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                         Abstract 
 

Magnetic nanoparticles of undoped CoFe2O4 and 10% Dy doped CoFe2O4 (nominal 

composition of CoFe1.8Dy0.2O4) were successfully prepared by using hydrothermal 

synthesis technique at 200oC reaction temperature. Further, heat treatment at 400oC 

in Ar atmosphere was applied for Dy doped CoFe2O4 nanoparticles to get improved 

property of the material as well as to compare their structural, morphological, 

elemental, magnetic, optical and photocatlytic properties with undoped and Dy 

doped CoFe2O4. Different characterization techniques were applied to investigate 

their required properties. X-ray diffraction technique was performed for the structural 

analysis and phase identification of the material. Rietveld refinement process is 

applied to obtain information about crystallographic phases. Rietveld refined XRD 

patterns of the synthesized materials confirmed the formation of cubic spinel crystal 

structure (Fd-3m space group) but also confirmed the presence of few secondary 

phases of cubic Dy2O3 (space group la-3). The crystallite size was estimated from 

Scherrer equation using strong reflection peak of XRD patterns. The crystallite size 

increased with substitution of Dy3+ ion in place of Fe3+ ion while it decreased after 

heat treatment in Ar atmosphere. Lattice parameter was found to increase due to the 

replacement of smaller ionic radii (0.645 Å) of Fe3+ in CoFe2O4 by the larger ionic 

radii of Dy3+ (0.938 Å) as well as heat treatment The FESEM images were obtained 

to observe the surface morphology, shape, size and distribution of particles above the 

surface. The FESEM observation revealed the formation of cubic shape particles of 

CoFe2O4 and also nanowire Dy2O3 for the Dy doped CoFe2O4 samples (with and 

without heat treatment). The particles size of CoFe2O4 nanoparticles was found to 

increase with Dy doping and further heat treatment, the size of Dy doped CoFe2O4 

nanoparticles was slightly decreased. However, morphology of the nanoparticles was 

good for the heat treated Dy doped CoFe2O4 samples. All the desired elements of the 

proposed material were presented in the prepared samples which was ensured by 

analyzing the Energy Dispersive X-ray spectra. From magnetization versus magnetic 

field hysteresis loops, the ferromagnetic nature of the synthesized samples was 

confirmed. The heat treated Dy doped CoFe2O4 samples provided significantly 

higher magnetization than those of undoped and Dy doped CoFe2O4 samples. 

Furthermore, analyzing the light absorption spectra, it was revealed that all the 
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prepared samples have the ability to absorb light in visible region. Again, the band 

gap energies of prepared samples were estimated using diffuse reflectance data in 

Kubleka-Munk function. The estimated band gap energy was decreased in the range 

of 1.55-1.43 eV due to doping and heat treatment. The photocatalytic RhB dye 

degradation experiment was examined under visible light irradiation from 500W 

Xenon lamp and dye absorbance data were recorded using UV-Visible spectrometer. 

The photodegradation of CoFe2O4 samples was enhanced for both Dy doping and 

heat treatment in Ar atmosphere. This is probably due to the fact that Dy substitution 

reduced the band gap energy and inhibited the recombination of electron-hole pairs. 

The maximum photodegradation efficiency was obtained for heat treatment in Ar 

atmosphere of Dy doped CoFe2O4 sample. The outcome of this investigation suggest 

that the substitution of Dy in CoFe2O4 along with heat treatment at 400oC 

temperature in Ar atmosphere using inert furnace provides a strong catalyst which 

influences the optical properties of the materials and consequently enhances their 

photocatalytic properties. The synthesized nanoparticles may be used for energy 

related applications, e.g. to solar produce hydrogen through water splitting. 
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Chapter 1 
Introduction 

1.1 Introduction 
Nanoscience and nanotechnology have taken a new challenge to the development of 

society and environment. In today’s world, our environment is steadily contaminated 

by toxic and non-biodegradable dye which is emerged from the manufacturing 

industries and human activities [1-2]. Thus, continuous worsening environment 

pollution has affected the balance of nature and ecosystem, living lives and 

development of a country [3]. Therefore, these problems have gained much research 

interest and to solve these issues, researchers have searched useful solutions in wide 

area of nanotechnology. Nanotechnology plays a significant role in dealing with 

today’s challenging demand for decontamination of environment [4-5]. This 

promising technology has developed a simple, friendly method known as 

photocatalysis to reduce contamination from the environment. Photocatalysis 

technology has been significantly investigated worldwide using solar energy and 

photocatalyst to explore the photocatalytic activity towards the elimination of Volatile 

organic pollutant [6, 7]. Besides the degradation of hazardous compounds from the 

environment, the potential applications of photocatalysis in the environment are 

including photolysis of water to yield hydrogen fuel [8], germicide and antimicrobial 

action [9-11], de-coloration of industrial dyes [12-14], nitrogen fixation in agriculture 

[15], and removal of NOx/SOx air pollutants [16-18]. For these applications 

researcher are focused intensively for finding of new photocatalyst with high 

photocatalytic activity under visible light. In numerous investigations, photocatalytic 

studies were performed for semiconductive materials TiO2 [19], ZnO [20], Fe2O3 

[21], CdS [22], SrTiO3 [23], TiO2/Ag2O [24]) as the photocatalyst due to the 

efficiency in degradation of organic compounds. But there have some limitations, 

wider band gap, instability, photocorosion and the photogenerated charge carrier 

recombination. All these phenomena hinder the improvement of photocatalytic 

activity. Among these photocatalyst TiO2 exhibits wide band gap 3.0 to 3.2 eV, photo 

corrosion, lattice distortion, can only be excited under UV light irradiation, which 

comprises only ~4% of the total solar radiation. Hence application of TiO2 in solar 

energy conversion is far limited [25] where CdS is low photostability [26] and Fe2O3 
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is fairly reactive to acidic and oxidative environments [27]; γ -Fe2O3 is also not 

thermally stable [28]. Therefore, researchers have tried to focus on the development 

of strong catalyst that can easily apply for the treatment of wastewater. Recently, 

Ferrite semiconductor photocatalysts show a promising potential to utilize solar 

energy to deal with many related problems [29]. Among the various investigated 

ferrite photocatalyst, spinel ferrite exhibits excellent photocatalytic performance [30]. 

Spinel ferrites have numerous applications in various fields including catalysis, 

biomedicine, magnetic fluids, and toxic waste remediation. For the photocatalysis 

application, visible light is desirable than UV light because UV light adds only 4% of 

sunlight where visible light donates about 50% sunlight [31]. Therefore, the use of 

spinel ferrites with strong absorption in solar light for this purpose is positive and 

environmentally benign. The wide range of solar light absorption capability of spinel 

ferrite generates more electron-hole pairs which can be used for oxidation and 

reduction process and promotes photocatalytic activity [32]. Again it has been 

observed that spinel ferrite displays better photocatalytic activity than that of other 

ferrites because of their specific crystal structure with general formula (MFe2O4) 

where M stands for divalent cation and Fe stands for trivalent cation [33]. 

Interestingly, their nanoparticles, nanocomposites and core-shell structures have been 

greatly investigated due to their better performance in photocatalytic activity specially 

degradation of waste from the environment [34, 35]. They exhibit narrow band gap 

and fine particle morphology which is a key factor for the large absorption of sunlight 

and promotes photocatalytic reactions. 

Among the class of spinel ferrite, CoFe2O4 has been occupied an important place in 

the catalyst research field due to their lower band gap and high adsorption stability, 

oxidation states, strong interparticle interactions and non-agglomeration behaviors 

[36]. They exhibit good activity for oxidation of various oxidizable organic functional 

groups which is beneficial for generating charge carriers. They possess a narrow band 

gap almost 1-2 eV and high order light absorption which allows the photocatalytic 

activity under visible light thus helps to degrade toxic dye in reaction process. The 

good electrical conductivity of CoFe2O4 helps to held electron hopping process 

between different valences states of material in O sites which is beneficial for the 

transfer of charge carriers [37]. The nanosize and high active surface area make them 

prominent for the high catalytic activity. The great advantage for the photocatalytic 

purpose is that they are generally magnetic and can be easily recovered after 
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completion of reaction using magnet. Thus, spinel CoFe2O4 can be used as a strong 

photocatalyst for the degradation of toxic waste from the environment.  

Besides its photocatalytic properties, the magnetic properties of spinel CoFe2O4 are 

greatly attracted the considerable research interest for their potential applications in 

magnetic fluids, high frequency magnets, high density data storage and sensors etc 

[38-40]. The CoFe2O4 is an inverse spinel structure AB2O4 (A= Co divalent ion and 

B= Fe trivalent ion) where A is tetrahedral site and B is octahedral sites along with 

face centered cubic crystal structure (Fd-3m space group). In spinel structure, one half 

of Fe3+ has tendency to occupy tetrahedral A sites and the other half together with 

Co2+ ions locate at the octahedral B sites. The octahedrally coordinated high spin Co 

2þ ions exhibit a strong spin–orbit (L–S) coupling and introduce large 

magnetocrystalline anisotropy [41]. Their cation distribution influences the magnetic 

properties of a material. It exhibits ferromagnetic, antiferromagnetic spin (cluster) 

glass and paramagnetic behavior [42] due to their A and B sites cations. They are 

ferromagnetic at Curie temperature around 793k [43]. They have highest saturation 

magnetization than that of other spinel ferrites. CoFe2O4 is also known to 

photomagnetic material because they show light induced coercivity change and 

nanostructured cobalt ferrite exhibits semiconductor behavior from 25-60◦C [44, 45]. 

It is worth noting that spinel type CoFe2O4 nanoparticles have good electromagnetic 

performance [46]. 

It has been reported that the optical, photocatalytic and magnetic properties of 

CoFe2O4 was changed by the substitution of rare earth ion in CoFe2O4 [47, 48]. 

Therefore, magnetic, optical and photocatalytic properties of CoFe2O4 can be 

modified in their chemical formulation through substitutions by some dopants. It has 

found that Gd3+, Nd3+, and Eu3+ ions in cobalt ferrite decreases the value of saturation 

magnetization, while coercivity and cubic magnetocrystalline anisotropy are increased 

[49]. Hence, due to their tunable magnetic properties, it can be expected that the 

doping of rare earth ion in CoFe2O4 will enhance the coercivity that can be applied to 

the magnetic recording media. It is observed that the introduction of Ni and Zn into 

CoFe2O4 enhanced the photocatalytic ability for degradation of RhB under visible 

light irradiation [50, 51]. It has also been demonstrated that the photocatalytic activity 

of pure CoFe2O4 is very low, though it has a low band gap. That is because, quick 

recombination of photogenerated charge electron-hole pairs occurs during 

photocatalytic reaction process for lacking of charge transferred carriers or electron 
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acceptor. It is hoping that doping of rare earth ion in CoFe2O4 can be tuned their band 

gap and acts as electron acceptor, thus it will reduce the recombination of charge 

carriers and enhance the photocatalytic activity of the materials. 

In previous investigations, it was observed that the introduction of rare earth Dy3+ 

ions in ZnO and BFO modified their bang gap and improved the photocatalytic dye 

degradation efficiency by reducing the recombination of electron-hole pairs [52, 53]. 

Therefore, to improve the photocatalytic activity of CoFe2O4 materials, Dy as a rare 

earth element is promising as a dopant element.   

In this investigation, the rare earth element Dy is chosen as a substituent because the 

large magnetic moment (10.6 μB) and 4f inner shell structure of Dy is expected to 

induce Dy3+-Fe3+ interactions which will enhance magnetic properties [54]. It is also 

believed that doping of Dy in CoFe2O4 will improve the morphology of particle by 

reducing agglomeration. Further, its optical property and 4f shell electronic 

configuration will improve the visible light absorption and photocatalytic properties. 

Due to its half filled 4f shell electronic structure, Dy can trap electron that can easily 

transfer to the oxygen molecules absorbed on the surface of catalyst that restricts the 

recombination of charge carriers. However, Dy substituted CoFe2O4 has efficiency in 

the separation and transfer of charge carriers to the dye medium and shows improved 

degradation efficiency 

In addition, it is also considered that doping of the larger ionic radii of Dy3+ ion 

(0.912 Å) in site of smaller ionic radii  Fe3+ ion (0.645 Å) of the CoFe2O4 material can 

be disturbed their cation distribution that can affect the crystal structure by forming 

unwanted secondary phases.  

Researchers have been shown that crystal structure depends on the heat treatment and 

heat treatment can also affect the oxygen stoichiometry which in turn affects the 

exchange interaction that can improve the magnetic properties of the material and also 

improve the crystal structure by reducing impurity [55]. Again, it was found in a 

previous investigation that the structural, magnetic and photocatalytic properties of 

the CoFe2O4 material are improved after heat treatment [56]. Hence, it is believed that 

heat treatment of CoFe2O4 material can be improved their desired properties. In this 

report, it has been intended to investigate with cation substitutions and heat treatment 

of CoFe2O4 material for enhancing their required properties. 
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To the best of our knowledge, there is not any published report on substitution of Dy 

ion in CoFe2O4 material along with heat treatment in terms of enhancing 

photocatalytic activity.  

Up to now, several methods have been developed for synthesizing CoFe2O4 materials, 

such as sol–gel [57], microemulsion [58], co-precipitation [59], and hydrothermal 

[60], etc. Amongst different wet-chemical techniques, sol-gel, and co precipitation 

techniques are widely used for the preparation of CoFe2O4 nanoparticles and this 

process has also been used for the preparation of thin films but Sol–gel syntheses 

require a higher annealing temperature, chelating, reducing agent and ammonia [61, 

62]. Therefore it is difficult to apply for large scale production due to their expensive 

and complicated procedures, toxic reagents and their potential harm to the 

environment. The chemical solution routes were successively emerging as effective, 

convenient, less energy demanding and less materials consuming synthetic techniques 

for material preparation. The hydrothermal process is a simple, low cost, very 

attractive and one of the most used one’s method. In hydrothermal technique the slow 

reaction kinetics allows good structural engineering of the final product. On the other 

hand, the main advantage over other methods is significantly lower temperature 

needed during the preparation procedure than in the case of solid-state or sol–gel 

synthesis techniques that required higher temperature. 

Therefore, in this investigation hydrothermal synthesis technique was used to prepare 

the CoFe2O4 materials. There have many reports of hydrothermal synthesis technique 

for the preparation of CoFe2O4 materials using different surfactant and mineralizer 

[63]. NaOH is used as a mineralizer for the precipitation of the solution and start the 

reaction of chemicals was observed in this literature without any impurity [64].  

In the present investigation, the objective is to prepare CoFe2O4 and 10% Dy doped 

CoFe2O4 using hydrothermal synthesis process at 200°C reaction temperature with 

mixing NaOH mineralizer. Hydrothermal method also has advantages over other 

chemical methods because of its low cost and easy to prepare. For the comparison and 

improve crystal structure, 10% Dy doped CoFe2O4 sample was heat treated by using 

inert furnace at 400oC temperature in Ar Atmosphere. The structural, magnetic, 

optical and photocatalytic properties of CoFe2O4 and 10% Dy doped CoFe2O4 

materials were carried out using relevant techniques. 
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1.2 Aim of the objective 

1. Preparation of CoFe2O4and 10% Dy doped CoFe2O4 using hydrothermal 

synthesis process at 200°C reaction temperature. After that, heat treatment of 

10% Dy doped CoFe2O4 material at 400oC temperature flowing Ar gas using 

an inert furnace. 

2. Investigation of the crystal structure of materials using XRD technique. 

3. Investigation of the surface morphology of the as prepared samples using a 

Field Emission Scanning Electron Microscopy (FESEM). 

4. Measurements of the magnetic properties of the synthesized materials using a 

Vibrating sample magnetometer (VSM). 

5. Investigation of the optical property to calculate its band gap using a UV-Vis 

spectrophotometer. 

6. Investigation of the photocatalytic activity of the synthesized materials from 

optical measurements using a solar simulator and a UV-Vis 

spectrophotometer. 

. 

1.2 Outline of this thesis 

The thesis is organized as follows: 

 Chapter 1 of this thesis deals with the introduction, importance of ferrite 

materials and objectives of the present work. 

 Chapter 2 gives a brief overview of the materials and theoretical background. 

 Chapter 3 provides the details of the sample preparation and the description of 

different measurement techniques that have been used in this research work. 

 Chapter 4 is dedicated to the results of various investigations of the study and 

explanation of results in the light of existing theories. 

 Finally, the results are concluded and a brief outlook to possible future 

experiments is presented in chapter 5. 
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Chapter 2 
Theoretical Background 

Materials are ubiquitous and important in the development of civilization. It is an 

interdisciplinary field of science and Engineering [1]. In the early 19th century like the 

Stone Ages, Bronze ages, and Iron Age’s natural materials are only used. But the 

rapid revolution of science emerge new materials and develop its design. Material 

science is combined with physics, chemistry and engineering field. Material science 

studies the structure of materials, its properties, its processing and its applications to 

different areas of science and engineering. They develop new materials and devise 

processes for manufacturing them. In recent years nanotechnology has become one of 

the most important and exciting forefront fields for developing materials. 

Nanotechnology provides us a nanomaterial’s which has a great demand in our life. 

Nanoscience and nanotechnology include the areas of synthesis, characterization, 

exploration, and application of nanostructured materials. The application of 

nanomaterials can be historically traced back to even before the generation of modern 

science and technology. Device miniaturization is also a significant factor for the 

development of nanotechnology. Nanoelectronic devices based on new nanomaterials 

systems and latest device structures will contribute to the development of next 

generation of microelectronics. Nanomaterials of ferrite especially have gained 

considerable attention in recent years, because of its promising properties such as low 

density, high specific surface area and thermal and mechanical stability. 

Multifunctional nanomaterials are of extreme importance in the modern era of 

industrialization. Taking into account the importance of these materials, many studies 

aimed at improving the synthesis process have been conducted. 

