microwave-assisted synthesis, and so on. 

 

4.1 Hydrothermal method/Solvo thermal method 

Hydro-thermal synthesis has been identified as the most 

convenient and successful method exploring keen interest 

from the researchers of different disciplines. “Hydrothermal” 

word, as the name suggests is a geological word, i.e., “hydro 

“meaning water and “thermal” meaning heat.[33] 

The hydrothermal process is a simple, low-cost, and widely 

used method for ferrite preparation. This method allows for a 

faster reaction rate in the production of multi-metal oxide 

compounds. A solution of metal salts and a base is autoclaved 

under pressure in the hydrothermal synthesis process. At high 

vapor pressure, crystalline structures (films, nanoparticles, 

films, crystals) have been prepared from aqueous solutions. 

Iron nitrate and metal nitrate are dissolved in distilled water to 

prepare metal salts for ferrites (mainly HFs). The precipitated 

precursor suspension is then placed in a sealed autoclave and 

slowly heated at various temperatures and times. It employs 

different physical and chemical processes occurring in a 

closed system with the reaction conditions of the temperatures 

above 100 oC and 1atm. pressure.[34] But usually, the Nano 

crystals synthesized by this method are unstable near the 

melting point. The hydrothermal approach is implemented in 

various options such as hydrothermal-microwave,[35] 

hydrothermal-ultrasonic,[36] hydrothermal-electrochemical,[37] 

hydrothermal-mechanochemical,[38] and hydrothermal-sol-

gel.[39]  

Normally, the spinel-based nanoparticles are synthesized 

by mixing the solutions of the divalent and trivalent 

constituent particles (in their molar ratio of 1:2). To get the 

resultant solution of the desired spinel nano-crystal, the 

reaction mixture is thereupon mixed with solvents like 

ethylene glycol or ethanol. Spinel based nanoparticles were 

obtained after calcinations of divalent and trivalent particles at 
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various temperatures.[40-43] Cobalt ferrite spinel nano-particle 

in its diverse photo-catalytic application exclusively under 

visible light was synthesized by the hydrothermal method. The 

typical optical properties and the surface area of the spinel 

cobalt ferrite make it capable to degrade the indigo caramine 

dye by photo-catalytic activity.[44] Silver doped zinc aluminate 

synthesized by hydrothermal method is known to degrade 

toluene in presence of UV light (Zhua et al.). Such enhanced 

photo-catalytic activity (debasement/degradation) by 

Ag/ZnAl2O4 was made possible with pH=6.[45] 

To control the molecular size, morphology and their shape, 

solvo-thermal technique is applied for the most eco-

accommodating and promising strategies to synthesize the 

nanoparticles.[46] Spinel based ferrite nanoparticles depend on 

various parameters, such as time, temperature and the 

surfactants. Due to the simple method, it enhances their 

physical as well as chemical properties for wide applications 

in nanomaterials.[47-49] Most of Spinel Ferrites that have been 

prepare by hydrothermal method, and few examples are as: 

CoFe2O4, Co3O4, Fe3O4, CuFe2O4, Ni–Zn ferrite,[47] 

MnFe2O4.[48] and metal-doped MgFe2O4
[49] are some important 

spinel photo-catalysts synthesized by the hydrothermal 

method. Hetero-structured titanium-based photo-catalyst was 

reported by Zhang et al. The co-workers succeeded in 

preparing Bi12TiO20-Bi2WO6 hetero-structures by a facile 

hydrothermal method. The morphology comprised of regular 

tetrahedrons and nano flakes. The obtained hetero-junction 

was found to possess higher photo-catalytic ability for the 

degradation of Rhodamine B when exposed to UV-visible 

light.[50] 

Hydrothermal method is also useful in the synthesis of 

other important photocatalysts other than spinel-based 

materials. For this Shixiong et al. have indigenously and 

independently prepared TiO2/graphene involving a two-step 

ultrasonic hydrothermal method using 1,3,6 trinitropyrene 

(TNP) as precursor (starting material) dispersed in an alkaline 

medium followed by the addition of TiO2 and sonication (Fig. 

5). The hydrothermal reaction is performed in an electric oven; 

thereupon the product is collected by filtering followed by the 

necessary washing and drying. 

 

4.2 Solvothermal method   

Solvothermal synthesis is method of preparing a variety of 

materials such as metals, polymers, semiconducting materials, 

ferrites etc (Table 2). Aqueous or non-aqueous solvents are 

employed to synthesize ferrites with exact control over the 

crystalline phase’s morphology and size distribution. Certain 

parameters, such as reaction rate, time, temperature, surfactant, 

solvent and precursors, can affect these physical features. The 

solvothermal technique has been used to make a number of 

spinel ferrites and hybrids. The solvothermal approach can be 

used to make spinel ferrites with improved chemical and 

physical properties that can be used in biomedical and 

industrial applications. The solvothermal approach is used for 

the scalable synthesis of spinel ferrites with controlled size and 

shape due to its simplicity in terms of reaction.[64] Cobalt 

ferrites (CoFe2O4) were made using a modified Solvothermal 

(MST) technique with and without polysaccharide. The 

crystallite size of the Cobalt ferrites produced has been 

 
Fig. 5 Schematic diagram of hydrothermal method of synthesis. Reproduced with the permission from [51], Copyright 2012 Elsevier 

B.V.
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Table 2. A comparison of the available synthetic methods of preparing spinel ferrites under different conditions. 

Synthesis 

methods 
Example 

Reaction 

Temperature 
pH 

Fuel/ surfactant/ 

solvent 

Calcining 

temperature 

Calcination 

period 

Particle 

size (nm) 
Ref. 

