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Abstract 

Thermoelectrics and spintronics enable the optimization of transport properties and spin 

characteristics of functional semiconductors that provides opportunity to address upcoming 

challenges in terms of environmental problems, energy crisis and energy storage. This key issue 

forces us to think about materials for devices that can tackle energy issues with high efficiency. 

One of the possible ways to achieve this goal is to develop technologies based on any of the 

renewable energy sources. Thermoelectric (TE) devices based on Bi2Te3 based materials hence 

attract the attention of scientific community which consists of both p-type and n-type materials 

that can enable a direct and reversible conversion of thermal energy to electrical energy. Energy 

conversion efficiency of a TE material is directly related with the dimensionless figure of merit, 

ZT = S2σT/κ, where S, σ, κ, and T are the Seebeck coefficient, electrical conductivity, thermal 

conductivity, and the absolute temperature, respectively. Another way to achieve the above 

mentioned problem is to develop functional devices by utilizing the spin of an electron and in 

this regard, oxide based dilute magnetic semiconductor (DMS) materials holds good for 

spintronic and magneto-optic devices. DMSs are the materials in which a small fraction of 

cations in the host lattice is replaced by magnetic impurities. Room-temperature ferromagnetism 

(RTFM) is required for spintronic devices for their practical utilization, and also the 

ferromagnetism should be intrinsic. However, in spite of a good amount of work on oxide based 

DMSs is done, the origin of RTFM in TiO2 is still under debate. Even RTFM has been found in 

undoped and nonmagnetic elements doped TiO2 and other oxides which help to understand the 

role of defects in creating ferromagnetic ordering. However, due to the unambiguous nature of 

defects, controversies regarding the existence of RTFM remain a challenge for the researchers.  

Nevertheless, there are several issues ultimately restricting the applications of both Bi2Te3-based 

TE materials and TiO2 based DMS materials.  

 

Issues with Bi2Te3-based TE materials: 

 The conventional synthesis methods are mainly based on organic solvents and product 

yield by different chemical methods are really too low.  

 The κ values of most of the TE materials are very much high which is limited by the alloy 

limit of κ.  

 For Bi2Te3 based TE materials, while focusing on nanostructuring, phonon scattering and 

charge carrier scattering becomes so crucial resulting in a rapid decrease in carrier 

mobility.  
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 Further possibilities on structural and morphological control to minimize κ, to enhance 

the ZT value at room temperature and reaction mechanisms extending to other 

chalcogenide systems such as Sb2Te3, SnTe and Sb-doped Bi2Te3 is to be explored more.  

 

Issues with TiO2-based DMS materials: 

 The possibility of RTFM in nanostructured TiO2 in comparison to the bulk counterpart 

requires further deep analysis based on defect centres.  

 There are controversial reports regarding the existence of RTFM in TiO2, i.e., reports 

suggesting the origin of RTFM due to intrinsic defects like oxygen vacancy or Ti 

interstitials and reports on the nature of extrinsic factors arising from magnetic clusters 

due to transition metal doping, requires further clarity. 

 Very few studies have explored the possibilities of both significant narrowing of band 

gap and observation of RTFM in undoped as well as doped TiO2 nanostructures. 

 It is well known that despite doping agents both optical and magnetic properties depend 

on fabrication and annealing conditions. Still, the possibilities of annealing atmospheres 

on undoped TiO2 nanostructures are to be explored further.  

 

In order to address the above issues, I have carried out my research in PhD program in the 

following steps. 

 

Bi2Te3 nanostructures: 

 A simple, cost-effective, surfactant assisted, and aqueous-based low-temperature reflux 

method has been employed for the synthesis of Bi2Te3 nanocrystals and TE properties of 

Bi2Te3 nanostructures are reported by varying the morphology and crystal structure using 

different reaction times and surfactant concentrations. 

 The nanocrystals inherited from the optimized reaction conditions and high densification 

of nanoparticle interfaces contribute to the considerable reduction of κ in Bi2Te3 

nanostructures, especially, uniformly distributed nanocrystals of Bi2Te3 formed for 24 h 

reaction time and 75 mmol surfactant concentration demonstrate a promising ZT of 0.67 

at 300 K, which can be attributed to their κ while the high σ is maintained. 

 Tuning the surfactant concentration from 50 to 100 mmol facilitates the formation of low-

dimensional structures and Bi2Te3 nanostructures inherited from 24 h reaction time with 

100 mmol surfactant concentration exhibit a highest value of  ZT of 0.75 at 300 K among 

the studied samples 
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 An in-depth understanding of the reaction mechanism to form Bi2Te3, Sb2Te3, SnTe and 

Sb-doped Bi2Te3 nanostructures is explained in detail and TE properties of Sb-doped 

Bi2Te3 nanostructures is presented with n to p-type transition from 1 to 5 atomic weight 

% of Sb substitution. 

 

TiO2 nanostructures: 

 A simple, low-temperature sol-gel method is developed for the synthesis of low-

dimensional and highly efficient stable anatase undoped and transition metal (TM=Cr, 

Mn, Fe, Co, Ni, Cu and Zn) element doped TiO2 nanocrystals.  