2.1 Ferrites 

The term ferrite is commonly used to describe a class of magnetic oxide compounds 

that contain iron oxide such as hematite (Fe2O3) or magnetite (Fe3O4) and other metal 

oxides as a principal component. Magnetite (Fe3O4), also called loadstone, is a 

genuine ferrite that attract iron was first described in known ancient Greeks writing 

about 800 B.C. Over 2,000 years ago the ancient Greeks recognized the strange 

https://en.wikipedia.org/wiki/Interdisciplinarity
https://en.wikipedia.org/wiki/Hematite
https://en.wikipedia.org/wiki/Magnetite
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properties of lodestone, and almost 1,000 years ago the Chinese used it to invent the 

magnetic compass [2]. The practical use of ferrite and its study for structural, 

electrical and magnetic properties have started in the year 1930. Yogoro Kato and 

Takeshi Takei of the Tokyo Institute of Technology synthesized the first ferrite 

compounds in 1930 [3]. This led to the founding of TDK Corporation in 1935, to 

manufacture the material. Since then ferrites are extensively studied by many 

researchers. These materials have attracted considerable research interest due to their 

potential applications in data storage, spintronics, high frequency filters and sensors, 

magnetic recording media, catalyst [4]. Perhaps the most important use of ferrites in 

recent times is as a medium for transmitting microwaves. 

2.1.1 Classification of Ferrites 
Ferrites can be classified into two categories based on their magnetic coercively as 

given bellow: 

(i) Hard ferrite: Hard ferrites have high coercivity, hence it’s difficult to 

demagnetize them. Hard ferrites are used to make magnets for devices such 

as refrigerator magnets and small electric motors. Iron 

oxide and barium or strontium carbonate are used in manufacturing of hard 

ferrite magnets [5]. Strontium ferrite, SrFe12O19 (SrO·6Fe2O3), used in small 

electric motors, micro-wave devices, recording media, magneto-optic media, 

telecommunication and electronic industry. Barium ferrite, 

BaFe12O19 (BaO·6Fe2O3) is a common material for permanent magnet 

applications. Barium hexaferrite (BaFe12O19) was discovered in 1950 at 

the Philips Natuurkundig Laboratorium (Philips Physics Laboratory). In the 

1960s Philips developed strontium hexaferrite (SrFe12O19), with better 

properties than barium hexaferrite. Barium and strontium hexaferrite dominate 

the market due to their low costs. However other materials have been found 

with improved properties. BaFe2
2+Fe16

3+O27 came in 1980 [6] and 

Ba2ZnFe18O23 came in 1991 [7]. 

(ii) Soft ferrite: Soft ferrites have low coercively. They are used in the electronics 

industry to make ferrite cores for inductors and transformers and 

https://en.wikipedia.org/wiki/Tokyo_Institute_of_Technology
https://en.wikipedia.org/wiki/TDK
https://en.wikipedia.org/wiki/Magnet
https://en.wikipedia.org/wiki/Refrigerator_magnet
https://en.wikipedia.org/wiki/Electric_motor
https://en.wikipedia.org/wiki/Iron_oxide
https://en.wikipedia.org/wiki/Iron_oxide
https://en.wikipedia.org/wiki/Barium_carbonate
https://en.wikipedia.org/wiki/Strontium_carbonate
https://en.wikipedia.org/wiki/Barium_ferrite
https://en.wikipedia.org/wiki/Philips_Natuurkundig_Laboratorium
https://en.wikipedia.org/wiki/Coercivity
https://en.wikipedia.org/wiki/Ferrite_core
https://en.wikipedia.org/wiki/Inductor
https://en.wikipedia.org/wiki/Transformer
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various microwave components. The most common soft ferrites are: MnZn 

ferrite, NiZn ferrite, YIG etc.  

Ferrites are composed of iron oxide as their main constituent and metal oxides. 

Depending upon the crystal structure, ferrites are of following types. 

1) Spinel Ferrite, 2) Garnet,3) Ortho- ferrite and 4) Hexagonal ferrites 

Our research work is on spinel ferrite; therefore we shall discuss in detail the spinel 

ferrite only.  

Spinel Ferrite 

Spinel Ferrites are called cubic ferrite. Spinel is the most widely used family of ferrite. 

High values of electrical resistivity and low eddy current losses make them ideal for 

their use at microwave frequencies. The spinel structure of ferrite as possessed by 

mineral spinel MgAl2O4 was first determined by Bragg and Nishikawa in 1915 [8, 9]. 

The chemical composition of a spinel ferrite can be written in general as MFe2O4 

where M is a divalent metal ion such as Co2+, Zn2+, Fe2+, Mg2+, Ni2+, Cd2+, Cu2+ or a 

combination of these ions. The unit cell of spinel ferrite is FCC with eight formula 

units per unit cell. The formula can be written as M8Fe16O32. The anions are the 

greatest and they form an FCC lattice. Within these lattices two types of interstitial 

positions occur and these are occupied by the metallic cations. There are 96 interstitial 

sites in the unit cell, 64 tetrahedral (A) and 32 octahedral (B) sites. Ni-Cu-Zn (NCZ) 

come under the umbrella of the soft ferrite and chemically symbolized as MFe2O4. Ni-

Cu-Zn (NCZ) ferrites are a solid solution of inverse NiFe2O4, CuFe2O4 and normal 

ZnFe2O4 ferrite. Due to the favorable fit of charge distribution, Ni2+ and Cu2+ ions 

show their strong preference to the octahedral B-site. Zn2+ ions show a strong 

preference for tetrahedral A-site due to its electronic configuration. NCZ spinel ferrite 

with their ease of preparation and versatility for use in wide ranging applications are 

commercially very attractive. These ferrites are used in the surface mount devices 

(SMD) and multilayer chip-inductors (MLCI) due to their high electrical resistivity 

and excellent soft magnetic properties at high frequencies. The spinel ferrite has been 

classified into three categories due to the distribution of cations on tetrahedral (A) and 

octahedral (B) sites.  

(a) Normal spinel ferrite (b) Inverse spinel ferrite (c) Intermediate spinel ferrite 

https://en.wikipedia.org/wiki/Microwave
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Normal Spinel 

If there is only one kind of cations on octahedral (B) site, the spinel is normal. In these 

ferrites the divalent cations occupy tetrahedral (A) sites while the trivalent cations are 

on octahedral (B) site. Square brackets are used to indicate the ionic distribution of the 

octahedral (B) sites. Normal spinel have been represented by the formula 

(M2+)A(Me3+)BO4. Where M represent divalent ions and Me for trivalent ions. A 

typical example of normal spinel ferrite is bulk ZnFe2O4.  

Inverse spinel 

In inverse spinel ferrite, the half of the trivalent ions occupy tetrahedral (A) sites and 

half octahedral (B) sites, the remaining divalent cations being randomly distributed 

among the octahedral (B) sites. These ferrites are represented by the formula (Me3+)A 

[M2+Me3+]BO4. A typical example of inverse spinel ferrite is Fe3O4 in which divalent 

cations of Fe occupy the octahedral (B) sites [10].  

Random spinel 

Spinel with ionic distribution, intermediate between normal and inverse are known as 

mixed spinel e.g. (M2+
δMe1-δ

2+)A[M1-δ
2+Me1+δ

3+]BO4where, δ is inversion parameter. 

Quantity δ depends on the method of preparation and nature of the constituents of the 

ferrites. For complete normal spinel ferrite δ = 1, for complete inverse spinel ferrite δ 

=0, for mixed spinel ferrite, δ ranges between these two extreme values. For 

completely mixed ferrite δ = 1/3. If there is unequal number of each kind of cations on 

octahedral sites, the spinel is called mixed. Typical example of mixed spinel ferrites 

are MgFe2O4 and MnFe2O4. Néel suggested that magnetic moments in ferrites are sum 

of magnetic moments of individual sub-lattices. In spinel structure, exchange 

interaction between electrons of ions in A and B-sites have different values. Usually 

interaction between magnetic ions of A and B sites (AB-sites interaction) is the 

strongest. The interaction between AA-sites is almost ten times weaker than that of A-

B site interaction where as the BB-sites interactions the weakest. The dominant AB-

sites interaction results into complete or partial (non-compensated) 

antiferromagnetism known as ferrimagnetism [11]. The dominant AB-sites interaction 

having greatest exchange energy produces antiparallel arrangement of cations 

between the magnetic moments in the two types of sub-lattices and also parallel 

arrangement of the cations within each sub-lattice, despite of AA-sites or BB-sites 

anti-ferrimagnetic interaction. High magnetic permeability and possible modification 

of intrinsic properties over a wide spectrum. 
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Members of the spinel group include 

i) Aluminium spinels: 

Spinel: MgAl2O4, after which this class of minerals is named. Many aluminium 

spinels are known, such as, Chrysoberyl (BeAl2O4), Gahnite (ZnAl2O4), Hercynite 

(FeAl2O4), Galaxite (MnAl2O4), Pleonaste (Mg, Fe)Al2O4). 

ii) Iron spinels: 

Examples of Iron spinel include Cuper spinel (CuFe2O4), Franklinit (Fe, Mn, Zn)(Fe, 

Mn)2O4, Jacobsite (MnFe2O4), Magnesioferrite (MgFe2O4), Magnetite (Fe3O4), 

Trevorite (NiFe2O4), Ulvospinel (TiFe2O4) and Zinc ferrite ((Zn, Fe) Fe2O4). 

iii) Chromium spinels: 

There are different types of chromium spinel are known such as Chromite (FeCr2O4), 

Magnesiochromite (MgCr2O4) and Zincochromite (ZnCr2O4). 

iv) Other ferrites with the spinel structure: 

These ferrites include Coulsonite (FeV2O4), Magnesiocoulsonite (MgV2O4), 

Ringwoodite ((Mg, Fe)2SiO4), an abundant olivine polymorph within the Earth's 

mantle from about 520 to 660 km depth, and a rare mineral in meteorites. There are 

many more compounds with a spinel structure, e.g. the thiospinels and selenospinels, 

that can be synthesized in laboratory or in some cases occur as minerals. The 

heterogeneity of spinel group members varies based on composition with ferrous and 

magnesium based members varying greatly as in solid solution, which requires 

similarly sized cations. However, ferric and aluminium based spinels are almost 

entirely homogeneous due to their large size difference. 

Hexagonal ferrites 
This was first identified by Went, Rathenau, Gorter and Van Oostershout 1952 [12] 

and Jonker, Wijn and Braun 1956. Hexaferrites are hexagonal or rhombohedral 

ferromagnetic oxides with formula MFe12O19, where M is an element like Barium, 

Lead or Strontium. In these ferrites, oxygen ions have closed packed hexagonal 

crystal structure. They are widely used as permanent magnets and have high 

coercivity. They are used at very high frequency. Their hexagonal ferrite lattice is 

similar to the spinel structure with closely packed oxygen ions, but there are also 

metal ions at some layers with the same ionic radii as that of oxygen ions. Hexagonal 

ferrites have larger ions than that of garnet ferrite and are formed by the replacement 

of oxygen ions. Most of these larger ions are barium, strontium or lead.8 
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Garnets 
Yoder and Keith reported [13] in 1951 that substitutions can be made in ideal mineral 

garnet Mn3Al2Si3O12. They produced the first silicon free garnet Y3Al5O12 by 

substituting Y3+Al3+ for Mn2+Si4+. Bertaut and Forret prepared [14] Y3Fe5O12 in 1956 

and measured their magnetic properties. In 1957 Geller and Gilleo prepared and 

investigated Gd3Fe5O12 which is also a ferromagnetic compound [15]. The general 

formulas for the unit cell of a pure iron garnet have eight formula units of M3Fe5O12, 

where M is the trivalent rare earth ions (Y, Gd, Dy). Their cell shape is cubic and the 

edge length is about 12.5 Å. They have complex crystal structure. They are important 

due to their applications in memory structure. 

Ortho-ferrites 
Ortho-ferrites have the general formula MFeO3, where, M is a large trivalent metal 

ion, such as rare-earth ion. They crystallize in distorted pervoskite structure with an 

orthorhombic unit cell [16, 17]. These ortho-ferrites show a weak ferromagnetism, 

which has been attributed to the small canting in the alignment of two anti-

ferromagnetically coupled lattices [18, 19]. The canting angle is of the order of 10-2 

radian but is sufficient to introduce a small net ferromagnetic moment perpendicular 

to the antiferromagnetic axis. The direction of spin orientation of the Fe ion in 

HOFeO3 and ErFeO3 has been experimentally determined at room temperature and 

found to be parallel to the (100) axis on lowering the temperature the spin axis rotates, 

and at 1.25K the direction is (001) for HOFeO3 and (110) for ErFeO3. The spin 

moment on the rare earth ion gets ordered at a much lower Neel temperature (6.5 K 

for HOFeO3 and 4.3 K for ErFeO3). 

2.2 Crystal Structure of Materials 

A crystal structure is a unique arrangement of atoms, ions or molecules in a crystalline 

liquid or solid. It describes a highly ordered structure, occurring due to the intrinsic 

nature of its constituents to form symmetric patterns. Lattice is the symmetrical three 

dimensional arrangements of atoms inside a crystal. A crystal's structure and 

symmetry play a vital role in determining many of its physical properties, such as 

cleavage, electronic band structure, and optical transparency. The lattice systems of 

crystal structures are a grouping according to the axial system used to describe their 
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lattice. Each lattice system consists of a set of three axes in a particular geometric 

arrangement. There are only 14 possible three-dimensional lattices, called Bravais 

lattices, from which all crystal structures can be built as shown in Fig. 2.1. 

 

 

 

 

 

 

 

 

Figure 2.1: Bravais lattices 

It is to be noted that the crystal structure of a simple pure metal and that of a complex 

protein may both be described in terms of the same lattice, but the number of atoms 

allocated to each lattice point (i.e., motifs) can vary from one to few thousands. Thus, 

a crystal structure is composed of a lattice plus a motif. The unit cells can be either 

simply primitive, body centered, face centered, or base centered. A primitive unit cell 

contains only a single lattice point, where as a base centered and body-centered cell 

contains two lattice points and a face-centered cell contains four lattice points. The 

fundamentals of the crystal symmetry, planes, and directions as well as their indexing 

and nomenclature can be found from many excellent textbooks, for instance. 

Therefore, only the most common crystal types for pure metals and alloys, i.e., the 

close-packed face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal 

close-packed (HCP) crystals, are presented in brief here. The atomic arrangement of 

the FCC and HCP crystals are shown in Fig. 2.3, where the location of the atom in the 
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third layer defines whether the structure becomes hexagonal close packed (left, 

ABAB… arrangement) or FCC (right, ABCABC…arrangement). BCC crystals are 

not closely packed, and therefore, they contain more empty spaces (tetrahedral and 

octahedral interstitial sites). 

 

                                      Figure 2.2: Close-packed arrangements 

 

Figure 2.3: Octahedral (O) and tetrahedral (T) interstitial sites in FCC-, HCP-, and 

BCC type Metals. 
 
2.3 Space group 

Crystals are characterized by periodicities in three dimensions. An atomic grouping, 

or pattern motif which, itself, may or may not be symmetrical, is repeated again and 
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again by a symmetry mechanism, namely the space group of the crystal. The space 

groups in three dimensions are made from combinations of the 32 crystallographic 

point groups with the 14 Bravais lattices, each of the latter belonging to one of 7 

lattice systems. This results in a space group being some combination of the 

translational symmetry of a unit cell including lattice centering, the point group 

symmetry operations of reflection, rotation and improper rotation (also called rotoin 

version), and the screw axis and glide plane symmetry operations. The combination of 

all these symmetry operations results in a total of 230 different space groups 

describing all possible crystal symmetries. 

2.4 Magnetism 

Magnetism is a class of physical phenomena that are mediated by magnetic fields. 

Electric currents and the magnetic moments of elementary particles give rise to a 

magnetic field, which acts on other currents and magnetic moments. Every material is 

influenced to some extent by a magnetic field. The most familiar effect is on 

permanent magnets, which have persistent magnetic moments caused by 

ferromagnetism. The prefix ferro- refers to iron, because permanent magnetism was 

first observed in a form of natural iron ore called magnetite, Fe3O4. Most materials do 

not have permanent moments. Some are attracted to a magnetic field 

(paramagnetism); others are repulsed by a magnetic field (diamagnetism); others have 

a more complex relationship with an applied magnetic field (spin glass behavior and 

antiferromagnetism). Substances that are negligibly affected by magnetic fields are 

known as non-magnetic substances. These include copper, aluminum, gases, and 

plastic. Pure oxygen exhibits magnetic properties when cooled to a liquid state. The 

magnetic state (or magnetic phase) of a material depends on temperature and other 

variables such as pressure and the applied magnetic field. A material may exhibit 

more than one form of magnetism as these variables change. 

2.4.1 Magnetic behavior 
The magnetic moment of an atom/ion has three principal sources: 

a) The spin of electrons  

b) Electron orbital angular momentum about the nucleus and  
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c) A change in the orbital moment induced by an applied magnetic field. 

The first two effects give paramagnetic contributions to the magnetization and the 

third gives a diamagnetic contribution [20]. 

In a crystal, the magnetic property depends on two factors: (i) the magnetic moment 

associated with each atom/ion, and (ii) the interactions between these magnetic 

moments. In the case that there are no unpaired electrons around each atom/ion, there 

will be no net magnetic moments [21]. 

The magnetic behavior of materials can be classified into the following five major 

groups: 

i. Diamagnetism  

ii. Paramagnetism 

iii. Ferromagnetism  

iv. Antiferromagnetism 

v. Ferrimagnetism 

(i) Diamagnetism 

The diamagnetic materials when placed in a magnetic field, becomes weakly 

magnetized in the direction opposite to that of the applied field. There is no 

permanent dipole moment in each atom. The induced magnetic moment produced in 

these materials during the application of the external magnetic field decreases the 

magnetic induction present in the specimen. 

