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GENERAL INTRODUCTION 

 
 

General introduction 
 

A2BO4 spinel and ABO3 Perovskite oxides are significant functional materials due to their 

wide range of crystal structures and stoichiometries, they could incorporate almost 90% of 

the natural metallic elements at the A and/or B positions that stand fully or partially without 

disrupting the lattice structure, allowing solid-state chemistry to be linked to catalytic 

characteristics [1]. Furthermore, the desired textural structure and physicochemical 

properties; “their high thermal and hydrothermal stability makes them suitable catalytic 

materials”, can be achieved by the preparation process [2].  

On one side, many investigations were directed to the synthesis and characteristics of 

spinel nano oxide systems in order to fulfil the essential need for higher chemical and thermal 

stabilities with promising catalytic and photocatalytic activities [3]. As a result, the spinel 

ferrites nanomaterials provide one of the most varied environmental experiments to 

investigate their physical properties, and fundamental and applied behavior [4]. The space 

group Fd3m contains the majority of spinel compounds [5]. Whereas ZnFe2O4 (ZFO) is a major 

ferrite binary oxide with a spinel structure [6]. ZnFe2O4 has a typical spinel structure, where 

Zn2+ ions and Fe3+ ions at the tetrahedral and the octahedral sites respectively. Although, 

nanosized ZnFe2O4 nanoparticles can also exhibit cationic inversion, and both cations of Zn2+ 

and Fe3+ ions locate on both sites is related to the preparation method of spinel ferrite 

nanoparticles [7]. The Fe-d orbitals affectsignificantly on the magnetic, electrical and 

photocatalytic properties of ZFO [8, 9]. Herein, the microstructure and the stoichiometric of 

ZFO nanoparticles determine their physicochemical properties [10]. In addition, cationic 

redistribution, size and shape homogeneity, as well as structural, optical, electrical, and 

magnetic properties are all strongly influenced by synthesis methods [11]. There are various 

preparation methods for the synthesis of spinel ferrite nanoparticles, such as [12] “solid-state 

reaction (SSR) method, microwave, sol-gel, co-precipitation, hydrothermal method, 

hydrothermal–microwave method, solvothermal, pyrolysis method [13-16], reverse-micelle 

method, combustion method, sonochemical method, high energy ball milling,” etc... One of 

these synthesis methods, the “sol-gel auto-combustion process” [17] is used to accelerate the 
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synthesis of complex materials. It is a simple process that saves time and energy over 

traditional methods while also requiring a lower sintering temperature. This method is used 

to improve the powder properties, homogeneity, and particle size distribution of spinel 

ferrites, thereby influencing their structural, electrical, and magnetic properties [18]. The type 

of fuel used can affect the reaction during a combustion method. Citric acid, urea, and glycine 

are some of the most widely utilized fuels for the combustion synthesis of spinel ferrite 

nanoparticles [19]. Because Spinel oxides can be synthesized in each size and geometry based 

on the desired application due to their flexible physical and chemical characteristics [18]. 

On the other side, orthoferrites nano-powders with Perovskite structure ABO3 got the interest 

for technological applications in medical, water splitting and plenty of other fields of 

engineering, magneto-optical devices, fuel cells, battery, sensors, and photocatalysis; due to 

the fact of its promising multiferroic properties and abnormal chemical and physical behaviors 

[20-25]. Furthermore, the Yttrium orthoferrite exhibits promising magnetic properties due to 

the interactions between the Fe ions [22, 23]. Though, under visible light, the semiconductor 

YFeO3 has an excellent photocatalytic behavior degrading organic dyes compared to TiO2 due 

to its narrow bandgaps; Eg (o-YFeO3) ≥ 2.1 eV and Eg (h-YFeO3) = 1.81 eV [25-27]. Since the 

Yttrium orthoferrite is influenced by the preparation method, combustion methods such as 

Glycine Nitrates Process (GNP) were a great option to obtain nanosized orthoferrite with 

narrow distribution particles due to its simplicity and no need for several steps, short time of 

synthesis, and getting pure crystalline products and sometimes no need of sintering, even 

though it can lead to the appearance of new phases in the structure, dopants incorporate into 

the final products of the desired composition in a good chemical homogeneity of the cations 

[27, 28]. Also, the substitution effect on the A site or B site of YFeO3 has improved its 

properties and enlarged the range of its applications [20, 24].  

Hence, the photocatalytic behavior of one-dimensional (1 D) YFeO3 was not studied before 

the reported work of Zhang, Ruslan, et al. [29], and fewer photocatalytic activity studies under 

visible light were done on the YFeO3 nanopowders but no studies were done yet under UV 

light. 

The photocatalytic activity of the Yttrium ferrite got the interest of researchers under visible 

light as an excellent alternative to TiO2 and it gives a good degradation efficiency with the 

decrease of the crystallite size [30]. 
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In this thesis, we divided our work into two parts; part A is for the bibliographic review in brief 

about Spinel and Perovskite oxides; Zinc and Yttrium ferrites, the characterization and 

synthesis methods, and the concept of photocatalysis. Whereas Part B is for the experimental 

work, the discussion of obtained results, and the photocatalysis application. 
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Chapter 1: Spinel and Perovskite structure 

oxides  
A.1.1. Spinel oxides: 

Spinel oxides with unique crystal structures [1] may have plenty of attractive magnetic and 

electric properties that distinguish them from other micro/nanostructured materials, making 

them suitable for current technology, also they have the prospects to be used in innovative 

applications: “magnetic drug delivery, ferrofluids, and high-density information storage “[2]. 

 

Fig. A.1.1 Representation of spinel structure configuration[2]. 

Spinel oxides are mostly known that they have a cubic structure with three different types 

depending on the positions of their cations on which site they are located on [3]. Spinel oxides 

have a close-packed fcc oxygen atoms configuration with two non-equivalent crystallographic 

sites A and B with tetrahedral (Th) and octahedral (Oh) coordination [4-6] where the types of 

Spinel structure are affected by the preparation method, the substitution/doping of metallic 

elements and their concentration percentage in the structure [7, 8]. AB2O4 represented the 

general formula of the Spinel structure that can be written with this formula [Aµ B1-µ]Th[A1-µ 

B1+µ]OhO4 to show their different types; where A is a divalent cation, B is a trivalent cation, O 

is the oxygen anion, Th is the tetrahedral sites, Oh is the octahedral sites, and µ is the inversion 
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degree in the spinel structure that determines the types of the spinel structure [9], where 

some examples of the spinel types are shown in the following table: 

Table A.1.1 represents types of Spinel Oxides and their structures [10, 11]. 

[Aµ B1-µ]T [A1-µ B1+µ]OO4 Degree of 
inversion µ 

Tetrahedral site Octahedral site Examples 

Inverse/indirect  µ = 0 1 B 1 A + 1 B Fe3O4, CoFe2O4 

Intermediate/mixed  0 £ µ  £ 1 (1 - µ) A + µ B (2 - µ) B + µ A MgFe2O4 

Normal/Direct  µ = 1 1 A  2 B  MgAl2O4, MnFe2O4 

 

A.1.1.a. ZnFe2O4:  

The nanoparticle materials have been continuously the study topic of attraction in physics 

and in other fields [12, 13]. The technological applications use spinel ferrites materials hugely 

because of their great interest. They allow the theoretical understanding of nanoscale 

interactions [14-16] in spinel materials is possible. ZnFe2O4 is particularly intriguing for 

studying how grain size affects its morphological and magnetic properties [17]. The electronic 

industry widely utilizes ZnFe2O4 and its solid solutions with ferrites due to their properties 

[18]. 