 Narrowing of the band gap is witnessed in TiO2 nanocrystals with the substitution of TM 

ions into TiO2 lattice. X-ray photoelectron spectra and PL spectra together confirm the 

oxygen vacancy defects leading to the formation of bound magnetic polarons (BMPs). 

 It is observed that irrespective of the dopant ions (whether magnetic or nonmagnetic), the 

magnetic behavior of undoped and doped TiO2 nanocrystals is decided by either intrinsic 

contributions i.e, the nature of BMPs (isolated or overlapped) or extrinsic contributions 

(i.e the magnetic contributions of dopant ions) or both.  

 TiO2 nanocrystals are prepared by sol-gel technique under different atmospheres, i.e, in 

air, oxygen, argon, vacuum and hydrogen and studied their optical and magnetic 

properties. It is witnessed that the RTFM with band gap of 0.34 eV is achieved in 

undoped TiO2 nanocrystals developed without using any hazardous gases as well as 

without use of high temperature annealing conditions, which can have wide applications 

in environmental remediation, photocatalysis and spintronics.  

 

Overall, aiming at the issues of hindering both the TE and spintronics applications, some new 

concepts have been presented in this thesis, which were realized during our extensive research 

and experimental studies on nanostructure Bi2Te3 and TiO2 for functional applications.  
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This chapter introduces the significance of functional 

semiconductors in the development of various nanostructures 

for both thermoelectric and spintronics applications. The 

recent trends in utilizing nanostructuring approach in both 

chalcogenide thermoelectrics and oxide based dilute 

magnetic semiconductor materials are explained here. The 

major objectives and organization of the thesis are briefly 

outlined at the end of the chapter. 
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1. Introduction 

1.1. Background  

Semiconductors can be considered as materials which possess electrical 

conductivity in a range between that of insulators and conductors. These materials are 

categorized by highest occupied valence band and the empty conduction band. As a 

result of this interesting band structure, the magnitude of electrical conductivity of a 

semiconductor can be altered significantly by doping with suitable elements or by 

means of other factors such as intrinsic defects associated with the system.1-3 It is to be 

noted that conducting materials possess ultra-low resistivity where the resistance is 

considered to be difficult to alter specifically due to the overlapping of valence band and 

conduction band where the governing mechanism for different properties are owing to 

the flow of electrons and in contrast, an insulator is categorized with its very high 

resistivity. Extrinsic or intrinsic factors very rarely affect the resistivity of an insulator 

where the band gap between the valence band and the conduction band is considerably 

large. Hence, semiconducting materials are the interesting class of materials showing a 

compromise between two extreme ends, i.e., between conducting materials and 

insulating materials. When these materials are deployed for the most advanced 

applications, they can be called as functional semiconductors. Specifically when we talk 

about functional semiconductors, the beauty of these materials lies with the interesting 

properties governed either by the flow of negatively charged electrons or by the 

positively-charged holes in the electronic structure of the material.2,3  

Narrow band gap semiconductors and wide band gap semiconductors equally 

dominate the electronic industry in variety of technological applications. In 

semiconducting industry, narrow band gap materials serve the role of a chip-cooler 

whereas wide band gap semiconducting oxide films will be used for spintronic devices. 

A possible relation between thermoelectric (TE) and spintronics can be given on the 

basis of utilization of charge and spin of an electron.4 When we utilize the possibilities 

lying with charge of an electron, it could provide an optimization on the transport 

properties, pointing towards the TE applications. Whereas, utilization of spin of an 



                     Introduction 

 

       P a g e  | 3 

 

electron directly focuses on the spintronic industry, the utilization of both charge and 

spin of the electron ultimately provides a new scheme of devices and electronics which 

could be sensed in the near future. 

In the last few decades, semiconducting functional nanocrystals are attracting 

wider attention among the interdisciplinary area of research and nanostructuring enables 

these materials to be applicable for a variety of applications in the field of 

photocatalysis, solar cells, thermoelectrics, biomedical and electronic industries.5-9 

Considering the new era of modern technologies, TE materials and dilute magnetic 

semiconductor (DMS) oxide materials is bringing a fresh momentum to the field of TE 

and spintronics by enabling interesting material properties. 

  In the nano regime, most of these semiconducting materials physical and 

chemical properties vary drastically leading to unique properties owing to the quantum 

confinement effect.  The thermal conductivity, electrical conductivity, optical properties 

and magnetic properties of the semiconductor can be altered significantly due to this 

quantum confinement effect. Even though the functional semiconductor nanomaterials 

and devices are promising candidates for a variety of applications in different areas, 

these materials are still in the research stage and many of their property governing 

mechanisms and other different possible interactions need to be investigated in detail. 

Further implication of nanotechnology in to the semiconductor industry could 

successfully impart significant breakthroughs in modern technologies in the near future. 

Some of the semiconductor nanocompounds such as Si, Si-Ge, Bi2Te3, Bi2Se3, Sb2Te3, 

Sb2Se3, GaAs, InP, GaN, SiC, ZnS, ZnSe, CdSe, CdS, HgCdTe and few of the dilute 

magnetic oxide based semiconducting systems such as ZnO, TiO2, SnO2 etc., exhibit 

excellent applications in electronic industry such as memory unit of computers, chip 

cooling in laptops, cell phones, CD players etc.10-17 

1.1.1. Bottom-up nanoengineering of functional semiconductors 

Among the unique properties of nanomaterials, the movement of electrons and 

holes in semiconductor nanomaterials is primarily governed by the well-known 

quantum confinement, and the transport properties related to phonons and photons are 
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largely affected by the size and geometry of the materials. The specific surface area and 

surface-to-volume ratio increase drastically as the size of the material decreases. 

