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Abstract 
Recently, research on Bismuth ferrite BiFeO3 (BFO) nanoparticles is dominated because of their 

significant multiferroic, physical, chemical, magnetic and optical properties as compared to their 

bulk counter parts. Owing to their novel properties, these ferrites promise various significant 

applications such as magnetic shielding, transformers, magnetic recording heads as recording 

media etc. This work represents synthetic approach along with formation mechanism and 

characterization of BFO, Se-doped BFO (BFSO), La and Se co-doped BFO (BLFSO), and 

GO/(BLFSO). Low-dimensional BFO, BFSO, BLFSO and GO/BLFSO nanostructures with 

various morphologies were successfully prepared through sol-gel method. X-Ray diffraction 

(XRD) was used to investigate the crystallinity of prepared samples. By varying the 

concentration of rare earth metals, the size of nanostructure changes along with the change in 

their shapes. Changed morphologies of all samples with varying doping concentrations were 

observed by Scanning Electron Microscopy (SEM). X-ray photon Spectroscopy (XPS) was used 

to check the elemental composition. The magnetic and photocatalytic properties were plotted by 

getting the data. Study of magnetic properties of these particles revealed that BFSO and BLFSO 

move toward soft magnetic material by increasing the concentration of dopant materials. Study 

of photocatalytic of these particles revealed that BLFSO and GO/BLFSO show different 

behaviour. Photocatalytic properties of pure BLFSO are higher than the Hybrid GO/BLFSO. Our 

results presented here are useful for magnetic recording media for read and write purposes. 
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           The layout of this thesis is as follows: 

  In this chapter, the general concept about nanomaterials is 

presented. Types of nanomaterials are discussed. A brief introduction to the multiferroic 

material and Structure of BiFeO3 is explained.  

 

This chapter includes the literature survey, a brief introduction to the multiferroic 

material and rare earth metal is presented which was extended to the detailed literature 

review. Doping of different materials in BFO and their effects on structural, magnetic and 

photocatalytic properties is also explained in literature survey.   

 The third chapter explains the types of approaches for 

nanomaterials synthesis and details the experimental techniques and methods used to 

prepare and analyze the nanomaterials. 

 The fourth chapter contains structural and morphological 

analysis of BFSO and BLFSO nanomaterials. Magnetic properties of BFSO and BLFSO 

are thoroughly explained as well.  

 The fifth chapter comprised of the structural and morphological 

study of GO/BLFSO nanocomposites. The photocatalytic properties of pure BLFSO and 

GO/BLFSO are thoroughly explained. 

 

Chapter 5 

 

 

Chapter 4 

 

 

Chapter 3 

 

Chapter 2 

 

Chapter 1 

  

Layout of Thesis 
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Chapter 1: Introduction  

1.1. Introduction to Nanoscience  

Nanoscience is compound word having two parts, nano and science. Nano is a pre referring to 

10-9, it refers specifically to nanometers. Therefore, nanoscience deals with the objects in size 

regime of nanometer. It is an interdisciplinary field and it involves merger with other sciences 

such as physics, chemistry, etc [1].  

In this size regime, matter exhibits unusual properties, which makes this science unique. The 

variation of properties as a function of size occurs in different materials differently [2].  

1.2. History of Nanoscience  

Richard Feynman first time gave the idea of nanoscience in 1959 during one of his lectures. He 

gave a concept “there is a plenty of room at the bottom” in his lecture presented in the 

conference of the American physical society. 

Later on in 1974 N.Taniguchi used the word “Nanotechnology” for the first time at the 

international conference in Tokyo [3]. 

1.3. Nanotechnology 

This is a technology that using objects or structures or phenomena at the nanometer scale. 

Nanotechnology is applicable to physical, chemical, biological system in order to explore the 

properties arising at the nano scale. 

This new emerging technology has many different applications in the fields of energy devices, 

artificial intelligence, inexpensive space travel, biological medical research, medical etc [4]. 

1.4. Nanomaterials 

These are the materials of intermediate size between molecular and macroscopic.  A nanometer 

is one millionth of a millimeter. These materials have in the range of less than 100nm. Generally, 

this incorporates the studies the morphological characteristics of the materials that entail the 

nonometric scale [5]. Nanomaterials show different optical, magnetic, electrical, and other 

properties. 
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1.5. Classification of Nanomaterials 

Following are the main types of nanomaterials; 

 0- dimensional 

 1- dimensional 

 2- dimensional 

 3- dimensional 

 
                              Figure1 Classification of Nano materials [6] 

1.5.1 Zero Dimensional 

These materials have all three dimensions limited in the nanoscale range and their size lie 

between 1nm to 100nm. The reduction of the size of the material gives rise to different 

characteristics. The examples of nanometerials include nanoparticle, quantum dots and 

nanocluster [7]. 

1.5.2 One Dimensional Nanomaterials 

Those types of nanomaterials in which the confinement is in two dimensional and only one 

dimension lie outside the nanoscale are called one dimensional nanomaterial. These contain 

nanorods, nanowires and nanotubes etc. 

1.5.3 Two Dimensional Nanomaterials 

Those type of nanomaterials in which two of the dimensions are not confined to nanoscale. 

Nanofilms, nanolayers and nanocoatings are the examples of these materials. These 
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nanomaterials can be made by various chemical compositions. These contain nanosheets, 

nanofilms etc. [8]. 

1.5.4 Three Dimensional Nanomaterials 

These materials are not confined in any dimensions to nanoscale. These materials have three 

arbitrary dimensions above 100nm.They can be composed of multi nanolayers, nanowires, 

nanoparticles. These contain dendrimers, composites etc [9]. 

1.6 What is important in Nanoscience? 

At nanometer scale, materials exhibit different properties not seen on a macroscopic scale. The 

following effect can change the properties of materials 

1.6.1 High Surface to Volume Ratio 

As we go down to smaller scale, surface area becomes larger as compared to its volume. In 

nanoscience this high surface to volume ratio is a very vital characteristic. Nanoscale particles 

have large surface area that maximizes possible reactivity. This large surface area to volume 

ratio is very effective in different chemical process and in making various materials. In 

convention materials most of the atoms are not at the surface. The large surface to volume ratio 

causes the chemical interactions to occur more easily. They can serve as very potent catalyst 

[10]. 

 

Figure 2 Presentation of high surface to volume ratio [11] 
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1.6.2 Quantum Confinement effect 

The quantum confinement effect also plays a key role at nano scale. The word confinement 

corresponds to the limitation of the motion of electron to specific energy level and quantum 

reflects the atomic realm of particle [12]. 

1.7 Types of Magnetic Materials 

1.7.1 Diamagnetism 

The orbital motion of the electrons is the main source of Diamagnetism. The atoms that have 

completely filled orbital show this type of weak magnetic behavior. When this material is kept 

under the external magnetic field, a field opposite to the applied field is generated due to the 

orbital motion of electron, described by the negative susceptibility [13]. 

1.7.2 Paramagnetism 

Paramagnetic behavior is observed in those atoms that show partially filled orbital. The presence 

of the dipole moment is because of the partial cancellation of electronic spin. Dipole moments 

are oriented arbitrarily before the applied field and they orient along the direction of the external 

magnetic field when field is applied. Thus, the material shows no net macroscopic 

magnetization. [14].  

1.7.3 Ferromagnetism and Ferrimagnetism 

Both these types of magnetic material shows permanent magnetic moments even when no 

magnetic field is applied. The cooperative interactions of atomic spins called domains regions 

are the source of permanent magnetic moment and these are the main source of magnetic 

behavior in ferromagnetic materials. In domain region all spins have the same direction. In 

ferrimagnetic materials these domains are oppositely aligned and do not show complete 

cancelation. The macroscopic magnetization in ferromagnetic and ferrimagnetic materials is the 

sum of the magnetization of the domains [15]. 

1.7.4 Antiferromagnetism 

In these materials, the magnetic moments are due to the spins of electrons. In these materials 

domains spins are pointing in opposite directions [16]. Generally, antiferromagnetic order may 

exist below a certain temperature and vanishes at the Neel temperature. 
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1.8 Multiferroic Materials 

Multiferroic materials exhibit simultaneously both ferroelectric and magnetic properties. These 

materials have two of the major ferroic properties in the same phase. Ferromagnetism, 

ferroelectricity, ferroelasticity and ferrotoroidicity are the main primary ferric orders [17]. 