In its bulk form ZnFe2O4 follows the spinel structure has solely Zn2+ ions in the A sites and 

Fe3+ ions in the B sites. Recent studies on nanocrystalline ZnFe2O4 have indicated that there is 

an inversion in cation distribution in this material leading to an anomaly in magnetization [15-

17]. Many researchers have reported that nanophase, ZnFe2O4 exhibits ordering with 

ordering temperatures and a significant magnetic moment [15-17, 19, 20].  

Several studies have been conducted on zinc ferrite nanoparticles in years [15, 21, 22]. It is 

well known that reaction conditions can influence the particle size and morphology of 

powders. These particle properties greatly impact the material characteristics [22]. 

Furthermore, the size reduction of a material has been observed to result in properties. These 

properties can arise from either the volume (known as superparamagnetism) or the high 

surface, to volume ratio (referred to as spin canting) [21].  
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Researchers have discovered that particles, with composition exhibit varying magnetic 

properties depending on the technique used for their preparation [23]. 

A.1.2. Perovskite Oxides: 

The perovskite transition-metal oxides are a flexible crystallographic host formed of 

formula units ABO3, where A and B are commonly simple and a transition metal cations, 

respectively. This structure is exceptionally tolerant of vacancy formation and is highly stable 

against the replacement of any of the cations. Furthermore, they are true multifunctional 

high-tech materials for current and future technologies, serving as dielectric resonators, 

superconductors, microwave dielectrics, and catalysts, as well as key components in sensors, 

detectors, capacitors, and piezoelectric applications of all types [24]. 

The crystal structures of many ABO3 compositions; as we summarized them in table A.2 by 

their different types. 

Table A.1.2: Perovskite structure types, space groups, and lattice parameters. 

Perovskite 

structure type 

Space group Lattice 

parameters 

Examples of 

structure type 

References 

 

Ideal 

 
Pm3m 

a = b = c = 3.905 
Å and α = β = Ɣ = 

90° 

SrFeO3 and 
SrTiO3 

[25-27] 

 

Tetragonal 

 
P4mm 

a = 3.902 Å, c = 
4.156 Å 

RbTaO3, PbTiO3 

and PbVO3 
[28, 29] 

 

Rhomboedric 

 
R3c 

a = b = 5,365 Å 
and c = 13,11 Å 

Angle ≈ 59° 

LaAlO3 and 
BiFeO3 

[30, 31] 

 

Orthorhombic 

 
Pnma 

a = 5.3458 Å, b = 
5.623 Å and c = 

7.638 Å 

GdFeO3 
GdVO3 
CaVO3 

 
[29, 32, 33] 

Monoclinic C2/m - RbTaO3 [34] 
Triclinic P1 - RbNbO3 [34] 

Hexagonal P63cm - SrMnO3 
BaMnO3 

[35] 

 
Polymorphism 

 
- 

 
a’ ≈ 4 Å 

BaTiO3 
KNbO3 
NaSbO3 

 
[36, 37] 

 

A.1.3.a. YFeO3: 
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Because of its unusual magnetic and magneto-optical characteristics, YFeO3 and other rare 

earth substitution crystals with distorted orthorhombic perovskite-structure (Pbnm) have 

piqued the interest of researchers since the 1950s. According to Didosyan and colleagues’ 

recent research, orthoferrites show fascinating use in a variety of micro-technological devices 

such as the measurements of light spot location, magneto-optical current sensors, optical 

switches, and magnetic field sensors [38-40].  

One of the more fascinating elements of the “complex oxide multiferroics–materials” that 

are both ferroelectric and magnetic is Yttrium orthoferrite. Previously, several “soft chemical 

techniques” have been used to generate this compound in a nanostructured state [41, 42], 

including combustion methods [43, 44]. Despite the effective synthesis of yttrium orthoferrite 

nanoparticles from various starting solutions, it should be emphasised that data about 

processes leading to the production of YFeO3 nanosized particle, as well as about the influence 

of synthetic conditions on their final products, are mainly limited [44, 45]. Furthermore, the 

yttrium cations are located in distorted trigonal prism of O2- anions, and iron cations located 

in octahedral oxygen environment as shown in the figure. 

 

Fig. A.1.2 Representation of the orthorhombic YFeO3 [46]. 

 

Besides, The Yttrium orthoferrite, o-YFeO3 is a significant problematic topic under 

investigation to obtain pure orthorhombic single phase by trying to avoid the appearance of 
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secondary phases such as Y2O3, Fe2O3, and Y3Fe5O12 according to the synthesis processes and 

conditions [47, 48, 49], also thermodynamically, YFeO3 is a polymorphism orthorhombically 

unstable and hard to obtain it where a hexagonal structure h-YFeO3 can be formed too due to 

its stability [50-53]. 
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Chapter 2: Synthesis and characterization 
methods  

A.2.1 Synthesis methods: 

A.2.1. a Comparison in Methods of preparation: 

The methods used for oxides preparation were classified according to their types and the most 
common pros on cons of their properties, in order to choose the suitable preparation method 
for our Spinel and Perovskite oxides [1], the preparation methods were listed in the following 
points: 

- Wet chemical synthesis includes coprecipitation, sol-gel, microemulsion, reverse 
micelle method, microwave-assisted, hydrothermal, solvothermal, sonochemical, and 
thermal decomposition are well known with their simplicity, high yield, crystallinity, 
and purity, also environment-friendly. However, some methods need expensive fuels, 
the products agglomerate easily, the reactions need large energy with necessity of 
controlling the conditions to obtain the desired products [2-5]. 

- Dry chemical synthesis (combustion and solid-state) is suitable type of preparation 
method for ferrite oxides due to the multiple advantages and lack of disadvantages, 
because these methods have fast reactions with low equipment that can lead to high 
yield with obtaining the desired products easily [5]. 

- Physical methods (Laser-induced pyrolysis and Laser pyrolysis) are considered to be 
the highest costly equipment even though it can produce very fine particle size 
composition [2, 4, 5]. 

- Biological/Biosynthesis methods (Fungi-based, Algae-based, Bacteria-based and plant-
based) are the ecofriendly and non-hazardous alternatives to physical and chemical 
methods giving “homogenous distribution of crystalline nanomaterials” at cost-
effectiveness and simple process but the products are unpurified nanoparticles with 
poor reproducibility and hard to control their sizes and properties [2, 4]. 

 

A.2.1.b Chosen synthesis method: Auto-combustion process: 

The auto-combustion process of xerogel as an exothermic reaction of anionic redox and 

self-sustaining thermally-induced, it results from an aqueous solution consisting of the 

required metal salts “oxidizer” and organic complexant “reductant” [6]. The combustion 

process of reactant combinations is represented in Fig. A.2.1 [7]. Complexant and salt 

proportions are typically estimated using the valences of the reactive components in order to 
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achieve an oxidizer/reductant ratio of 1 [8]. Because they are a water-soluble low temperature 

NO–3 oxidant source for synthesis, nitrate salts are preferred as precursors [9]. 