Parameters such as size, shape, and surface characteristics can be varied to control their 

properties for different applications of interest. These novel properties of semiconductor 

nanomaterials have attracted significant attention in research and applications in 

emerging technologies such as nanoelectronics, nanophotonics, energy conversion, non-

linear optics, miniaturized sensors and imaging devices, detectors, photography 

biomedicine etc., In this work, we demonstrate  the nanoengineering of TE and DMS 

materials which facilitates the desired transport and magnetic properties and make them 

exactly suited for the advanced functional applications.  

1.1.1.1. Nanoengineering of narrow band gap semiconductors for thermoelectric 

applications 

Recently there has been greatly expanded interest in the nanostructuring of 

narrow band gap materials. This is specifically due to the fact that there is an alloy limit 

of thermal conductivity in bulk TE materials arising as a result of less grain boundary 

scattering which limits the practical applications.10-11 In comparison to the bulk 

counterpart, significant grain boundary scattering in TE nanostructures could provide 

drastic reduction in thermal conductivity makes them suitable for practical devices. 

Bismuth Telluride (Bi2Te3) is one of the prominent narrow band gap semiconductors 

having a band gap of 0.2 eV. Bi2Te3 nanostructures have the highest figure of merit 

(ZT) and are extensively employed in refrigeration and have a maximum operating 

range near room temperature.18 To meet the necessity for the design of a practical TE 

device, both p and n type nanostructured materials are required and the best materials 

currently being used in TE applications are Bi2-xSbxTe3 and Bi2Te3-ySey for ‘p’ and ‘n’ 

type materials respectively. It is quite interesting that the Bi2Te3 can be made n-or p- 

type by increasing or decreasing respectively the tellurium concentration in the 

stoichiometric ratio and the hexagonal crystal structure of Bi2Te3 may lead to 

anisotropic electronic properties. On these potential benefits, the n and p-type Bi2Te3 

based nanomaterials have been developed and the transport properties are investigated 

in detail for device applications. 



                     Introduction 

 

       P a g e  | 5 

 

1.1.1.2. Nanoengineering of wide band gap semiconductors for spintronics 

applications 

Wide band gap semiconductor materials have been of great interest over the 

years due to its potential use in spintronic devices, but one of the challenging hurdles in 

these materials is to achieve intrinsic ferromagnetism (FM) at room temperature. 

Generally, bulk DMS materials provide less electron interaction with defect sites, 

limiting the spintronic applications. Nanoengineering induces maximum surface defects 

and oxygen vacancy centers to trap the electrons making them interesting candidates for 

spin based devices. Oxide based nanostructured DMSs are the most promising 

candidates owing to their possible high Curie temperature, compared to the III-V 

compound based DMSs, such as (Ga,Mn)As.19,20 As a particular example, titanium 

dioxide (TiO2) nanostructures, is one of the most promising DMS materials with a band 

gap of 3.3 eV. Extensive efforts have been devoted to improve the room temperature 

ferromagnetism (RTFM) of TiO2 nanocrystals by enhancing the intrinsic FM. However, 

reproducibility problems of oxide DMSs have been reported in several cases, where FM 

is only apparent in samples prepared in a poor oxygen environment. Magnetic clusters 

and secondary phases have been shown to lead to extrinsic FM in these systems. 

Therefore, understanding the origin of FM in nanostructured oxide DMSs is still an 

object of intense debate. Therefore, TiO2 and transition metal (TM) doped TiO2 

nanocrystals have been developed with tailored band gaps and enhanced RTFM. 

1.2. Statement of the problem 

Bi2Te3 as a TE material and TiO2 as a DMS material has been a hot topic since 

last few decades. Although ZT value of Bi2Te3 has been approved remarkably by 

nanostructuring, there are still some problems, which should be tackled to further 

optimize TE properties. Similarly the mechanism underlying the magnetic interactions 

involved in TM doped nanostructured TiO2 is still under controversy and requires 

further clarifications. 
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1.3. Objectives and scope of the present work 

The objectives of this thesis are to develop functional semiconductor 

nanomaterials and to study their TE, optical and magnetic properties. As state-of-the-art 

bulk TE materials, nanostructured Bi2Te3 family naturally has better performance 

compared with bulk counterparts. Integrating this advantage, the use of nanostructures 

can tune the ZT through new methods such as quantum confinement, dimensional 

restriction, and modulation doping. This work concentrates on fabricating 

nanostructured Bi2Te3 by reflux method and measuring the TE properties. The main 

goal is to enhance the TE performance through nanostructuring, structural and 

morphological tailoring. What’s more, this work is aimed to exploit alternative eco-

friendly as well as aqueous medium for the reflux technique, which can improve the 

yields so as to make it possible to produce TE nanostructures efficiently and cost-

effectively. Apart from nanostructured synthesis, the challenges on optimizing the ZT 

highlight the need to establish a comprehensive understanding of electron-hole-phonon 

transport. In order to obtain a better predetermination of TE performance, the concepts 

used in this work include various factors such as electron and phonon mean free path, 

electron mobility, effect of quantum confinement etc. Similarly, challenges in 

explaining the long range RTFM behavior and optical band gap narrowing in TiO2 

nanocrystals have been demonstrated in a decent manner.  