In multiferroic materials, magnetic order is basically originated from the interactions among the 

magnetic dipoles due to the unfilled shells of electronic orbital. Electric ordering is due to the 

local dipoles, elastic ordering originates as a result of atomic displacement due to strain. These 

simultaneous presences of electric and magnetic ordering make these materials interesting as 

they contain combine properties of electric and magnetic properties. The best known examples of 

multiferroic materials are BiFeO3, MnFeO3 etc. 

1.8.1 Structure of BFO 

BFO is an important multiferroic material that shows both high TC of about 1103K and TN at 

643k. BFO have rhombohadrally distorted Perovskite like structure with space group R3C. The 

formula of perovskite structure is ABO3 in which A, B are cation and O anion oxygen which are 

located at the octahedral site of the lattice [18]. BFO is G type antiferromagnetic. In BFO both 

ferroelectricity and magnetic behavior exists. Ferroelectricity is due to the 6s2 lone pair electrons 

of Bi+3ions and magnetic behavior arises due to the Fe+3 ions [19].BFO shows spin cycloid 

structure with period of 62nm [20]. 

 

Figure3 Crystal structure of BFO [21] 
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When BFO is deal at nano scale there is optical and magnetic properties changes .The Neel and 

Curie temperature decreases with decreasing the nanoparticles size of BFO. While the value of 

magnetization value increases in nanoparticles, nanowires and in nanostructures because of the 

high surface to volume ratio at nano scale and cause the uncompensated spins at surface that 

increases magnetization value. For small particles the surface spins increases and increase in 

magnetization value [22]. 

1.9 Applications of Nanotechnology 

Nanoamterials cover large range of applications due to their unique and useful properties. Some 

of the applications are discussed below  

1.9.1 Photocatalysis 

Photocatalysis is the acceleration of photoreaction in the presence of catalyst. Nano materials 

have got a great importance in this field because nanomaterials have large surface to volume 

ratio, so they can easily react fast and increase the reaction rate. 

 Different metal oxides i.e. TiO2, ZnO, SnO2 and CeO2, which are abundant in nature, have     

been extensively used as photocatalysis, particularly as heterogeneous photocatalyst since 

several decades. 

 Literature shows that TiO2 nanotubes are used for photocatalytic applications. 

 Using the nanohybrid materials, the efficiency of photocatalyst can be increased. 

1.9.2 Energy 

The energy related projects of the nanotechnology includes the storage, conversion, 

manufacturing improvements. 

 

 By using the nanopoures filters, the pollutents of combustion engines are reduced to greater 

extent. 

 Carbon nanotube fuel cells environmentally friendly form of energy and they are used in 

different applications. 

  Nanotechnology has played indispensible rule in solar energy storage devices.    
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1.9.3 Nanotechnology in Space 

Nanotechnology has also found its applications in space explorations i.e. reducing the amount of 

rocket fuel, lowering the cost of space travelling etc. 

  By using the carbon base materials like carbon nanotubes, weight of the space ships can be 

reduced and its structural strength can be increased. 

 Using the nanohybrid materials the efficiency of material use for space missions can be 

increased. 

1.9.4 Nanotechnology in Electronics 

Nanotechnology helped in achieving the micro processors, which are more efficient in terms of 

processing speed and processing power. The micro processors are now reduced to the 100 nm 

size. More improved and energy efficient display screens are another application of 

nanotechnology.  

 Manufacturing the carbon nanotubes based transistor with dimensionality of only a few nano 

maters to improve their efficiency. 

 Nano material based magnets are being employed in the electrical circuits to reduce the 

power consumption. 
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Chapter 2: Literature Review 

V. Annapuv Reddy et al studied the dependence of magnetic properties on the particle 

size of BFO3 nanoparticles. How the magnetic properties change as the particle size change. 

From 10-150 nm was studied.  BFO3 nanoparticles with different size ranges were prepared by 

using the spray pyrolysis method. The crystal structure was confirmed by XRD and the FTIR 

spectroscopy analysis. Morphological studies were done by the SEM and SEM images showed 

the uniform and homogenous distribution of particles of different sizes. The significant 

increment in the value of magnetization and change in coercivity was reported as the particle size 

goes to nano scale. It is reported that the existence of spin cycloid structure is because of the 

large un-compensation of Fe+3 spins at the particle’s surface. The phase transition have been 

investigated and reported that the Neel temperature and Curie temperature increases with particle 

size. The correction length, dimension and particle size provide more physical studies in the 

nanoparticles samples. The enhanced magnetic properties in smaller particles are caused by the 

spin cycloid structure’s suppression [23]. 

 Tae-Jin Park et al in 2007 reported the magnetic properties of crystalline BFO3 

nanoparticles with different sizes. For the synthesis of single crystal BFO3 nanoparticles, facile 

sol-gel methodology based on glycol-gel reaction was used. The particle size between 10nm-

100nm has been thermodynamically controlled. The morphological studies were done by the 

SEM. It is shown that the magnetic properties change with the change in particle size and this 

behavior is correlated (a) with decreasing nanoparticles size, suppression of spiral spin structure 

also increases and (b) existence of some uncompensated spins. ZFC and FC shows the different 

magnetic curves. The presence of insignificant Fe+2 causes oxygen deficiency. Oxygen 

deficiency causes the increase in multiferroic behavior [24]. 

 R. Jarrier et al reported the surface phase transition in BFO3 below room temperature. 

They used different techniques i.e. Resonant ultrasound spectroscopy, EPR, Raman spectroscopy 

etc to analyze the phase transition in bismuth ferrite at low temperature. It is reported that surface 

phase transition occur at T=140.3K in BFO3 with change in lattice parameters [25]. 

 P Fischer et al explained that the crystal and magnetic structure of BFO3 is also depends 

on temperature. The structure of BFO3 was investigated by means of neutron diffraction on 
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powder sample. By change in temperature, distortion in the structure occurred and it is reported 

that the angle of oxygen tilts around the triad axis decreases from 12.450 at 4.5K to 11.40 at 

878K. By increasing the temperature value, cation shifts also decreases. Changes of cation shifts, 

shift angle, distortion and strain octahedral look like the phase transition observed by Polomska 

[26]. 

 BFO3 has strong ferroelectric and magnetic properties simultaneously at normal room 

temperature. G Catalan and J F. Scott studied the Bismuth ferrite. It is reported that at some 

temperature phase of BFO3 is called as rhombahadral with space group R3C. In BFO the unit cell 

has a lattice parameter of 3.965 A0. In BFO3, the rotation angle of oxygen and Fe-O-Fe angle are 

very important structural parameter. It was shown that as the size of BFO3 change at nanaoscale 

the magnetic hysteresis loop changes due to the partially compensated surface spins in BFO3 

nanocrystals [27]. 

 Yongang W. et al reported the synthesis of single crystal bismuth ferrite nanoflakes by 

hydrothermal method assisted by KNO3. X-Ray diffraction and TEM are used for 

characterization. TEM images show the hydrothermal process at 2000C for different time i.e. 

24h, 36h, 48h. By holding the sample for long time, the crystallites were made of the nanoflakes 

with the side length of 100-200 nm. The formation of nanoflakes can be described at the expense 

of nanoparticles.  KNO3 played a vital role in the formation of BFO3 nanoflakes. This process is 

expected for the synthesis of nanostructure with different morphology [28]. 

 Sushmita Gosh et al used ferrioxalate precursor method for the formation of bismuth 

ferrite nanoparticles. In this method, BFO nanoparticles are synthesized in pure phase at 

temperature 6000C. The characterization techniques used are X-Ray diffraction, FTIR, SEM etc. 

The particle size (11-22 nm) of the powder was calculated by the Scherer’s formula. Differential 

thermal analysis shows a phase change at 3850C temperature. Oxalic acid acts as the chelating 

agent in this synthesis method. This method is very useful for the formation of BFO3 nanoscale 

powder at much lower temperature compared to other methods. In low temperature synthesis 

oxalic acid and nitric acid play a crucial role for the formation of BFO3 [29]. 

 Yonggang Wang et al also synthesized BFO nanoparticles at low temperature 1600C by 

the hydrothermal method assisted by polymer. The chemical reagents used were bismuth nitrate, 

iron nitrate, potassium nitrate, polyvinyl alcohol and potassium hydroxide. XRD analysis shows 
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the existence of pure BFO with a rhombohadrally distorted perovskite structure. TEM images 

shows the sample prepared at 1600C with and without addition of polymer BFO crystals were in 

the shape of cubic sugar and when polymer was added samples were in the shape of sphere-like 

particles. These studies show that polymer play an important role in morphology of BFO 

nanoparticles [30]. 