Sol-gel 

CoFe2O4 110 7 Ethylene glycol 550 4 h 77.21 [52] 

Fe3O4 40-120 - Ethylene glycol 200 - 18 [53] 

CoMn0.2Fe1.8O4 60-90 - 
Citric acid- 

ethylene glycol 
400 2 h ~20 [54] 

Co-precipitation 

NiFe2O4 80 12 Oleic acid 600 10 h ~8 [55] 

Fe3O4-CAa 60 10.5 - - - 17-30 [56] 

MnFe2O4 70 11 - 400 2 h 200-290 [57] 

Solid-state MgFe2O4 - - - - 
 

12.31 [58] 

Micro-emulsion 

MgFe2O4 - - Poly 

(oxyethylene) 

nonylphenylether/ 

heptane 

600 2 h 20.9 ± 4.3 [59] 

Fe3O4/Chitosan 60 - Acetic acid, Triton 

X-100/ n- 

hexanol, 

cyclohexane 

- - 50-92 [60] 

Hydrothermal 
NiFe2O4 150 10 - - - 53 [61] 

CoFe2O4 150-180 9 - 500 4 h 34 [62] 

Thermal 

decomposition 
MnFe2O4 270 - 

Benzyl ether- 

oleyl amine, oleic 

acid, 1,2- 

hexadecandiol 

- - ~18.9 [63] 

 
determined to be between 20.0 and 30.0 nm. The surface area 

of the magnetic nanoparticles obtained was found to be 

relatively large, ranging between 63.0 and 76.0 m2/g.[65] Size-

controlled nickel ferrite nanoparticles were effectively 

produced utilizing ethylene glycol as the solvent and NaAc as 

the electrostatic stabilizer in a simple solvothermal technique. 

The size of the nanoparticles can be easily regulated from 6 to 

170 nm by modifying experimental factors such as reaction 

duration, beginning reactant concentration, amount of 

protecting chemicals, and acetate type.[66] 

 

4.3 Sol-gel method/ Sol-gel processing 

One of the most successful and economical methods meant for 

the synthesis of photo-catalytic materials is the sol–gel 

processing route under appropriate experimental conditions. 

In sol-gel method, the reactants in their homogenous solution 

undergo different chemical transformations to form the 

polymer of infinite molecular weight. The polymer obtained 

as a result of different chemical combinations is three-

dimensional containing pores interconnected to each other. 

Some other features of the polymer account for its isotropic 

and homogeneous nature. The same polymer upon 

disintegration yields its reactants back retaining al their 

existing features (physical and chemical properties). This 

method of spinel photo-catalyst synthesis requires the 

utilization of the reaction conditions in s suitable manner.  

Typically, the synthesis of spinel ferrites (SFs), titanium-

based photo-catalysts; metal oxides by sol-gel process involve 

controlled hydrolysis of the precursor compounds such as 

alkali metal oxides and their corresponding chlorides followed 

by their inorganic polymerization usually in alcohol. The poly-

condensation (polymerization) of reactant molecular 

precursors and the formation of oxo-bridges due to hydrolysis 

form the very basis of the sol-gel method. Contrary to this 

“non-hydrolytic sol-gel” method, the non-aqueous solvent 

(alkoxide, ether, alcohol) containing oxygen donor forms the 

oxo- bridges with the chloride precursors by the condensation 

reactions.[67] 

For the sake of convenience sol-gel process involve 

following steps:   

a. Formation of “sol” (liquid sol) due to sequential 

hydrolysis and partial condensation of alkoxides.  

b. Gel formation through poly-condensation route 

yielding bonds like metal-oxo-metal or metal-

hydroxy-metal. 

c. Formation of xero-gel; extended persistence of 

condensation within the gel, due to which the gel 

network shrinks and the evaporation expels the 

solvent (polymerization)-“aging” of the gel. 

d. Drying of gel: the gel is subjected to supercritical 

drying or deep freezing by CO2, thereby collapsing 

the three-dimensional porous network make either a  
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Fig. 6 A flowchart of sol-gel process with its different subsequent stages, Reproduced with the permission from [71], Copyright 2016 

Elsevier B.V. 

 

dense and coarse “xerogel” or simply aero-gel. 

e. Calcinations at the elevated temperatures (up to 800 
oC) tend to evaporate the gel and remove the surface 

M-OH bonds.[68] 

This method is quite frugal in terms of systematic set up, 

low temperature operation and with efficient quantum yield.[69] 

Moreover, some suitable precautions to regulate the better 

reaction parameters in terms of stirring rate, consolidation and 

solidification of sol and the annealing temperature.[70] 

Although sol- gel method is quite economical but there are 

some misfits associated with respect to the lack of high purity 

and formation of by-products (Fig. 6). Therefore to achieve the 

products of calibrated purity and the removal of the by-

products, the end-product spinel is thermally agitated.[72] 

Various types of spinel materials mainly spinel ferrites 

[Ni0.4Zn0.6_xCo/MnxFe2O4, CoFe2O4, MnFe2O4, NiFe2O4, 

CuFe2O4 and ZnFe2O4] are prepared by the sol- gel method.[73] 

Various metal oxides used in photocatalysts were prepared by 

the sol-gel method: TiO2 doped by Fe3+, Cr3+, La3+, Eu3+ [74], 

TiO2, ZnO, ZnO-SnO2
[75], WO3/TiO2 

[76] CuO/TiO2,[77] NiO-

SiO2 and Ta2O5.[78] Spinel ferrites of Mg/Mn substituted Ni-Zn 

type which are prepared by sol-gel route have been extensively 

to degrade Methylene blue and Rhodamine B dyes by the 

process of photo-catalysis. Such detoxification of dyes is 

believed to occur due to simultaneous adsorption and charge 

carrier separation over spinel surface and there is no 

recombination of such charge carriers.[79] 

4.4 Co-precipitation method, A precursor to solid state 

reaction 

In solid state reactions, the reactants precursors are first 

mechanically crushed to their powder form are mixed 

altogether manually. Rate of such reactions is vividly 

dependent on the particle size of the reactants, their extent of 

homogenization when mixed and the fusion intimacy between 

the solid reactant particles. The temperature is observed as the 

key factor on which the rate of the reaction varies linearly and 

thus executes the marked effect on the kinetics of such 

reactions. In solid state reactions during co-precipitation 

method smaller the particle size tends to furnish high degree 

of homogenization and so accelerates the reaction rate. 