1.4. Organization of the thesis  

The entire thesis has been divided into six chapters. The first-chapter describes 

the significance of functional semiconductors in the development of various 

nanostructures for both TE and DMS applications. The major objectives of the thesis 

are briefly outlined at the end of the chapter. Second-chapter describes the fundamental 

aspects, detailed literature review and the recent progress in development of 

nanostructures for both TE and DMS materials. 

The third chapter deals with the synthesis of nanocrystals of narrow band gap 

semiconductor, Bi2Te3 using an aqueous based reflux method. The effect of surfactant 

concentration and reaction time on the structural, morphological and TE properties of 
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nanocrystalline Bi2Te3 has been analysed by using different analytic techniques. A 

systematic study of surfactant-assisted aqueous-based low-temperature chemical 

method for the synthesis of different phases of Bi-Te-based nanostructures with 

different morphologies ranging from nanocrystals to nanorods/nanosheets is presented 

in detail. Simultaneous optimization of reaction time and surfactant concentration yields 

the formation of hexagonal Bi2Te3 nanocrystals even with lower reaction time, which is 

the desirable crystal structure for obtaining enhanced TE properties. Tuning the 

surfactant concentration from 50 to 100 mmol facilitates the formation of low-

dimensional structures of Bi2Te3, and exhibit a promising ZT of 0.75 at 300 K. An in-

depth understanding of the reaction mechanism to form Bi2Te3-based nanostructured 

materials and the possibility of Sb and Se based chalcogenide nanostructure formation 

in aqueous medium is explained towards the end of this chapter. Overall, the chapter 

describes an efficient and simple method to develop low dimensional nanostructures for 

enhanced TE performance. 

Fourth chapter illustrates the development of wide band gap semiconductors 

using sol-gel synthesis where pristine and TM doped anatase-TiO2 nanocrystals have 

been synthesized with tailored band gaps and enhanced magnetization.  Here, in-depth 

understanding regarding the contribution of non-magnetic (Cu and Zn), magnetic (Fe, 

Co and Ni) and antiferromagnetic (Cr and Mn) TM elements on the structural, 

morphological, optical and magnetic properties have been presented in detail. Oxygen 

vacancy defects lead to the formation of bound magnetic polarons which induces a 

weak ferromagnetic behavior in TiO2 nanocrystals at room temperature. The observed 

band gap narrowing in these TiO2 nanostructures and the mechanism underlying the 

magnetic interactions associated with the magnetic impurity concentration are 

advantageous from an applied perspective, especially in the field of spintronic and 

magneto-optic devices. 

In the fifth chapter, defect modulation of TiO2 nanocrystals by varying 

annealing atmosphere to tailor the NIR range optical absorption, band gap narrowing 

and ferromagnetic response have been presented. Detailed structural, optical and 

magnetic study of TiO2 nanocrystals prepared by simple sol-gel technique annealed in 



Introduction 

 

  

P a g e  | 8 

 

air, oxygen, argon, vacuum and hydrogen atmospheres has been carried out. Large 

absorption in Visible and IR region along with much reduced band gap is observed in 

argon, hydrogen and vacuum annealed samples. The long range RTFM observed in 

argon annealed TiO2 nanocrystals is explained by taking into consideration of bound 

magnetic polarons. The summary of entire thesis work has been provided in the last 

chapter which also includes the future perspectives of the present study.  
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Fundamental Aspects and Literature review on 

chalcogenide thermoelectric and TiO2 based nanostructured 

dilute magnetic semiconductors 

 

 

 

 

 

 

This chapter describes the detailed literature review and the 

recent progresses in development of nanostructures for both 

chalcogenide thermoelectrics and oxide based DMS 

materials. The first part of this chapter describes in detail 

regarding the synthesis and thermoelectric characterization 

of the narrow band-gap semiconductor, Bi2Te3 and up to date 

progress of their thermoelectric figure of merit.  The second 

part deals with a detailed literature on TiO2 based wide band-

gap semiconductors and the mechanism underlying the 

magnetic interactions involved in transition metal ion-doped 

TiO2 which is still under controversy and requires further 

clarifications. 
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2.1. Introduction to thermoelectric materials 

Development of highly efficient TE materials is hindered by the conflicting 

properties deciding the figure of merit of these materials. In order to improve the figure 

of merit and overall efficiency of a TE material, different key factors are demonstrated 

in this chapter. Materials from chalcogenide family are focused here owing to their 

excellent and tunable transport properties; bismuth-tellurium based materials are 

focused in the present study. Here, we clearly demonstrate fundamental theories 

determining TE properties and time line progress in TE research as well as emerging 

ideas and trends on Bi2Te3-based TE materials. 