 Chao Chen et al in 2006 reported low temperature hydrothermal synthesis for the 

formation of perovskite bismuth ferrite crystallites. Effect of temperature, KOH concentration 

the initial conditions on the size of particle and morphology was investigated. Crystal structure 

was confirmed by the XRD. Morphological studies were done by scanning electron microscope. 

SEM images show how different molar value of KOH i.e. 4M, 6M, 10M affects the morphology 

of sample. SEM images also confirmed the homogeneous distribution of crystallite [31]. 

 CAO Ling-fei et al in 2007 explained that the Curie temperature is affected by the shape 

and size of nanoparticles. It was reported that spin interactions exist between surface atoms and 

inner atoms. When the size is decreased the interaction conditions also changes that affect the 

ferromagnetic properties. It is also reported that the shape of nanoparticles effects the critical 

temperature variation [32]. 

 Ziang et al in 2012 reported that the optical and magnetic properties of Bismuth ferrite 

changed by the La doping. Crystal structure, magnetic properties and optical properties of BFO 

nanofibers due to La doping was investigated with different experimental techniques i.e. XRD, 

EDX, SEM and UV-visible spectroscopy. The XRD pattern shows that there is no prominent 

change in the structure of BFO before doping because La is doped on small level. The lattice 

constants of the crystal remain unchanged because the comparable size of La+3(1.0320A) and 

Bi+3(1.030A). The magnetic analysis shows that by increasing the La concentration, at first the 

value of magnetization weakens but by increasing the La concentration, the value of 

magnetization increases. Magnetization and coercive field exhibit an uninterrupted increase as 

the La doping increases. The result of UV-visible tests exposed little influence of La doping on 

the optical property [33]. 

 Poorva Sharma et al studied the effect of rare earth (La) and metal ion (Pb) substitution 

on the structural and magnetic properties of Bismuth ferrites Bi0.825A0.175FeO3 (A=La, Pb) were 

synthesized by solid state reaction rout. Crystal structure was examined by XRD that reveals that 
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structure changes by doping of La and Pb. By doping of La and Pb at Bi site in BFO a change in 

Raman model position was observed from Raman scattering measurements. Magnetic properties 

changes differently with La and Pb doping. It is also reported that porous ceramics have lower 

value of dielectric constants and these are most useful electronic devises. [34]. 

 Z. X. Change et al have also studied the effect of La doping in BFO. Bi(1-x)LaFeO3 

(x=0,0.1,0.2, and0.3) have been synthesized by solid state reaction. Different structural changes 

occur by different concentrations values have been studied by XRD. It is reported that below 

10% the structure remains same but at 20% doping structure changes to orthorhombic and at 

30% doping structure changes to tetragonal. From the electric polarization hysteresis loops, La 

doping notably reduces leakage current and leads to the observational of the electric polarization 

hysteresis loop. It was reported that La doping affects the cycloid spin structure and enhance the 

magnetic moment [35]. 

O. Garicia-Zaldivar et al reported the co-doping effect of Ba, La and Ti in BFO. They 

reported the co-doping effect on magnetic and structural studies. Solid state reaction was used to 

Bi based multiferroic system. Different properties i.e. structural and magnetic properties were 

studied at different temperature. For structural studies XRD measurements were done. 

Morphological studies for different concentration of dopent material was done by SEM. XRD 

results confirmed the improved rhombohedral phase stability of BFO. A decrease in grain size 

with dopent incorporation reduces the distortion in the structure. The increase magnetic 

properties were reported by La doping and oxygen vacancies were found via XPS measurements 

[36]. 

 Syed Irfan et al reported the co-doping effect of La and Mn in BFO with enhanced 

photocatalytic activity. The technique used for the fabrication of this sample is double solvent 

sol-gel technique. The co-doped La and Mn in BFO gyroid-like mesoporous nanostructure was 

obtained by controlling the calcinations process and by the amount of precursor. The structural 

studies were done by XRD. Morphological studies were done by SEM and SEM images showed 

the well-ordered mesoporous nanostructures with different doping concentration in BFO. It is 

reported that the doping of La and Mn in BFO causes better photocatalytic performance. The 

BLFMO samples show the similar optical absorption behavior like BFO in UV region but show 

significantly higher absorption in visible range. Similarly the dye degradation rate under visible 
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light is higher than pure BFO. These highly porous and well-ordered nanostructure networks 

have many applications such as high photocatalytic applicability etc [37] 

Ting diu et al synthesized successfully BiFeO3 perovskite crystallites by using the sol-gel 

method using a PVA as the complexing agent. The initial ingredients used were iron nitrate and 

bismuth nitrates. The effect of the ratios of PVA (Mn+/-OH) on the morphology of BiFeO3 was 

examined. Different techniques were used i.e., X-rays diffraction, field emission, FTIR etc. It 

was studied that the single phase well crystallized BiFeO3 was obtained from Mn+/-OH = 2:1 at 

400`C and with Mn+/-OH = 4:1 at 600`C. Other ratios i.e., 1:1 and 1.5:1 didn’t give the BiFeO3. 

The crystal structure was confirmed by XRD. Thermogravimetry was used to analyze the BiFeO3 

powder. FTIR was used to determine chemical bonding BiFeO3. Field emission studies 

elucidated that by increasing the temperature for 2:1 precursor ratios the particle size grows 

larger. [38] 

Yuperg lvet et al reported the controlled morphology and visible light Photocatlysis 

activity of BiFeO3 by using the solvents and surfactants. X-rays diffraction, scanning electron 

microscopy (SEM) and Raman spectroscopy are used for different characterization. For 

synthesis, different solvents and surfactants were used. De ionized water, ethylene glycol and 

monomethlylethor act as solvent with different polarities. The CTAB and PED2000 were used as 

surfactants. XRD studies showed that samples prepared with deionized water have the strongest 

intensity peaks, demonstrating a well crystalline structure. XRD confirms the distorted 

rhomohadral R3C structure of the samples. The intensity of peaks with other two solvents 

ethylene glycol and monomethylether are lower than deionized water peaks. These results 

indicate that polarity of solvent elicit a crucial impact on the quality of crystalline structure. SEM 

images depict that different shapes are obtained by using different solvent and surfactants i.e., in 

case of ethylene glycol solvent, most of the grains are round agglomerated, while 

monomethylether induced regular octahedron shape of particles. Different polarity solvent 

determine different reaction rate. The precipitates form different shape with different structure. 

Similarly surfactants have different polarities when added in the solution, they would absorb on 

different crystal face and cause different morphologies. FTIR studies show that the samples 

prepare in water and the sample shows the best photodegradation efficiency. When ethylene 
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glycol used as solvent, it shows minimum photodegradation. Similarly samples prepared with 

PEG-200ranked are best in photocatalytic activity [39].  

Yu-Jie Zhang et al in 2010 studied the different properties of BFO after doping of 

different elements in Bi(1-x)RxFeO3 (X = 1-0, R= Sm, Eu, La, Nd,  and Tb). X-rays diffraction 

shows the structural changes occur in BFO after doping. The literature shows that the A site and 

B site substitution in BFO with rare earth and transitional metals respectively changed the 

properties of BFO. BRFO was synthesized by utilizing the solid state reaction. Structural studies 

were carried out by XRD and it was shown as the value of doping concentration increased, 

structural transition occur from rhombahadral to orthorhombic between x = 0.2 and 0.4. It is also 

shown that lattice constant decreases slowly as doping concentration increased, similarly unit 

cell’s volume also changes. The unit cell volume of BRFO is smaller than BFO due to larger 

radius of Bi+3 than dopent radius. Magnetic studies show that by doping, the value of 

magnetization increased. The origin of enhanced M is due to the disturbing spiral magnetic 

ordering by doping. By increasing the doping concentration, both R-O distance and Fe-O 

distance changes, which enhance exchange interaction leads to increase in magnetization. Neel 

temperature value also changes due to doping. The TN value increases by doping in BFO. This 

enhancement of TN is the result of change in the Fe-O distance. The value of coercivity is also 

affected by the doping [40]. 

Zhiwu Chen et al in 2015 reported the ethylene glycol assisted hydrothermal method for 

the synthesis of pure BFO crystallized structure.BFO powder have been synthesized by using 

this method at the low temperature as 140oC.The initial ingredients used for this synthesis are 

bismuth nitrate, iron nitrate, ethylene glycol and potassium hydroxide. The successful formation 

of pure BFO perovskite was confirmed by XRD.XRD pattern also show that as the temperature 

increases impurity phase decreases and pure BFO phase greatly increases up to the value of 

1400C. Ethylene glycol used as solvent plays a crucial role for the formation of bismuth ferrite. 