Synthesis of ZnFe2O4 type of spinel by this method serves 

good example.[80] In its very first step, reactants like oxalates 

of zinc and iron are dissolved in water in their equivalent 

molar ratios of 1:1 and are then mixed vigorously with each 

other. The solution is then heated strongly to evaporate water 

leaving behind oxalates of zinc and iron Co-precipitated 

powder. The precipitated solid is filtered off and calcined (i.e., 

heated strongly in absence of air) ~ 1000 oC for the formation 

of ZnFe2O4). The overall reaction may be written as: 

 Fe (COCO)2)3 +Zn (COO)2 → ZnFe2O4 +4CO +4CO2 

This method has also been successfully used for the 

preparation of other spinels like CoFe2O4, MnFe2O4 and 

NiFe2O4. However, this method fails to operate in certain cases, 

where there is difference in the solubility of two reactants in 
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water, irregular or differential precipitation rates and 

formation of supersaturated solution. It is therefore often not 

suitable for the preparation of high purity, accurately 

stoichiometric phases.[81] In Co-precipitation reactions the sub 

stage processes like nucleation (due to which large number of 

desired small particles are formed), growth, coarsening, and 

clustered agglomerations occur simultaneously.[82] Like 

hydrothermal method, ferrites are also synthesized by co-

precipitation method in a controlled and regulated way.[83] 

 Fe (II) and metal salts are dissolved in water along with a 

surfactant, oleic acid, with continuous stirring and gentle 

heating.[84] For precipitating the ferrite spinel nanoparticles, 

the pH of reaction mixture is increased to 7–10. Then the 

procedure involves the filtering, washing the solid 

nanoparticles with heavy water or ethanol and the mass is later 

on allowed to dry at 80-100 oC.[85] Nanoparticles once dried, 

are then be calcinated over wide range of temperatures in order 

to know its effect on the activity of the nano-materials.[86] More 

importantly synthesis of Spinel ferrites (having 

biocompatibility application and scope) en-routing co-

precipitation method serves to be the best is convenient, 

consumes less time and yields high mass production with 

uniform sized particles.[87] It is certain, in this method the 

divalent and the trivalent transition metal ions in their aqueous 

solution are thoroughly mixed together with their mole ratios 

of 1:2 in an alkaline medium to get precipitated particles.[88] 

High quality spinel ferrites through such method are achieved 

after the careful regulation of pH.[89] Water soluble spinel 

ferrites are suitably synthesized by co-precipitation method; 

other spinel ferrites synthesized by this method include 

CoFe2O4, MnFe2O4, Fe3O4 and Sn-doped MnFe2O4.The 

common disadvantage of this method owes to the synthesis of 

Spinel ferrites of relatively low crystalline nature, hence for 

this continuous regulated heat treatment is recommended to  

obtain better sized spinel crystals. 

 

4.5 Microwave Method 

The microwave method is emerging rapidly as the latest 

technique mainly for the synthesis of spinel ferrites and other 

types of nano crystals. Specifically in this method the 

molecules interact with the electromagnetic radiation to 

produce heat due to electromagnetic impulse transformation to 

thermal energy.[90] Spinel oxides type nano materials like 

Fe3O4, LiMn2O4 and CoFe2O4 are prepared by this method 

(Figs. 7 and 8).[91] 

Manikandan et al. synthesized CoFe2O4 and certain 

manganese oxide spinels through the conjugated microwave 

heating and conventional heating method with their properties 

like optical and magnetic properties, their catalytic nature and 

crystal structure were further studied.[92] Apart from the ferrite 

type of spinels, a conjugated co-precipitation-microwave 

sintering (heating without melting) is applicable to get pure 

porous spinel LiMn2O4 synthesized.   

The overall synthesis of LiMn2O4 materials is reduced to 

merely 3–4 h duration due to the persistent microwave heating 

with a heating rate of up to 100 °C min−1. Hence so obtained 

micro-porous spinel LiMn2O4 powder display higher specific 

capacity and better cycling performance. 

Unlike conventional combustion reactions heating energy 

for the combustion of the reactant materials to form different 

spinels is internal. Basically, the transformation of microwave 

energy to heat energy is responsible for the generation of 

required heat; where for the shorter durations of time, the 

temperature ranges from 100 to 200 oC. The exhaust gases 

produced during the reaction course are tunneled out through 

the exhaust drain fabricated with Teflon vessel.[92] Fe3O4, 

Co2Fe2O4, Mn1-xNixFe2O4, and ZnFe2O4 type of nano spinels 

are conveniently synthesized by the microwave method.[93] 

 
Fig. 7 SEM images of LiMn2O4 prepared by microwave method (a & c), (b & d) by conventional heating, Reprinted with the 

permission from [91], Copyright 2015 Elsevier B.V. 
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Fig. 8 (a) XRD patterns of LiMn2O4 samples prepared by different methods and different sintering temperatures, (b) The first 

charge/discharge curves of LiMn2O4 samples, Reproduced with the permission from [91], Copyright 2015 Elsevier B.V.  

 

4.6 Sono-chemical method 

Oxide spinels, like any other kind of spinel nano catalysts are 

stable materials of high melting points resistant to acids and 

alkalies. Out of the different kinds of spinels, aluminate 

spinels are strictly heat resistant with high resistance and 

possess least degree of hydro-phobicity.[94] One such spinel of 

the type among them is copper aluminate is photo-catalytically 

active for the degradation of some organic compounds 

(dyes).[95] Usually, CuAl2O4 spinels are synthesized by two 

stage high temperature in situ calcinations stages. In first 

calcination step, oxides of aluminum and the copper form a 

mixture, while as the other calcinations utilizes high surface 

area porous alumina in the solution containing copper.[96] The 

entire reaction mixture is then heated at a temperature of above 

1000 oC for longer durations to form copper aluminates. 

Different MAl2O4 type of spinel nano-crystals (M = Cu, Zn, 

Mg, Ni, or Li) has also been synthesized by sono-chemical 

method. The solution-based methods (hydrothermal, sol-gel, 

precipitation etc) as reported earlier used for the synthesis of 

the nano sized copper aluminate spinels forming agglomerates 

(cluster formation). Therefore, it becomes rather hectic to 

prepare nanoparticles having high surface area. With respect 

to the catalytic applications high surface area of CuAl2O4 

spinel is having catalytic application, depending on its large 

surface area, so its synthesis is very important. Therefore, the 

synthesis of spinel copper aluminate particles is very 

important.[97] 

In sono-chemical technique ultrasound irradiation has been 

used for the speedy synthesis of spinel nano particles.[98] The 

ultrasound irradiation causes acoustic cavitation wherein the 

impregnation, growth and internally occlusion of bubbles in 

liquid.[99] During the acoustic cavitation’s the extreme 

temperature (>5000 K). Pressure (>20 MPa), and cooling rate 

attained lead to many unique properties in the irradiated 

solution.[100] Homogeneous precipitation to synthesize the 

novel fine particles of the spinel is generally employed by the 

hydrolysis of urea (weak Bronsted base).[101] Urea being highly 

soluble in water, hydrolysis of which in this important stage is 

hence easily controlled/regulated by the reaction 

temperature.[102] 