Metal nitrates and complexants are sometimes mixed immediately by vigorous stirring and 

heating without the use of water. Metal nitrates are hygroscopic, which means they rapidly 

absorb moisture and turn into slurry. The flash-combustion method refers to this type of sol-

gel auto-combustion [10, 11]. 

 
Fig. A.2.1 Combustion reaction of reactant mixture [7]. 

 

Rapid analysis of a huge volume of gases, along with loss during the xerogel combustion, 

resultls in the production of ferrite nanopowders. Agglomeration is limited by the 

development of gases [12, 13].   

The heat released by the exothermic process is undoubtedly responsible for the direct 

growth of crystalline ferrite from xerogel [14]. During combustion, the flame temperature 

during can range from 600°C to 1350°C. The flow chart of the processing steps is illustrated in 

Fig. A.5 [15]. 



 

 

 

PART A: CHAPTER 2: SYNTHESIS AND CHARACTERIZATION METHODS 

16 

 
Fig. A.2.2 Flow chart of processing steps [15]. 

 
Some of the advantages of sol-gel auto-combustion consist of “high product purity and 

crystallinity; fine particle size and narrow particle size distributions; easy control of 

stoichiometry; dopants can be easily incorporated into the final product; simple equipment 

and preparation process; low processing time; low external energy consumption (process 

initiates at low temperatures) and multiple steps are not required” [16, 17]. 

 

A.2.2. Characterization methods 

To investigate and ensure the formation of the desired materials that we synthesized; we 

need to check their crystallinity by X-ray diffraction (XRD), the morphology of their crystals by 

Scanning Electronic Microscopy (SEM), also we can study the vibrations in the molecules by 

identifying their bonds, their intensities and shifts by Fourier Transformed Infrared 

Spectroscopy (FTIR), and Raman spectroscopy [18-20]. Moreover, to measure the mass 

changes in function of temperature/time we can use the Thermogravimetric analysis (TG) [21]. 
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Chapter 3: Application for water treatment: 
Photocatalytic activity 

 

It was mentioned in the book of “IUPAC Gold“ that photocatalysis refers to the “change in 

the rate of a chemical reaction or its initiation under the action of ultraviolet, visible or infrared 

radiation in the presence of a substance—the photocatalyst—that absorbs light and is 

involved in the chemical transformation of the reaction partners.” Also, a photocatalyst is 

described as a “catalyst capable of producing chemical transformations of the reaction 

partners upon absorption of light. The photocatalyst’s excited state frequently interacts with 

the reaction partners, creating reaction intermediates and regenerates itself after each cycle 

of such interactions” [1]. 

A.3.1. The fundamentals of photocatalysis 

Over the last three decades, there has been a considerable increase of researches on 

photocatalysis on semiconductor surfaces. This is due to the level of similarity with 

photosynthesis, the most essential natural chemical activity. Photosynthesis is the conversion 

of H2O and CO2 to O2 and Cx(H2O)y by using visible sun light. The fundamental processes in that 

fascinating heterogenous photocatalytic proves are photochemical charge production, charge 

trapping, interfacial electron exchange, and C–C coupling. Molecular systems may reproduce 

the first two stages, but not the latter two steps, which include the chemical synthesis phase. 

After irradiating a semiconductor powder solution in the presence of electrons as donors and 

the substrates as acceptors, simple C–C, H–H, and C–N couplings become conceivable [2]. 

Charges generated by light are locked at the surface and react with the substrates in 

coordinated interfacial reduction and oxidation processes. The main products are often short-

lived radicals that are transformed to final products by the creation of selected chemical 

bonds. As a consequence, the semiconductor can do at least two activities. It promotes 

appropriate substrate assembly by adsorption at the surface–solvent layer and catalyses 

photoinduced interfacial electron transport to and from substrates, which is usually combined 
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with proton transfer. Water splitting, molecular nitrogen fixation, and alkane functionalization 

are examples of such heterogeneous systems’ high reactivity. While much emphasis has been 

placed on water splitting and rigorous aerobic pollution degradation have received a lot of 

attention, barely any kind of study has concentrated on the aspects of synthesis [3]. 

 

Figure A.3.1 Representative graph of heterogeneous photocatalysis mechanism. 

Absorption of electromagnetic radiation on the valence band (VB) with energy equals to or 

higher than the bandgap energy (Eg) excites the semiconductor. This causes an electron to be 

promoted to the conduction band (CB), and creates on the VB a hole charged positively. The 

pairs of “electron-hole” can recombine with the re-emitted energy, either as heat or light, or 

the charge transporters can move to the material surface. The electron in the CB can be 

transferred to an electron acceptor with a higher “positive electrochemical reduction 

potential” (PERP) than the electron in the CB edge potential. The hole in the VB can receive 

electrons from donor species that have a lower PERP than the VB edge. These processes 

reduce the acceptor species and oxidize the donor species, with these two reactions being 

conducted by the potential difference promoted by the electromagnetic radiation absorption. 

This potential difference produced is nearly to the semiconductor’s bandgap energy [4].  

Photocatalysis processes are thermodynamically downhill (−ve ΔG), while photosynthesis 

reactions are thermodynamically uphill (+ve ΔG). However, the word “photocatalytic” is 

commonly used describe uphill processes, such as “photocatalytic” water splitting. We are 

especially interested in surface redox processes that result in the formation of reactive oxygen 

species (ROS). Figure A.3.2 represents a general approach for the formation of reactive oxygen 

species in which oxygen functions as as an electron acceptor and water or hydroxyl ions 
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functions as an electron donor. Titanium dioxide (TiO2) is the semiconductor in this scenario 

due to the potentials of the band edge must be in the appropriate spot to initiate the 

reactions. In the infrared region, other semiconductor materials may be utilized. The hole in 

VB may have an electrochemical potential reduction that is charged positively enough to 

oxidize H2O and produce HO., whereas the CB should be charged negatively enough to reduce 

O2 and produce the anion of superoxide radical, and then peroxide and hydroxyl radical via 

subsequent electron transfer. Overall, the photocatalytic process may create a combination 

of ROS in the presence of O2 and H2O, that can inactivate bacteria or breakdown organic 

chemical pollutants [5, 6]. 

 

Figure A.3.2 Scheme of photocatalytic mechanism on a titanium dioxide particle leading to the production of 
reactive oxygen species. 
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Chapter 1: Preparation, Characterization 

methods and photocatalytic activity for 

ZnFe2-xNixO4 

The ZFO samples were synthesized by auto-combustion method then characterized 

by: X-Ray diffractometer (D8 advanced Bruker), Raman spectroscopy (RENISHAW) with laser 

edge 785 nm, FTIR (JASCO FT/IR-6300), Field Emission SEM (Thermo scientific Apreo C). The 

Ni content in the ZnFe2-xNixO4 prepared samples has been changed from x = 0.05 to 0.6. 

 

B.1.1. Preparation of Ni-doped ZFO: 

- Chemicals: Base materials such as zinc nitrate (Zn(NO3)2.6H2O), ferric nitrate 

(Fe(NO3)3. 9H2O), nickel nitrate (Ni(NO3)2.6H2O), glycine (C2H5NO2) from Sigma Aldrich, USA 

and methylene blue from IBA scientific, IA were used for the present study [1]. 