Origin: 

A material contains a large number of electrons and the orbits of these electrons are 

randomly oriented in space. The current that is produced due to movement of 

electron in an orbit produces magnetic field in a direction at right angles to the plane 

of the orbit. This magnetic field induces a magnetic moment in the atom in a 

direction opposite to it. These magnetic moments are randomly oriented. Hence the 

magnetic moments of all such electron get cancelled resulting in the net magnetism 

equal to zero in the material. When an external magnetic field is applied to the 

material,rotation of dipoles take place producing an induced dipole moment: This 

induced  dipole moment opposes the applied field. The magnetism which is created 

in a direction opposite to that of the external field is called diamagnetism. 
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Figure 2.4: In diamagnetic materials, atoms have no magnetic moment; the 

susceptibility is small and negative. 

 (ii) Paramagnetism: 

Paramagnetic materials become weakly ionized when placed in a magnetic field in the 

same direction as that of the applied field. It has permanent dipole moment in each 

atom. When external magnetic field is applied, the induced magnetic moment is 

produced which increases the magnetic induction present in the specimen. 

Origin: 

The orientation of the magnetic moment along the direction of the external field gives 

rise to paramagnetism. The permanent magnetic moment arises due to orbital motion 

of electron around the nucleus and spin motion of electron about its own axis. The 

magnetic moment due to the former one disappears due to the effect of electric field 

of the neighboring charges.  

 

        Figure 2.5: A schematic diagram of spin structure in paramagnetic materials. 
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But the magnetic moment due to electron spin are randomly oriented in the absence of 

external field. When the external field is applied, the magnetic moments tend to align 

in the direction of the applied field resulting in large magnetization. But due to the 

thermal agitation of the atoms the magnetic moments are partially aligned in the 

direction of the external field resulting in weak magnetization. 

(iii) Ferromagnetism: 

Ferromagnetic materials are strongly magnetized in the direction of the applied 

magnetic field. It possesses enormous permanent magnetic moment in each atom. 

When external magnetic field is applied, a large amount of induced magnetic moment 

is produced which increases the magnetic induction present in the specimen. 

 

Figure 2.6: Schematic diagram of spin-ordering in ferromagnetic materials. 

Origin: 

The presence of permanent magnetic moments in the atoms or molecules in the 

specimen gives rise to ferromagnetism as this magnetic moment align themselves in 

the same direction as that of the external field. The exchange interaction between un-

paired electrons of adjacent atoms in the crystal lattice gives rise to local molecular 

magnetic field resulting in spontaneous magnetization. 

iv. Antiferromagnetism 

Materials that are antiferromagnetic are similar to ferromagnetic materials. However, 

in an antiferromagnetism the dipoles have equal moments and adjacent dipoles point 

in opposite directions (Figure 2.3d). Thus the moments balance each other, resulting 
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in a zero net magnetization. Antiferromagnetism are mostly observed at low 

temperature. In varying temperature, antiferromagnets can be seen to exhibit 

diamagnetic and ferromagnetic properties. The antiferromagnetic susceptibility is 

followed by the Curie-Weiss law with a negative θ as in equation 2.3. 

 

    Figure 2.7: Schematic diagram of spin-ordering in antiferromagnetic materials. 

Common examples of materials with antiferromagnetic ordering are MnO, FeO, CoO 

and NiO [14]. The magnetic susceptibility of an antiferromagnetic material typically 

shows a maximum at the Neel temperature. In contrast, at the transition between the 

ferromagnetic to the paramagnetic phases the susceptibility will diverge. In the 

antiferromagnetic case, a divergence is observed in the staggered susceptibility.  

Various microscopic (exchange) interactions between the magnetic moments or spins 

may lead to antiferromagnetic structures. In the simplest case, one may consider an 

Ising model on a bipartite lattice, e.g. the simple cubic lattice, with couplings between 

spins at nearest neighbor sites. Depending on the sign of that interaction, 

ferromagnetic or antiferromagnetic order will result. Geometrical frustration or 

competing ferro and Antiferromagnetic interactions may led to different and perhaps, 

more complicated magnetic structures. 
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                 Figure 2.8: Different types of antiferromagnetic spin structure. 

Antiferromagnetic ordering is of three types particularly in preovskite-type oxides 

which are illustrated in figure 2.8. 

A-type: The intra-plane coupling is ferromagnetic while inter-plane coupling is 

antiferromagnetic. 

C-type: The intra-plane coupling is antiferromagnetic while inter-plane coupling is 

ferromagnetic. 

G-type: Both intra-plane and inter-plane coupling are antiferromagnetic 

Ferrimagnetism 

Ferrimagnetism is a special case of antiferromagnetism, where the material consists of 

a lattice of rigidly alternating spins of different magnitudes. As in antiferromagnetism, 

the adjacent magnetic spins align anti-parallel. However, since the adjacent spins are 

of different magnitudes, the resulting material exhibits a net magnetic moment in the 

absence of an applied magnetic field. The behavior of susceptibility of a ferrimagnetic 

material also obeys Curie-Weiss law and has a relative permeability greater than 1. In 

ionic compounds, such as oxides, more complex forms of magnetic ordering can 

occur as a result of the crystal structure. In ferromagnetic material the magnetic 

structure is composed of two magnetic sub lattices (called A and B) separated by 

oxygens [22]. The exchange interactions are mediated by the oxygen anions [23]. 
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When this happens, the interactions are called indirect or super exchange interactions. 

The strongest super exchange interactions result in an antiparallel alignment of spins 

between the A and B sub lattice. In ferrimagnets, the magnetic moments of the A and 

B su blattices are not equal and result in a net magnetic moment. Ferrimagnetism is 

therefore similar to ferromagnetism. It exhibits all the hallmarks of ferromagnetic 

behavior spontaneous magnetization, Curie temperatures, hysteresis, and remanence. 

However, ferro- and ferrimagnets have very different magnetic ordering.  

 
                               Figure 2.9: Ferrimagnetic ordering. 

2.4.2 Hysteresis Loop 
In addition to the Curie temperature and saturation magnetization, ferromagnets and 

ferrimagnets can retain a memory of an applied field once it is removed. This 

behavior is called hysteresis and a plot of the variation of magnetization with 

magnetic field is called a hysteresis loop (Figure 2.11). 

 
                       Figure 2.10: A typical loop of a ferromagnetic material. 
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The performance of any magnetic material can be defined with the help of this 

hysteresis loop. Ms is the saturation magnetization and is a measure of how strongly 

the material can be magnetized. Mr is the remnant magnetization which is the residual, 

permanent magnetization left after the removal of the applied field. In order to 

demagnetize the specimen from its remnant state, a reverse field Hci, the coercive field 

is required to reduce the residual magnetization to zero. Depending on the value of the 

coercive field, ferromagnetic materials are classified as hard or soft. A hard magnet 

needs a large field to reduce its residual magnetization to zero, and for a soft magnet a 

small field is required to reduce its residual magnetization to zero. Hard and soft 

magnetic materials obviously have totally complementary applications. The various 

hysteresis parameters are not solely intrinsic properties but are dependent on grain 

size, domain state, stresses, and temperature. 

 
2.5 Optical Property 
Optical property of a material is defined as its interaction with electro-magnetic 

radiation in the visible. Electromagnetic spectrum of radiation spans the wide range 

from γ-rays with wavelength as 10-12 m, through x-rays, ultraviolet, visible, infrared, 

and finally radio waves with wavelengths as along as 105 m. Visible light is one form 

of electromagnetic radiation with wavelengths ranging from 0.39 to 0.77 μm. Light 

can be considered as having waves and consisting of particles called photons.  

 
2.5.1 Material – Light interaction 
Interaction of photons with the electronic or crystal structure of a material leads to a 

number of phenomena. The photons may give their energy to the material 

(absorption); photons give their energy, but photons of identical energy are 

immediately emitted by the material (reflection); photons may not interact with the 

material structure (transmission); or during transmission photons are changes in 

velocity (refraction). At any instance of light interaction with a material, the total 

intensity, I0 of the incident light striking a surface is equal to sum of the absorbed IA, 

reflected, IR and transmitted IT intensities. 

                                  I0 =IA+IR+IT 

 



Chapter 2 Theoretical Background  
 

Page | 29  
 

2.5.2 Optical materials 
Materials are classified on the basis of their interaction with visible light into three 

categories. Materials that are capable of transmitting light with relatively little 

absorption and reflection are called transparent materials i.e. We can see through 

them. Translucent materials are those through which light is transmitted diffusely i.e. 

objects are not clearly distinguishable when viewed through. Those materials that are 

impervious to the transmission of visible light are termed as opaque materials. These 

materials absorb all the energy from the light photons.  
 
2.5.3 Optical properties – Metals 
Metals consist of partially filled high-energy conduction bands. When photons are 

directed at metals, their energy is used to excite electrons into unoccupied states. Thus 

metals are opaque to the visible light. Metals are, however, transparent to high end 

frequencies i.e. x-rays and γ-rays. Absorption of takes place in very thin outer layer. 

Thus, metallic films thinner than 0.1 μm can transmit the light. The absorbed radiation 

is emitted from the metallic surface in the form of visible light of the same 

wavelength as reflected light. The reflectivity of metals is about 0.95, while the rest of 

impinged energy is dissipated as heat. The amount of energy absorbed by metals 

depends on the electronic structure of each particular metal. For example: with copper 

and gold there is greater absorption of the short wavelength colors such as green and 

blue and a greater reflection of yellow, orange and red wavelengths.  

 
2.5.4 Optical properties of non-metallic materials 
Non-metallic materials consist of various energy band structures. Thus, all four 

optical phenomena such as absorption, reflection, transmission and refraction are 

important for these materials.  
 
2.6 Photocatalytic activity 
Photodegradation includes photo dissociation, the breakup of molecules into smaller 

pieces by photons. It also includes the change of a molecule's shape to make it 

irreversiblyaltered, such as the denaturing of proteins and the addition of other 

atomsor molecules [24]. A common photodegradation reaction is oxidation. This type 
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of photodegradation is used by some drinking water and wastewater facilities to 

destroy pollutants. 

A simple and interesting approach to extend the catalyst absorption toward visible 

region is the photosensitization by an appropriate dye. The dye can absorb the visible 

light to reach an excited state. The dye in the excited state has in general lower redox 

potential than the corresponding ground state. If the redox potential is lower than the 

conduction band of photocatalyst being used, an electron may be injected from the 

excited state into the conduction band, and consequently the cationic radicals and 

conduction band electron are formed. This process has been intensively investigated 

in photoelectrochemical cells (the Gratzel cell) in the absence of molecular dioxygen. 

However, in the presence of dioxygen, the dye itself can undergo an effective 

degradation. Such degradation would be desired if the dye is a target organic 

pollutant. 

 
2.6.1 Photocatalysis 
Photocatalysis is a type of catalysis that results in the modification of the rate of a 

photoreaction that involves the absorption of light by one or more reacting species by 

adding substances (catalysts) that participate in the chemical reaction without being 

consumed. In photogenerated catalysis, the photocatalytic activity (PCA) depends on 

the ability of the catalyst to create electron-hole pairs, which generate free radicals 

(hydroxyl radicals: OH) able to undergo secondary reactions [25]. 

Photocatalysis is a fantastic way to clean facilities, houses, and living environments. 

By modifying and further developing this technology, we can reduce pollution in our 

air and water. We can even reduce the spread of infections and diseases such as SARS 

in hospitals. This cleaner way of life would benefit everyone around the world. 

The word photocatalysis is composed of two parts: 

(i) The prefix photo, defined as \light", [26] 

(ii) Catalysis is the process where a substance participates in modifying the rate of a 

chemical transformation of the reactants without being altered in the end. This 

substance is known as the catalyst which increases the rate of a reaction by reducing 

the activation energy. Hence, photocatalysis is a reaction which uses light to activate a 

substance which modifies the rate of a chemical reaction without being involved 

itself. 
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Photocatalysis is a preferred and more advanced technique than conventional 

organicsynthesis due to following reasons:- 

 In photocatalytic reactions, both oxidation and reduction occurs 

simultaneously on the photocatalyst particles but in conventional reactions we 

need different oxidizing agent and reducing agent. 

 Also in photochemical reactions, there is not much need of solvents which are 

expensive and are difficult to dispose of. We generally use water, but in 

conventional reactions many solvents are used. 

 Photochemical reaction is a single step reaction, we can get our product just by 

mixing the reactant and irradiating them but conventional reactions are multi-

step reactions. 

 Photocatalytic reactions occur at ambient temperature and pressure so need not 

to maintain drastic conditions as required in conventional reactions. 

2.6.2 Photocatalyst 
Environmental contamination, which is growing around the world or in our daily 

homelife, is a serious social problem not to be neglected [27]. Water pollution caused 

by industrial and household wastes and respiratory diseases caused by air pollutants 

such as SOx or NOx are the best examples of such contamination. 
The fact that using energy to eliminate such environmental contamination increases 

emission of CO2 resulting in more global warming, however, leads us to a dilemma 

not to use energy to achieve our anti-pollution goal. Under such circumstances, we 

have come to the conclusion that we need a new material that can gently harmonize 

the contaminated environment to restore original conditions by using natural energy 

which is a part of the environment and low-cost energy supplied to our daily home 

life. One solution to that problem is our proposal, Photo-catalyst. 

Definition and activity: Photo-catalyst produces surface oxidation to eliminate 

harmful substances such as organic compounds or nearby bacteria, when it is exposed 

to the sun or fluorescent lamp. 

By applying this principle to water treatment, dissolving NOx in the air, or room air 

purification, photo-catalyst can be used for various steps in purifying a contaminated 

environment. 
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The function of the photo-catalyst can be divided into five major categories as 

follows: 

 Purifying water 

 Preventing contamination 

 Anti-bacteria 

 Deodorizing 

 Purifying the air (dissolving NOx) 

It might be well understood that the functions listed above are those which amplify or 

accelerate the functions of the sun, or ultra-violet radiation. In this sense, it is not 

strange to regard zinc oxide as a photo-catalyst from the viewpoint that it works as the 

catalyst in accelerating the functions of the light. 

Photocatalyst has the following advantages over any current air purification 

technologies: 

 Real destruction of pollutant rather than a simple transfer on a substrate 

 Degradation of pollutant at ambient temperature and pressure 

 Build with easily available materials and by means of well-known techniques 

 Economical, cheap and low energy consumption 

 Adapted for a large range of pollutant (VOC, bacteria, mold) 

 
2.6.3. Parameters affecting photocatalysis 
Degradation mechanism takes place on the surface of the photocatalyst. The 

concentration of the adsorbate directly affects the photocatalytic degradation rate of 

the pollutants to be degraded [28, 29]. 

Photocatalytic degradation rate is linearly dependent with light intensity at low 

intensities. It depends on the square root of light intensity for medium intensities. At 

high intensities photocatalytic degradation rate is independent of the intensity of light 

[30, 31]. The effect of pH on photocatalytic degradation varies due to the kind of 

materials used and the kind of adsorbed pollutant [31]. Increasing or decreasing pH 

affects the adsorption of the pollutant and thus, the degradation rate. pH affects the 

surface charge of the photocatalyst and the ionizability of the pollutant. Adsorption is 

enhanced at lower pH values. Strongly adsorbed pollutants degrade faster. At 

higherpH values above pH 9, degradation rate is also enhanced due to the increased 
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OH-anions on the photocatalyst surface. Therefore all these rates depend on the type 

of catalyst and the adsorbed pollutant [32-34]. 

The particle size of photocatalysts is an important parameter that affects 

photocatalytic activity. Decreasing the size of the catalyst, surface to volume ratio is 

increased, thus photocatalytic activity is increased. [35]. 

The surface properties of nanosized photocatalysts also affect the photocatalytic 

activity. It was shown that surface morphology and crystal structure have a direct 

effect on the photocatalytic activity of TiO2 sol-gel films. Heat treatment can modify 

crystal structure leading to an increased photocatalytic activity [36]. 

The degradation mechanism is promoted with the absorption of light by the nanosized 

photocatalyst. In optical activation, electrons are excited from the valence band to the 

conduction band leading to e-h pair formation. The photon energy of the incident light 

should be above the band gap energy of the materials. So activation wavelength is an 

important parameter for the photocatalytic reactions. Most commonly used 

photocatalysts are of wide band gap semiconductors that can be activated in UV light. 

However, electromagnetic radiation of sun has only 7 percent UV content that strikes 

the atmosphere, which decreases more during penetrating the atmosphere [37]. 

According to Sasaki [38], the UV part of solar radiation detected on the Earth in 

1990-1992 was not more than 0.145 percent at 290-320 nm and 4.1 percent at 320-

400 nm. 
 
2.7 Cobalt Ferrite (CoFe2O4) 
Among the spinel ferrite compounds, CoFe2O4 (CFO) is paradigmatic and currently 

the most studied material due to their fascinating fundamental physical and chemical 

properties. It is a hard magnetic material due to large coercive force. It exhibits 

ferromagnetic, antiferromagnetic spin (cluster) glass and paramagnetic behavior [39]. 

They are ferromagnetic at Curie temperature around 793k. CoFe2O4 is odorless and 

non-toxic. They possess high mechanical hardness, high purity and a high melting 

point, high thermal stability. CoFe2O4 material is widely studied in magnetoelectrics 

for its good magnetostrictive properties. Its magnetic properties originate from the 

magnetic coupling by exchange interaction between Co2+ and Fe3+ ions through the 

oxygen atoms. Antiferromagnetic couplings are observed between tetrahedral and 

octahedral sites occupied by Fe3+ and Co2+/Fe3+ respectively, and between tetrahedral 

sites, whereas a ferromagnetic coupling is present between metallic cations of the 
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octahedron sites. CoFe2O4 become a promising candidate for extensive technological 

application such as magneto-optical recording media, magnetic recording and 

magnetic fluids, catalysis [40, 41]. They are also used in humidity and gas sensors. 
  