 

4.7 Photo-catalytic applications of Spinel based 

Nanoparticles 

Photo-catalysis is a chemical process catalyzing chemical 

reactions usually induced by electromagnetic irradiation 

containing specific wavelengths causing excitation of atoms 

of their radiated materials resulting in the generation of 

radicals affecting environment.[103] Photo-catalysis process in 

such instances is generally a redox reaction.[104] When photons 

with energy equal to or higher than its energy band gap strike 

certain surface of a material, electrons in the conduction band 

(CB) will excite to the valence band (VB) through the band 

gap leaving behind positive holes, and this stage is called 

reduction. The efficiency of photo-catalysis activity depends 

on the yield of the created electrons and holes. 

The word photo-catalysis is comprised of two words i.e., 

photo, means ‘light’, and catalysis, means a reaction where a 

material used alters the kinetics of the chemical reaction. Thus, 

photo-catalysis is a process that utilizes light to trigger a 

material (a photo-catalyst) that alters the rate of a chemical 

reaction without getting consumed by itself. Nowadays, 

semiconductors in their nano scale dimension are typically 

chosen photocatalysts, since they possess low energy gap 

between their filled valance band (VB) and empty conduction 

band (CB). 

Thorough investigations of photocatalysts and assimilated 

photo-catalytic schemes have revealed various types of photo-

catalysis, such as photo-catalysis by suspension and photo-

electro-catalysis using photo-electrodes are applicable. 

Certainly, pollutant degradation and energy conversion by 

photo-catalytic materials are of significant practical interest, 

and extensive research efforts have been devoted to 

(a) (b)
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developing novel photocatalysts to enhance the efficiency, 

especially under visible light. Broadly speaking, photo-

catalysis can be categorized into homogeneous and 

heterogeneous catalysis. Heterogeneous type of catalysis 

being scoped is advantageous over homogeneous catalysis 

because the former type of catalysis is reusable; possess 

multiple applications and eco-friendly. Heterogeneous 

catalysis is a nanotechnology discipline where the starting 

materials and catalysts are in different phases. Mostly ferrites, 

their nano composites, typical metals and semiconductors are 

categorized as heterogeneous photo-catalysts. Spinel based 

nanoparticles especially spinel ferrites offer numerous & 

wide-range applications in biomedical, sensors and super 

capacitors, microwave absorption, and photo-catalytic activity. 

Extensive findings and studies of photocatalysts have focused 

on potential ferrite catalyst such as meso-CuFe2O4, meso-

CoFe2O4, GO-NiFe2O4, BiFeO3, ZnFe2O4, Fe3O4, MnFe2O4 

with activated carbon, BaFe2O4, BaFeO3-x, ZnFe2O4–graphene, 

mesoporous-ZnFe2O4, CuFe2O4, CoFe2O4, MnFe2O4, NiFe2O4 

CoFe2O4–graphene, SrFe12O19, etc. 

ZnFe2O4, CoFe2O4, NiFe2O4, MgFe2O4, and MnFe2O4 are 

the spinel ferrites having narrow energy band gap under 

visible light show excellent photo-catalytic activity as well as 

their stability. However, magnetic spinel ferrites exceptionally 

have been proven to be photo-catalytically less active because 

of the lower valence band edge potentials and inefficient 

performance in photoelectric conversion.[105] For a 

photocatalyst to excel in its applications its band gap 

determines the corresponding wavelength of the absorbed 

(Table 3). Thus, the above shown part of electromagnetic 

spectrum comprises of the radiations in the region that our 

earth receives from the sun as 46% visible light, 5% UV light 

and corresponds to the remaining portion.[106] Most 

photocatalysts possess wide band gaps (>3.1 eV) utilizing only 

a small portion of sunlight.   

Availability of extra crystal lattice in ferrites makes them 

versatile photocatalysts to depict their enhanced efficiency in 

photo-catalysis by absorbing radiations of certain wavelengths 

within their energy band gap.[108] 

Table 3. Band Gap energies of some spinel ferrites. 

Ferrites Band Gap (eV) Ref. 

Copper ferrite 1.9 [107] 

Magnesium ferrite 2.18 [108] 

Zinc ferrite 1.92 [109] 

Nickel ferrite 2.19 [110] 

Copper ferrite 1.32 [111] 

                                                                                                

5. Photo-catalytic application of spinel-based 

nanoparticles (SFNPs and SFNCs) 

5.1 Photo-catalytic water splitting 

Sunlight, ultimate source of energy as an electromagnetic 

radiation consisting of near-infrared, visible, and ultraviolet 

regions, radiations of which are having large magnitudes of 

energy and intensity. Solar energy radiating tremendously the 

power level of 1,000 Wm-2, is far sufficient and above all 

human needs of energy are fulfilled. To meet our energy 

demands, by every possible way solar energy needs to be 

captured and harnessed to overcome the daily cycle and the 

intermittency of solar radiation. In this relevant approach, 

hydrogen suits best as an energy carrier in terms of solar 

energy conversion and storage. The photo-catalytic water 

splitting into hydrogen in terms of its storage and 

transportation is much more advantageous. Since hydrogen is 

known to be clean energy carrier because on reacting with 

oxygen to form water as the main product, the chemical energy 

in its covalent bond (H-H bond) is easily released. There are 

certain functional requirements of the  photocatalysts used for 

the photo-dissociation of water in terms of their 

semiconducting and electrochemical properties: (i) photo-

catalyst absorbing visible part of the electromagnetic spectrum 

(2.0–2.2 eV), (ii) charge carriers separation after from reactive 

holes, (iii) low energy dissipation related to charge carriers and 

in situ recombination of photo-excited electrons, (iv) resisting 

against photo-corrosion in aqueous environments, and (v) 

kinetically controlled electron transfer processes from photo-

catalyst surface to water. 

Actually, the light-harvesting ability of the photo-catalyst 

relies on its electronic structure that determining its energy 

band gap. Spinel based ferrites are the key nanoparticles that 

are central to the study of their photo-catalytic applications. 