- Process of preparation: 

ZFO samples were prepared by dissolving and mixing the nitrates of Zinc, Iron and 

nickel as precursors and glycine as fuel then stirring and heating the solution at 80°C until the 

formation of homogenous gel and its combustion; according to the work of (Hwang, Tsai et al. 

2005). the flame temperature during combustion can be from 600 to 1350 °C. After burning 

in the air and grinding, the burned gel turned to powder. All samples have then been annealed 

at 1000 °C under air as shown in the following chart representing the steps of the synthesis: 
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Fig. B.1.1: Chart of ZFO preparation steps by the auto-combustion method. 

- Photocatalysis application: 

The photocatalytic activity of as-prepared samples was evaluated using a 

photochemical reactor (Techinstro, India) equipped with a 450W ultraviolet (UV) lamp. For 

this, 300 ml aqueous solution of methylene blue (0.02 x 10-3 mol/L) was taken in the reaction 

vessel followed by the addition of 0.1 g of ZFO doped by Ni (x = 0, 0.05, 0.15, 0.3, and 0.4) 

Adsorption-desorption equilibrium of dye on the photocatalyst surface was ensured by 

magnetic stirring in dark for 20 min. The reaction medium is then subjected to UV light and 

the temperature was kept steady during the reaction using an external water circulatory 

chiller unit. The decrease in absorption values of MB solutions was continuously monitored at 
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each 20 min time interval using a UV-visible spectrophotometer [3]. The degradation 

efficiency is calculated using the following equation: 

Degradation of dye (%) = [(C0 - Ct) / C0] x 100%               (1)                                           

                                          = [(A0 - At) / A0] x 100%               (2)                               

Where C0 and Ct are the initial and the final concentrations, respectively; A0 and At are 

the corresponding absorbance values of MB, which were measured at the highest absorbance 

peak of MB of 665nm.  

 

B.1.2. Results and discussion 

B.1.2.a Structural characterization 

ZFO nanocomposites were successfully synthesized by auto-combustion method by varying 

the Ni content from 5 to 60 % of ZnFe2-xNixO4 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 & 0.6). 

The diffractograms of the synthesized samples were annealed at 1000 °C (Fig. B.2a). The 

diffractograms of the synthesized samples ZnFe2-xNixO4 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 

& 0.6) annealed at 1000 °C shown in figure 1 with their crystal sizes; were analyzed by X’Pert 

high score software to check their structure allowed us according to find that the diffraction 

peaks of sample x = 0 & 0.1 are in a good agreement with the ASTM card no. (01-073-1963) of 

pure Zinc Ferrite cubic phase with space group Fd3m without any extra peaks of other oxides 

were produced, where x = 0.05, 0.15, 0.2, 0.3, 0.4, 0.5 & 0.6 their diffraction peaks are in good 

agreement with the ASTM card no. (01-073-1963) of pure Zinc Ferrite cubic phase with space 

group Fd3m and extra peaks with ASTM card no. (00-001-1136) of ZnO hexagonal wurtzite 

nanoparticles only [4, 5]. 

The average crystallite size of zinc ferrites compositions was calculated from the XRD 

spectra using the Debye-Scherrer formula [6, 7] 

 

where D is the crystalline size, λ denotes the wavelength of Cu-Kα X-ray radiation, β is the full 

width at half maximum of XRD peaks and θ is Bragg's angle. The variation of the crystal size of 

ZFO compositions was plotted as a function of Ni dopant concentration as shown in Fig. 1b. It 
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can be seen that subsequent changes in Ni content impose a slight variation of crystal sizes 

from 55 to 88 nm. While lower and higher doping concentrations (10%, 20%, 50% & 60 % 

respectively) resulted in slightly higher crystal size, the lowest crystal size was obtained for 

moderate Ni doping levels of 0%, 5%, 15%, 30 % & 40%.  

 

Fig. B.1.2 On left: XRD pattern of ZnFe2-xNixO4  powder as a function of Ni doping (x=0,  0.05, 0.1, 0.15, 0.3, 0.4, 

0.5 and 0.6) after annealing at 1000°C under air, and on right: Plot of crystal size versus Ni dopant 

concentration. 

 
The characteristic Raman spectra of synthesized ZFO samples were represented in Fig. 

B.1.2 It was reported that the positions of the peaks, Raman lines features, widths, energies, 

shape and intensities get affected by the substitution leading to the changes in the lattice 

parameters and the cations positions in the lattice. The Raman shifts shows 5 modes (A1g + Eg 

+ 3F2g) as normal spinel-type for samples with x = 0, 0.05, 0.1, 0.15 & 0.2 and inverse spinel-

type for x = 0.3, 0.4, 0.5 & 0.6 ones due to A1g mode represented as doublet peaks [6, 8]. It is 

noticed that Ni dopant percentage is increasingly affected on the spinel structure type by the 
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changes in the cations positions lattice which led to the spinel-type changes from normal to 

an inverse type. 

Tab. B.1.1: Main Raman modes peak energy (cm-1) represented in ZnFe2-xNixO4 annealed at 

1000°C. 

Ni-doped 

ZFO 

content 

F2g(1) Eg F2g(2) F2g(3) A1g(1) Other signals 

X = 0 223.2 287.89 348.1 404.4 605.9 (ZnO) 

658.32 (FeO) 

176, 240.38, 492.5 

X = 0.05 180.4 241.57 337.65 490.6 616.86 (ZnO) 

704.31 (FeO) 

800-noise 

X = 0.1 162.1 248.6 343.17 473.4 645.3 119.1, 183.17 

X = 0.15 189.02 228.23 328.63 477.25 643.14 800-noise 

X = 0.2 127.9 162.3 333.47 475.05 640.86 800-noise 

X = 0.3 127.84 189.02 333.33 481.57 647.45 (ZnO) 

687.06 (FeO) 

233 

X = 0.4 127.84 158.43 333.33 473 652.15 (ZnO) 

695.7 (FeO) 

263.14 

X = 0.5 157.9 197.7 329 467.3 658.68 (ZnO) 

685.7 (FeO) 

127.7 

X = 0.6 92.27 162.1 329.2 469.87 651.64 (ZnO) 

691.05 (FeO) 

800-noise 

 

FTIR spectra of the synthesized ZFO samples were depicted in Fig. B.1.3. Ferrites spinel 

oxides are reported to consist of two metal-oxygen (M-O) vibrations within the 350-600 cm-1 

range. The characteristic absorption peaks are observed between 542 and 549 cm-1 due to the 

stretching vibrations of the Fe-O bonds in octahedral positions [7, 9]. Furthermore, the 

characteristic peaks observed between 401 and 415 cm-1 are due to the stretching vibrations 

of the Zn-O bonds in tetrahedral positions [10, 11]. The peak around 2900 cm-1 is not 

prominent still present in ZFO compositions; which represents C-H stretching vibrations. The 
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absence of a peak around 3000 cm-1 indicates the absence of water moieties, mostly due to 

the annealing process and it was noticed only for 50% and 60%. Further, the peak near 2300 

cm-1 is mainly due to carbon dioxide molecules that are adsorbed on the substrates. Also, C=C, 

C-O, Zn-OH and C-OH at 1300 cm-1, 1100 cm-1, 800 cm-1, and 1250 cm-1 respectively. 