2.7.1 Structure of CoFe2O4 

 
                                          Figure 2.11: Spinel structure 

 

CoFe2O4 belongs to a family of AB2O4-type spinel ferrites where A is a divalent 

cation (Co2+) and B is a trivalent cation (Fe3+). Both of them are transition metals and 

they are in tetrahedral and octahedral sites in a close packing of oxygen.  The angles 

in the spinel structure for the A‐ A, B‐ B, and A‐ B interactions are 79.63°, 

90°/125.3°, and 125.15°/154.57°, respectively [42]. There are eight formula units per 

unit cell of CoFe2O4 (M8Fe16O32). The large oxygen ions which have ionic radius 

about 1.3 Å are packed quite close together in a face-centered cubic arrangement. And 

the much smaller metal ions (ionic radii from about 0.7–0.8 Å) occupy the spaces 

between them. A site is called tetrahedral because it is located at the center of a 

tetrahedron whose corners are occupied by oxygen ions. And in the octahedral site 

oxygen ions around it occupy the corners of an octahedron. The CoFe2O4 material is 

commonly considered to be mostly an inverse spinel structure represented as 

(CoxFe1−x))A[Co1−xFe 1+x]BO4 in which Co2+ cations occupy only octahedral sites and 

Fe3+ cations equally spread between tetrahedral and octahedral sites. The 
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crystallographic structure corresponds to the Fd-3m space group, defined as a large 

cube of lattice parameter of 8.392 Å.  
  
2.7.2 Why Dy is chosen at Fe site doped 
The crystal lattice of CFO is influenced by the substitution. Moreover, the 

introduction of Dy3+ on the spinel Bi-site is expected to modify the magnetic 

properties of CFO because the large magnetic moment of Dy3+ (~10.6 µB) ions which 

could result in additional magnetic interactions and ordering and the modification of 

the structure [43-45]. Therefore, we studied the influence of Dy3+ ion substitution on 

structural, magnetic, and optical properties of CFO. 
 
2.7.3 Why nanoparticles 
The term 'nanoparticle' is used to describe a particle with size in the range of 1 to 100 

nm, at least in one of the three dimensions. Nanoparticles are of great scientific 

interest as they are, in effect, a bridge between bulk materials and atomic or molecular 

structures. A bulk material should have constant physical properties regardless of its 

size, but at the nano-scale size-dependent properties are often observed [46, 47]. 

Nanoparticles possess an immense surface area per unit volume, a high portion of 

atoms in the surface and near surface layer, and the ability to exhibit quantum effects. 

In this size range, the physical, chemical, biological properties of nanoparticle change 

in fundamental ways from the properties of both individual atoms/ molecules and of 

the corresponding bulk material. Nanoparticles often possess unexpected optical 

properties as they are small enough to confine their electrons and produce quantum 

effects [48, 49]. Absorption of solar radiation is much higher in materials composed 

of nanoparticles than it is in thin films of continuous sheets of material. Metal, 

dielectric, and semiconductor nanoparticles have been formed, as well as hybrid 

structures (e.g., core–shell nanoparticles) [50]. Nanoparticles made of semiconducting 

material may also be labeled quantum dots if they are small enough (typically sub 10 

nm). Such nanoscale particles are used in biomedical applications as drug carriers or 

imaging agents. Semi-solid and soft nanoparticles have been manufactured. A proto 

type nanoparticle of semi-solid nature is the liposome. Various types of liposome 

nanoparticles are currently used clinically as delivery systems for anticancer drugs 

and vaccines. 
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Nanoparticles with one half hydrophilic and the other half hydrophobic are termed 

Janus particles and are particularly effective for stabilizing emulsions. They can self-

assemble at water/oil interfaces and act as solid surfactants. 
 
2.7.4 CoFe2O4 nanoparticles as a photocatalyst 
In the present days, the spinel-type CoFe2O4 nanoparticles have gained considerable 

attention as a promising photocatalyst due to its visible light response, good chemical 

stability and narrow band gap. [51]. There are several materials known for their 

photocatalytic activity of which most of them are metal oxides. Since the discovery of 

its photocatalytic effect by Honda and Fujishima in 1978, titanium dioxide has 

become the most popular photocatalytic material due to its abundance; low cost, 

chemical stability, biocompatibility and high efficiency under UV light [52]. 

Recently, Transition metal oxide CoFe2O4 has attracted a great of interests for solar 

applications due to its narrow band gap, low cost with simple production process. 

CoFe2O4 has a narrow band gap of 1-2 eV, which allows the photocatalytic activity 

under visible light to become prominent. This is particularly important because 

visible-light energy occupies about 48% of the total solar energy. Cobalt ferrites are 

known for their efficient separation after the completion of reaction, reusability and 

magnetic recyclability. Therefore, CoFe2O4-based material can serve as a promising 

photocatalyst either for degradation of organic pollutants in the future. 
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CHAPTER 3 
Sample Preparation And Experimental 

Techniques 
 

The following section illustrates the description of sample preparation method and 

various experimental techniques for their property analysis. The experimental 

techniques like XRD, SEM, VSM, UV-Vis spectroscopy are utilized for the study of 

structural, morphological, magnetic, optical and photocatalytic properties of samples 

that have been discussed here. 

For sample preparation, it is very important to use high purity raw materials. Another 

vital thing during sample preparation is to remain careful so that no impurity gets 

incorporated into samples. Accordingly, accurate weight calculation and measurement 

are also important to ensure single phase formation. After sample preparation, sample 

characterization and property measurement is carried out and a relationship between 

structure and property is established. Wide variety of synthetic technique is used for 

obtaining CFO nanoparticles but hydrothermal synthesis method is the best one.   
 
3.1 Introduction 
Hydrothermal method is a promising and attractive method for the formation of 

nanoparticles of CFO because of the low process temperature and very easy to control 

the particle size. It is also particularly suitable for the growth of large good-quality 

crystals while maintaining control over their composition. Newly, this method has 

been regularly used for the synthesis of a variety of inorganic compound. During past 

decades hydrothermal processing has become a very attractive method for the 

synthesis of advanced materials due to its intrinsic benefits like a high compositional 

and morphological control as well as high purity of the obtained powders by avoiding 

subsequent milling treatments [1]. Compounds with interesting structure and physical 

properties are often obtained from this technique that is known as one of the low-

temperature synthesis techniques for solid state compounds. The main parameters of 

hydrothermal synthesis, which define both the processes kinetics and the properties of 

resulting products, are the initial pH of the medium, the duration and temperature of 

synthesis, and the pressure in the system. This route generally operated at elevated 
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temperature of solution (aqueous solution) with high vapor pressure in an 

impenetrable vessel called the autoclave. In the first case the autoclave is loaded with 

aqueous solution of precursor salts, in the second case-with suspension of products 

derived from solution reactions flowing under normal conditions. There is normally 

no need to use special equipment and maintain a temperature gradient. Substantial 

enhancement of the hydrothermal method facilitates the use of additional external 

factors to control the reaction medium during the synthesis process. As of now, this 

approach is implemented in the hydrothermal-microwave, hydrothermal-ultrasonic, 

hydrothermal-electrochemical and hydrothermal-mechano chemical synthesis method. 

3.2 Hydrothermal Method 
The word “hydrothermal” has geological origin. A self-explanatory word, “hydro” 

meaning water and “thermal” meaning heat. British Geologist, Sir Roderick 

Murchison (1792–1871) was the first to use this word, to describe the action of water 

at elevated temperature and pressure in bringing about changes in the earth’s crust 

leading to the formation of various rocks and minerals [2]. The first publication on 

hydrothermal research appeared in 1845. This reports the successful synthesis of tiny 

quartz crystals upon transformation of freshly precipitated silicic acid in Papin’s 

digestor by K. F. E. Schafthaul. The term hydrothermal usually refers to any 

heterogeneous reaction in the presence of aqueous solvents or mineralizers under high 

pressure and temperature conditions. Hannay (1880) claimed to have synthesized 

artificial diamond using Hydrothermal Technique. Similarly, Moissan (1893) also 

claimed to have synthesized diamond artificially as large as 0.5 mm from charcoal. 

The first ever large size crystals obtained by the earliest workers was that of hydrated 

Potassium Silicate, which was about 2–3 mm long, by Friedel and Sarasin (1881). 

Friedel and Sarasin (1881) termed their hydrothermal autoclave as hydrothermal 

bomb, because of the high pressure working conditions in their experiments. 

There are different definitions proposed by various scientists for hydrothermal method 

in literature. In 1913 Morey and Niggli defined hydrothermal synthesis as “…in the 

hydrothermal method the components are subjected to the action of water, at 

temperatures generally near though often considerably above the critical temperature 

of water (~370°C) in closed bombs, and therefore, under the corresponding high 

pressures developed by such solutions” [3]. In Ref. [4], Laudise defined it as 

“hydrothermal growth means growth from aqueous solution at ambient or near 
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ambient conditions”. Rabenau in 1985 defined hydrothermal synthesis as the 

heterogeneous reactions in aqueous media above 100°C and 1 bar [5]. Lobachev 

defined it as a group of methods in which crystallization is carried out from 

superheated aqueous solutions at high pressures [6]. According to Roy hydrothermal 

synthesis involves water as a catalyst and occasionally as a component of solid phases 

in the synthesis at elevated temperature (>100°C) and pressure (greater than a few 

atmospheres) [7]. Byrappa in 1992 defines hydrothermal synthesis as any 

heterogeneous reaction in an aqueous media carried out above room temperature and 

at pressure greater than 1 atm [8]. Yoshimura in ref [9] defined it as “…reactions 

occurring under the conditions of high-temperature–high-pressure (>100°C, >1 atm) 

in aqueous solutions in a closed system”. With the vast number of publications under 

mild hydrothermal conditions in recent years, K. Byrappa in 2001 proposed to define 

hydrothermal reaction as “any heterogenous chemical reaction in the presence of a 

solvent (whether aqueous or nonaqueous) above room temperature and at pressure 

greater than 1 atm in a closed system” [10]. 

3.2.1 Water as a reaction medium 
Water is one of the most important solvent present in nature in abundant amount and 

has remarkable properties as a reaction medium under hydrothermal conditions. Water 

shows different characteristics under hydrothermal conditions than that of standard 

conditions. One of the biggest advantages of using water is the environmental benefit 

and cheaper than other solvents, and it can act as a catalyst for the formation of 

desired materials by tuning the temperature and the pressure. It is nontoxic, 

nonflammable, noncarcinogenic, nonmutagenic, and thermodynamically stable. 

Another advantage is that water is very volatile, so it can be removed from the 

product very easily. 

Hydrothermal solvents have different properties at above 100°C and above 1 atm, 

especially at critical point. In order to understand hydrothermal reactions the 

properties of solvent under hydrothermal conditions must be known very well. In the 

Figure 3.1, the critical point marks the end of liquid-vapor coexistence curve at the 

critical temperature, Tc, and pressure, Pc, in a phase diagram for a pure homogenous 

substance. A fluid is defined as supercritical if it is maintained at conditions above its 

critical temperature and pressure. The properties of supercritical fluids (SCFs) vary 

depending on the pressure and temperature and frequently described as being 
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intermediate between those of a gas and a liquid. As the temperature increases, the 

liquid becomes less dense due to thermal expansion and at the same time the gas 

becomes denser. At the critical point, the densities of both phases become the same. 

The compound is neither liquid nor gas any longer above the critical point, and it 

becomes supercritical fluid. After that, the phases of liquid and gas are not 

distinguishable and properties of SCF will be between gas and liquid. 

 

 
Figure 3.1: Phase diagram of water. 

 

Diffusivity and viscosity symbolizes transport properties that influence rates of mass 

transfer. Diffusivity is at least an order of magnitude higher and viscosity is lower 

compared with a liquid solvent. This means that diffusivity of reactants in SCF will 

occur faster than that in a liquid solvent, which means that solids can dissolve and 

migrate more rapidly in SCFs. High diffusivity, low viscosity and intermediate 

density of water increase the rate of the reaction. The dielectric constant that is 

defined as the ability of a solvent to charge separate increases sharply with the 

pressure in the compressible region that refers to the area around the critical point in 

which compressibility is considerably greater than would be forecasted from the ideal 

gas law. This behavior is also parallel to a change in density, as shown in Figure 3.1. 

Density changes sharply but continuously with pressure in the compressible region. 

One of the most important advantages of hydrothermal solvents is that a change in 
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density affects the solvating power. A decrease in the density results in a significant 

change in solvating ability. 

 

 
Figure 3.2: Variation of dielectric constant of water with temperature and pressure 

[11]. 

The physical and chemical properties of water and aqueous solutions in the 

temperature and pressure ranges required for hydrothermal synthesis have been 

discussed in numerous review articles and are well known. The PVT data for water up 

to 1000oC 10 kbar are known accurately enough (within 1% error) [12]. If the density 

of water is high enough, nonpolar compounds may be completely miscible with it 

because water behaves as a non-aqueous fluid. Water is a polar solvent and its 

polarity can be controlled by temperature and pressure and this can be an advantage 

over other solvents. 

3.2.2 Crystal growth by Hydrothermal Technique 
The hydrothermal method of crystal growth has several advantages. It is very 

important for its technological efficiency in developing bigger, purer and dislocation-

free single crystals. The method has been widely accepted since 1960s, Following the 

initial work of Gibbs [13] in 1878, and then that of Frenkel [14] in 1945, Burton, 

Cabrera, and Frank [15, 16] studied the growth of a real crystal from the vapor phase. 

Thermodynamic equations have been established, which describe the crystal growth 

from a structural defect, like a screw-type dislocation. Numerous authors [17–19] 

have applied this theory to growth from solution. Cabrera and Levine [20] extended 
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this approach to dissolution, which is the reverse phenomenon with respect to crystal 

growth. All of these studies were reconsidered by Johnston in 1962 [21]. Basically, in 

crystal growth from solution, the solute crystallizes when the concentration of the 

solute becomes higher than the concentration at equilibrium, termed solubility. The 

solubility is the main parameter for growing crystals from solutions. Hydrothermal 

crystal growth corresponds to crystal growth from solution in a closed vessel. 

Temperature and pressure are two important thermodynamic parameters, which have 

to be adjusted according to the solvent used. The first step is to find the adequate 

thermodynamic conditions for obtaining a good reactivity of the solvent with the 

solute. Then, for growing crystals of high quality, the experimental conditions have to 

be adjusted to modify the kinetics of the exchanges between the solid phase and the 

solvent. By using hydrothermal techniques, thermodynamic-stable and meta stable 

phases can be grown. The main experimental parameters, which can be adjusted the 

solvent, the presence or absence of a nucleus (or seed) and both thermodynamic 

parameters, P and T. 

All inorganic species, starting from native elements to the most complex oxides, 

silicates, germanates, phosphates, chalcogenides and carbonates have been obtained 

by this method. The technique is being employed on a large scale to prepare 

piezoelectric, magnetic, optic and ceramic and a host of other materials both as single 

crystals and polycrystalline materials. Figure 3.4 shows how nucleation mechanism 

varied with other solid state reaction methods. Compounds with elements in oxidation 

states that are difficult to obtain, especially important for transitional metal 

compounds, can be easily obtained in a closed system by the hydrothermal method 

[e.g., ferromagnetic chromium (IV) oxide]. 

1. The hydrothermal method is also useful for the so called low temperature 

phases, e.g.,-quartz, -berlinite and others. 

2. For the synthesis of meta stable compounds, such as sub iodides of tellurium, 

Te2I, the hydrothermal method is unique. 
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Figure 3.3: Difference in the nucleation mechanism of a) conventional solid state 

reactions and b) hydrothermal method. 
 
3.2.3 Examples of laboratory Hydrothermal Method 
 

On the basis of reaction temperature, hydrothermal synthesis can be classified into 

sub-critical and super-critical synthesis reactions. The temperature is in the range of 

100-240oC in sub-critical synthesis, which is relevant to industrial and laboratory 

operations. The hydrothermal syntheses of Zeolites are typical sub-critical syntheses. 

In the super-critical synthesis, the temperature could reach 1000°C and the pressure 

could reach 0.3 GPa (2960 atm). By using the special properties of solvent (water or 

organic solvent) and other reactants under supercritical temperature and pressure, 

various syntheses with specific features could be conducted, resulting in the formation 

of numerous crystalline materials with interesting structures. In addition it should be 

pointed out that some crystal materials cannot be obtained by using other preparation 

approaches. 

Hydrothermal method has been applied in the synthesis and preparation of complex 

inorganic materials. For instance, a large number of functional materials, such as 

nonlinear optical materials NaZrP3O12 and AlPO4 acousto-optical crystal Zinc lithium 

aluminates, multifunctional laser crystal LiNbO3 and LaTiO3 can be prepared under 

high temperature and pressure hydrothermal conditions. Hydrothermal syntheses have 
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also been widely used in the preparation of ZnO2, ZrO2, GeO2 and CrO2, ferroelectric, 

magneto electric and photoelectric solid materials such LaFeO3, LiH3 (SeO2)2, super 

conducting membrane BaPb1-xBiO3 Reaction medium is an important constituent for 

any hydrothermal system. It exhibits unique properties, especially under supercritical 

conditions. 

3.2.4 Hydrothermal reaction containers 
High pressure vessel, popularly known as autoclave, is the basic equipment of 

hydrothermal synthesis. Advances in hydrothermal synthesis of research depend 

largely on the available autoclaves. Crystal growth or material processing under 

hydrothermal conditions requires high pressure vessel to have outstanding capability 

of containing highly corrosive reagents, resisting high temperature and high pressure. 

Experimental studies under hydrothermal conditions requires facilities that must 

operate routinely and reliable under extreme conditions. For different objectives and 

tolerances of hydrothermal synthesis experiment, there is a great variety of high 

pressure vessels used for hydrothermal technology. Most of the earlier workers had 

dealt with this aspect of their own way. Because of the limit of space, I discuss only 

the commonly used autoclaves or hydrothermal reactors in the hydrothermal 

synthesis, people have been using a well-designed and fabricated autoclaves from the 

twentieth century onwards. 