Ferrites in their aqueous solutions even though possess 

excellent chemical and thermal stability.[112] Since majority of 

the spinel ferrites act as semiconductors having narrow energy 

gap absorbs most part of the visible light incident on them, and 

the already acquired energy gap facilitates transition of 

electrons from the valence band to conduction band under 

visible light, favouring both reduction of protons and/or photo-

oxidation of water. It has been observed, many MFe2O4 type 

spinel ferrite are helpful in water splitting activity with or 

without any biased. The absorbed water at the surface of 

catalyst is simultaneously reduced and oxidized by photo 

induced charge to form gaseous oxygen and hydrogen by the 

following reactions (Fig. 9): 

Oxidation: H2O + 2H+ (from acid) → 2H+ + ½ O2 

Reduction: 2H+ + 2e- → H2 

Net reaction: H2O → H2 + ½ O2(∆G0=237 k J mol-1) 

Photo-catalytic water splitting to give H2 and O2 is termed 

as an “up-hill” endothermic reaction because a large positive 

change in the Gibbs free energy accounts the reaction is biased 

only in the presence of solar light (∆G0=237 k J mol-1, 2.46 eV 

mol-1) (Fig. 10). In an experiment for H2 production, the photo-

catalyst so suited best for this photo-catalytic purpose was 

taken in the miscible mixture of methanol and water using 

visible light illumination with wavelength of 450 nm. 

Crystalline nickel ferrite (NiFe2O4) type spinel produced long 

term stability of approximately 0.09 µ mol h-1 H2 gas 

production. Such photo-catalytic activity of the catalyst owes 

only to its porous crystalline nature not more by its surface
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Fig. 9 The principle of photo-catalytic water splitting. 

 

 
Fig. 10 Gibbs free energy change for water splitting (uphill 

reaction).  

 

area.[113] Water splitting activity by the spinels of CuFe2O4, 

MgFe2O4 and ZnFe2O4 prepared by a solution-based approach 

through photo-electrochemical (PEC) was assessed although 

dominant bulk charge recombination, especially in MgFe2O4, 

confines the Saturation photocurrent below nearly 0.4m A cm-

2 at 1.23 V vs the Reversible hydrogen electrode (RHE). With 

a band gap of ~  1.91 eV for visible light absorption a pure 

orthorhombic crystalline phase of MgFe2O4 the photo-

electrochemical water splitting of MgFe2O4 was examined by 

using photocurrent–potential curves in 1M NaOH electrolyte 

under AM 1.5 mWcm-2 illumination. At 0.5 V, the MgFe2O4 

photo electrode exhibited a significant photocurrent density of 

~25 mA cm-2.[114] 

 

5.2 Waste water remediation 

 Factors like extensive population growth, worldwide 

unprecedented climate change and degradation of water 

resources with respect to water quality has worsened the 

growing demand of water. Keeping the facts aforesaid 

mentioned under consideration, it is thus necessary and dutiful 

to provide potable water to fetch the global need. The demand 

of water has increased many folds due to factors like 

increasing population, multidimensional rapid 

industrialization and economic expansion worldwide. 

Pertinently, wastewater treatment by any facile measures in 

the downtrodden areas where necessary treatment facilities are 

lacking or doesn’t exist is possible. Today’s common and 

traditional wastewater techniques put their stringent effect on 

the water quality.   

Under sustainable development new methods and 

technologies are adopted to solve this crisis of water quality. 

Out of the various strategic methods, nanotechnology has a 

promising approach and applicability thereby overcoming the 

limitations and proved to be cost effective (Table 4). In 

contrast to the conventional treatment technologies 

nanotechnology proved to be cost effective by providing 

sustainable and economical utilization of the available 

resources.[115] 
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Table 4. Conventional wastewater treatment techniques with 

their limitations. 

S. No. Type of 

treatment 

Limitations 

1. Distillation High volumes of water are required.  

Boiling point of the pollutant is more 

than 100°C, so manhandling is 

difficult to distill out. 

2. Ultraviolet 

wastewater 

treatment 

Unaffordable method and occasional 

turbidity deactivate the operation, 

presence of heavy metals and 

difficulty in contamination removal 

makes it ineffective. 

3. Ultra-filtration Difficult to remove dissolved 

inorganic pollutants and cleaning 

process. For this whole process high 

energy is required. 

4. Chemical 

Transformation 

More reagents needed, low-quality 

mixture, Inactive under adverse 

conditions. 

5. Coagulation and 

Flocculation 

Low efficiency, low yield and pH 

dependent. 

 

Wastewater treatment using nanotechnology guarantees 

not merely overcomes major challenges by traditional efforts; 

however, it paves a path to improve treatment capabilities 

permitting to make full usage of the available water sources so 

harnessed. Nano structured materials utilizing ferrite-based 

photo-catalytic studies for wider applications promote 

sustainable eco-friendly and cleaner technologies.[116,117] 

The potential toxic effluents from industrial wastes and 

domestic sludge such as plastic, dyes, cosmetics, chemicals, 

organic contaminants and textiles outshines ecological 

problem to every terrestrial and aquatic ecosystem.[118] Many 

dyes of different commercial usages are basically synthetic 

complexes of aromatic molecules, as highly stable pollutants. 

They pose a challenging threat regarding their biodegradation 

and remediation thereof from the water resources.[119] Thus, the 

waste water remediation is economically achieved by the 

photo-degradation mediated by photo-catalysts, provided the 

spinel ferrites and their nano composites have been reported 

as best catalysts.[120] Researches related to the photo-

degradation observed experimentally the spinel ferrites and 

their nano composites in eradicating the certain toxic stuffs to 

treat water. SPNs like ZnFe2O4, CuFe2O4, NiFe2O4, and 

MnFe2O4 are classically best spinel photocatalysts in 

collaboration with H2O2 and graphene oxide (GO) showing 

the strong synergetic effect.[121] For instance, in a separate 

study, enhanced photo-catalytic degradation of methylene blue 

dye incorporated into spinel structure ZnFe2O4/GO yielded 

excellent results when the reaction mixture was irradiated with 

the visible light and lead to reduce the energy band gap.[122] 

Same photo-catalytic performance by ZnFe2O4/ GO for the 

degradation of the Rhodamine B has been observed.[123] 

Experimental photo-degradation of 20 ppm Rhodamine B 

(RhB) was carried out to evaluate photo-catalytic activity of 

ZnFe2O4 nanoparticles. In this experiment 35 mg of nano 

particle ZnFe2O4 was uniformly added to 70 ml Rhodamine B 

solution followed by constant stirring in the dark for 30 

minutes till absorption-desorption equilibrium was achieved. 