2.1.1. Factors affecting TE efficiency 

By analyzing the TE principles, the TE performance of materials can efficiently 

be optimized. A material which has a high TE performance should have a good 

electrical conductivity (σ), high Seebeck coefficient (S) for electronic transport, 

appropriate carrier concentration and low thermal conductivity (κ) for maintaining the 

temperature difference. Tuning the carrier concentration and κ through various methods 

is an efficient way to adjust the TE properties of materials.  

2.1.1.1. Figure-of-merit and thermoelectric efficiency 

A dimensionless quantity called as figure of merit (ZT) is a measure of TE 

efficiency of any material which is generally expressed using the following relation1 

     

2
2 T

     
L e

T S
ZT S 

   
              2.1 

Specifically focusing on to a high performance TE devices which is composed of n and 

p-type legs derived from high ZT materials. A series connection is maintained 

electrically and a parallel connection is maintained thermally on these TE devices or 

module. From equation (2.1), it is clear that a good TE material should possess a 

“phonon-glass electron-crystal” (PGEC) behavior and the subsequent result is a large 

S.2 Interestingly our aim is to win the conflict among the interdependent parameters S, σ 
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and κ and generally it is extremely a tedious job to satisfy these criteria in any TE 

material possessing simple crystal structure. As these properties are really conflicting, 

any attempt to improve any of S, σ or κ may significantly deteriorate the other 

properties and overall TE performance as well. By considering this key issue, it is 

interesting to observe that there is a possibility of getting a prominently increased value 

of Power factor (S2σ) when the carrier concentration is nearly 1019 which is exhibited by 

the materials in the region where there is a crossover among metals and semiconductors 

as shown in the Fig.2.1. The following representation could be useful in isolating and 

concentrating on highly efficient and high performance TE materials.   

 

Fig. 2.1.  S, σ, S2σ, and electronic (κe) and lattice (κL) thermal conductivities as a function of 

free-charge-carrier concentration n.3 

Due to this reason, semiconducting materials, more specifically, narrow band 

gap semiconductors are considered to be the suitable materials for TE applications. A 

high ZT value is observed in these state-of-the-art TE materials especially in 

chalcogenide based materials, where it is possible to achieve a ZTmax by optimizing the 

value of carrier concentration (n). By considering the Carnot efficiency and ZT value, 

the device performance can be assessed using the conversion efficiency equation as 

represented in equation (2.2).  
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The maximum value of conversion efficiency, η, is derived using this relation as:4-6
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                     2.2 

In equation (2.2), TH corresponds to temperature at hot side, TC the temperature at cold 

side, and Tm representing the mean temperature of both TH and TC. The relation (TH-

TC)/TH in the above equation denotes the Carnot efficiency. This is the maximum 

efficieny (η) that a heat engine or a refrigerator can have by considering the 

thermodynamic limitations and till date the maximum η of any TE device is around 10% 

which is much lower than the Carnot efficiency which is near 60%. This fact energizes 

the current research as there is a huge possibility of improving TE efficiency to a great 

extent despite the low efficiency exhibited by most of the current TE materials. 

Nowadays, TE technology is employed in waste heat recovery from automobiles, 

industries, conversion of solar thermal energy in to waste heat and in the advanced 

cooling applications. Fig. 2.2. shows the efficiency of TE devices as a function of 

temperature difference.7 

 

Fig. 2.2.  Efficiency of TE devices as a function of temperature. 

From the equations mentioned above, we could see that apart from the Carnot 

efficiency, a TE device performance is directly related to the higher ZT value of both n 

and p-type material. A diagrammatic representation based on the previous report is 

shown in the above figure which clearly validates the importance of equation (2.2) in 
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determining the TE device efficiency. The diagram gives a clear indication on the 

variation of ZT values to achieve high efficiency and with temperature range of 

operation and higher ZT value contributes a significant improvement in both power 

generation and refrigeration efficiencies. It is believed that room temperature 

applications of TE devices are numerous and interestingly, from the above 

representation, at room temperature if the ZT value is around 2, the efficiency will be 

near or above 15%, ultimately leading to the availability of practical devices for the 

advanced functional applications. Hence, it is clear that development of materials with 

attractive ZT value makes the TE research more competitive. In order to accomplish and 

optimize the conflicting properties deciding the ZT value, one should follow an 

approach to maximize the PF (S2σ) by lowering the κ as much as possible. Two 

different approaches can be followed to accomplish this major goal; one is to identify 

the new group of materials with complex crystal structures to improve the room 

temperature TE performance and another approach lies with the improvement in ZT 

value of the currently available materials, mostly, chalcogenide based materials such as 

Bi2Te3, PbTe, SnTe compounds.  

2.1.1.2. Carrier Concentration  

The PF determines the thermal function of materials. So for a good TE 

performance, high S and high σ should be achieved synchronously. Both the S and σ are 

related to the carrier concentration of materials.8 
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where n represents the carrier concentration, kB is the Boltzmann constant, h is the 

Planck’s constant, m* is the effective mass of the carrier, ρ is the electric resistivity, e is 

the electrical charge of an electron, T is the absolute temperature and μ is the carrier 

mobility. These equations show us that lower carrier concentration leads to lower σ but 

higher S. Hence, it is difficult to achieve a high S with a high σ due to the complex 
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connection between S, σ and n. Hence, optimizing the value of n is crucial for 

maximizing the value of ZT. For an ideal TE material, the value of n should lie between 

1019 and 1021.  