An ideal hydrothermal autoclaves should have the main characteristics as follows, 

 It should have high mechanical strength in order to bear high pressure and 

temperature experiments for long duration. 

 It should have excellent acid, alkali and oxidant resistance. 

 It should have a simple mechanical structure and easy to operate and maintain. 

 It should have a good sealing performance in order to obtain the required 

temperature and pressure. 

 It should have a suitable size and shape in order to obtain a desired 

temperature gradient. 

The top-priority parameter to be considered in selecting a suitable autoclave is the 

experimental pressure and temperature conditions and the corrosion resistance in a 

hydrothermal solution. In accordance with the above, the materials, thick glass 

cylinders, thick quartz cylinders and high strength refractory alloys are usually used to 

fabricate hydrothermal autoclaves. Some hydrothermal reactions, in which the 
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reagents or solvents are non-corrosive, can take place directly in the hydrothermal 

autoclave. In contrast in the majority of hydrothermal reactions, the reagents or 

solvents used are highly corrosive and they can attack the autoclaves in the high-

pressure temperature range. It requires the autoclaves to contain inert linings, liner or 

cans. As far as we know, some materials used in the manufacturing of the linings, 

liners and cans include Teflon, pyrex, quartz, graphite, Armco iron, titanium, silver, 

platinum, tantalum copper, nickel and gold. Figure 3.4 shows the most popular 

Teflon-lined, stainless steel autoclave, in which the mild hydrothermal reactions are 

commonly performed. 

 

Figure 3.4: Different parts of an autoclave. 

Such autoclaves can be used up to 230oC and depending on the engineering. 

Specification of the steel walls, pressure of 15MPa can be withheld. Up to now, there 

is no uniform standard for the classification of hydrothermal autoclaves in the world. 

In accordance with different classification standard, there is more than one name for a 

hydrothermal autoclave. The information of classification of hydrothermal autoclaves 

is introduced as follows 

 Classification by sealing methods: self-tightened seal autoclave and external 

tightened seal autoclave. 

 Classification by mechanical structure: Flange-disc type autoclave; internal-

plugs crew type autoclave; big-screw-cap type autoclave; and lever press type 

autoclave. 
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 Classification by pressure formation methods: internally pressurized type 

autoclave and externally pressurized type autoclave. 

 Classification by the name of the designers: More autoclave; Smyth autoclave; 

turtle autoclave; and Barnes rocking reactors. 

 Classification by heating methods: internally heated autoclave and externally 

heated autoclave. 

 Classification by experimental system: High pressure autoclave and flow 

reactors and diffusion reactors. 

Till date, a number of hydrothermal autoclaves have exceeded one hundred, including 

some novel designs for specific studies such as controlled growth of crystal, kinetics; 

thermodynamics, hydrothermal hot pressing and microwave enhanced hydrothermal 

synthesis and so on. 

 

 
 

Figure 3.5: Commercially hydrothermal autoclaves with pressure control systems. 

 

Moreover, many of them commercially produced by the United States, Germany, 

Japan, China and other countries. Figure 3.5 shows the photographs of commercial 

hydrothermal autoclaves, autoclaves used in this thesis respectively. It would be very 

difficult to discuss all autoclaves in this thesis. Byrappa and Yoshimura (2001) have 

discussed and reviewed about various autoclave designs in detail [22]. Temperature 

has important effects not only on the structure of the materials used for hydrothermal 
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reactor but also on the speed and result of a hydrothermal reaction. Therefore we 

should determine a suitable temperature for hydrothermal reaction. In general, the 

temperature control component of a hydrothermal should include high precession 

temperature controllers and high sensitive temperature sensors. The vapor pressure is 

crucial to the safety of hydrothermal experiments. It can be calculated from the 

Clapeyron equation, 

                  Pressure (P) = exp (20.386- 5132/T) mm of Hg ……………… (3.1) 
 
Where, T is the absolute temperature inside the autoclave. The pressure versus 

temperature is shown in figure 3.6. In general the degree of fill is between 50% - 80% 

for a typical hydrothermal reaction. 

 

 
Figure 3.6: The variation of pressure with respect to temperature. 

 

For externally pressurized autoclaves, pressure is applied by an external pressure 

system. The externally pressurized autoclaves works based on the principle of internal 

and external pressure balance. The internal pressure in a sealed working chamber 

depends on the degree of fill and properties of reaction medium; hence the values can 

be calculated from the Clapeyron equation. The value of external pressure is set 

manually according to the internal pressure. During the hydrothermal reaction 

process, the value of external pressure must be adjusted at any time to make it close to 

internal pressure. Otherwise a large pressure difference between external and internal 

pressure will lead to the burst of sealed working chamber. 
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3.3 General experimental procedures 
Experimental procedure of hydrothermal synthesis depends on the purpose of 

research. Here, we only present a general experimental procedure of hydrothermal 

synthesis. 

1) To choose suitable reagents. 

2) To determine the mole ratio of reagents. 

3) To explore addition order of reagents in to an autoclave and mix the reagents. 

4) To put the mixture of reagents into an autoclave and seal the autoclave. 

5) To choose a suitable reaction temperature, the reaction time, the reaction 

state(dynamic or static crystallization). 

6) To take out the autoclave from the oven and cool the autoclave to room 

temperature. 

7) To open the autoclave and take out the products from the autoclave. 

8) To process the products (such as wash, filterate and dry). 

9) To observe the appearance of products by using by using an optical 

microscope. 

10) To characterize the products by using suitable research instruments. 
 
3.4 Synthesis of CoFe2O4 nanoparticle 
In this process, the stoichiometric proportion of 1 mmol cobalt nitrate hexahydrate 

[Co(NO3)2·6H2O] and 1 mmol ferric nitrate nonahydrate [Fe (NO3)3.9H2O] were 

mixed and dissolved in 50 ml distilled water to form the solution. Then the solution 

was stirred with a magnetic stirrer by adding 5M NaOH. After stirring around 4 h, the 

resulting suspension was transferred into a 100 ml Teflon-lined stainless steel 

autoclave and placed it in an oven at 200oC for 6 h. Then the resultant was cooled to 

the room temperature naturally. After cooling, the precipitate was centrifuged and 

washed several times with DI water and finally ethanol. The centrifuged product was 

dried in an oven at around 80°C for 6 h.  

 
3.4.1 Growth of CoFe2O4 single crystal by hydrothermal 

method 
One of the most important applications of hydrothermal technique is the synthesis and 

growth of bulk single crystals [23, 24]. It is an effective method for the preparation of 
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low temperature phases, such -quartz and -berlinite. In recent years, many 

scientists are focusing their attention on developing new technologies under 

hydrothermal conditions to improve the quality of bulk crystals. Among various types 

of inorganic crystals synthesized by hydrothermal method CoFe2O4 is the 

technologically important material. In this thesis the attempt made to grow pure and 

Dysprosium substituted Cobalt Ferrite (CoFe2O4) by hydrothermal method and the 

results obtained is extensively discussed [25, 26]. The crystal growth and the 

morphologies of products could be easily controlled [27]. The hydrothermal crystal 

growth of CoFe2O4 is very sensitive to the following parameters; 

 Reaction Temperature 

 Reaction pressure 

 Reaction time 

 Morality concentration of precursors 

 Mineralizer concentration 

 Filling Factor 

 Cooling Rate 

 Washing the obtained crystals 
 
The pH value of environment, duration time and mineralizer ratio are very important. 

Much work has been reported about synthesis of CoFe2O4 by the hydrothermal 

method [28, 29]. 

In this crystal growth all the chemicals were analytical grade purity and were used as 

received without further purification. At first equimolar mixer of two starting 

materials and NaOH dissolved in 40 ml of double distilled water. The pH of the 

solution was adjusted with NaOH, which also served as mineralizer. 

 
3.4.2 Preparation of CoFe1.8Dy0.2O3 Materials 
The synthesis process of the 10 % Dy doped CFO was quite similar to the synthesis of 

pure CFO, except that there is an addition of rare earth metal (Dy) into the Fe site of 

the solution. 
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3.5 Structural characterization techniques 
3.5.1 X-ray diffraction 
X-ray diffraction (XRD analysis) is a laboratory-based technique primarily used for 

the determination of structural phase and order of crystallinity of a compound. This 

technique can provide information on unit cell dimensions. The analyzed material is 

finely ground, homogenized and average bulk composition is determined. 

The atomic planes of a crystal cause an incident beam of X-rays to interfere with one 

another as they leave the crystal. The phenomenon is called X-ray diffraction. X-ray 

diffraction data collection is the result of relative intensity (I) for each reflection with 

a set of planes in crystal, known as Miller indices (h, k, l) along with the 

corresponding scattering angle (2θ) for that reflection. The positions and intensities of 

the diffracted beams are a function of the arrangements of the atoms in space and 

some other atomic properties. X-ray diffraction is now a common technique for the 

study of crystal structures and atomic spacing. XRD analysis is based on constructive 

interference of monochromatic X-rays and a crystalline sample. 

 

 
 

Figure 3.7: X-ray Diffractometer, 3040-X’Pert PRO, Philips. 

X-ray diffractometer consists of three basic elements: an X-ray tube, a sample holder, 

and an X-ray detector. X-rays are generated in an X-ray tube by heating a filament to 

produce electrons, accelerating the electrons toward a target by applying a voltage, 
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and bombarding the target material with electrons. Copper is the most common target 

material to produce X-ray. It is then filtered to produce monochromatic radiation, 

collimated to concentrate, and directed toward the sample. 

X-rays are generated by a cathode ray tube by heating a filament to produce electrons, 

accelerating the electrons toward a target by applying a voltage, and bombarding the 

target material with electrons. When electrons have sufficient energy to dislodge inner 

shell electrons of the target material, characteristic X-ray spectra are produced. These 

spectra consist of several components, the most common being Kα and Kβ. Copper is 

the most common target material for single-crystal diffraction, with CuKα (λ= 1.5406 

Å) radiation. Then the diffracted X-rays are filtered to produce monochromatic 

radiation, collimated to concentrate, and directed toward the sample. The interaction 

of the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg's Law which is given by: 

 
                                      2dhklsin=n………………………… (3.2) 

This law relates the wavelength ( ) of electromagnetic radiation to the diffraction 

angle () and the lattice spacing (dhkl) between two crystal plane in a crystalline 

sample. These diffracted X-rays are then detected, processed and counted. By 

scanning the sample through a range of 2θ angles, all possible diffraction directions of 

the lattice should be attained due to the random orientation of the powdered material. 

 
Figure 3.8: Bragg’s diffraction. 
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Two beams with identical wavelength and phase approach a crystalline solid and are 

scattered off two different atoms within it. The lower beam traverses an extra length 

of 2dsinθ. Constructive interference occurs when this length is equal to an integer 

multiple of the wavelength of the radiation. 

The intensity of diffracted X-rays is continuously recorded as the sample and detector 

rotate through their respective angles. A peak in intensity occurs when the mineral 

contains lattice planes with dhkl spacing appropriate to diffract X-rays at that value 

of. Once all dhkl spacing has been determined they are compared with standard data, 

available from the International Centre for Diffraction Data as the Powder Diffraction 

File (PDF), which facilitates to identify any impurity phases appeared as extra. 

 
              

Figure 3.9: The schematic diagram shows the operation of XRD. 

 
3.6 Morphological Studies 

3.6.1 Field Emission Scanning Electron Microscope (FESEM) 
A field-emission cathode in the electron gun of a scanning electron microscope 

provides narrower probing beams at low as well as high electron energy (Figure 3.11), 

resulting in both improved spatial resolution and minimized sample charging and 

damage. It is widely used technique to get topographical features, surface 

morphology, crystal structure, crystal orientation, presence and location of defects as 

well as dimension, shape and density of the particles. 
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Figure 3.10: Field Emission Scanning Electron Microscope (Model:JEOL 

JSM7600F). 

 
Figure 3.11: JFC 1600 Auto Fine Coater. 

At first the powder sample was taken in a cupper tape which is actually consists of 

three layers, the lower one is a cupper layer, the middle one is a carbon tape and the 

upper one is the cupper tape where the sample was adhered. Then the sample was 
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coated with platinum by ion sputtering method in auto fine coater for about 40 

seconds. A 10 nm layer of platinum is coated upon the sample. Then the cupper tape 

is mounted on a holder in the specimen chamber and inserted in the FESEM (Figure 

3.12). The micrographs obtained from FESEM analysis were useful for morphological 

studies of the samples. 

3.6.2 Scanning process and image formation 
Electrons are liberated from a field emission source and accelerated in a high 

electrical field gradient. The electron beam, which typically has an energy ranging 

from a few 100 eV to 40 keV, is focused by one or two condensers (electro-magnets). 

Within the high vacuum column these so-called primary electrons are focused and 

deflected by electronic lenses to produce a narrow scan beam that bombards the 

object. As a result secondary electrons are emitted from each spot on the object. The 

angle and velocity of these secondary electrons relates to the surface structure of the 

object [30]. A detector catches the secondary electrons and produces an electronic 

signal. This signal is amplified and transformed to a video scan-image that can be 

seen on a monitor. The image obtained from FESEM analysis was used for 

morphological studies of the samples. 

FESEM has following advantages 

 FESEM produces clearer and less distorted images with spatial resolution 

down to 1.5 nm, which is 3 to 6 times better than conventional scanning 

electron microscopy (SEM). 

 Smaller-area contamination spots can be examined at electron accelerating 

voltages compatible with energy dispersive X-ray spectroscopy 

 Reduced penetration of low kinetic energy electrons probes closer to the 

material surface.  

 High quality and low voltage images are obtained with negligible electrical 

charging of samples.  Small variations of trace element can be detected. 

 Olive-free vacuum 

In the present work, morphological and microstructural features of CoFe2O4, Dy 

doped CoFe2O4 and heat treated Dy doped CoFe2O4 samples were investigated with a 

FESEM (Model: JEOL JSM 7600F) at Bangladesh University of Engineering and 

Technology, Dhaka, Bangladesh. 
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3.7 Energy Dispersive X-Ray Spectroscopy (EDX or EDS) 
EDS or EDX is an analytical technique used for the compositional analysis. It is based 

on the analysis X-rays emitted by the sample when it is struck with charged particles. 

Every element has a unique atomic structure, allowing X-rays that are characteristic of 

the atomic structure [24]. There are four main components of the EDS set up: (1) 

beam source; (2) X-ray detector; (3) pulse processor; and (4) analyzer. EDS systems 

are usually equipped with a SEM or FESEM, sometimes with TEM or electron 

microprobes [31]. However, a number of free standing EDS systems are also 

available. Since 1960, SEMs have been equipped with elemental analysis capabilities. 

A detector is used to change X-ray radiation into voltage signals, which is sent to a 

pulse processor. It measures the signals and surpasses them onto an analyzer for 

showing compositional data analysis. The most common detector is silicon drift 

detectors (SDD) attached with Peltier cooling systems or cooled using liquid nitrogen. 

The EDS detector arranges the X-ray signal according to the energy and produce 

elemental images. Therefore, SEM or FESEM can detect the spatial distribution of a 

particular element. EDS is one of the alternatives of X-ray fluorescence (XRF). In the 

present work, elemental analysis of undoped, Cr and Co doped titania were probed 

using EDS equipped with the FESEM system at Jamia Millia Islamia University, New 

Delhi, India. 
 
3.8 Magnetization measurement 
3.8.1 Vibrating sample magnetometer  
VSM developed by S. Foner [32, 33] is a versatile and sensitive method of measuring 

magnetic properties and is based on the flux change in a coil when the sample is 

vibrated near it. The VSM is an instrument designed to continuously measure the 

magnetic properties of materials as a function of temperature and field. In this type of 

magnetometer, the sample is vibrated up and down in a region surrounded by several 

pickup coils. The magnetic sample is thus acting as a time-changing magnetic flux, 

varying inside a particular region of fixed area.  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0ahUKEwj-vJmouLTRAhUHpo8KHV1IAkgQFggZMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FVibrating_sample_magnetometer&usg=AFQjCNEhsDafcOBTeDIROMrn-s092wQezQ&sig2=shTgUff2Z5LuccZ4iZNHHw&bvm=bv.143423383,d.c2I
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Figure 3.12: EV9 Micro sense Vibrating Sample Magnetometer. 
 
VSM is used to measure the magnetic properties of the sample. The basic principle of 

VSM lies on Faraday’s Law of Induction,
t
BE








 which tells us that a changing 

magnetic field (B) will produce an electric field (E). This electric field can be 

measured and can give us information about the changing magnetic field. Thus, the 

sample is placed in a constant magnetic field and oscillated with a fixed frequency 

near a set of detection (pickup) coils [34]. If the sample is magnetic, the constant 

magnetic field induces a magnetic dipole moment in the sample. This magnetic dipole 

moment creates a magnetic field around the sample. As the sample is oscillated, this 

magnetic flux changes as a function of time and the voltage induced (proportional to 

the rate of change of flux) in the pickup coils is synchronously detected. The voltage 

will also be proportional to the magnetic moment of the sample. In Figure-3.16, we 

show (a) schematic of VSM and (b) detailed configuration near the pick-up coils. The 

system detection capability can be maximized by optimizing the geometry of the 

pickup coils and by having oscillation amplitude that is relatively large (1–3 mm 

peak). The time dependent voltage induced in the pickup coils is given by 

                 dt
dz

dz
d

dt
dVinduced


 …………………………. (3.5) 
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where, φ represents the magnetic flux, the axis of oscillation of the sample is 

conventionally chosen to be the z–axis, and z, therefore, represents the position of the 

sample along this axis and t is the time. If the sample is made to oscillate sinusoidally, 

then the induced voltage in the pickup coils will have the form tcmAVinduced  sin , 

where, c is a coupling constant, m is the DC magnetic moment of the sample, A is the 

amplitude of oscillation, and f 2 , where f is the frequency of oscillation of the 

sample. The detection of the magnetic moment of the sample, thus, amounts to 

measuring the coefficient of sinusoidal voltage response induced in the detection coil.  