Ethylene glycol is used as solvent because it can avoid strong hydrolysis of bismuth cation and 

keep the different electronegativity of bismuth and iron. This also reduces the energy required to 

successful suspension and the formation of pure BFO phase. To determine the presence of 

elements on surface such as (Bi, Fe, and O) X ray photoelectron spectroscopy was done. The 

morphological studies were done by the scanning electron microscope.SEM images show that 
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the shape of BFO-EG microcrystal is nearly spherical with approximately size of 10 um. Further 

magnification shows that the spherical structure consists of large amounts of small particles with 

average size 8-20nm.The magnetic studies were done by vibrating sample measurement 

technique. The magnetization curve shows that the ferromagnetic behavior with a good value of 

coercivity and saturization magnetization. UV-visible spectrum is discussed for BFO powders. 

BFO powder shows photocatalyst activity for degradation of organic compound [41]. 

Sunil Chuhan et al reported the effect of Ba doping in BFO and discus how the structural, 

viberational, optical and magnetic properties change by the doping. The method used for the 

synthesize Bi(1-x)BaxFeO3 (x=0.05, 0.10, 0.15)nanoparticles was sol gel method. Chemicals used 

in this method were bismuth nitrate, iron nitrate and barium nitrate. These materials were 

dissolved in deionized water. Structural studies were carried out by using the XRD. All XRD 

pattern shows the rhombahadral structure of highly crystalline BFO nanoparticles. The unit cell 

volume increases by doping the Ba in BFO. As the concentration of Dopent increases, unit cell 

volume also increases. The change in the unit cell volume is due to the different ionic radius of 

Ba and Bi. Also the bond lengths and angles Fe-O-Fe change by increasing the value of Ba. 

Morphological studies show that there is a change in morphology by increasing the 

concentrations of dopent materials. FTIR transmittance spectra are also discussed. Hysteresis 

loop shows that the value of magnetization increased by increasing of Ba value from 0.05 to 

0.15. This increment in magnetization value is because of the effect of high surface to volume 

ratio. With decreasing the particle size, surface to volume ratio increase and anti ferromagnetic 

ordering interrupted and uncompensated spin cause the net magnetization [42]. 

Ping Tang et al synthesized Bi(1-x)GdxFe(1-y)MnyO3 by using sol gel technique. Different 

techniques like XRD, TEM, Raman spectroscopy, Uv-visible spectroscopy are used for the 

different characterizations. Single phase perovskite structure was confirmed by XRD. Results of 

Gd and Mn co doped BFO show that there exist two extra peaks representing the existence of 

orthorhombic phase.TEM images shows that particle are in the range of nanaoscale. By 

increasing the concentration of dopent, the band gap of BGFMO changes. Mn doped BGFO 

nanoparticles show increases in magnetization up to optimal value of doping. The coercive force 

also changes by changing the concentration of Mn [43]. 
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 G.S Arya et al discussed the In and Co doped BFO and their enhanced magnetic 

properties at room temperature. They synthesized Bi(1-x)InxFe(1-y)CoyO3 (0<x<0.1, 0<y<0.05) 

nanoparticles by combustion method. Co doping causes the distortion in the structure of BFO. 

XRD graphs show that some peaks merge into a single peak after doping. Some peaks merged 

and shift towards the higher diffraction angles because of the difference in ionic radii of In and 

Co in BFO. SEM images show the improve morphology in terms of porosity. The pores on the 

surface are due to the liberation of gas during the combustion method. TEM images of different 

size with different concentrations of doping are discussed. Co doping affects the electric and 

magnetic properties. It is discussed that doping at A and B site causes the difference in magnetic 

moment, which give rise to the net magnetization. But like magnetization, coercivity of all 

samples shows different behavior [44].  
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 Chapter 3 

Synthesis and characterization techniques of 

Nanomaterials 

3.1. Approaches 

Ultrafine dimensions of the order of 10-9 have been found in nanostructure materials. At this 

lower scale, several approaches may be implemented in the fabrication of the nanostructure 

material. Following two approaches are utilized for synthesizing of nano material and the 

manufacturing of nano structure in nanotechnology; 

 Top down approach  

 Bottom-up approach 

3.1.1. Bottom-up Approach 

The fabrication of nano material and nanostructures with the bottom up approach starts with 

single molecule, which are combined together in the form of: atom by atom, molecule by 

molecule or cluster by cluster. Different methods used in the bottom up approach are  

 Co precipitation method 

  Sol gel method 

  Double solvent sol gel method 

  Hydrothermal method. 

3.1.2. Top-down Approach 

The manufacturing of nanoparticles with the implementation of top down approach involves the 

construction of material by continues removal of material until required material is obtained by 

using the methods such as carving cutting, and molding. By applying these approaches, we 

succeeded to manufacture a range of machinery and electronics devices [45]. Following is a list 

of methods which are applied for the production of nano-scale materials 

 Ball milling 

 Nano-lithography 
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 Laser ablation   

3.2. Characterization Techniques 

Although, several techniques exist to characterize nano material but here, we utilized followings 

 X-ray diffraction (XRD) 

 Scanning Electron Microscopy (SEM) 

 Vibrating Sample Magnetometer (VSM) 

 Ultraviolet Visible Spectroscopy (UV-Vis) 

3.2.1. Powder X-Ray Diffraction (PXRD) 

PXRD deals with the identification of the crystalline specimen in their current phase as well as 

gives a structural analysis of unit cell dimensions. The analysis of crystalline specimens is 

performed in the uniform of the fine bulk powder. The principle of the PXRD technique is based 

upon the constructive interference of the crystalline structures of specimens and the 

monochromatic x-rays. The interaction of x-rays with the crystalline substance gives the XRD 

patterns. 

Working Principle  

When x-rays falls on an atom, then these rays reflect from the atoms of the materials almost in 

all directions and interference occurred. X-rays are produced in the x-ray tube source. The angle 

that is formed in result of incident x-ray with reference of diffracted x-rays gives the diffraction 

patterns [46]. 

Bragg’s law 

William Henry Bragg and William Lawrence Bragg initially proposed the idea of 

crystalline solids subsequent to their discovery of surprising pattern of X-rays reflection in 1913. 

At that time, it was a novel thing to know that at particular incident angles and wavelengths, 

crystals generate peaks of reflected radiation. The constructive interference of the scattered 

waves is obtained when the waves remain in phase after their reflection from crystals.  When two 

waves undergo the interference phenomenon, their path difference is denoted by 2dsinθ, 

https://en.wikipedia.org/wiki/William_Henry_Bragg
https://en.wikipedia.org/wiki/William_Lawrence_Bragg
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/X-rays
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where θ is the angle at which scattering occurred. Bragg's law describes the condition for the 

constructive interference by the following relation  

2dsinθ=n λ 

n = positive integer 

λ = incident wavelength 

When the scattering angle satisfies Bragg’s condition, an intense peak appears. 

 

 

 

                         Figure 3.1 Braggs Law [47] 

Particle size can be measured by the Scherrer’s formula given by the following equation 

                                                                 

λ = incident wavelength 

β = FWHM 

Parts and working of PXRD 

The components of powder x-ray diffraction machine are 

 X-ray generation tube 

 Specimen holder 

 X-ray detector 
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The tube comprises of high-voltage tungsten filament cathode and copper anode. Large potential 

difference between anode and cathode fires the electrons to the target matel and generates the X-

rays. 

 

Fig 3.2 X-ray generation phenomena [48] 

X-rays leave the tube via an exit window.  

Applications 

XRD is a nondestructive technique .It is used 

 To identify crystalline phases and orientation 

 To analyze the crystal structure 

 To determine structural properties 

 To determine atomic arrangement 

 To detect the impurities present in the sample 

3.2.2. Scanning Electron Microscope (SEM) 

The morphological studies are performed by the scanning electron microscopy. A high-energy 

electron beam is thrown upon the surface the samples. The interaction of electron with the 

sample gives rise to different types of signals that give the morphological information of the 

sample. Magnification range 15x to 200,000x.This has the resolution in the range of angstrom Å. 

It has excellent depth of focus. It has relatively easy sample preparation. 
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Working of SEM 

It contains the following parts 

Electron Guns  

The electron gun is placed either at bottom or at top of SEM and these guns shoot a beam of 

electrons at the object to be studied [49]. 

Condenser lenses 

SEM uses these lenses to create comprehensive and thorough images. The lenses are not made 

up of glass but of electromagnetic material. These lenses are used to control and focus beam of 

electron to ensure their precise targeting. 

Objective aperture 

The objective aperture arm lie above the objective lens and it contain four holes. By the motion 

of the arm, different sized holes can be adjusted to put into the beam path. 