2.1.1.3. Thermal Conductivity  

Thermal conductivity of materials comes from two sources:8 electrons and holes 

transporting heat (κe) and lattice thermal conductivity (κL). The total thermal 

conductivity is the sum of these two terms represented by 

              e L                                 2.5 

       e L T ne LT                       2.6 

where L is the Lorenz factor for free electrons, T is the absolute temperature. As κe is 

directly related to the n, controlling the carrier concentration is a crucial strategy to 

obtain high ZT. 

2.1.2. Different Classes of TE materials  

In 1995, Slack described a good TE material as a material with a narrow band 

gap, high carrier mobility, and low κ.9 He suggested that the best TE material should 

possess the electrical properties of a crystalline material and the thermal properties of a 

glass material, similar to a PGEC.9 Theoretically, the values of the ZT has no restriction, 

but Slack estimated that the ZT of an optimized PGEC material is about 4 in the 

temperature range from 77 K to 300 K.  Different classes of TE materials used today 

include ceramic materials, semiconducting materials, high temperature performance 

oxide materials and organic materials. Depending upon the synthesis and processing 

conditions, these materials could be synthesized in the form of bulk, superlattices, 

nanocrystals or nanowires.10-19 A representation of different classes of current TE 

materials are summarized in Fig.2.3 which gives an overall idea regarding the 

temperature range of application and ZT values of different TE materials. In general, 

highly efficient TE materials should be chosen depending upon the abundance, 
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availability and toxicity of elements present in these systems. Fig. 2.4 gives the 

percentage of different TE materials used globally today.  

 

Fig.2.3. Different classes of current n-type and p-type TE materials20 

 

Here, a detailed literature review is presented based on different categories of 

materials available right now and the mechanism underlying the actual performance of 

these materials. 

 

Fig. 2.4. Percentage of different TE materials used in the world today.21 

2.1.2.1. Metal chalcogenide based materials 

Among the inorganic TE material, metal chalcogenides are one of the interesting 

class of materials having numerous applications in most modern devices and 
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technologies.22-27 Specifically, targeting the TE industry, metal chalcogenides can be 

considered as the best for both power generation and cooling applications as a result of 

their high performance when compared with other oxides or organic materials. Also, 

commercialization of these materials in the form of devices is also accomplished with 

considerable efficiency.28 Recent reports suggests that a remarkable improvement in ZT 

value could be accomplished in these materials by some different approaches using 

nanostructuring, elemental doping of these nanocrystals, engineering defect centres and 

electronic structure of these materials. Superlattices of these materials are supposed to 

exhibit a record ZT value above the conventional values as reported recently.29,30-32 

Chalcogenides materials contain one or more chalcogen elements such as S, Se or Te as 

a substantial constituent. Lead chalcogenides (PbTe) and Bismuth chalcogenides 

(Bi2Te3) are the most widely used TE materials. 

Lead (Pb) is one among the widely used elements in the design of TE materials 

and has been playing a vital role in TE power generation for more than 50 years owing 

to its abundance in the Earth’s crust and easy processability. Moreover, the heavy 

atomic weight of Pb could help in the reduction of lattice vibration and κ. In 2005, 

Harman et al. reported PbTe/PbTeSe quantum-dot superlattices with a ZT of 3.0 at 550 

K.33 In 2006, Snyder and his co-workers34 carefully studied the κ of PbTe using laser 

flash technique and they could improve the ZT of Na-doped PbTe (p-type) from 0.8 to 

1.5 and I-doped PbTe (n-type) from 0.7 to 1.4 at 750 K, respectively.34-36 The major 

advancement in this field was the use of nano-inclusions to reduce the κ of PbTe by 

enhancing the phonon scattering.37-44 Nano-inclusions form a well-dispersed second 

phase in the host phase and are divided into ‘‘coherent’’ and ‘‘incoherent’’ ones. Both 

these nano-inclusions can significantly reduce the κ of PbTe-based TE materials. 

However, they work by different mechanisms and hence show different effects. The 

coherent nano-inclusions, which are slightly mismatched with the matrix act as point 

defects and scatter short wavelength phonons, while the incoherent ones, which show a 

clear boundary with the host, act as nanoparticles which scatter the mid-wavelength to 

long-wavelength phonons. An ZT value of 1.7-1.8 for both n-type and p-type PbTe has 

been realized through the use of coherent nano-inclusions of NaSbTe2,
38 AgSbTe2,

39 
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and SrTe.40 Similarly, an ZT value of 1.4-1.5 was achieved in n-type PbTe by the 

incoherent nano-inclusions of Ag2Te and Sb,41-42 which is slightly lower than that 

obtained by coherent nano-inclusions. In 2012, Kanishka et al. achieved the maximum 

decrease in the κL and a ZT of 2.2 in p-type PbTe-doped with 4 % SrTe at 915 K which 

was attributed to the improvement in phonon scattering.45   Biswas et al. observed that 

the doping of Se into p-type PbTe could increase the carrier mobility without decreasing 

carrier concentration and hence a ZT value of 1.8 can be achieved in 

Na0.02Pb0.98Te0.85Se0.15 which was due to the convergence of electronic bands.40  In 