 
 

Figure 3.13: Schematic diagram of (a) VSM and (b) details near the pickup coils. 

 
3.9 Optical Measurement 

3.9.1 UV-visible diffuse reflectance spectroscopy 
The optical phenomenon known as diffuse reflectance is commonly used in the UV-

visible, near-infrared (NIR), and mid-infrared regions to obtain molecular 

spectroscopic information. It is usually used to obtain spectra of powder by the 

collection and analysis of surface-reflected electromagnetic radiation as a function of 

frequency. There are two different type of reflection: regular or specular reflection 

usually associated with reflection from smooth, polished surface like mirrors, and 

diffuse reflection associated with reflection from so-called mat or dull surface texture 

like powders. 

Originally published in the 1930’s by Paul Kubelka and Franz Munk, the Kubelka-

Munk equations described the reflectance and transmittance of the sample as a 

function of the absorption and scatter (K and S, respectively). In this Kubelka-Munk 
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theory, the incident and scattered light flux are approximated by two fluxes I and J, 

which are perpendicular to the surface of the powdered sample, but in opposite 

direction as shown in Figure 3.17. 

 
Figure 3.14: The Kubelka-Munk approximation: the incident and remitted light fluxes 

are approximated by two opposite fluxes, perpendicular to the surface of the infinitely 

thick sample layer. 
 
Ideally one would like a function, like Beer and Lamberts law in transmission 

spectroscopy, to linearly relate analytic concentration with the reflectance 

characteristics of a diffusely reflecting sample. The function must use is that derived 

by Kubelka-Munk: 

                               𝐹(𝑅𝛼) =
(1−𝑅𝛼

2)

2𝑅𝛼
=

𝐾

𝑆

2.303𝜖𝐶

𝑆
… … … … .. .. .. . (3.6) 

Where, K is the absorption coefficient (twice the Beer and Lamberts law absorption 

coefficient), S is twice the scattering coefficient of the sample,  is the absorptivity, 

and C is the analytic concentration. 
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Figure 3.15: Solid sample measurements using the integrating sphere method Source: 

Optional Accessories for Shimadzu UV-Vis spectrophotometers. 

 

The illumination of powdered samples by incident radiation leads to diffuse 

illumination of the materials. This incident light is then partially absorbed, partially 

scattered by particles. All UV-Vis diffuse reflectance spectrophotometers are classical 

double beam spectrometers with fully automated acquisition, background subtraction 

and file storage as shown in Figure 3.18. The light sources are a D2 lamp for UV 

irradiation and a Tungsten filament for the visible region, while the reflected light is 

detected with a photomultiplier in the UV-Vis region. Integration sphere is a one of 

diffuse reflectance attachments. This collects all the light scattered from sample and 

from reference standard and the detectors are placed on the top or bottom of the 

integration sphere. The classical set-up of a diffuse reflectance spectrometer is shown 

in Figure 3.19. Because the integration sphere must scatter the light and not absorb it, 

it is coated with a perfectly white material such as CFO, BaSO4, etc. In this way, a 

negligibly small amount of specular reflection is included. 
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Figure 3.16: UV-visible spectrometer Shimadzu UV-2600 ISR plus was used to take 

the absorbance and reflectance data. (Available in Nanotechnology Research 

Laboratory). 

 
3.9.2 UV-Visible spectrophotometer 
Ultraviolet-visible (UV-Vis) spectroscopy is used to obtain the absorbance spectra of 

a molecule or compound in solution or as a solid [35]. When the molecules absorb the 

suitable light energy or electromagnetic radiation, the electrons in ground state are 

excited to the excited state levels. The UV-Vis region of energy for the 

electromagnetic spectrum covers 1.5 - 6.2 eV which relates to a wavelength range of 

200-800 nm [36]. The Beer-Lambert Law is the principle behind absorbance 

spectroscopy. There are three types of absorbance instruments used to collect UV-Vis 

spectra: 

1) Single beam spectrometer, 

2) Double beam spectrometer and 

3) Simultaneous spectrometer. 

In this work, the absorption spectra of dyes solutions were recorded by double beam 

spectrometer which mainly has a light source (usually a deuterium or tungsten lamp), 

a sample holder and a detector. For the double beam instrument (Figure 3.20), it has a 

single source and a monochromator and then there is a splitter and a series of mirrors 
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to get the beam to a reference sample and the sample to be analyzed, this allows for 

more accurate readings. 

 
                         

Figure 3.17: Illustration of a double beam UV-vis instrument. 

 
The functional relationship between the quantity measured in an absorption method 

(A) and the quantity sought (the analyte concentration c) is known as Beers law and 

can be written 

                                   𝐴 = log
𝑃0

𝑃
= 𝑎𝑏𝑐……………… (3.7) 

Where, a is a proportionality constant called the absorptivity and b is the path length 

of the radiation through the absorbing medium. Since absorbance is a unit less 

quantity, the absorptivity has unit that render the right side of the equation 

dimensionless. 
 
3.10 Photocatalytic activity test 
The experimental setup of photocatalytic activity test is shown in figure 3.21. This 

experimental setup is very expensive. But we bought each equipment separately and 

Figure 3.21 (a) dark room (b) the xenon lamp setup with cut-off filter. In this 

experiment, the xenon lamp of 500 W used as a solar simulator, magnetic stirrer used 

to make homogeneous solution as shown in figure 3.21 (b). It is very important to 

keep the intensity of light at a fixed value for each experiment.  
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Figure 3.18: Experimental setup of photocatalytic activity experiment. (a) dark room 

(b) xenon lamp setup with cutoff filter, (c) Lux meter used to measure lamp-light 

intensity and (d) centrifuge machine used to separate the RhB solution and 

photocatalyst.  

 

The lux meter is used to measure the intensity of xenon-lamp-light in this experiment 

as shown in figure 3.21 (c). The sample solution is centrifuged at 5000 rpm min-1 for 

10 minutes to separate the catalyst material from the water using a centrifuge machine 

as shown in figure 3.21 (d). 
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Figure 3.19: The illumination of RhodamineB (RhB) under visible light irradiation. 

 
The photocatalytic activities of the samples were evaluated at room temperature from 

degradation of RhB in an aqueous solution under visible-light irradiation from a 500 

W Xenon lamp. A UV cut-off filter was used to remove any irradiation below 420nm 

ensuring illumination only visible-light. The dye concentration was 10 mg/L with a 

catalyst of 0.8 g/L. Before irradiation, the solution mixture was kept in dark place and 

stirred for 1h to achieve absorption-desorption equilibrium. The degradation of the 

dye in terms of optical absorbance of the solution was measured using a UV-visible 

spectrometer. Prior to the absorbance measurement, the photocatalyst particles were 

removed using centrifugations for 10 min at 5000 rpm. As for the stability test, the 

remaining photocatalyst powders after photocatalytic degradation of RhB were 

collected by centrifugation, washed with distilled water to remove the residual RhB, 

and then dried before another photocatalytic reaction. This whole process was 

recycled three times. Figure 3.22 shows the illumination of Rhodamine B (RhB) 

under visible light irradiation. The outcome of the photocatalytic activity test will be 

presented in chapter 4. 
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Chapter 4 

Results and Discussion 

4.1 Introduction 
At the early stage, undoped CoFe2O4 (CFO) and 10% rare earth Dy3+ doped CFO 

nanoparticles (CDFO) were prepared at 200oC reaction temperature using 

hydrothermal synthesis technique. After hydrothermal preparation, CDFO was also 

subject to heat treatment at 400oC temperature using at Ar atmosphere. The structural, 

morphological, optical, photocatalytic and magnetic properties of the synthesized 

nanoparticles were studied as depicted in this chapter.  

4.2 Structural Investigation 
Crystallinity, crystal structure and the phase purity of the synthesized nanoparticles 

were studied with powder X-ray Diffraction (XRD) technique and data were collected 

at room temperature using a diffractometer CuK (=1.5406 Å) radiation. 

4.2.1 Structural analysis  

Figure 4.1 illustrates the XRD patterns of undoped (a) CFO, (b) CDFO synthesized by 

hydrothermal method at 200oC reaction temperature and (c) CDFO followed by heat 

treatment at 400oC temperature.  
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Figure 4.1: XRD patterns of hydrothermally prepared (a) CoFe2O4 (CFO) 

nanoparticles, (b) CoFe1.8Dy0.2O4 (CDFO) nanoparticles (c) heat treated 

CoFe1.8Dy0.2O4 (CDFO) nanoparticles. 

 

From figure 4.1, we observed that the entire intense diffraction peaks (111), (220), 

(311), (400), (422), (511), (440), (533), as indexed by analyzing XRD patterns, 

perfectly matched with spinel crystal structure of CFO nanoparticles (JCPDS card no.: 

22-1086) [1]. Undoped CFO and CDFO nanoparticles were formed at 200oC 

hydrothermal temperature which is evident from the relative intensity of all 

diffraction peaks indexed in figure 4.1. Analyzing the XRD patterns, it was noticed 
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that the strongest characteristic reflection peak of (311) plane represents face centered 

cubic crystal structure with Fd-3m space group which complies with the reported 

values in a previous research [2]. 

Other phases or impurities were not detected in undoped CFO sample. In contrast, 

along with pure CFO many impurity phases aroused in case of the CDFO sample as 

shown in figure 4.1 (b). While doping of rare earth species into the ferrite material, 

the appearance of these impurity and small amount of secondary phases were also 

reported previously [3]. It is due to the solubility limit of the rare earth ions into the 

spinel lattice, the diffusion of heavier RE ions or larger ionic radii of RE ion in 

ferrites, and their segregation at the grain boundaries [4-6]. Some of Dy3+ ions did not 

substitute at Fe site in the cubic structure of CFO and formed another distorted or 

secondary phase [7]. This might be another reason behind the formation of secondary 

phases. 

Furthermore, it was observed that the peak intensity gets increased when Dy was 

doped in CFO, which reveals the improved crystallinity of the sample [8]. 

In order to remove the secondary phases, the as synthesized 10% Dy-doped CFO 

sample was heated in inert atmosphere by flowing Ar gas at 400oC temperature. The 

XRD pattern of heat treated Dy-doped CFO nanoparticles has been illustrated in 

figure 4.1 (c). 

We have already explained the formation of the secondary phase in CDFO sample as 

shown in figure 4.1 (b). It is very interesting to note that most of the secondary phases 

were removed along with improving crystal structure, when the sample was heat 

treated at 400oC in Ar atmosphere as shown in figure 4.1 (c). This might be due to the 

suppressed agglomeration of different phases and restricted metal oxide formation 

during heating in inert atmosphere. In order to identify the secondary phases, Rietveld 

refinement was performed. It was found that, along with the major phase, some 

secondary phases were present in CDFO sample. This can be formed due to the higher 

concentration of Dy3+ or larger ionic radii of Dy3+ than Fe3+ as well as the low 

synthesis temperature and low time. Heat treatment at 400oC seems to help inter-

particle solid state interactions to promote reaction process and obtain phase 

formation leaving the traces of impurity phases. This might be because the Dy3+ being 

a larger cation in comparison to either Co2+ or Fe3+ naturally resists to enter into the 
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spinel lattice, resulting in formation of Dy2O3 minor phase which was confirmed by 

Rietveld refinement.  

 
 

Figure 4.2: Rietveld refined XRD patterns of hydrothermally prepared (a) CoFe2O4 

nanoparticles, (b) heat treated Dy doped CoFe2O4 nanoparticles. 
 
For quantitative crystallographic phase analysis of materials, further Rietveld 

refinement of structure by using XRD data was performed using FULLPROF package 

[9]. The Rietveld refined XRD patterns of undoped CFO and Dy doped CFO 

nanoparticles hydrothermally prepared at 200oC are displayed in figure 4.2. From 
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figure 4.2 (a) it is clearly evident that the refined XRD pattern of undoped CFO 

exhibited cubic spinel crystal structure with Fd-3m space group while figure 4.2 (b) 

heat treated Dy-doped CFO sample exhibited cubic Dy2O3 phase with la-3 space 

group along with cubic spinel structure of CFO. Finally, the Rietveld refinement 

confirmed the presence of secondary phases Dy2O3 in heat treated CDFO sample.  

 

4.2.2 Structural parameter calculations 
In this investigation, using the data of XRD, average crystallite size and lattice 

parameter of the prepared materials were calculated. 

It is well known that the crystallite size can be calculated with the help of Scherrer 

formula from the XRD pattern [10].  

The Scherrer equation is  

                                     D = 
.94 λ

βCosθ
  …………………………… (4.1) 

where, D is the crystallite size, λ is the X-ray wave length (1.5406 Å), 0.94 is the 

crystal shape constant, θ is the reflection angle of the highest peak and β is the full 

width at half maximum (FWHM) of the highest peak in radians. Also, the lattice 

parameter of the prepared samples in case of cubic crystal structure is estimated by 

[11]. 

                                  a = λ √h2+k2+l2

2sinθ
  ………………………... (4.2) 

The calculated values of crystallite size and lattice parameters of samples are shown 

in table 4.1. The average crystallite size and lattice parameter of the hydrothermally 

prepared  CFO, CDFO and heat treated CDFO samples were 21.01 nm, 35.66 nm, 

30.39 nm and 8.3837Å, 8.3958Å, 8.4030 Å respectively. The crystallite size as well 

as lattice parameter of the samples was observed to increase after doping. It points out 

that the lattice parameter increases possibly due to the two effects. Having large ionic 

radius than Fe3+ (0.645 Å), Dy3+ (0.938 Å) incorporation into the structure induces 

distortion leading to the increased size as well as lattice parameter [12, 13]. Otherwise 

if some of Dy3+ ions did not substitute for Fe in the cubic structure but formed another 

distorted or secondary phase like Dy2O3 [14, 15], lattice parameters may get 

increased. Lattice parameters increased by heat treatment while crystallite size 

decreased. 
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Table 4.1: Average crystallite size, Lattice parameter of the prepared samples is 

obtained from XRD. 

 

 

 

 

 

4.3 Morphological studies 
The morphology was examined by Field Emission Scanning Electron Microscope 

(FESEM) (Philips, XL30 EDAX model) to characterize the microstructure of surface 

morphology and fundamental physical properties of material surface. Particle shape, 

size and distribution of synthesized materials were determined by analyzing the 

FESEM images. The FESEM images and their corresponding histograms of 

hydrothermally prepared undoped CFO, CDFO and heat treated CDFO samples are 

shown in figure 4.3. 

 

Sample name Crystallite size (D) 

nm 

Lattice parameter (a) 

Å 

CoFe2O4 21.01 8.3837 

CoFe1.8Dy.2O4 35.66 8.3958 

CoFe1.8Dy.2O4 (heat 

treatment at 400oC) 

30.39 8.4030 
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Figure 4.3: FESEM images of  (a) CoFe2O4 nanoparticles, (b) CoFe1.8Dy0.2O4 

nanoparticles (c) heat treated CoFe1.8Dy0.2O4 nanoparticles; their corresponding 

histogram of particle size  are shown in (d), (e), (f) images respectively. 

From figure 4.3, it can be seen that all samples surface exhibit well-defined crystalline 

nanoparticles of cubic shapes with soft agglomeration. Figure 4.3 (a, d) represents the 

FESEM image and its corresponding histogram of hydrothermally prepared undoped 

CFO nanoparticles. The particle sizes of undoped CFO sample, ranging about (10-70) 
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nm, were measured from its histogram. The size of cubic particles of CDFO (Figure 

4.3e) varied from 20 to 140 nm. The particle size of heat treated CDFO was found in 

the range of (10-110) nm. The average particle sizes are in good agreement with the 

measured values from Scherer equation using XRD profile. 

FESEM image of undoped CFO sample revealed that nanoparticles are of cubic 

morphology and with the presence of soft agglomerations which was clearly 

identified from this image analysis. This agglomeration in nanoparticles is due to the 

magnetic behavior and the weak surface interaction of primary particles which are 

held together by the Van der Waals forces indicating a good connectivity between the 

grains [16]. However, CDFO sample displayed homogeneous and finer nanoparticles 

with increasing size (figure 4.3) while agglomeration of particles was also reduced by 

doping. It was previously reported that agglomeration of particles is reduced with 

increase in grain growth of the particles [17]. The size of the particle depends on the 

nucleation and growth rate during the synthesis process [18]. During the synthesis of 

Dy doped CFO sample, growth rate is higher than nucleation rate, so the size of the 

particle increased. Aside from the cubic shaped particles of Dy doped CFO, the 

presence of secondary phases are seen in the FESEM image which are shown in the 

form of nanowire. A large number of nanowire were formed in Dy doped CFO 

sample which is completely in agreement with the XRD patters where some 

unindexed peaks were observed. Notably, most of the secondary phases disappeared 

when the sample was heated at 4000C in inert atmosphere. It was also observed that a 

few number of nanowires was present after heat treatment which is Dy2O3 phase as 

identified by Rietveld refinement. 

Furthermore, it can be seen that the particle size increases with Dy doping and again 

decreases after heating at 400oC in Ar atmosphere. Again reduction of particle size by 

heating might be attributed to the reduced number of defects in crystal as well as 

reduced impurity phases. Good morphology was found at heat treated CDFO sample. 

It was also seen that the agglomeration is reduced with reduction in particle size for 

heat treated CDFO sample. 
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4.3.1 Energy Dispersive X-ray (EDX) Spectroscopy 
Energy dispersive X-ray (EDX) analysis of the hydrothermally prepared undoped 

CFO, Dy doped CFO and heat treated Dy doped CFO followed by hydrothermal 

method was carried out to study the chemical composition of the prepared samples. 

The EDX analysis using acceleration voltage set at 10 keV was performed to confirm 

the entire elements and the expected amount of mass percentage of the atoms 

presented in the sample.  

The EDX spectrum of undoped CoFe2O4 nanoparticles is depicted in figure 4.4. 