Scan Coils 

The scanning coils are basically the two solenoids that are used to create two magnetic fields 

perpendicular to each other. By varying the current, a magnetic field is generated that controls 

the movement of electrons. 

Chamber 

The sample chamber is a place where the specimen is kept for examining. By moving the 

chamber, different images are taken. 

Detector 

SEM contains various types of detectors. These detectors detect the various types of signals by 

the interaction of electron beam with the sample. Different types of detectors are backscattered 

electron detectors and X-ray detectors. 
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Figure3.3 Radiation and electron in SEM [50] 

There are different types of electron images. 

 Secondary electrons emission 

 Backscattered electron emission 

  X-rays emission 

 Electrons back scattered diffraction 
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Figure 3.4 Construction of SEM [51] 

Applications 

 It is used for  surface topography, morphology particle size etc 

 It can be used for elemental maps or spots for rapid discrimination of phases in multiphase 

sample  

 It is used for visualization of subsurface structure in cells and tissues 

 SEM has particle  applications such as semiconductor inspections  

 It has technological application such as microchips for computer  

3.2.3. UV-Visible Spectroscopy 

UV-Visible spectroscopy is used to study the absorption spectrum, band gap studies etc. UV-

visible spectroscopy is used to measure the absorption in both Ultraviolet (185-400nm) range as 

well as and visible (400nm-800nm). 
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Principle 

It is the phenomena in ultraviolet and visible lights are used to measure the absorption 

calculations. In this technique, electronic transitions occurred due to the absorption of photon. It 

is type of Molecular Absorption Spectroscopy in which UV and Visible Radiations are used for 

quantitative and qualitative analysis. The wavelength range is from 200nm to almost 800nm. 

Spectrometer is used for the detection of those wavelengths at which absorption take place [52]. 

Beer-Alembert Law                                                                                                         

This law basically gives the relationship of absorbance and molar absorptivity relating to UV-Vis 

spectroscopy. Mathematically it is described as 

 

 

 A= Absorbance  

IO = Incident λ intensity  

I= Transmitted λ intensity 

L= Path length [53].  

Instrumentation 

The instruments used in this spectroscopy are as follow 

1. Sources of UV-Visible light 

2. Monochromator or Filter  

3. Sample containers  

4. Detector 

 

https://en.wikipedia.org/wiki/Absorbance


Chapter 3  Materials and Methods 

26 

 

 

Figure 3.5 Representation of Experiment [54] 

 

Applications of UV-Vis Spectroscopy  

 Structure clarification of organic compounds 

 Chemical kinetics  

 Detection of Functional Groups 

3.2.4. Photocatalytic activity 

The photocatalytic activity is used to study photo-degradation of different organic dyes i.e. 

Congo red (CR), Methylene blue (MB), Methyl violet (MV) etc.  The Photocatalytic degradation 

measurements are done by the UV-vis spectrophotometer (Hitachi UV-3310). For emission 

wavelength of 365 ± 5 nm as the UV light source a 5W LED and for visible light source with 

420 nm and 800 nm a 300 W Xenon lamp were used as visible light sources. Approximately, 

0.10 g photo-catalyst in powder form was added into 100 mL dyes solution in dark and stirred 

for 2h. Magnetic stirring and ice bath were given to avoid thermal effect during this degradation 

process. After that the solution was shown to the light source. During the photocatalytic reaction, 

3 ml solution were removed periodically in every 30minutes, and centrifuged at 7000 RPM. The 

degradation rate depends on different parameters i.e. the structure of organic dye, light intensity, 

pH of the medium, illumination source, dye concentration, and catalyst morphology. The 

degradation efficiency of organic dyes is determined by using following formula, 
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Degradation (%)=(Co-Ct)x100/Co 

 

Here, Co represents the initial concentration of organic dye and C shows the final organic dye 

concentration degraded after the specified time interval. The absorbance spectra of CR solution 

were analyzed periodically by using a UV-vis spectrophotometer [55]. 

3.2.5. Vibrating Sample Magnetometer 

The vibrating sample magnetometer is used for the study of magnetic properties of different 

magnetic materials. The Vibrating sample Magnetometer was first designed by Simon Foner, in 

1959 at the Lincoln laboratories. It is used for magnetic measurements as a function of field and 

temperature of different magnetic materials.  

Working principle and explanation 

VSM working is based on Faraday’s law of induction which states that a change in magnetic 

field will produce an electric field. This electric field gives information of magnetic behavior. 

The testing sample is kept in a sample holder which is kept between the pole pieces of an 

electromagnetic under a stable magnetic field. The sample is magnetized by aligning the domains 

in the direction of external magnetic field. A sample holder and a transducer are connected 

through vertical sample rod. The transducer converts the sinusoidal AC signal into vertical 

vibration and thus sample undergoes a sinusoidal motion in constant magnetic field. As the 

sample starts vertical motion, magnetic field in sample is varying and can be sensed by pick up 

coils. The change in magnetic field will generate an electric current in the pickup coils. This 

electric current is in proportion to the magnetization or magnetic moment of the testing sample. 

After this, induced current in pick up coils is amplified by a transimpedense amplifier [56]. 

The output is a hysteresis curve by analyzing the data .This curve gives the relationship between 

magnetizing force and magnetic flux density and gives important information about saturation 

magnetization, the ramanence and coercivity. 

Vibrating Sample Magnetometer Parts  

 

 Power supply and water cooled electromagnet  

 Sample holder and vibration exciter  
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 Sensor coils 

 Amplifier 

 Lock in amplifier 

 Computer Interface 

 

Figure 3.6 VSM image [57] 

3.2.6. X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is used to study the chemical composition of different 

atoms on the surfaces. 

Basic principle of XPS is photoelectric effect and it was developed in the mid of 1960 by Kai  

Seighbahn and his research group. Through XPS surface analysis can be performed and it can 

find elemental composition. The basic idea is that material is exposed to electromagnetic 

radiation usually in the form of X-ray. The incident photon has an amount of energy when hit to 

the electron in inner shell of atom, there will be ejection of electron called photoelectron. This 

ejected photoelectron has a kinetic energy. In this process there is also ejection of Auger 

electrons. XPS measure the kinetic energy of both photoelectron and Auger electron [58]. 

Instruments 

 Electron energy analyzer 

 X-ray source 

 Ar ion gun 
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 Neutralizer 

 Ultrahigh vacuum system 

 Electronic controls 

 Computer system 

 Detection of electrons 

 Avoid surface reactions/contaminations 

 

 

  

Figure 3.7 image of XPS [59] 

Applications 

 Use to find the chemical composition  

 To find the empirical formula 

 To find the electronic state of electrons 

 

Description of apparatus and method for synthesis 

The experimental work includes the synthesis method to prepare pure BFO (BiFeO3), BFSO (Se 

doped BFO, BLFSO (La and Se doped BFO) nanoparticles, and BFSO and BLFSO hybrids with 

grapheme oxide by double solvent sol gel method. 
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Equipment used 

Following equipment are used for the synthesis of nanostructures through double solvent sol-gel   

method. 

 Digital weight balance 

 Magnetic hot plate 

 Drying oven  

 Muffle furnace  

 Mortar and Pestle 

 China Dish  

 Centrifuge machine 

List of chemicals used for synthesis 

 

 

 

Sr # Chemical Name Chemical formula 

1 Bismuth-nitrate pentahydrate Bi(NO3)3.5H2O 

2 Iron nitrate nonahydrate Fe(NO3)3 · 9H2O 

3 Selenium  

4 Lanthanum nitrate hexahydrate 

 

La(NO3)3.6H2O 

5 Ethylene glycol C2H6O2 

6 Acetic Acid CH3COOH 

7 Graphene oxide GO 

8 Deionized water  

http://ceramet.lookchem.com/products/CasNo-10277-43-7-Lanthanum-nitrate-hexahydrate-La-NO3-3-6H2O-1122248.html
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Experimental Procedure  

BFSO and BLFSO nanoparticles were synthesized by double solvent sol–gel technique. Briefly, 

Bi(NO3)3.5H2O (99%, pure) and La(NO3)3.6H2O (99%, pure) were stochiometrically mixed and 

after mixing both these nitrates were dissolved in ethylene glycol [C2H6O2] and acetic acid 

[C2H4O2] , and stirred for 2h at room temperature. On the other hand, Fe(NO3)3.9H2O (98.5%, 

pure) and Selenium powder(Sigma Aldrich, 99.5% pure) were dissolved in acetic acid and stirred 

for 2h. Both above prepared solutions were again mixed and stirred for 3h on magnetic stirring. 