 
Fig. B.1.3 On left: Effect of Ni content (x = from 0 to 0.6) on the Raman spectra of the ZnFe2-xNixO4 composites 

annealed at 1000°C under air. Raman spectra acquired using 785 nm laser, 50 mW power and 10 s integration 

time, and on right: FTIR spectra of ZnFe2-xNixO4 with varying Ni content (x = from 0 to 0.6) after annealing at 

1000˚ C. 

 

B.1.2.b Morphological analysis 

The SEM micrographs of ZFO samples showed surface morphology of as-prepared 

samples (Fig. B.1.4). The grain size was found to be in the range of 103 to 766 nm for different 

compositions. Moreover, it could be noted that the particle size gets increased on the initial 

addition of Ni from 5 to 60 %. Some extent of agglomeration has clearly appeared in all 

compositions which might be attributed due to the exposure to higher temperatures during 

auto-combustion and annealing processes. The high surface area to volume ratio and inherent 
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magnetic properties of nanoparticles can further facilitate the tendency for agglomeration. 

Our observation sounds well with previous studies conducted by Naik et al for green synthesis 

of zinc ferrite nanoparticles using Limonia acidissima juice [12]. Moreover, the elemental 

analysis showed that as-synthesized zinc ferrites are composed of expected constituent 

elements such as Zn, Fe, O and Ni [13]. This proved that the auto-combustion process 

produces pure zinc ferrites without any impurities (Fig. B.1.5).  

 

 

Fig. B.1.4 FESEM images of ZnFe2-xNixO4 samples containing (a) 0, (b) 0.05, (c) 0.1, (d) 0.15, (e) 0.2, (f) 0.3, (g) 

0.4, (h) 0.5 and (i) 0.6 % Ni dopant; post annealing at 1000°C. 
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Fig B.1.5. EDX spectra of (a) bare zinc ferrites (b) Ni-Zinc ferrites with 30% Ni loading. 

 

B.1.2.c Photocatalytic activity  

The photocatalytic behaviour of as-synthesized ZFO composites was investigated using 

methylene blue under UV light. The absorbance of MB subsequently decreased with increased 

during the reaction (Fig. 6a). It could be clearly seen that the photocatalytic performance of 

ZFO nanocomposites enhanced successively with Ni dopant up to 30 % and thereafter 

decreases by 40% (Figure 6b & c). After 200 min reaction, the degradation efficiencies of 

different composites were calculated and correlated with their corresponding crystal size (Fig. 

7a). While bare ZFO exhibits ~95 % degradation of MB, zinc ferrite composites with 30 % Ni 

dopant found to have the highest degradation efficiency of ~98 %. Moreover, the rate 

constant of the reaction was also calculated for each nanocomposite as given in Fig. 7b. The 

highest rate constant of 2.38 x 10-2 was observed at 30 % Ni content. The photocatalytic 

efficiency is then strongly correlated to the crystal size of nanocomposites. As the size is 

decreasing the specific surface area is increasing leading to a more exposed surface for dye 

adsorption. Besides, the reusability of the synthesized composites was evaluated by 

subjecting to photocatalysis for three cycles after subsequent washing with deionized water 

(Fig. 7c). The degradation efficiency of ZFO composites showed more than 85% reproducibility 

after three cycles. The observed reduction in efficiency might be due to the material loss 

during washing steps which could be improved by retrieving from the medium using an 

external magnetic field [1].  
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Fig. B.1.6 Effect of Ni doping content on the photocatalysis of methylene blue by zinc ferrite nanocomposites 

annealed at 1000°C; (a) A plot of absorbance versus irradiation time, (b) Absorbance spectra of MB during 

photocatalysis, (c) Plot showing the variation of kinetic constant and degradation efficiency with Ni doping of 

photocatalysis reaction and (d) reusability of synthesized composite Zinc Ferrite Ni-doped 30%. 

 

Fig. B.1.7 demonstrated the feasible photocatalytic mechanism of ZFO nanocomposites. 

When exposed to UV light, ZFO composites absorb enough energy to excite the electrons from 

valence band (VB) to conduction band (CB), forming free electrons (e-) in CB and holes (h+) in 

VB [14, 15]. The free electrons may be released into the aqueous solution of dye, which reacts 

with dissolved oxygen in the medium to form superoxide radicals (O2-). These can further 

attack water molecules or hydroxyl ions to form reactive hydroxide ions (OH.); that have the 

capacity to attack the dye molecules [16, 17]. Meanwhile, h+ in the valence band can also 

promote the formation of OH. radicals. Consequently, MB can decompose to nontoxic 

degradation products such as CO2 and H2O. The resultant changes in the MB solution were 

also depicted in the figure.      
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Fig. B.1.7 The proposed mechanism of photocatalysis of MB solutions using ZFO nanocomposites. 

 
We have compared the photocatalytic efficiency obtained for as prepared Ni-doped zinc 

ferrites with other systems used for methylene blue degradation (Table B.3). A previous 

investigation by Jadhav et al demonstrated the effect of Ni dopant on structural parameters 

and photocatalytic degradation of Rhodamine B [18]. They found that the photocatalytic 

effect increases with Ni content while using urea as fuel.  In the present study, we have 

investigated the effect of Ni doping on structural and photocatalytic properties of ZFO 

nanocomposites by using glycine as a green fuel. We observed that the highest photocatalytic 

activity of 98% was obtained for the optimum Ni content of 30 %. As auto-combustion process 

parameters could significantly affect the structure and properties of ZFO nanocomposites, the 

proper correlation between structural features and photocatalytic performance is highly 

necessitated in this context. 
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Table B.1.3: Comparison of photocatalytic activity of currently investigated ZFO composites  
with previous reports. 

 

B.1.3. Conclusions 

In summary, ZFO nanocomposites with varying Ni dopant were successfully synthesized using 

auto-combustion followed by the annealing process. XRD revealed the formation of zinc 

ferrites crystallites with cubic spinel structure. The morphology of different zinc ferrites was 

evaluated using SEM. The degradation rate of MB solution increases successively with Ni 

doping up to 30% and thereafter decreases. With an optimum Ni doping (30%), photocatalytic 

activity up to 98% was achieved with as-synthesized ZFO nanocomposites, which can perform 

as an environmentally friendly, easily isolable and recyclable photocatalyst for water 

treatments. 

 

 

 

 

 

Photocatalyst material Concentration 

of MB  

Irradiation 

time (min) 

Degradation 

efficiency 

(%) 

Earlier reports 

PANI/Zirconium (IV) 

silicophosphate  

1.5 x 10-5 M 120 82 Pathania et al. (2014) 

Pectin zirconium (IV) 

selenotungstophosphate 

1.5 x 10-5 M 180 89 Gupta et al. (2015) 

Zinc ferrites 

 

20 ppm 90 94 Padmapriya et al 

(2016) 

Cobalt zinc ferrite 10 mg/L 60 77 Chahar et al. (2021) 

Aluminium zinc ferrites 5 ppm 120 55 Mathubala et al. 