 
Figure 4.4: The EDX spectrum of CoFe2O4 nanoparticles synthesized by 

hydrothermal technique at 200C reaction temperature. 
 
This observation shows that the entire Co, Fe and O elements presented in prepared 

samples as was expected. Their atom and mass percentage are depicted in table 4.3.   
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Table 4.2: The percentage of mass and atom of CoFe2O4 nanparticles synthesized by 

hydrothermal process at 200C reaction temperature. 

 
The EDX spectrum of Dy doped CoFe2O4 with heat treatment synthesized by 

hydrothermal process at 200C reaction temperature is shown in figure 4.5. 

 
Figure 4.5: The EDX spectrum of heat treaded Dy doped CFO nanoparticles 

synthesized by hydrothermal technique at 200C reaction temperature. 
 
This EDX spectrum results indicate the required element (Co, Fe, O, Dy) of the 

prepared composition are presented in the sample. Their atom and mass percentage 

data are depicted in table 4.3. 
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Table 4.3: The percentage of mass and atom of heat treaded CoFe1.8Dy0.2O4 

nanparticles synthesized by hydrothermal process at 200C reaction temperature. 

 
However, the amount of element, mass and atom percentage are very close to their 

nominal composition is confirmed from the EDX spectrum. 

 
4.4 Magnetic Characterization 
The magnetic characterization of the synthesized materials was obtained by using a 

Vibrating Sample Magnetometer (VSM) at 300 K temperature in the applied magnetic 

field ranging from (0 to 15000) Oe. 
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Figure 4.6: (a) The initial magnetization curve of undoped CFO nanoparticles, 

CFDO nanoparticles and heat treated CFDO nanoparticles synthesized by 

hydrothermal technique at 200°C reaction temperature (b) their room temperature 

M-H hysteresis loops. 

Figure 4.6 displays the magnetization versus magnetic field (M-H) curves of the 

undoped CFO, 10% Dy doped CFO and heat treated 10% Dy doped CFO materials 

synthesized by hydrothermal method at 200oC reaction temperature. Figure 4.6 (a) 

shows the initial magnetization curve. The degree of magnetization was increased 

with applied field which is depicted in figure 4.6 (a). Figure 4.6 (b) shows the M-H 

hysteresis curves where all the samples exhibit hysteresis loops. This hysteresis loops 
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demonstrate that spinel crystal structure of prepared samples shows a ferromagnetic 

nature with changes in the magnetic field intensity [19]. The deduced magnetic 

properties such as saturation magnetization (Ms), remanance magnetization (Mr), 

coercivity (Hc) from hysteresis curve are enlisted in table 4.4 for the undoped CFO, 

Dy doped CFO and heat treated Dy doped CFO samples.  

 
Table 4.4: The saturation magnetization (Ms), remanent magnetization (Mr), coercive 

field (Hc) for undoped CFO nanoparticles, CDFO nanoparticles and heat treated CDFO 

nanoparticles synthesized by hydrothermal technique at 200°C reaction temperature. 

 

Samples name Ms 

(emu/gm) 

Mr 

(emu/gm) 

Hc 

(Oe) 

CFO at 200oC 41.40 0.1560 27.20 

CDFO at 200oC 40.03 0.2535 39.01 

CDFO at 200oC (heat 

treatment at 400oC) 

53.15 0.2285 19.15 

 

The same trend has been recorded for the saturated magnetic field of all prepared samples. 

From this table it was observed that the obtained saturation magnetization (Ms) for 

undoped CFO, Dy doped CFO and heat treated Dy doped CFO are 41.40, 40.03, 53.15 

emu/g respectively. It is concluded that the saturation magnetization of CFO was slightly 

decreased when RE element Dy+3 was substituted in CFO samples and after the CDFO 

sample  heat treatment at Ar atmosphere the saturation magnetization was again 

significantly  increased and reached maximum value.  

However, hydrothermally prepared Dy doped CFO sample shows lower magnetization 

than that of undoped CFO and heat treated Dy doped samples. The magnetic properties 

of synthesized materials are highly influenced by Dy dopant ion and further heat 

treatment. The decreased saturation magnetization of spinel crystals can be explained on 

the basis of several reasons (i) cation disorder (ii) strength of super exchange interaction 

(iii) magnetic moment (iv) particle size and (v) canted spins located on the surface of 

nanoparticle (NPs) [20, 21]. 

It is known that spinel crystal structure of CFO has a tetrahedral (A) and octahedral 

(B) sites [22]. The magnetic properties of the CFO materials depend on their cation 
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distribution between the octahedral and tetrahedral sites [23] where Co2+ are 

exclusively octahedrally coordinated, while Fe3+ are both tetrahedrally and 

octahedrally coordinated. So doping of rare earth ion Dy3+ in B sites of CFO samples 

may be destroyed the original distribution of the cation. Thus, the cation disorder 

might be the reason of reduced magnetization [24]. Another factor of the reduced 

magnetization is that the presence of Dy ion content in CFO may be attributed to the 

weaking of A-B super exchange interactions and random orientation of spins. The 

saturated magnetization also decreased having large ionic radii and magnetic moment 

of Dy ions decreased the magnetic exchange interaction among Fe ions and reduced 

the magnetic moment of A sites, causing Ms to decrease. Furthermore, the presence of 

the secondary phases of Dy2O3 and few impurities at the inter-grain boundary may 

have contributed to the decrease in magnetization [25]. It might be related to the 

increase in particle size which was found from FESEM analysis because larger 

particles are responsible for spin canting. Other factors which may be considered are 

spin-orbit coupling and 3d-4f coupling. On the other hand, it is seen that saturation 

magnetization was increased for heat treated Dy doped CFO samples than those of 

other two samples as was reported in a previous investigation that saturation 

magnetization increases due to heat treatment [26]. Since impurity, crystal defect 

affects the magnetization of the material, reduction of impurity, crystal defect due to 

heat treatment might be enhanced the magnetization of the Dy doped samples. In 

addition, with the heat treatment, the crystallization of the materials might be more 

complete and magnetic phase might be increased [27]. The improved magnetization 

also depends on Fe-O-Fe bond angle [28]. Hence, it can be expected that the bond 

angle may be reduced by heat treating which is enhanced the magnetization of Dy 

doped CFO samples.  

The remanent magnetization (Mr) is defined by the following equation: 

                    Mr =׀( Mr1 – Mr2 )(4.3)………………………………     2/ ׀ 

Where, Mr1 and Mr2 are the magnetization with positive and negative points of 

intersection with H = 0, respectively [29].  

The coercive field (Hc) is given by  

                     Hc= ׀(Hc1 – Hc2)(4.4)…………………………………    2/׀ 

Where, Hc1 and Hc2 are the left and right coercive fields [30] respectively. Here it was 

observed that the M-H hysteresis loop of Hydrothermally prepared Dy doped CFO 

shows a large loop with highest coercivity while heat treated Dy doped CFO shows 
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small loop with lowest coercivity than that of undoped CFO. It is clear that the 

coercivity strongly depends on the Dy doping and heat treatment as shown in figure 

4.6 (b). 

The increases in Hc with increasing Dy3+ substitution can be related to several factors 

such as larger ionic radii, micro strain, magnetic domain size, magnetic moment and 

magneto-crystalline anisotropy [31-33]. The increase coercivity with Dy doping might 

be the causes of larger ionic radii of Dy than that of Fe which produce structural 

distortion in Dy doped CFO samples and gives rise to magnetic hardening of this 

material [34]. Again, Dy doping in CFO helps to growth of magnetic anisotropy 

which inhibiting the alignment of the moment in applied field. The larger magnetic 

moment of Dy ion and their distribution in crystal lattice might be expected to 

increase coercivity. It is noticed that impurity and particle size influenced the 

coercivity of Dy doped CFO. In previous report it was found that impurities 

distributed in the grain boundary area break and hinders the displacement of the 

domain walls [35]. Thus, Dy dopant enhanced the coercivity of Dy doped CFO 

samples. In addition, when hydrothermally prepared Dy doped CFO samples was heat 

treated at 400oC in Ar atmosphere, their coercivity was found to reduced and reached 

at lowest value than that of undoped and Dy doped CFO samples. The decrease of Hc 

with heat treatment temperature can be explained based on the fact that at higher 

temperatures thermal fluctuations contribute to lower the coercivity [36]. Heat 

treatment reduced the particles size, impurities and crystal defect of Dy doped CFO 

samples and that might be the reason of reduction of coercivity.  

In case of remanent magnetization, Dy doped and heat treated Dy doped CFO samples 

exhibits nearest high values than compare to undoped CFO where undoped CFO 

samples have minimum value of remanent magnetization. Thus, magnetic properties 

of heat treated Dy doped CFO nanoparticles prepared by hydrothermal process are 

improved than that of undoped CFO and Dy doped CFO synthesized by hydrothermal 

technique. This improved magnetic behavior suggests that the substitution of rare 

earth element like Dy in CFO materials does not improve the magnetic properties but 

heat treatment in case of Dy doped samples performed well for enhancing the 

magnetization of the materials.  
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4.5 Optical Measurements 
UV-Visible spectroscopy was performed for all samples to determine the optical 

properties of synthesized materials.  

4.5.1 Absorption Spectra Study 
To measure the photon absorption capability of all samples in visible region, the UV-

Visible absorption spectrum was recorded in photon wavelength range between 200-

1100 nm using UV-2600 visible spectrometer at room temperature. 

The optical absorption spectra of undoped CFO and 10% Dy doped CFO samples 

with and without heat treatment prepared by hydrothermal synthesis technique at 

200oC reaction temperature are illustrated in figure 4.7. 

 

 
 
Figure 4.7: UV- via absorption spectra for undoped CoFe2O4, CoFe1.8Dy0.2O4 and 

heat treated CoFe1.8Dy0.2O4 nanoparticles synthesized by hydrothermal technique at 

200°C reaction temperature. 

 
From figure 4.7, it is seen that the general trend of absorption for samples possess 

same nature. From this figure it is observed that the all prepared sample shows a quite 
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broad absorption spectrum between 200-700 nm range and after that the absorption 

slightly decreases with increase of wavelength from 700 nm. Absorption edge for 

undoped CFO is 998 nm and with Dy doping the edge value shifts at higher 

wavelength and again shifts at shorter wavelength for heat treated Dy doped CFO 

sample. The absorption edge values for undoped CFO, Dy doped CFO and heat 

treated Dy doped CFO samples are found 998 nm, 1022 nm, 978 nm respectively 

which implies that these material can absorb light in visible region [37]. These 

absorption edges of the prepared materials in the visible region are attributed to the 

electron transfer from the valance band O 2p level to the conduction band Fe 3d level 

[38]. The absorption edge is found to be red shifted for Dy doped CFO and blue 

shifted for undoped CFO as well as heat treated Dy doped CFO due to their size 

variation.  

However, these prepared samples can be used for photocatalytic reaction as a 

photocatalyst due to their high absoption ability in visible light region [39].   
 
4.5.2 Estimation of band gap energy 
The optical band gap energy of the synthesized undoped CFO, Dy doped CFO and 

heat treated Dy doped CFO samples were deduced from their UV-Vis diffuse 

reflectance spectra (DRS), recorded at room temperature. 

In this experiment, initially 40 mg samples were pressed on 2gm of BaSO4 powder 

into a thin translucent disc. Then reflectance data were obtained with respect to a 

standard BaSO4 reference using UV-Visible spectrometry. The reflectance values 

were converted in terms of absorption through the Kubelka-Munk function which is 

proportional to the extinction coefficient [40]. The KM function is  

 
                                  F(R) =  

(1−R)2

2R
        …..……………………..(4.5) 

Where, R is the diffuse reflectance. 

The band gap energy (Eg) of the prepared samples can be calculated from the 

fundamental absorption which is corresponding to electron excitation from the 

valence band to the conduction band by following equation [41], 

                                   F(R) ∗ hv = A(hv − Eg)n…………………... (4.6) 

Where, hv, A, and Eg denotes the energy (eV), proportionality constant, band gap 

energy respectively. Here, n is the index that characterizes optical absorption process 
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and its value depends on nature of electronic transition in semiconductor. Direct and 

Indirect band gap also depend on their crystal structures. Crystalline and non 

crystalline material possesses direct and indirect band gap, respectively. But when 

material have partial crystalline nature, they exhibit both band gap. Since the 

synthesized samples are crystalline ferrite, the value of n is 2 for direct electronic 

transition. 

The plot of [F (R)*hν]2 vs photon energy hν curve for the prepared samples was 

investigated. The optical band gap energy Eg was estimated by extrapolating straight 

line from the linear region to the abscissa at absorption co-efficient [F(R)hv]2 =

0  [42] as shown in figure 4.8. 

 
 
Figure 4.8: Estimated band gap energies from diffuse reflectance spectra for undoped 

CoFe2O4, CoFe1.8Dy0.2O4 and heat treated CoFe1.8Dy0.2O4 nanoparticles synthesized 

by hydrothermal technique at 200°C reaction temperature. 

 
The calculated band gap values for undoped CFO, Dy doped CFO and heat treated Dy 

doped CFO materials are 1.55 eV, 1.45 eV, 1.43 eV respectively. It is observed that, 
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the band gap of CFO sample decreases when Dy was doped on it and heat treated Dy 

doped CFO material shows lower band gap than that of other materials. This lower 

band gap indicates the ability to absorb visible light. Actually, the band gap value is 

influenced by various factors such as particle size, presence of impurities and 

structural parameters [43]. This decrease in band gap might be due to the increase in 

particle size of ferrite causes to decrease forbidden band. Since, larger particles made 

up of huge number of atoms, both energy levels or overlapping orbitals and width of 

the band are broadened. Hence, this broadening band leads to decrease the band gap 

of the materials [44, 45]. Another reason behind this decrease in band gap might be 

weak quantum confinement effect due to larger size of Dy doped CFO sample.  

For the Dy doped CFO samples, which might be attributed to the pressure induced 

effects and it might be contributed to the crystal defects like lattice strain. These 

defects might be considered to additional sub band gap energy level within the energy 

gap [46] that may develop into a narrow energy band when Dy was doped as a 

dopant. Therefore, the effective gap for transitions between this narrow band and 

other localized states or the conduction band would be smaller than the undoped 

samples. Thus, the presence of defects in particles can reduce the energy band gap. 

Generally, the substitution of rare earth (RE) ions show remarkable optical properties 

due to their electronic configuration (4fN 5s2 5p6) both for divalent and trivalent 

cations [47]. The effective interaction between the RE ions and the electronic states of 

CFO can modify its optical properties very significantly. Therefore, the observed 

changes in the band gap energy might be attributed to the formation of new electronic 

states of Dy3+ underneath the conduction band (CB) of the host CFO [48]. The 

hybridization between the Fe 3d and O 2p states essentially leads to the formation of 

optical band structures in CFO, where charge is transferred from O 2p state to Fe 3d 

stated ue to the bottom of the conduction band is led by Fe 3d state. But, the presence 

of Dy ions introduces 4f electron levels close to the lower edge of the CB and thus the 

photo-excited electrons in Dy substituted CFO can be transferred from O 2p to Dy 4f 

instead of Fe 3d states, considerably reducing the band gap energy [49] as depicted in 

figure 4.9. 
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Figure 4.9: Substitution induced reduction in the band gap energy of CoFe1.8Dy0.2O4 

nanostructures. 

 
There is another perspective for the observed band gap reduction that could be 

attributed to the structural distortion induced modification in this Dy substituted CFO 

sample. The hybridization between Fe 3d and O 2p in turn depends on the Fe-O-Fe 

exchange angle and bond angle can change the band gap of the material. From the 

XRD pattern, it was observed that most of the impurity phases were formed in Dy 

doped sample. Therefore, Fe-O-Fe bond angle might be changed due to the Dy 

substitution which might also be attributed to the reduced band gap energy in these 

compositions. The band gap energy was slightly decreased when the Dy doped CFO 

sample was heated at 400oC in inert furnace. It might be due to quantum confinement 

effect i.e. decreasing in the particle size than that of Dy doped CFO samples. 

Reduction of particle size also causes for reducing the band gap of the materials. 

It is deduced that Dy is influenced the optical band gap of CFO material. A reduction 

in band gap may significantly enhance the photocatalytic activity and production of 

solar hydrogen gas. Therefore, heat treated Dy doped CFO sample shows the 

maximum photocatalytic activity due to their small band gap compared to undoped 

and Dy doped CFO sample.  
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4.6 Photocatalytic activity Test 

Photocatalytic activity of hydrothermally prepared undoped CFO, Dy doped CFO and 

heat treated Dy doped CFO samples were examined for degradation of Dye. In 

general, the photocatalytic activity usually relates with a several factors such as (i) 

lower band gap which endows a wide range of light absorption (ii) the separation of 

photogenerated electron-hole pairs (iii) the extension of excitation wavelength (iv) the 

redox reactions on the photocatalyst surface [50-53]. In order to improve the 

photocatalytic activity of the prepared samples, some steps have been taken into 

consideration; (i) doping with Dy ion to reduce band gap and promote charge transfer 

[54] (ii) heat-treating the photocatalyst to improve the structure which will increase 

the surface area or reaction sites. 

This synthesized samples exhibit enhanced photocatalytic activity for the dye 

degradation process due to its good optical absorption in visible region with lower 

band gap. 

The photocatalytic activity of the synthesized materials was evaluated by the 

degradation of dyes in an aqueous solution under visible light illumination. Where, 

RhB was used as an organic dye and 500 W Xenon lamp was used as a irradiation 

source (solar simulator). UV cut-off filter ( 420 nm) was used to ensure the 

illumination of only visible light. 

For the degradation process, the essential parameters of the reaction, including: i) 

initial RhB concentration, ii) medium pH, and iii) catalyst loading, were carefully 

estimated. 