Thereafter the agitated photo catalyst- dye solution was 

irradiated by UV lamp for 150 minutes. With the help of UV-

visible spectrophotometer, the characteristic absorption peak 

of Rhodamine B was obtained at λ= 554 nm.[124] 

Apart from the spinel ferrites, modified bismuth-based 

nanoparticles are substantially used for water treatment 

through the degradation of organic pollutants, textile dyes, 

pharmaceutical products and water disinfection (removal of 

bacteria) (Fig. 11). This is because under visible light, like 

other nanoparticles they also owe to the low band energy gap 

 
Fig. 11 Mechanism of photo-catalytic degradation of organic polluting. 
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for the photo-catalytic applications. In a separate scientific 

study, a hydrothermally synthesized Bi2WO6/Fe3O4 hetero-

junction spinel composite photo-catalytically degrades 

pharmaceutical waste (oxytetracycline and ampicillin-

antibiotics).[125] Upon solar irradiation photochemical 

degradation of such waste converts them to CO2, H2O and 

NO3
-. Similarly, Tetracycline antibiotic degradation is 

achieved by BiFeO3 spinel yielding successful results.[126]     

 

5.3 Dye degradation / Detoxification: 

All the life forms that exist on the earth need water for their 

survival.  Solar Power is the natural resource which overcomes 

the water problems via photo-chemistry to protect the 

environment.[127] Dyes are concomitantly used in 

industrialized essentials such as textile, refineries, paper, 

leather, plastic, chemicals due to global industrialization 

which accounts for the 30-40% release into the environment.  

From last few decades the researchers work tirelessly for the 

efforts and methods the detoxification of dyes.[128] The 

retreading processes of textiles and other important stages 

consume large volume of water and chemical reagents. With 

the result the textile water contains high coloring matter, BOD, 

COD, pH, temperature and turbidity. The discharge of toxic 

chemicals finds their way into the lakes, rivers, other water 

bodies affecting aquatic flora and the fauna, hence needs to be 

treated.[129, 130] These dyes have complex stable aromatic 

molecular structure and are thereby difficult to degrade.[131] 

Organic dyes are hazardous to environment and public 

health.[132] Once the dye, quite reactive that is removed during 

the wastewater remediation and textile processing is 

somewhat hectic because 50% is released as an effluent and is 

difficult to biodegrade them due to their turbidity, foul smell 

and odour like characteristics.[133,134] Classification of dyes 

indicates three groups’ anionic (acid, reactive, direct dyes), 

cationic (basic dyes), non-ionic (vat dyes). It is observed that 

a meager amount of 10-200 ppm low concentration of dye in 

wastewater is practically visible.[135] While responding to the 

spectral absorbance dyes of organic molecular nature contain 

one chromophore group responsible for imparting color and 

auxochrome group meant for colour intensity.[136] 

Characterization of dyes with respect to what type of spectral 

light wavelengths they respond depends on the chemical 

structure and the type of the functional groups 

(chromophores).[137] Classification of dyes depends upon the 

type of chromophore group they contain and their 

consumption at the industrial level.[138] Methylene blue, phenol, 

rhodamine B, methyl orange type of dyes always corresponds 

to UV and visible radiation for their photo-catalytic 

degradation.[139] 

Acidic, basic, azo, diazo, anthroquinone and metal 

complex dyes form the structural basis of their 

classification.[140] Generally, dyes are basic, as well as acidic in 

nature, mordant type, vat type etc (Fig. 12). Reactive dyes 

amount to about 20-30% used in the textile industry. Reactive 

types of dyes form covalent linkages with the textile fibre.[141]  

 

5.4 Photo catalytic dye remediation 

In photo catalytic dye degradation UV light irradiation 

leads to the production of high concentration of hydroxyl 

radicals. The activated catalyst and rate at which the dye is 

removed and de-tanned is influenced by the intensity of UV 

radiation, pH of the solution, dye structure and the dye 

concentration etc. Such experiments suggesting the photo-

chemical processes are operated either in batch or continuous  

 
Fig. 12 Impact of textile waste to the nature. 
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mode where there is slurry of UV light photons incorporated 

with UV/O3 in dye degradation mainly to decompose 

chromophores present in the dye (Verma et.al.2012). 

Photochemical dye degradation does not involve sludge 

formation.[140] 

Very commonly the dye polluted water contains mainly 

dyes of organic nature whose photo degradation helps in such 

water treatment. Also synthetic dyes such as Methylene Blue, 

Rhodamine B, and Methyl Orange (Table below) do find their 

run-off as effluents in water bodies, widely used in the paper 

and textile industries are photo-catalytically degraded and thus 

it becomes the environmental necessity. Recently, most of the 

research works considered heterogeneous photo-catalysis 

prime treatment to the degradation of dyes in water.[144-148] 

Heterogeneous type of photo-catalysis has been studied to be 

the best operation for the photo-catalytic dye degradation, 

wherein the rate of the reaction merely depends on the type of 

the dye but also depends on the photo-catalyst used. UV or 

visible irradiated dye molecules are excited to induce the 

transference of the electrons from the valence to the 

conduction bands of the photo-catalyst leaving behind the 

holes,[143] such that these charge-carriers upon moving to the 

surface of the photo-catalyst trigger redox reaction with 

adsorbed pollutants. 

The rate of reaction heterogeneous photo-catalysis for the 

degradation of dyes depends on the nature of the dye and the 

photo-catalyst used. In such heterogeneous photo-catalytic 

dye degradation carried under either UV or visible light, dye 

molecules when irradiated will tend to carry out the electronic 

transference conventionally from the valence band to the 

conduction band. Thereupon, the so produced electron-hole 

pairs are then picked up to the photo-catalyst surface to initiate 

the required redox reaction of the adsorbed pollutants. 