(2016) 

Ni dopped Zinc ferrites 2 x 10-5 M 180 98 Present work 
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adding electrochemical tests. 
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Chapter 2: Preparation, Characterization 
methods and photocatalytic activity for  

Y1-xCuxFeO3 
 

The YFO samples were synthesized by auto-combustion method then characterized 

by: X-Ray diffractometer (D8 advanced Bruker), Raman spectroscopy (RENISHAW) with laser 

edge 785 nm, FTIR (JASCO FT/IR-6300), Field Emission SEM (Thermo scientific Apreo C). The 

Cu content in the Y1-xCuxFeO3 prepared samples has been changed from x = 0.1 to 0.4. 

B.2.1. Preparation of Cu-doped YFO: 

- Chemicals: Base materials such as Yttrium nitrate (Y(NO3)2.6H2O), ferric nitrate 

(Fe(NO3)3. 9H2O), copper nitrate (Cu(NO3)2.6H2O), glycine (C2H5NO2) from Sigma Aldrich, USA 

and methylene blue from IBA scientific, IA were used for the present study. 

- Process of preparation: 

YFO samples were prepared by dissolving and mixing the nitrates of Yttrium, Iron and 

copper as precursors and glycine as fuel then stirring and heating the solution at 80°C until 

the formation of homogenous gel and its combustion; according to the work of (Hwang, Tsai 

et al. 2005). the flame temperature during combustion can be from 600 to 1350 °C. After 

burning in the air and grinding, the burned gel turned to powder as shown in the following 

chart representing the steps of the synthesis: 
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Fig. B.2.1: Chart of YFO preparation steps by the auto-combustion method. 

- Photocatalysis application: 

The photocatalytic activity of as-prepared samples was evaluated using a 

photochemical reactor (Techinstro, India) equipped with a 450W ultraviolet (UV) lamp and a 

visible reactor equipped with 500W Xenon (Visible) lamp. For this, 300 ml aqueous solution of 

methylene blue (0.02 x 10-3 mol/L) was taken in the reaction vessel followed by the addition 

of 0.1 g of YFO doped by Cu (x = 0, 0.1, 0.2, 0.3, and 0.4). Adsorption-desorption equilibrium 

of dye on the photocatalyst surface was ensured by magnetic stirring in dark for 20 min. The 

reaction medium is then subjected to UV and Visible light and the temperature was kept 

steady during the reaction using an external water circulatory chiller unit. The decrease in 

absorption values of MB solutions was continuously monitored at each 20 min time interval 
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using a UV-visible spectrophotometer [2]. The degradation efficiency is calculated using the 

following equation: 

Degradation of dye (%) = [(C0 - Ct) / C0] x 100%               (1)                                           

                                          = [(A0 - At) / A0] x 100%               (2)                               

Where C0 and Ct are the initial and the final concentrations, respectively; A0 and At is 

the corresponding absorbance values of MB, which were measured at the highest absorbance 

peak of MB of 665nm.  

B.2.2. Results and discussion 

B.2.2.a Structural characterization 

The recorded Thermogravimetric Analysis spectra of non-annealed nanopowders Y1-xCuxFeO3 

with Cu dopant percentage (0%, 10%, 20%, 30% & 40%) were shown in fig. 1 where the mass 

loss of the samples is not noticed as shown in table B.5, and the gain of weight due to the 

absorption of Nitrogen by the samples. Besides, TGA spectra showed that even at high 

temperatures there is no weight loss and no effect on all the samples [3, 4]. The incresase in 

the intensity of peaks was related to the absorption N2 by YFO samples during the TGA test. 

 

Fig. B.2.2 TGA spectra of the Cu-doped YFeO3   
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Table B.2.1: Mass change of Y1-xCuxFeO3 nanopowders with Cu dopant percentage with the 

increase of temperature: 

 

Samples of Y1-xCuxFeO3 

 

Temperature range (°C) 

 

Mass change (%) 

 

x = 0 

Þ 0 – 300 
Þ 300 – 950 
Þ 950 – 1050 

Þ -0.19. 
Þ -0.44. 
Þ -0.19. 

 

x = 0.1 

Þ 0 – 285 
Þ 285 – 540 
Þ 760 – 880 

Þ -0.07. 
Þ 0.15. 
Þ -0.15. 

 

 

x = 0.2 

Þ 0 – 260 
Þ 260 – 550 
Þ 550 – 860 
Þ 860 – 1050 

Þ -0.10. 
Þ 0.02. 
Þ -0.14. 
Þ -0.71. 

 

x = 0.3 

Þ 0 – 260 
Þ 260 - 515 
Þ 760 – 885 

Þ -0.18. 
Þ 0.22. 
Þ -0.36. 

 

x = 0.4 

Þ 0 – 230 
Þ 230 – 500 
Þ 825 – 1050 

Þ -0.05. 
Þ 0.03. 
Þ -0.31. 

 

YFO nanocomposites were successfully synthesized by auto-combustion method by varying 

the Cu content from 10 to 50 % of Y1-xCuxFeO3 (x = 0, 0.1, 0.2, 0.3 & 0.4) which were 

represented in (Fig. 1a). The recorded X-ray diffraction patterns of  non-annealed Y1-xCuxFeO3 

nanopowders; where 0 ≤ x ≤ 0.4, prepared by GNP were exhibited an orthorhombic structure 

o-YFeO3 (JCPDS card no. 01-073-1345) with space group Pbn21 (no. 33) and unit cell 

parameters: a (Å) = 5.2819, b (Å) = 5.5957, c (Å) = 7.6046, angles: α = β = γ = 90° and volume 

of cell (106 pm3) = 224.76, with no impurities for x = 0.2 and 0.3, and with two secondary 

phases: a cubic Yttrium oxide Y2O3 (JCPDS card no. 00-001-0831) with space group of Ia3" at 2θ 

= 29.356 for x = 0, 0.1 and 0.4, and a Rhombohedral Yttrium Iron Garnet (YIG) Y3Fe5O12 (JCPDS 

card no. 01-089-8185) with space group of R3" (n0. 148) at 2θ = 35.538 for x = 0.4 only [4-7]. 

The average crystallite size of zinc ferrites compositions was calculated from the XRD 

spectra using the Debye-Scherrer formula [8, 9] 
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where D is the crystalline size, λ denotes the wavelength of Cu-Kα X-ray radiation, β is the full 

width at half maximum of XRD peaks and θ is Bragg's angle. The variation of the crystal size of 

YFO compositions was plotted as a function of Cu dopant concentration as shown in Fig. 1b. 

It can be seen that subsequent changes in Cu content impose a slight variation of crystal sizes 

from 60 to 52 nm. While lower and higher doping concentrations (10%, 20%, 30% & 40% 

respectively) resulted in slightly lower crystal size, the lowest crystal size was obtained for 

higher Cu doping levels of 40% as shown in the following: 

 

table B.2.2 Crystal size, unit cell parameters, and the volume cell. 