For the evaluation of catalyst activity, 1mg of RhB was dispersed in 100 ml of DI 

water as a model pollutant and after that 40 mg of photocatalyst was added to 100 ml 

of RhB aqueous solution. The pH was adjusted to 3.0 by adding hydrochloric acid, as 

it is known that acidic condition leads to influence the amount of hydroxyl radicals 

(OH·) formed [55]. Prior to irradiation, the solution was kept in the dark room and 

mixed by a magnetic stirrer for 1 h at room temperature in order to determine the 

adsorption of the dye by catalyst and better availability of the surface. For the dark 

condition, 4 ml solution was taken from the reaction mixture at 1h interval, 

centrifuged to remove catalyst and their concentration was monitored to measure 

optical absorbance using UV-vis spectrometer. Thereafter, the solution was irradiated 

under visible light and stirring. For degradation of light condition, same amount of 
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solution was collected from the mixture at every 1 h of time and analyzed to optical 

absorbance measurement of dye concentration. Before absorbance measurement, the 

solution was centrifuged for 10 min at 5000 rpm to separate the catalyst from the 

aqueous solution.  
 
4.6.1 Photocatalytic Absorption Spectra  

Photocatalytic degradation spectra of RhB dye for both dark and visible light 

conditions were obtained by using UV-visible spectrometer as a function of time.  
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Figure 4.10: The absorption spectra of RhB dye in the presence of catalyst undoped 

CoFe2O4, Dy doped CoFe2O4 and heat treated Dy doped CoFe2O4 nanocatlyst 

synthesized by hydrothermal technique at 200°C reaction temperature. 

 
Figure 4.10 represents the change of absorbance versus wavelength curve of RhB dye 

degradation with a time in the presence of undoped CFO, Dy doped CFO and heat 

treated Dy doped CFO photocatlyst synthesized by hydrothermal technique. The 

absorbance peak at 553 nm are observed, which correspond to RhB. From this figure 
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it is seen that the absorbance peak intensity dropped gradually with increasing 

irradiation time and any other absorbance peak was appeared in visible region, which 

confirms the absolute decolorization of the RhB dye during reaction under visible 

light irradiation. This decreasing trend of absorbance is an evidence of degradation of 

RhB, which means all the samples show enhance photocatalytic activity. This 

experiment indicated that the decomposition of RhB dye was significantly enhanced 

by Dy doping but highest amount of RhB dye was absorbed on the surface of heat 

treated Dy doped CFO sample which indicates the improved photocatalytic 

performance of heat treaded sample than that of other samples. To know the 

photocatalytic Dye degradation rate, photocatalytic absorbance data was determined 

to calculation which depicted in next section. 

4.6.2 Photocatalytic Degradation Efficiency 

Figure 4.11 illustrates the variation of C/C0 of  RhB dye as a function of time under dark 

and light condition which indicates the rate of degradation of RhB for undoped CFO, 

Dy doped CFO and heat treated Dy doped CFO samples. From this figure it is seen 

that after 1h dark condition, the concentration of RhB decreased significantly and 

highest amount of RhB decreased for heat treating Dy doped CFO samples. Similarly, 

maximum reduction of RhB from the solution was found for heat treated Dy doped 

CFO sample under 4h visible light irradiation. The rate of photocatalytic degradation 

was calculated by the following equation [56], 

Degradation % = CO - Ct/ CO          ………………………… (4.7) 

Where, C is the concentration of any internal time and C0 is the initial concentration. 
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Figure 4.11: RhB dye degradation efficiency for undoped CoFe2O4, Dy doped 

CoFe2O4 and heat treated Dy doped CoFe2O4 nanocatlyst synthesized by 

hydrothermal technique at 200°C reaction temperature. 

From this figure it was observed that heat treatment of Dy doped CFO samples 

exhibited much higher photocatalytic degradation efficiency than that of undoped 

and Dy doped CFO samples. The degradation values of 73%, 78%, 81% were 

obtained for undoped CFO, Dy doped CFO and heat treated Dy doped CFO samples. 

It is concluded that decompose of RhB was increased after doping of Dy ion in 

undoped CFO. But interestingly it was also increased after the sample was subject to 

heat treatment at Ar atmosphere. It has been reported that the photocatalytic 

efficiency of the prepared samples was found to vary due to photocatlytic efficiency is 

influenced by (i) crystallite size as well as crystallinity (ii) surface morphology (iii) 

active surface area and (iv) energy band gap of the materials [57-59]. In this way 

undoped CFO exhibits lower degradation efficiency than Dy doped CFO samples. 

Therefore, it can be deduced that although both crystallinity and nanoparticle size are 

two important factors [60] that influence the photocatalytic activity, crystallinity plays 
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a more significant role compared to size of Dy doped CFO samples. Meanwhile, XRD 

study showed that the crystallite size of CFO was smaller with moderate degree of 

crystallinity than the Dy doped CFO samples. Additionally, morphology plays a 

major role in defining the photocatalytic properties. From FESEM analysis it was 

observed that undoped CFO display a non-similar morphology characteristic 

compared to Dy doped samples. Undoped CFO particle was agglomerated which may 

have reduced the active surface area of the particles because agglomeration of the 

particles is reduced its effective surface area. The lowest active surface area for the 

CFO sample should account for its poor degradation rate than other samples. Another 

important factor for its lower activity may be wider band gap than other samples; 

therefore, the movement of photoinduced carriers (electrons and holes) to the CFO 

surface may be induced quick recombination reactions. And also there is no any 

charge carrier which is transferred charge quickly, resulting in poor degradation 

efficiency of undoped CFO samples. The previous investigation was reported that the 

band gap of CFO nanoparticles was decreased with doping [59], which increased the 

photocatalytic activity. Improved photocatlytic efficiency of CFO was found by 

introduction of Dy ion into CFO materials. This is because Dy ion plays an imperative 

rule to reduce band gap with enhance crystallinty, morphology as well as the active 

surface area of CFO. Reduction of particle agglomeration by Dy doping and heat 

treatment was increased active surface area which lead to increase the rate of surface 

reaction of photogenerated charge carriers for enhancing photodegradation efficiency 

of the materials. 

Another important reason behind the improved photocatalytic efficiency is the 

suppression of electron hole recombination [61]. The drawback of undoped CFO is 

that exited electron recombines with the hole present in the valance band before it is 

not utilized in dye degradation process due to absence of charge carriers, But in the 

case of Dy doped samples, the observed band gap reduction with introduction of Dy 

could be attributed to the formation of new electronic states of 4f energy levels 

underneath the CB of CFO. In such circumstances, owing to the half-filled electronic 

configuration, it can promote the photogenerated charge transfer from CB of CFO to 

Dy+3 and efficiently separate the electron-hole pairs by trapping the electrons that 

limits the recombination possibilities in the Dy substituted CFO compared to undoped 

CFO and these can facilitate the reaction of separated hole with the water molecules 
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to produce OH free radicals, thus enhancing the efficiency of photodegradation of dye 

molecules. It is well known that half-filled electronic configuration is more stable. 

When Dy3+ ions trap electrons, the half-filled electronic configuration (4f10) is 

destroyed and their stability decreases. The trapped electrons can thus be easily 

transferred to the oxygen molecules adsorbed on the surface of the catalysts, and the 

Dy3+ return to the original stable half filled electronic structure. This might promote 

charge transfer and efficiently separate the electrons and holes by shallowly trapping 

electrons. The prerequisite for an effective substituent may involve the possibility of 

charge de-trapping and migration to the surface of catalysts. Thus, Dy has the ability 

to the separation and transfer of charge carriers to the dye medium and improved 

degradation efficiency of CFO which has been previously reported [62].  

Furthermore, in comparison between without and with heat treatment Dy doped CFO 

samples, heat treated Dy doped CFO sample exhibits maximum photocatalytic 

degradation efficiency than that of without heat treated Dy doped CFO sample which 

are shown in figure 4.11. It has been previously reported that heat treatment enhance 

the photocatalytic activity of the materials by reducing impurities and promoting 

improved morphology [63, 64]. In case of heat treated Dy doped CFO samples, 

structural imperfections or density of defect as well as crystallite size was found to be 

decreased with improve active surface area due to their improve morphology and it 

may be contribute to enhance degradation efficiency of heat treated Dy doped CFO 

sample than without heat treating Dy doped CFO sample. Besides, the band gap 

energy of the sample was also reduced after heat treating. From band gap analysis it is 

seen that the band gap energy of heat treated Dy doped sample is about 1.43 eV that is 

almost lower than other two samples. Therefore, lower band gap energy and 

separation of electron-hole recombination may be lead to the higher photodegradation 

efficiency for heat treated samples. In this regard, it is said that heat treated Dy doped 

CFO photocatalyst exhibit better photodegradation efficiency than undoped CFO and 

without heat treated Dy doped CFO photocatalyst. However, Dy doping in CFO as 

well as heat treating samples both are beneficial for high catalytic activity. 
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4.6.3 Kinetics of Photocatalytic Degradation   
 
The reaction kinetics of RhB degradation was determined by following the 

Langmuir–Hinshelwood model which can be as expressed by the following equation 

[65], 

                         ln(
C0

C
)= kt………………………………………(4.8) 

Where C0 and C represent the concentration of RhB at different irradiation time t0 and 

t respectively whereas k is the pseudo-first rate constant of photodegradation. 

 

 

Figure 4.12: Pseudo-first order kinetics fitting data for the photodegradation of RhB. 

 

A plot of ln(
C0

C
) vs irradiation time (t) is presented in Fig.12, depicting a linear 

relationship. The rate constant values were calculated from the slop of the straight 

line. From this curve it is shown that the values of degradation rate constant k were 

estimated 4.388×10-3 min-1, 5.661×10-3 min-1and 7.201×10-3 min-1 for undoped CFO, 
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Dy doped CFO and heat treated Dy doped CFO samples respectively. This results 

illustrated that heat treated Dy doped CFO sample obtained highest value of k was 

about 7.201×10-3 min-1 than that of other samples, where constant k was smaller in 

case of undoped CFO. The maximum value of  k for heat treatment of Dy doped CFO 

sample can be attributed to the effect of heat treating as well as doping of Dy ion in 

CFO sample. Under visible light irradiation, Dy could absorb visible light to induce 

excited state electrons and holes. These excited electrons at the conduction band of 

Dy ion could easily transfer to the conduction band of CFO and enhance the rate of 

reaction. However, this study reveals that the doping of rare earth ion Dy and heat 

treatment of CFO has significantly enhanced the photocatalytic activity of CFO 

photocatalyst. 

4.6.4 Photocatalytic Mechanisms 

On the basis of the above discussions a possible mechanism for the RhB 

photodegradation over CFO and Dy doped CFO materials were discussed below. 

During the illumination, CFO nanoparticles absorb the light of photons and leads to 

the photo-excitation. Electrons in the valence band (VB) are excited to the conduction 

band (CB) and simultaneously the same amount of holes is generated in the VB. Thus 

the electron-hole pairs are generated on the photocatalyst surface. The photogenerated 

charge carriers may be involved in the redox processes at CFO surface. Then 

photoinduced holes directly react with RhB or interact with surface-bound H2O or 

OH- species adsorbed on the surface of catalyst to produce the reactive OH- radical 

species which is an extremely strong oxidant for the degradation of RhB and the 

electrons react with the surface adsorbed molecular O2 to yield •O2
− which could 

further participate in them photocatalytic degradation of RhB. The hole and electrons 

are responsible for the production of radicals species, which have been identified as 

the main cause of RhB dye degradation [66]. Based on the above analysis, the 

photocatalytic degradation mechanism can be expressed as follows [67]: 

 
CFO + hυ (visible light) → CFO (h+

VB + e¯CB) …………………………(4.9) 

h+
Vb + H2O/OH_  OH•−               .………………………………………(4.10) 

CFO (e¯CB) + O2 → O2•−                    ……………………………………(4.11) 
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RhB + (OH•−, O2•−) → RhB• + H2O     ……………………………............(4.12) 

RhB + hVB + RhB•  degradation products   …………………………….(4.13) 

The introduction of Dy into CFO samples enhances the photocatalytic degradation 

efficiency, so the degradation mechanisms of Dy doped CFO samples are depicted in 

figure 4.13. 

 
 

Figure 4.13: The photocatalytic mechanism of Dy doped CoFe2O4 photocatalyst 

toward the degradation of RhB under visible light illumination. 

 
In this case reduced band gap enargy of Dy doped CFO materials is determined a key 

factor for enhancing photodegradation of RhB. 4f level of Dy was reduced the band 

gap of CFO materials by the formation of new energy state underneath the conduction 

band of CFO. This 4f level would serves as an acceptor level of electron and 

facilitates a charge separation which might enhance the photocatalytic activity of 

CFO. The Dy Doped CFO nanoparticles are excited under visible light irradiation and 

produce photogenerated electron- holes pairs. In this mechanism, the photoexcited 

electrons are captured by Dy dopant level and further transferred from the Dy 4f level 

to the photocatalyst surface. Then, this surface trapped electrons react with the surface 

adsorbed O2 molecules to form (O2•−) radicals which is further involved RhB 
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degradation reactions. On the other hand, Photogenerated holes are also transferred to 

the photocatalyst and react with H2O or OH- to formOH•− or directly react with RhB 

radicals and thus degraded RhB. However, hydroxyl radicals (OH•−) superoxide 

anion radicals (O2•−) and holes (h+) are considered to fundamental rective species for 

the degradation of RhB. Thus, Dy doping can reduce the recombination rate of the 

photogenerated electron–hole pairs and enhance interfacial charge-transfer efficiency 

for the degradation of RhB. The mechanism of photocatalytic degradation of RhB is 

given as follows: 

 

CoFe1.8Dy0.2O4 + h  e- + h+………………………………………(4.14) 

e- + (Dy 4f level)  e- (Dy 4f level trapped)  ………………………..(4.15) 

e- (Dy 4f level trapped) + O2  O2•−………………………………......(4.16) 

h+ + H2O/ OH-OH•−              ……………………………...............(4.16) 

O2•− + RhB  degradation product     ………………………………..(4.17) 

OH•− + RhB  degradation product…………………………………(4.18) 

h+ + RhB  degradation product …………………………………….(4.20) 
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Chapter 5 
Summary and Conclusion 

5.1 Summary 
In this investigation, CoFe2O4 (CFO) and 10% Dy doped CoFe2O4 (CDFO) samples 

were prepared using hydrothermal synthesis route at 200oC reaction temperature. The 

synthesized CDFO samples were also heat treated at 400oC temperature in Ar 

atmosphere.  

The outcomes of this investigation are summarized as, 

 The XRD results confirmed that CFO and CDFO nanoparticles were formed 

hydrothermally at 200oC temperature. In XRD patterns, it was also observed 

that CDFO nanoaprticles were formed with a few impurity and secondary 

phases due to Dy doping. Interestingly, the impurity phases were removed 

from the CDFO samples after heated at 400oC in Ar atmosphere. Rietveld 

refinement was carried out to identify crystallographic phases of the samples. 

The Rietveld refinement ensured the formation of cubic spinel crystal structure 

of prepared samples and also confirmed the secondary phases of Dy2O3.  

 The Field Emission Scanning Electron Microscopy (FESEM) images ensured 

that the prepared samples were in cubic shape and particles morphology was 

improved after heat treatment at Ar atmosphere. Their corresponding 

histograms demonstrated that the average particle size of CFO nanoparticles 

increased with incorporation of Dy ion. In addition, the average particle size of 

Dy doped CFO nanoparticles was slightly decreased after heat treatment at Ar 

atmosphere with improved phase purity. 

 The Energy Dispersive X-ray spectroscopy (EDX) confirmed the presence of 

Co, Fe, O elements in CFO sample and also confirmed the substitution of Dy 

in CDFO samples. 

 Magnetic measurements were carried out using a Vibrating Sample 

Magnetometer (VSM) and improved magnetization was observed for heat 

treated CDFO samples than that of both CFO and CDFO samples. Moreover, 

all the samples exhibited ferromagnetic nature. This magnetic behavior 

suggests that the substitution of Dy in CFO decreased the saturation 
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magnetization for CDFO samples. The heat treated CDFO samples increased 

the saturation magnetization. The magnetization of heat treated CDFO was 

higher than that of without heat treated CDFO samples due to improve crystal 

structure of heat treated CDFO samples.  

 In absorption spectra analysis, wide range light absorbance trend was found 

for all synthesized samples, which confirmed that all synthesized samples can 

act in visible region. The band gap energy of all samples was estimated from 

their diffuse reflectance spectra by applying Kubelka-Munk function. The 

estimated band gap energy for heat treating CDFO nanoparticles was smaller 

than undoped CFO as well as CDFO nanoparticles. The smaller bandgap 

energy of heat treated CDFO nanoparticles indicates a possibility of utilizing 

these as a highly efficient photocatalyst for photocatalytic applications.  

 In photocatalytic activity study, the photodegradation efficiency was found 

reasonably higher for heat treated CDFO nanoparticles compared to that of 

other samples. It is also important to note that heat treated CDFO 

nanoparticles exhibited high order degradation efficiency than both of CFO 

and CDFO (without heat treatment) nanoparticles due to their improved 

morphology and lower bandgap energy. Therefore, the intension of heat 

treatment at Ar atmosphere was successed and it may expect that for getting 

better properties, heat treatment at higher temperature may also be necessary. 

5.2 Conclusion 
The outcome of this investigation demonstrates that Dy doping at Fe site provides 

modified structural, morphological, magnetic and photocatalytic properties for CDFO 

nanoparticles than undoped CFO nanoparticles. The findings also suggested that heat 

treatment at Ar atmosphere has significant role to enhance the structural, 

morphological, magnetic and photocatalytic properties of Dy doped CoFe2O4 (CDFO) 

samples. 

5.3 Suggestion for future work 
In future the concentration of Dy may be varied to tune the structural, magnetic and 

optical properties. As heat treatment in Ar atmosphere at 400oC improved the required 

properties, hence a variation of temperature might be helpful to further optimize the 

calcination temperature.  