 

5.4.1 Methylene Blue 

Methylene Blue is a toxic dye and is carcinogenic and 

mutagenic as well, so its photo-catalytic degradation by 

heterogeneous photo-catalysis is vitally important. Helal et al. 
[143] reported hetero-structures of ferric oxide/bismuth sulfide 

nanorods synthesized by concerted hydrothermal route to 

facilitate the visible light stimulated photo-catalytic 

degradation of some potent organic contaminants such as 

methylene blue and phenol. The results showed that a 

maximum degradation efficiency of MB ~ 90% was achieved 

after 300 min using 0.06 Fe2O3/Bi2S3 molar ratio under visible 

light. 

Li et al.[144] reported his experimental work on magnetically 

separable BiOBr/NiFe2O4 composite photo-catalyst 

synthesized by hydrothermal method. The photo-catalytic 

degradation of MB under the excitation of visible light 

confirmed that the BiOBr/NiFe2O4 composite exhibited the 

results with an efficient degradation rate of 90% within 60 min 

for NiFe2O4 amount of 20% (conditions: 10 mg of the 

catalyst,10 ml of reacting MB aqueous solution (10mg l-1), λ > 

420 nm). The photo degradation (under visible light of MB 

molecules) using BiOBr/NiFe2O4 composite is shown in 

below schematic illustration diagram (Fig. 13). 

 

 
Fig. 13 Photo-catalytic degradation mechanism of MB over the BiOBr/NiFe2O4 composite photocatalysts synthesized by 

hydrothermal method. 
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In recent researches, SFNPs and their Nano Composites 

are being reported as strong photo-catalysts for the dye 

degradation in the visible light.[150] For illustration, spinel 

nano-composites like Fe3O4/SiO2 (acting as Fenton-like 

catalyst) under neutral pH, along with the decomposition of 

H2O2 de-colourises Methylene blue dye with high rate, which 

showed much higher activity of this nano-composite as 

compared to Fe3O4 only.[151] Under UV irradiation, as certain 

research findings exclusively suggest that nano-composites 

showed higher photo-degradation of Methylene Blue (78%) 

within 5 min time band. In another study it was observed 

experimentally, a core–shell type nano-composite SrFe12O19 

/Zn0.65Ni0.25Cu0.1 Fe2O4 (1:1 ratio) degrades aqueous solution 

methyl violet dye (MV) completely within short duration of 3 

minutes.[152] 

It has also been recognized that CaFe2O4 spinel ferritin 

combination with ZnO degrades the Methylene blue dye 

solution up to 73% without any external additional treatment. 

The mechanical crushing (ball milling) of the photo catalyst 

imparts a significant effect on its photo catalytic activity. For 

first 3 hours, the degradation recedes to 50.8%, thereafter for 

6 hours consistent increase in degradation is 73.4% till a 

maximum of 78.7% efficiency is reached at 12 hours (Table 

5).  

 

5.4.2 Methyl Orange 

Methyl Orange dye is an acid- base indicator belongs to Azo- 

dye class of dyes.[157] The molecular structure of the Methyl 

Orange contains two benzene rings and azo group. Out of the 

two benzene rings one benzene ring bears di-methyl amine 

group while other is having sulfonic acid group. Ferrites are 

the common type of the photocatalysts that have been used to 

degrade the methyl orange dye, where the required photo-

degradation is feasible under both UV and visible light.   

Although ferrites are efficient photo-catalysts but when 

used in combination with other photo-catalysts like TiO2, they 

show significant degradation percentage. For example, 

ZnFe2O4/TiO2 degrades methyl orange dye only up to 4% 

when alone but upon its irradiation under visible light 

degradation as high as 84% is accomplished.[158] Different 

heterogeneous photocatalysts has been studied to determine 

their photocatalytic oxidation properties for Methyl orange 

degradation.[159]  

With reference to CoFe2O4 core-shell spinel (SiO2 as an 

intermediate and TiO2 as a shell), the photo-degradation so 

achieved as 60%. The amount of the intermediate and the shell 

determines the magnitude of the degradation by the type of the 

spinel ferrite. For example, when 57.0% TiO2 is combined 

with 37.4% Co-Fe2O4, till then no degradation takes place. 

However, when the concentration of TiO2 as 62.4% and 30.4% 

CoFe2O4 is made, the rate of degradation is marked to an 

increase of 25%.[160] Photo-catalysts like NiFe2O4 supported 

over with SiO2 and Bi12TiO20 also showed the same trend. All 

three used together contribute to the highest photo-catalytic 

activity.[161] It is thus referred that many different combinations 

and different ratios are of significance when producing a 

composite photo-catalyst, thereby causing large changes in 

photo-catalytic activity. Temperature proves to be the key 

factor affecting the degradation. For, example, BaFe2O4 type 

of photo-catalyst shows only 35% dye degradation when 

prepared by citrate-nitrate method. But when the synthesis of 

the same photo-catalyst is made by the thermal methods, the 

dye degradation shoots up to 90%.[162] 

In the applied procedure a particular photo catalyst 

deposited as a film onto a substrate, which is placed into the 

dye solution for irradiation effect. The number of the photo-

catalyst layers that are smeared on the dye substrate also 

determines the efficiency rate of the dye degradation. For 

example, ZnFe2O4 with its single layer (approximately 75 nm 

thick), degrades only 35% of the Methyl Orange dye. However, 

when the amount of ZnFe2O4 is stratified to 3 layers (135 nm), 

degradation percentage shoots up to 53%. But it is to be noted 

 

Table 5. Degradation effiency of photocatalyst under different parameters against some dyes. 

Type of SFNPs/FNCs Pollutant pH Contact 

time 

(min) 

Catalyst 

dose 

(g L−1) 

Pollutant 

(mg L−1) 

Light 

source 

Removal 

capacity 

(mg g−1) 

Reference 

Fe3O4/TiO2 Methylene 

blue 

- 240 0.2 10 Ultraviolet 50 [152] 

RGO/Fe3O4 Methylene 

blue 

- 60 0.167 10 Sunlight 100% [153] 

CoFe2O4−GR Methylene 

blue 

- 120 0.25 20 Visible 100% [146] 

CuFe2O4@TiO2 Methylene 

blue 

- 180 0.5 20 Visible 40 [154] 

Ni0.65Zn035Fe2O4 Methylene 

blue 

- 56 1.0 5 UV- Visible 55% [155] 

Ni0.65Zn035Fe2O4.rGO Methylene 

blue 

- 56 1.0 5 UV-Visible 95% [155] 

Ag/NiFe2O4 Methylene 

blue 

- 120 0.25 20 Visible  80% [156] 
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Table 6. Photo-catalytic degradation effiency of Nano ferrites against methyl orange dye. 