Samples of  

Y1-xCuxFeO3 

 

Crystallite 

size (nm) 

Unit cell parameters (Å) The volume of 

Cell (106 pm3) 
a b c  

x = 0 55.45  5.300749 5.60778 7.631067 226.8368 

x = 0.1 59.55 5.298473 5.605215 7.628707 226.5656 

x = 0.2 56.38 5.176632 5.557461 7.626668 219.4111 

x = 0.3 53.34 5.29263 5.597378 7.214279 225.5719 

x = 0.4 51.59 5.281444 5.593516 7.604745 224.6582 
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Fig. B.2.3 On left: XRD pattern of Y1-xCuxFeO3 powder as a function of Cu doping (x=0, 0.1, 

0.2, 0.3, and 0.4) and on right: Plot of crystal size versus Cu dopant concentration. 

 

Raman shifts spectra of Y1-xCuxFeO3 powder as a function of Cu doping percentage 10%, 20%, 

30% & 40% were represented in fig. B.11.a YFeO3 with a perovskite structure has  60 optical 

irreducible phonon modes of are as follows:  

7A1g+8A1u+7B1g+8B1u+5B2g+10B2u+5B3g+10B3u 

Only 24 of these modes (7A1g+5B1g+7B2g+5B3g) are active. FeO6 octahedra have a vibration 

mode of around 221 cm-1 (A1g). Other peaks are associated with Fe-O bonds (281 cm-1 (B1g), 

344 cm-1 (B2g), 430 cm-1 (A1g), 498 cm-1 (B3g), and Y-O bonds (156 cm-1 (A1g) and 186 cm-1 

(A1g)). Because orthorhombic YFeO3 is the main phase and the marked diamond shape is 

related to Y-O bonds, where the hexagonal YFeO3 has a marked heart shape, which is 

consistent with the literature, and the marked heart shape is related to Fe-O bonds in the 

Fe2O3, but these phases are minor and the fraction is relatively low. The peak at 1301 cm-1 is 

associated with the vibration of magnetic Fe3+ ions, which is consistent with previous studies 

for YFeO3 powders and ceramics [10]. 

The FTIR spectra of Y1-xCuxFeO3 prepared nanopowders by auto combustion process 

were represented in Fig. B.11.b. The absorption bands' peaks are visible between 600 and 400 
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cm-1. A sharp band has been observed in both spectra around 555 cm-1 and 563 cm-1, 

respectively, which occurs due to the stretching of metal-oxygen (Fe–O) bonds in Perovskite-

based materials. The remaining intense bands between 600 and 400 cm-1 can also be 

attributed to metal-oxygen vibrational bending in the garnet structure's dodecahedral units 

[11]. 

 

Fig. B.2.4 (a) Raman Shifts of Y1-xCuxFeO3 powder as a function of Cu doping percentage 10%, 20%, 
30% & 40% (b) Fourier Transformation Infra-Red spectra of Y1-xCuxFeO3 powder as a function of Cu 

doping (x=0, 0.1, 0.2, 0.3, and 0.4). 

B.2.2.b Morphological analysis: 

The SEM images represented in fig B.12 were showing nanoparticles in the scale range of 31 

to 140 nm, the grain size was increasing respectively with the increase of Cu dopant 

percentage. Also, there is a clear agglomeration in all samples due to the preparation process 

used as a minor effect and the nature of the as-prepared samples as a major effect because 

the agglomeration in Yttrium ferrite as-prepared samples is common due to the high magnetic 

properties of YFO samples, but it was noticed that the agglomeration was decreasing with the 

increase of Cu content (0%, 10%, 20%, 30% & 40%) due to the effect of doping which can lead 

to the decrease of the magnetic properties of the as-prepared YFO samples [10, 12]. 
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Fig. B.2.5 FESM images of Y1-xCuxFeO3 nanopowders with Cu dopant varaition; (a) 0%, (b) 10%, (c) 
20%, (d) 30%, (e) 40%, & (f) Diameter histogram of 0% YFO. 
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B.2.2.c Photocatalysis application: 

The photocatalytic activity of YFO samples was recorded after 140 min then represented in 

fig. B.13 where the degradation of Methylene blue was achieved under UV and Visible light 

for all the Cu-doped YFeO3 as-prepared samples with the variation of Cu doping content from 

0% to 40%. The adsorption-desorption reaction between the electrons, the radicals, and the 

dye led to the degradation of Methylene Blue by the photocatalyst YFO.  

The normalized absorbances for YFO samples (A by A0) under UV and Visible light were shown 

in fig. B.13. (a & b), from the spectra; it is clear that MB solution was degraded under Visible 

light better than under UV light. However, in fig. B.13. (c), the comparison between the nano-

oxides degradation efficiencies under UV & Visible light were shown where the highest 

degradation efficiency was approximately 95% for 20% Cu content under visible light but 

under UV light was equal to 94% for 0%, 20% & 30% Cu content. Also, fig. B.13. (d) represented 

the kinetic constants of the as-prepared YFO samples, where 2x10-2 was the highest value for 

pure Yttrium ferrite (YFeO3) then 1.7x10-2 for 20% Cu under Visible light, however the highest 

value under UV light was for 20% Cu 1.5x10-2.  
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Fig. B.2.6 photocatalysis data for Y1-xCuxFeO3 nanopowders with Cu dopant varaition from 0 to 40% 
(a) Normalized absorbance (A by A0) under UV light, (b) Normalized absorbance (A by A0) under 

Visible light, (c) Degradation efficiency of YFO samples under UV & visible light, (d) Kinetic constant 
under UV & visible light. 

Degradation of MB solution by Cu-doped YFO as-prepared samples was related to the 

crystallite size of the photocatalysts and Cu doping content percentage represented in Fig. 

B.14 (a), where the crystal sizes were varied from 52 to 60 nm randomly not related 

increasingly to the Cu dopant percentage for YFO samples. However, fig. B.14 (b) was showing 

the band gap for Cu-doped YFO photocatalysts; the band gap was slightly decreasing by the 

increase of Cu dopant % from 1.81 to 1.2 eV showing the strong visible activity of the samples 

that was enhanced up to 20% Of Cu dopant then decreased again. In addition, fig. B.14 (c) 

represented the degradation efficiency of MB solution degraded by 20% Cu dopant with band 

gap of 1,38 eV: under sunlight (D%= 26%), under Visible light (D%= 94%), and under UV light 

(D%= 95%). Finally, the recyclability of 20% Cu-doped YFO was investigated under Visible light 

for 3 cycles and the degradation efficiencies were showing in fig. B.14 (d) the ability of the 
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reusability of the photocatalyst to degrade the pollutant for three successive repeated cycles. 

The recyclability of 20% Cu-doped YFeO3 after 3 times where the degradation efficiency at the 

3rd cycle was equal to ~19% due to the hard recovery of the sample from the solution because 

of the high magnetic properties that made the sample around the magnet. 

Fig. B.2.7 (a) Crystal size versus degradation efficiency of MB solution by YFO as-prepared 

samples, (b) Band gap of YFO by Cu doping content percentage, (c) Degradation efficiency of 

20% Cu-doped YFO under sun light, UV light, & Visible light, (d) Recyclability panels for 20% 

Cu-doped YFO samples under Visible light. 