2013, Ibanez et al. synthesized core-shell PbTe@PbS nanoparticles in organic solvent 

using a hot injection method and obtained a ZT of 1.07 at 700 K.46 In 2011, Wang et al., 

doped PbSe with Na and achieved an ZT of 1.2 at 850 K.47 In 2012, Zhang et al. doped 

PbSe with Al to obtain n-type PbSe with a large ZT value of 1.3 at 850 K.48 In 2017, 

Ahn et al. synthesized 2% ZnTe-doped Pb0.985Na0.015Te and achieved a maximum ZT of 

1.73 at 700 K.49 

Bi2Te3 and Antimony telluride (Sb2Te3) have been widely investigated as a TE 

material operating at 300 K. The remarkable TE properties of Bi2Te3 was attributed to 

its large mean molecular mass, low melting temperature, and partial degeneracy of the 

conduction and valence bands.50 It has a non-cubic tetradymite structure with space 

group R3m which.is explained in detail in the next section. Sb2Te3 also has a similar 

structure to that of Bi2Te3. The low κ, the high σ, and relatively good ZT of 0.78, makes 

Sb2Te3 a good choice for use with Bi2Te3 to build efficient TE devices.50 

2.1.3. Measures to improve ZT  

Ideal TE materials are known as PGEC and require materials with high PF, high 

electronic properties, low κ and low κL.51 Recently, a high ZT (>1) was achieved in 

heavily doped semiconductors,8,52,53 nanostructures53-56 and superlattice structures.53,57-59 

High ZT achieved by both nano-miniaturization and using nanocomposites have proved 

to be efficient approaches for the enhancement in TE properties, which increase the S 

value while decreasing the κL due to the quantum confinement and the strong scattering 

by phonons.  
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2.1.3.1. Tuning the band gap 

Bipolar conductivity is one of the main reasons which limit the ZT in TE 

materials used at intermediate or high temperatures.60,61 This is due to the fact that with 

increase in temperature, minority carriers62 are significantly increased due to enhanced 

thermal excitation, thus, increasing κe, therefore, the total κ. These inspired researchers 

to increase the band gap of materials while reducing the thermal excitation of minority 

carriers at high temperature. It has been proved theoretically63,64 and experimentally61,65 

that the band structures can be efficiently tuned by doping semiconductors with other 

elements. For example, the doping of Cd66 or Ag67 in PbTe resulted in an enhancement 

in the band gap, which further stabilized the carrier concentration of PbTe at high-

temperature, leading to a high ZT. 

2.1.3.2. Effect of nanostructuring: Low Dimensional Thermoelectric Materials 

With the advancement in technology, nanostructure engineering has been 

realized as an effective method to develop high-performance TE materials.7, 66, 68-70 This 

includes the development of low dimensional and nanocomposites which benefit from 

reducing the size and dimensions of materials. The enhancement of ZT in low 

dimensional TE materials is mainly due to the quantum confinement effects58 while 

complex phonon scattering71 and low energy carrier filtering66 by the nano-scaled 

substructures enhance the performance of TE nanocomposites. 

Hicks and Dresselhaus57 suggested that low-dimensional or nanocrystalline 

materials could achieve a remarkable enhancement in ZT due to the quantum size 

effects caused by the increase of phonon scattering72-75 which result in a higher density 

of states and a decreased κL. When the size of the materials is reduced to the nano 

regime, the quantum confinement effects increase which results in a decrease in the 

electron energy band structure resulting in a large S. In 2001, Venkatasubramanian73 

reported the highest ZT of ~2.4 in Bi2Te3/Sb2Te3 superlattice films, which boosted the 

TE property compared to the bulk materials. Lin76 and Dresselhaus predicted that 

heterostructure nanowires could have better TE performances than superlattice films or 

conventional nanowires, which attract much attention to study nanowires.  
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2.1.3.3. Effect of nanostructuring: Nanocomposite Thermoelectric Materials  

Nanocomposites74 materials are easier to be fabricated when compared to 

nanomaterials. By adopting appropriate synthesis procedures,71, 77-79 bulk TE materials 

with nano-sized substructures can be synthesized successfully. The introduction of 

nanostructures into bulk materials will create a high density of interfaces or grain 

boundaries, defects and lattice distortion70 which can significantly scatter phonons 

which contribute to the κL, therefore, reduce the κ. The phonons with medium and long-

wavelength could be strongly scattered by the nano-sized grains, grain boundaries, 

while the short-wavelength phonons can be scattered by the point defects. Such strong 

scattering to the phonons can reduce the κL at most 50% and lead to a 2-fold increase in 

ZT.80 Meanwhile, electrons which have a much shorter wavelength than phonon would 

not be scattered so strongly, which means that the κe will not be significantly influenced 

by the nanocomposites.  