Photo-catalyst Dye 

(mg/L) 

Catalyst 

(g/L) 

irradiation 

source 

Irradiation time 

(min) 

Degradation (%) Reference 

BaFe2O4 (citrate-nitrate 

method) 

20 5 UV 120 65 [162] 

BaFe2O4(Thermal 

method) 

20 5 UV 120 90 [162] 

CoFe2O4/ZnO 50 30 UV 300 93.9 [165] 

SiO2/NiFe2O4 10 1.0 λ> 400 nm 60 5 [160] 

Bi12TiO20/NiFe2O4 10 1.1 λ> 400 nm 60 52 [160] 

TiO2/NiFe2O4 8 0.8 UV 420 80 [167] 

TiO2/ZnFe2O4 10 5 λ> 400 nm 180 5 [168] 

ZnFe2O4 25 5 λ> 400 nm 240 4 [169] 

ZnFe2O4 10 4 λ> 400 nm 60 75 [169] 

ZnFe2O4 12 1 layer 200–700 nm 60 35 [170] 

ZnFe2O4 12 2 layer 200–700 nm 60 43 [170] 

ZnFe2O4 12 3 layer 200–700 nm 60 53 [170] 

Bi12TiO20/SiO2/NiFe2O4 10 1.1 λ> 400 nm 30 85 [171] 

that further increasing of photo-catalyst layers decreases 

degradation.[164] 

In the applied procedure a particular photo catalyst 

deposited as a film onto a substrate, which is placed into the 

dye solution for irradiation effect (Table 6). The number of the 

photo-catalyst layers that are smeared on the dye substrate also 

determines the efficiency rate of the dye degradation. For 

example, ZnFe2O4 with its single layer (approximately 75 nm 

thick), degrades only 35% of the Methyl Orange dye. However, 

when the amount of ZnFe2O4 is stratified to 3 layers (135 nm), 

degradation percentage shoots up to 53%. But it is to be noted 

that further increasing of photo-catalyst layers decreases 

degradation.[164] 

 

5.4.2 Rhodamine B 

Rhodamine B dye has been proved to be an efficient type of 

dye that is degraded by the ferrite type of photocatalysts) (Fig. 

14). Rh B is a Xanthene class dye finds use in textile industry 

proved to be hazardous and carcinogenic, and hence it does 

not find its usage in food processing and cosmetic.[172] 

Potentially spinel nanocomposites degrade the Rhodamine B 

dye as efficiently as spinel ferrites alone. Either Ferrites only 

or along their composites degrade Rh B dye by means of 

photo-catalysis quite suitably. For example, ZnFe2O4 nano 

spheres are known for complete degradation of the dye under 

visible light after 300 min. In another observation 

ZnFe2O4/TiO2 composite when light of wavelength (λ=254 

nm) degrades the dye nearly 100%, thus proving that Rh B dye 

under irradiation of UV or visible light show maximum 

degradation through the use of ferrites or their composites. 

 

Fig. 14 Structure of Rhodamine B dye. 

 

Apart from the spinel ferrites, other types of the photo-

catalysts used for the degradation of the Rhodamine B dye can 

be helpful, such as Fe3O4/ZnO/CuWO4, Ag2O/g-C3N4/Fe3O4, 

RGO-supported ferrite (MFe2O4, M = Mn, Zn, Co, and Ni) 

hybrids, and so on.[173] The effect of the calcination’s 

temperatures on the photo-degradation of the Rhodamine B 

solution was studied for the ZnFe2O4 under UV light (Fig. 15). 

It can be seen that after 60 minutes 60% degradation took 

place abruptly and then followed by slight increase in the 

degradation. 

Calcination’s temperature of the order of 600-800 exhibits 

the higher photo-catalytic activity (Table 7). Further, it is 

stated that higher surface area (small crystal size) and higher 

UV absorption by ZnFe2O4 is responsible for more electron-

hole pairs, thus enhancing the photo-degradation of 

Rhodamine B.[174] 
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Table 7. Photodegradation of Rhodamine B by ferrites and ferrite composite. 

Photo-catalyst Dye 

(mg/L) 

Catalyst 

(g/L) 

Irradiation 

time (min) 

Irradiation 

source 

Degradation 

(%) 

ZnFe2O4 10 2.0 150 200–700 nm 60 

ZnFe2O4/Ag (8.1%) 10 2.0 150 200-700 nm 95 

ZnFe2O4 20 0.8 300 200-700 nm 38.4 

BaFe2O4/SiO2/TiO2 10 0.8 80 UV 59 

BaFe2O4/SiO2/TiO2 10 0.8 80 UV 71 

ZnFe2O4 (9 nm) 20 0.5 360 𝜆 = 254 nm 98 

ZnFe2O4 (14 nm) 20 0.5 360 𝜆 = 254 nm 75 

ZnFe2O4 (19 nm) 20 0.5 .360 𝜆 = 254 nm 60 

Ag/Fe3O4/SiO2 25 0.5 150 𝜆 > 420 nm 10 

Ag/Fe3O4/SiO2 25 0.5 150 𝜆 > 420 nm 20 

TiO2/ZnFe2O4 (1:1) n/a n/a 150 UV 45 

TiO2/ZnFe2O4 (2:1) n/a n/a 150 UV 58 

 
Fig. 15 Photo-degradation activity of ZnFe2O4. Reproduced with 

the permission from [173], Copyright 2010 Elsevier Ltd. 

 

From the figure, it is easy to understand that at 700℃,
maximumdegradation is obtained. Also prolonged irradiation 

tends to improve the photo-degradation of the dye. 

 
6. Conclusions 

In the current scenario spinel-based materials are widely used 

in research and applications due to their flexibility nature. The 

wide applications of these materials are in the field of water 

splitting and dye degradation. The magnetic properties of the 

spinel-based materials controlled the recombination process of 

the charge transfer spectra, which are generated during the 

electrons and holes interaction. The doping of the foreign 

nanoparticles in the spinel-based materials enhanced their 

band gap, surface area, magnetic properties and the catalytic 

properties by many folds. In the field of photocatalysis new 

trends will be elevated to use the spinel-based materials for the 

future aspects.  
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