Fig. B.15 represented the suggested photocatalytic mechanism of Methylene Blue removal 

under UV irradiation and Visible light for all the nanosized Cu-doped YFeO3 samples (0%, 10%, 

20%, 30% & 40%), where under sunlight was investigated only for 20% Cu-doped YFeO3 

sample. The interactions between the electrons of YFO photocatalysts, the radicals, and the 

ions played a big role in degrading the dye. In addition, YFO nano oxides absorb sufficient 
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energy to excite electrons from the valence band (VB) to the conduction band (CB), resulting 

in free electrons (e-) in the CB and holes (h+) in the VB in order to be released in the MB 

aqueous solution to react with the dissolved oxygen in the medium to form superoxide 

radicals (O2-) [13, 14]. These can then attack water molecules or hydroxyl ions to produce 

reactive hydroxide ions (OH.) capable of attacking dye molecules [15] leading to the 

decomposition of the organic dye into nontoxic intermediates products such as CO2 and H2O 

due to the formation of promoted OH radicals and the presence of h+ in the valence band. 

The photogenerated OH., e-, and h+ were the main active elements of YFeO3 for the 

degradation of the organic pollutant MB under Visible and UV light. 

 

Fig. B.2.8 Suggested mechanism of photocatalytic removal for Methylene blue by YFO 
nanophotocatalysts. 

 

We have compared the results of our Cu-doped YFO samples with previous investigated works 

of YFO tests for photocatalytic activity under UV & Visible light to study the effect of Cu doping 

on the degradation efficiency of Methylene Blue shown in (table B.4). 
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Table B.2.3: as-prepared YCFO compared with previous studies in degradation efficiency. 

Photocatalyst 
material 

Dye Irradiation 
light 

Irradiation 
time (min) 

Degradation 
effeciancy (%) 

Earlier reports 

YFeO3 Rhodamine B Visible 120 70 Tang, Peisong, et al. (2011) 
[17] 

YFeO3 Methyl Orange Visible 120 90 Tang, Pei Song, et al. (2015) 
[18] 

LaFeO3 Methylene Blue Visible 60 100 Tang, Peisong, et al. (2013) 
[19] 

Er3+: YFeO3/TiO2-
SAC 

Methyl Orange Visible 80 92 Hou, Dianxun, et al. (2012) 
[20] 

Y1-xBixFeO3 Methylene Blue Visible 240 80 Rosales-González, O., et al. 
(2020) [21] 

YFeO3 Methyl Orange Visible 300 95 Zhang, Yuewei, et al. 
(2014) [22] 

YFeO3/Carbon fiber Reactive Black 5 Visible 60 99 Liu, Yi-Hung, et al. (2021) 
[23] 

YFeO3/Carbon fiber Reactive Black 5 UV 120 50 Liu, Yi-Hung, et al. (2021) 
[23] 

Y1-xCuxFeO3 Methylene Blue Visible 140 95 Current work 

Y1-xCuxFeO3 Methylene Blue UV 140 94 Current work 

 

B.2.3. Conclusions 

In summary, the non-annealed YFO nanomaterials with varying Cu dopants were successfully 

synthesized using the auto-combustion process. XRD revealed the formation of Yttrium 

ferrites crystallites with orthorhombic Perovskite structure. The morphology of different YFO 

nano-oxides was evaluated using SEM. The degradation rate of MB solution was investigated 

under UV and Visible light and the highest degradation efficiency was 95% for 20% Cu doping 

percentage. The reusability of the photocatalyst was achieved up to the second cycle. 
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     GENERAL CONCLUSION 

 
Conclusion 

 
In conclusion, the semiconductors Zinc and Yttrium ferrites are used as photocatalysts for 

water treatment application for the removal of Methylene Blue; the well-known organic 

pollutant dye, from the environment. 

• For Zinc ferrites, the nanocomposites were prepared by the auto combustion method 

and annealed at 1000 °C then investigated by different characterization methods 

which proved the formation of Zinc ferrite spinel structure and its crystallinity. 

Moreover, SEM evaluated its morphology and the photocatalytic behavior showed the 

recyclability of as-prepared Zin ferrite up to three cycles: 

- XRD for the annealed samples of Ni-doped ZnFe2O4 were showing the pure Zin 

ferrite peaks with extra peaks of other phases were presented such as 

(Ni,Zn)ZnFe2O4,Fe2O3 and ZnO. 

- Raman & FTIR supported XRD results and confirmed the formation of ZFO 

perovskite oxide. 

- SEM images showed that the grain size of ZFO samples was found to be in the 

range of 103 to 766 nm for different compositions from 0% up to 60% of Ni 

doping content percentage 

- Raman shifts and IR specters confirmed the formation of ZFO with spinel oxide 

structure supporting the XRD data. 

- The photocatalytic activity tests for the Ni doped ZFO samples (0% to 60%) 

showed the photocatalysis properties of the nanomaterial under UV light with 

an optimum of 98% for 30% Ni content percentage. Herein, the recyclability of 

the nanophotocatalyst was achieved up to the third cycle with value of 85%. 

• For Yttrium ferrites, the nano oxides were prepared by the auto combustion process 

and investigated by different characterization methods which proved the formation of 
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Yttrium ferrite Perovskite structure and its crystallinity. In addition, SEM evaluated its 

morphology where and the photocatalytic behavior showed the recyclability of the 

non-annealed as-prepared Yttrium ferrite up to three cycles: 

- XRD for non-annealed samples of Y1-xCuxFeO3 showed the formation of the 

orthorhombic YFeO3 peaks with extra peaks of other phases such as hexagonal 

YFeO3 and Garnet Y3Fe5O12. The crystallite size from 52 to 60 nm proved the 

nano size of the YFO samples. 

- Raman & FTIR supported XRD results and confirmed the formation of YFO 

perovskite oxide. 

- The SEM images for YFO samples were showing nanoparticles in the scale range of 

31 to 140 nm, the grain size was increasing respectively with the increase of Cu 

dopant percentage.  

- The photocatalytic activity study confirmed that Cu-doped YFO Perovskite 

oxides (0% to 40%) can be a good photocatalyst under UV & Visible light where 

the optimum degradation efficiency with value of 95% under Visible light. Also, 

the reusability under Visible light of the nanomaterial of 20% Cu was confirmed 

up to third cycle with value of 19%. 

 

 
 
 
 
 
 

  



 

 

 

     ABSTRACT 

 
Abstract 

 

In summary, ZFO nanocomposites with varying Ni dopants were successfully synthesized 

using auto-combustion followed by the annealing process. XRD revealed the formation of 

zinc ferrites crystallites with cubic spinel structure. The morphology of different zinc ferrites 

was evaluated using SEM. The degradation rate of MB solution increases successively with 

Ni doping up to 30% and thereafter decreases. With an optimum Ni doping (30%), 

photocatalytic activity up to 98% was achieved with as-synthesized ZFO nanocomposites, 

which can perform as an environmentally friendly, easily isolable, and recyclable 

photocatalyst for water treatments. 

Moreover, the non-annealed YFO nanomaterials with varying Cu dopants were successfully 

synthesized using the auto-combustion process. XRD revealed the formation of Yttrium 

ferrites crystallites with orthorhombic Perovskite structure. The morphology of different YFO 

nano-oxides was evaluated using SEM. The degradation rate of MB solution was investigated 

under UV and Visible light and the highest degradation efficiency was 95% for 20% Cu doping 

percentage. The reusability of the photocatalyst was achieved up to the third cycle. 

Keywords: ZFO, YFO, Ni-doped, Cu-doped, photocatalysis, photocatalyst MB, 
nanomaterials. 
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