After that, solution was dried in an oven at 90 oC for 12h to get a gel and then calcined in furnace 

at 600oC for 3h [60]. 

The route employed in the present work is very simple. The hybrid of pure BFO, BSFO, Bi1-

xSmxFe1-yMnyO3 nano particles with Graphene oxide were prepared by a Co precipitation 

method. In a typical synthesis approach, First of all prepare the solution of 10ml acetic acid and 

10ml ethylene glycol in a beaker, and then add the required amount of Pure BFO into it. Put this 

beaker on sonicator for 60 min so that the BFO nano particles easily dispersed into the solution 

at room temperature. On the other side take another beaker, add deionized water and Graphene 

oxide into it according to the required amount and put it on sonicator for 60 min. After that, both 

solutions were mixed and stirring it for 120 minutes. Then brownish solution was achieved .To 

obtain a dry gel the as-prepared brownish solution was placed at 60 0C in an oven for drying. The 

obtained gel was calcined in air. The hybrid of all BFO doped samples with Graphene oxide 

were prepared by the same procedure. Here after the structural analysis of the all the BFO doped 

samples was done by X-ray Diffractometer (XRD) in the range of 20~80 using Cu-Ka radiation. 

SEM was utilized for study the morphological analysis of all the prepared hybrids. 
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Flow chart 
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Chapter 4: Result and Discussion 

4.1. Result and Discussion of BFSO 

4.1.1. XRD Analysis of BFSO 

Fig. 4.1 illustrates the XRD of pure BFO and Se+4 doped BFO, BFe1-xSexO3 (x=0.10, 0.25, .50 

and 1.0) nanoparticles. XRD patterns matched exactly the typical peaks of Rhombohedral 

structure of pure BFO with space group R3c (JCPDS card no. 20-0169). From the XRD data, 

there is a peak shift related to the (104) and (110) planes towards the higher angles as we doped 

Se+4 in the sample. This peak shifting is due to the fact that the ionic radii of Se+4 (0.64 A0) and 

Fe+3 (0.780A) are not equal which causes change in the interplanar distance [56]. From the XRD 

data, it is clear that the dopent Se+4 moved the Fe atoms in BFO. Because of a large difference in 

the atomic radii of Bi+3 and Se+4, Se+4 cannot replace Bi+3. As we increase the concentration of 

Se+4, the peak near 2θ=390 becomes smaller and smaller which confirms the transformation in 

the rhombahadral structure to orthorhombic structure. There is also same impurity phase 

Bi24Fe2O39 start to grow by increasing the value of dopent concentration. The Scherer formula is 

used to calculate crystallite size. 

 

Where as 

 0.9= crystal shape factor 

 λ= wavelength of incident X-Rays 

 β= Full Width Half Maximum  

 2θ= Diffraction angle 

The unit cell volume also decreases because the ionic radii of dopent material Se are less than the 

Fe ionic radii. This mismatch of iron and selenium cause the lattice strain inside the lattice which 

result in structural distortion and decrease in nucleation rate. 
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Figure4.1. The XRD pattern of Se-doped BiFeO3 at different concentration. 

4.1.2. SEM Results of BFSO 

Morphological analysis of BSFO nanostructure was done by using the scanning electron 

microscope (SEM) and is shown in Figures 4.2. SEM results show that the particle size and their 

shapes change by adding Selenium in the first sample, i.e. BSFO nanoparticles. The SEM images 

show that the shape of the nanostructure is continuously changed upon increasing the Se 

concentration. SEM images show a porous structure when only 10% of Se is added into the pure 

BFO nanoparticles and is changed to an intermediate phase consisting of porous nanoparticles, 

nano-needles and nanosheets formation when the Selenium doping is increased from 10% to 

25%. In the third sample, the concentration of Se was increased to 50% and the shape of the 

nanostructure is almost shifted to pure nanosheets. Finally, when the concentration of Se is 

increased to 100%, the nanosheets are self-assembled in the form of a flower-like shape with 

nanosheets acting like the petals of the flower. 
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a) BFSO-10 

 

 

 

 

 

 

b) BFSO-25 

 

 

 

 

 

 

c) BFSO-50 
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d) BFSO-100 

 

 

 

 

 

 

Figure4.2. SEM images of (a) BFSO-10 (b) BFSO-25 (c) BFSO-50 (d) BFSO- 100. 

4.1.3. Magnetic properties of BFSO. 

Figure 4.3 shows the magnetization vs. magnetic field (M-H) curves for Se-substituted bismuth 

ferrite nanoparticles. The magnetic results show that for the first sample (BFSO-10), the 

magnetic moment of pure BFO changes from 0.052 emu/g to 0.0390 emu/g at room-temperature. 

The change in magnetization of the sample is because of the fact that the periodicity of the spin 

cycloid is destroyed at nanaoscale and the uncompensated magnetic moments of the host and 

dopent atoms cause an increase in saturation magnetization. The net magnetization of the sample 

with Se=25% is increased to 0.0990 emu/g, much higher than the pure BFO sample. The origin 

of this enhanced magnetization with increasing Se concentration might be due to the distorted 

spiral magnetic ordering and is also due to the enhanced surface due to formation of the 

nanosheets [57]. When Se is added to BFO, the bond lengths between cations and anions change 

causing an enhanced spin interaction between core of the material. By increasing the 

concentration of Se above 25%, the saturation magnetization (Ms) behaves non-linearly and the 

value fluctuates. For final sample in which 100% Se is doped, the value of magnetization is only 

0.0005 emu/g. These fluctuations are due to the continuous morphological effects which cause 
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change in shape of the nanostructures. The magnetization, remnant magnetization, and coercivity 

under the external magnetic field are given in Table 1, extracted from the M–H curves. 

 

 

 

 

 

 

 

 

 

 

Figure4.3. Magnetization vs. field curves for BFSO plotted against different Se-%. 

Sample Mr (emu -1) Ms (emu-1) Hc (Oe) Mr/Ms 

BFSO-10 0.013 0.0390 410 0.33 

BFSO-25 0.034 0.0990 270 0.34 

BFSO-50 0.0072 0.0207 341 0.0347 

BFSO-100  0.0005 0.0025 250 0.02 

 

Table1. Table of magnetic parameters of Se substituted BFO. 

-4500 0 4500
-0.10

-0.05

0.00

0.05

0.10
M

(e
m

u
/g

)

H (Oe)

 Z1-10%

 Z1-25%

 Z1-50%

 Z1-100%

 BFO



Chapter 4  Results and Discussion 

38 

 

Figure4.4 shows the change in magnetic coercivity as a function of Se concentration. The 

coercivity of pure BFO is 22 Oe and the value of magnetization is 0.052 emu/g. For first sample 

in which Se=10 % is doped in BFO, coercivity increases to the value of 410 Oe. This increase in 

coercivity is due to the porosity of the sample as seen from SEM image a). For porous materials, 

there exist different magnetic regions that cannot be easily changed from their initial direction 

under an applied magnetic field. This results in the formation of more complex domain structure 

with smaller magnetic domains resulting in increase in the coercivity [58]. By increasing the 

concentration of Se (25%) in BFSO, the value of coercivity decreases from 410 Oe to 270 Oe. 

This change is attributed to the fact that the porosity of the material is decreased due to formation 

of partial nanosheets structure. At Se=50%, the coercivity increases from 270 Oe to 340 Oe due 

to the formation of complete nanosheets structure. This is due to the fact that magnetic domains 

become localized in the given shape boundaries and cannot be easily magnetize. The same 

irregular coercivity behavior goes to the last sample where Se=100 % owing to the flower-like 

nanostructure. 
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Figure4.4. The magnetic coercivity vs. Se-concentration for BFSO. 
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4.2. Result and Discussion of BLFSO 

4.2.1 XRD Analysis of BLFSO 

Figure 4.5 illustrates the XRD of pure BLFO and Se+4 doped BLFO, B0.92L0.08Fe1-xSexO3 

(x=0.10, 0.25, .50 and 1.0) nanoparticles. All the XRD match exactly according to JCPDS card 

no. 20-0169. From the XRD data, there is a peak shift related to the (104) and (110) planes 

towards the lower angles as we doped Se+4 in the sample BLFO. It is due to the fact that the ionic 

radius of dopent is different with the atoms of Bi and Fe. The intensity peak of (006) plane at 39o 

which arises from rhombohedral structure became weaker by increasing the Se concentration. 

This result showed the phase transformation from rhombohedral to orthorhombic phase. There is 

a detectable impurity peak of Bi24Fe2O39 observed after doping of Se4+. The impurity peak 

becomes sharper by increasing the concentration of Se above 25%.  
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Figure4.5. The XRD pattern of La, Se co-doped BiFeO3 at different Se %. 
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4.2.2. SEM Results of BLFSO 

Morphological analysis of BLSFO nanostructure was done by using the scanning electron 

microscope (SEM) and is shown in Figures 4.6. SEM results shows that for first sample in which 

only (8%) La is doped in BFO, the nanosheets formation trend at its initial stage which increases 

with increase in the Se concentration. For 10% Se doping in BLFO by keeping the La value 

fixed, SEM results show the formation of intermediate phase between nanosheets and 

nanoparticles. Nanosheets formation increases by increasing the concentration of Se. The partial 

and complete nanosheets formation is seen for Se doping of 25% and 50 %, respectively, the fine 

nanosheets are formed and can be clearly seen in the SEM pictures. Here, the nanosheets are 

broken down to the lower dimensions upon 100% addition of Se in BLFO indicating that the 

self-accumulation of nanosheets into the flower-like structure is absent here. 

 

 

 

 a) BLFO           b) BLFSO-10 

 



Chapter 4  Results and Discussion 

41 

 

 

 

 

 

 

 

 

 

      c) BLFSO-25                                           d) BLFSO-25                                        

 

 

 

 

 

 

 

 

 

                                             e) BLFSO-100. 

Figure4.6.The SEM images of (a) BLFO, (b) BLFSO-10 (c) BLFSO-25 (d) BLFSO-50 

(e) BLFO-100 
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4.2.3Magnetic properties of BLFSO 

Figure4.7 shows the M–H curves of BLFSO nanocomposites for different Se concentration at 

fixed La (0.08) concentration. The magnetization, remanent magnetization, and coercivity values 

are given in Table 2. Here the maximum magnetic moment increases from 0.052 emu/g (pure 

BFO) to 0.351emu/gm for 8% doping of Lanthanum in BFO. This sudden increase in the 

magnetization is due to the suppression of spin modeling structure by La doping. By introducing 

the Se at B site in BLFO also change the value of magnetization. When 10% Se is doped in 

BLFO, the value of magnetization is 0.17231emu/g much greater than the value of pure BFO.  

This change in magnetization is caused by the substitution of Se in BLFO, which collapses the 

antiferromagnetic spin structure because of the different ionic radii of Se+4 and Fe+3 cations due 

to which the uncompensated magnetic spins increases resulting in an overall increase in the 

magnetization. Also, the periodicity of the spin cycloid is broken which can be seen as the 

decreased particle sizes below the critical value of 62 nm [59]. The difference in the atomic radii 

of substituted atoms effect the size of the unit cell which leads to the suppression of the spiral 

spin structure resulting in not only the structural transitions but also the appearance of net 

magnetization. By increasing the value of Se concentration above 10%, the net magnetization 

decreases as seen from the table. The atoms on the surface have truncated bonds with less 

coordination neighbors thus, their mutual exchange interactions are reduced and hence, the 

saturation magnetization decreases due to the disordered surface spins. 
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Figure4.7. Magnetization vs. field curves for BLFSO plotted at different Se-%. 

Sample Mr (emu -1) Ms  (emu-1) Hc (Oe) Mr/Ms 

BLFO 0.1334 0.35198 432 0.37 

BLFSO-10 0.067 0.17231 434 0.38 

BLFSO-25 0.021 0.057 437 0.39 

BLFSO-50 0.011 0.0302 400 0.36 

BLFSO-100 0.019 0.0483 179 0.39 

 

Table2. Table of magnetic parameters of Se substituted BLFO. 

Figure4.8 shows coercivity values of the BLFSO nanoparticles which are higher than the 

pure BFO. At first, the coercivity for 10% of Se sample is 434Oe which increases further slightly 

to 437Oe upon increasing Se concentration to 25%. At 50% Se concentration, value goes to 
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437Oe. This increase in the value of Hc means our sample is becoming more and more 

magnetically harder but the change in coercivity is very small that shows that the formation of a 

mature nanostructure shape makes the magnetic domain structure fixed in placed. However, the 

coercivity decreases significantly to 179Oe for Se=100% which is due to the formation of 

smaller nanosheets resulting in better spin orientation for the given sample. 
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Figure4.8. The magnetic coercivity vs. Se-concentration for BFSO. 
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Chapter 5 Result and Discussion 

5.1. Photocatalytic Activity of Pure BLFSO 

The photocatalytic activity of a series of BLFSO (Se=0%, 10%, 25%, 50%, 100%) nanoparticles 

were observed by checking the degradation of the model pollutant Congo Red (CR) aqueous 

solution under Uv-visible light. Pure BFO is less active for degradation of Congo red, but by 

introducing the dopent La and Se at A and B site in BFO respectively, photocatalytic activity is 

enhanced. Basically photocatalytic mechanism usually involve three steps i) absorption of 

photons ii) the production, separation of photo generated e--h+ pair iii) redox reactions. Selenium 

sites in BLFSO act as electron trapping sites that capture the excited electrons and promote the 

separation of e--h+ pair [60]. Actually, when the energy levels lie below the conduction bands 

edge, the excited electrons due to the photon absorption trapped. And when the energy level lie 

above the conduction band edge, electrons can quench the photo generated holes [61]. 

 

 

 

 

 

 

 

 

 

 

 

Figuree5.1. The photodegradation efficiencies of CR as a function of irradiation time under 

visible-light for BLFSO. 
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These photos generated e--h+ pairs took part in redox reactions and convert O2 convert into O-2 

radicals and H2O into OH- for degradation of Congo Red. 

Figure5.1 shows that without any photocatalyst, less than 3% of CR is degraded after the 

exposure to Uv-visible irradiation for 90 minutes. With the addition of BFO as photocatalyst, 

over 20% of CR is degraded within the same length of irradiation time as shown in figure by red 

curve. With the doping of La in BFO, almost 93% of CR is degraded with the same 90 minutes 

time shown by blue line. For 10% Se doping in BLFO, 78% of CR is degraded shown by 

greenish curve. For 25% Se doping, almost 85% of CR is degraded but by increasing the 

concentration of Se, degradation decreased and only 58% of CR is degraded for 100% Se doping 

shown by Turquoise color. 

The origin of enhanced photocatalytic performance in BFO is increased surface area and 

low recombination rate of charge carries after doping in BFO. As the surface area of 

photocatalyst increases, organic dyes are in direct contact with catalyst and easily redox reactions 

occurred. In BLFSO band gap is significantly reduced from [2.04 to 1.76 ev] for BLFSO-50%. 

As band gap is decreased the electrons can easily transferred from valence to conduction band 

and hence photocatalytic activity is increased due to good transport of charge carriers. From 

figure5.1, the photocatalytic performance of doped samples increases at initial concentration, but 

decrease at higher concentrations of Se. By increasing the number of dopent, the average 

distance between trap sites decreases and causes a large re combination rate. This phenomena 

decrease the photocatalytic activity [62]. 

Figure5.2 shows the absorption band gap of BFO and BLFSO. The band gap determined 

from absorption spectrum are 2.06 ev, 1.94 ev, 1.92 ev, 1.84 ev, 1.77 ev and 1.97 ev for BFO, 

BLFO, BLFSO-10%, BLFSO-25%, BLFSO-50%, BLFSO-100% respectively. Band gap value 

of BLFO is smaller than pure BFO and it could be attributed to a lattice strain effect by La 

doping in BFO. But by doping the Se in BLFO, the band gap value increases and reaches to the 

value of 1.97ev for BLFSO-100. The absorption spectrum shows that for UV region (300-

400nm) BLFSO samples exhibits almost the same absorption behavior but this absorption is less 

than pure BFO. In the visible range (400-800nm) all samples of BLFSO show higher absorption 

except BLFSO-100. 
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Figure5.2. Optical absorption spectra of BLFSO samples; the inset shows the calculated band-

gaps of BFO and BLFSO. 

 

5.1.2 Photoluminescence spectra of Pure Samples BLFSO. 

Figure 5.3 displays the PL spectra of the pure BiFeO3 and the Bi0.92La0.08Fe1-xSexO3 

nanoparticles. The main emission peak is at about 378nm for the pure BiFeO3 sample. 

Compared with BiFeO3, the PL spectra intensity of the Selenium doped BLFO at different 

concentrations of Selenium is significantly decreased at the same position, which correspond that 

the charges recombination rate in BLFSO samples were much lower than that in BiFeO3 

samples. In general, the lower the charge recombination rate gives lower PL intensity and gives 

higher photocatalytic activity. 
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Figure5.3. PL spectra of (a) BFO (b) BLFSO-25% (c) BLFSO-50% 

(d) BLFSO-10% 

In figure5.3 the red line shows the PL spectra of pre BFO samples. The higher values of 

intensity for BFO sample show that there is high charge recombination rate and therefore less 

photocatalytic activity. In figure the blue curve (a) has the lowest values corresponding to the 

lower values of charge recombination. This lower charge recombination rate of charge carrier 

increases the photocatalytic activity. This blue graph is referred to the 

Bi0.92La0.08Fe0.9Se0.10O3.This sample shows the highest photocatalytic activity of 22 % and 

overall degradation of 80%. Similarly (b) and (c) graphs in the figure show the Pl spectra for 

25% and 50% doping in Bi0.92La0.08FeSO3 respectively. (b) Curve shows the photocatalytic 

activity of 3% with overall degradation of 85%. (c) Curve shows the photocatalytic activity of 

8% as it got lower position in the PL spectra. This sample shows the overall degradation of 90%. 
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5.2. Photocatalytic Activity of BLFSO/GO 

5.2.1 XRD of BLFSO/GO Nanohybrids 

Figure5.4 illustrates the XRD patterns of BLFSO with GO monohybrids. All the XRD 

patterns are analyzed according to JCPDS card no. 20-0169. From the XRD data, there is a peak 

shift related to the (104) and (110) planes towards the lower angles similar as seen in the XRD of 

pure BLFSO. XRD pattern of hybrids show that the impurity phase peaks become short. It is due 

to the fact that the heat treatment at high temperature increases the crystallinity of hybrid 

samples. The intensity peak of (006) plane at 39o which arises from rhombohedral structure 

became weaker by increasing the Se concentration. This result showed the phase transformation 

from rhombohedral to orthorhombic phase. The results show that there is no extra peak obtained 

by the coating of GO on BLFO.  
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Figure 5.4 XRD pattern of hybrid sample of GO and BLFSO at different concentrations of 

Selenium. 
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5.2.2 SEM images of BLFSO Hybrids 

The morphology of BLFSO nanohybrids with graphene oxide was studied using Scanning 

electron microscope. Fig.5.5 shows scanning electron microscope images of nanohybrids. It can 

be seen that the nanoparticles of BLFSO have different particle morphologies and they are really 

integrated and dispersed on the surface of GO sheets. Particles and different nanosheets are 

covered with GO. Figures show that more and more nanoparticles of sample are located on the 

surface of graphene oxide as the concentration of Selenium increases in the sample. The 

nanoparticles are randomly attached to the surface of GO nanosheets which resemble crumpled 

silk veil waves as can be seen from the SEM images. These different types of morphology affect 

the process of photo catalysis significantly. 
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Figure5.5. SEM images of (a) BLFO-GO (b) BLFSO-10%-GO (c) BLFSO-25%-GO (d) 

BLFSO-50%-GO (e) BFSO-100%-GO 
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5.2.3 X-ray Photoelectron spectra of (BLFSO/Go) Nanohybrids. 

 The XPS spectrum is used to investigate the chemical composition and surface state. The 

figure5.6 shows the spectra of BLFSO/GO hybrids. From figure it can be seen that a binding 

energy peak appeared at 59ev which attributed to Se+4. Figure shows the binding energies at 

158.8 ev and 163.9 ev for Bi4f7/2 and Bi4f5/2 respectively which are assign to the Bi+3. The two 

main peaks positioned at 711ev and 726ev are the 2p3/2 and 2p1/2 of Fe+3 [63]. The peak 

positioned at 532.8ev corresponding to the O 1s spectrum. The binding energy of O1s in the 

range of 53-532ev was assigned to surface adsorbed oxygen. There are two peaks of carbon as 

shown in figure. First peak positioned at 285ev shows the presence of C-C bond and second peak 

positioned at 286.9ev shows the O-C. These results from XPS show the presence of oxygen and 

carbon atoms. It can be seen from XPS analysis that there is no existence of C-Fe.  

 

Figure5.6 (a) XPS survey spectra of Se doped BLFO and high resolution spectra of (b) O1s, 

 (c) C1s (d) Bi 4f and. 
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5.2.4 Photoluminescence spectra of BLFSO/GO Hybrid Samples. 

 

 Figure5.7 shows the PL spectra of BLFSO/GO hybrid samples. The blue graph shows 

the PL spectra of BLFSO/GO sample without any concentration of Selenium. This Selenium free 

sample shows the photocatalytic of 6% with overall photodegradation of 70%.The higher values 

of Selenium concentration in hybrid samples change their PL spectra. The red graph shows the 

PL spectra of BLFSO/GO sample with 10% concentration of Selenium. This 10% Selenium 

sample shows the photocatalytic of 7% with overall degradation of only 15% as seen from the 

photocatalytic graphs of hybrid samples. The third graph in the figure shows the PL spectra of 

pre BLFSO/GO sample 100% concentration of Selenium.PL spectra of this sample shows the 

lowest value corresponding to the higher efficiency of Photocatlysis. This lower value of PL 

spectra correspond the lower charge recombination rate of charge carrier that increases the 

photocatalytic activity. It can be seen that the main emission peak is centered at about 430nm for 

the all hybrid samples. As compared to the pure samples, hybrid samples show lower 

photocatalytic activities due to high charge recombination of charge carriers in the hybrids 

sample.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure5.7. PL spectra of Hybrid sample of GO with (a) BLFSO-100% (b) BLFSO-100%) 
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5.2.5 Photocatalytic activity of Hybrid Samples 

 

Figure5.8 shows that when simple BFO was used as photocatalyst almost 20% of CR is 

degraded after the exposure to Uv-visible irradiation for 90 minutes. By using of BLFO hybrid 

with GO as photocatalyst, over 72% of CR is degraded within the same length of irradiation time 

90 minutes as shown in figure by blue curve. In this sample 66% degradation is due to the 

adsorption of dye material on the sample and the photocatalytic activity is just 6%.  For the 

hybrid sample of 10% Se doped in BLFSO and GO, 12% of CR is degraded shown by greenish 

curve and this abrupt decrease in the degradation efficiency is due to the low adsorption of only 

5% and low photocatalytic activity of only 7% under light. For 25% Se doped hybrid sample, 

almost 50% of CR is degraded. By increasing the concentration of Se to 50% in BLFSO and GO 

sample, once again degradation efficiency decreases to the 79%.In this 50% Selenium doped 

sample, adsorption values once again increase to the value up to 77% with photocatalytic value 

of 2%. For 100% Se doped hybrid sample, 80% of CR is degraded as shown by Turquoise color. 

In this sample, photocatalytic activity is 18% with adsorption value of 61%.  
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Figure5.8. The photodegradation efficiencies of CR as a function of irradiation time 

Under visible-light for BLFSO-GO. 

 

As compared to the pure samples of BLFSO (Se=0%, 10%, 25%, 50%, 100%), the 

photocatalytic activity decreases significantly for hybrid samples. Graphene oxide (GO) played 

an important role to change the photocatalytic activity of hybrid samples. In literature it is 

reported that good electron mobility capability of RGO helps to decrease the charge 

recombination rate and increase the value of photocatalytic. But in GO, there are some defect 

sites due to the presence of ep oxide, phen oxide and carboxylic acids on its surface. So GO 

behaves like electrical insulator. In our hybrid sample the photocatalytic activity decreases as 

compared to the pure samples, show that the reduction of Go to rGO to restore its electrical 

properties is not good enough for charge transfer and for electron trap [64].  
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To calculate the reduction of RGO, the oxygen-bound carbon content in RGO was measured by 

the following equation listed below: 

 

O-bound C % = (AC–O + AO–C=O)/(AC–C + AC–O + AO–C=O) × 100%. 

 

Where AC–C, AC–O, and AO–C=O are the peak areas in the XPS spectra for the sp2-hybridized (C-

C) and O-bound (C–O and O–C=O) carbon, respectively [65]. These calculations shows that 

reduction of GO to rGO is very low. It is found that the O-bound C content decreased from the 

original 55% in GO to approximately equal to 52% in the hybrid sample, indicating the a low 

reduction degree. The low reduction means the inefficient charge transfer and transportation of 

photogenerated charges. This inefficient charge transfer and charge trap will increase the rate of 

recombination of charges and cause to decrease the photocatalytic activity. In these samples the 

overall degradation is due to the adsorption. Only final sample in which 100% Se is doped shows 

18% photocatalytic activity. 
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