 

Fig. 2.5. Schematic diagram that briefly summarizes some of the main strategies for the 

improvement of the figure of merit81 
 

In addition, nanocomposites act as a boundary between the nano-participates and 

the host materials which can filter the lower-energy charge carriers due to the existing 

potential barrier.66 As can be seen from equation 2.3, the S value strongly related with 

the n. When the carriers transport through the boundary potential barrier between 

grains, lower-energy charge carriers will be filtered, therefore, the average carrier 
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energy can be increased, and the S can be increased as a consequence while σ will not 

be significantly reduced. Fig. 2.5. gives a schematic diagram that briefly summarizes 

some of the main strategies for the improvement of the ZT. 

2.1.4. Introduction to Bismuth chalcogenides 

Bismuth telluride is considered to be one of the best TE materials since it has the 

capability to convert waste heat energy into beneficial electrical energy operating in a 

temperature range between 200 and 400 K. Bi physically behaves like a metal. But 

when it is alloyed with Te, then it behaves like an efficient semiconductor type TE 

material. In addition, the S value of bulk Bi2Te3 becomes compensated around room 

temperature, demanding the materials used in power-generation devices to be an alloy 

of bismuth, antimony, tellurium, and selenium.  

2.1.4.1. Structure of M2Te3 (M=Bi, Sb) 

Bi2Te3 is a narrow-gap layered semiconductor with a rhombohedral unit cell 

belonging to R-3m space group. It has a layered sandwich structure with five 

monoatomic sheets stacked along the c axis (z-direction) of the hexagonal lattice as 

Te(1)-M-Te(2)-M-Te(1) known as quintuple layers (QLs). The coupling is strong 

between two atomic layers within one QL. The QLs form covalently bonded sheets 

linked together from each other by weak van der Waals forces. Te atoms exist in two 

essentially different sites. The Te (1) atom is strongly bound to three Bi atoms on one 

side and weakly bound to three Te atoms on the other side as its nearest neighbours, 

while the Te(2) atom forming the middle atomic sheets is octahedrally coordinated to 

six M atoms. The inner atoms in the same QL are strongly bound together via covalent 

bonds while the Te(1)-Te(1) bond between different QL is weak and correspond to the 

largest atomic spacing 0.358 nm. The quintuple layers are separated from each other by 

weak van der Waals forces.7 Sb2Te3 is isomorphic to Bi2Te3. The crystal structure of 

M2Te3 (M=Bi, Sb) is shown in Fig. 2.6 (a). The top view and side view of the QLs is 

shown in Fig. 2.6 (b) and (c).  
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Bi2Te3 families crystalize in layered structures and consist of heavy atoms, 

which can potentially ensure low κ. Moreover, the narrow band gaps can secure a high 

σ, and the large band degeneracy is also beneficial to produce a high PF. Because of 

these advantages, great efforts have been dedicated to enhance the TE efficiencies of 

Bi2Te3 families. Single-crystal of Bi2Te3 is formed by the stacks of repeating layers of 

Te(1)-Bi-Te(2)-Bi-Te(1), whereas the weak van-der Waals force bonds the adjacent 

quintuples. In consequence of the strong anisotropy, larger PF is achieved for the 

Bi2Te3-based alloys measured parallel to the ab plane (basal plane) than that obtained 

perpendicular to the basal plane. High κ is also expected as measuring parallel to the ab 

plane, and thus degrades the ZT values. In view of anisotropic transport properties, the 

ZT improvements could only be fulfilled if one can strike the balance between κ 

reduction and PF enhancement through further nanostructuring or doping.  

 

Fig. 2.6. (a) Crystal structure of M2Te3 (M=Bi/Sb), (b) Top view along the z-direction. The 

triangle lattice in one QL has three different positions, (c) Side view of the QL structure. 
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2.1.4.2. Literature Review on Bi2Te3 -based materials 

Recently, many researchers have attempted to improve the TE efficiency of 

Bi2Te3-based materials by creating nanostructures in which one or more dimensions are 

reduced to the nanometric regime. Bi2Te3 can be synthesized in nanostructured form by 

two methods: top-down and bottom-up approach.82 The top-down approach includes the 

synthesis of nanostructured materials from the bulk by physical methods involving 

evaporation, sputtering and spray pyrolysis methods. In the bottom-up approach, the 

nanostructured form is constituted by self-assembly, i.e. atom by atom, molecule by 

molecule, etc. Among these, the bottom-up approach is employed for the synthesis of 

nanostructures owing to its several advantages such as morphological control with less 

defects, ability to maintain uniform chemical composition and better short-range and 

long-range ordering. In bottom-up approach, chemical synthesis is mainly employed 

which includes sol-gel, electrochemical, chemical vapor, laser chemical vapour, 

electrolysis deposition, hydrothermal and solvothermal (SS) processes. 

Nanostructuring have helped to improve the TE properties of Bi2Te3. In 2001, a 

ZT of 2.4 was obtained at 300 K from a p-type superlattice film of Bi2Te3–Sb2Te3 

which was attributed to the nanoscale effects.73 This development led to a surge of 

research on TE nanomaterials. In 2008, Poudel et al. 83 achieved a  ZT of 1.4 at 373 K 

in p-type nanocrystalline BiSbTe bulk alloys synthesized by ball milling and followed 

by dc hot pressing. The improvement in ZT was due to the low κ caused by the 

increased phonon scattering by grain boundaries and defects. Xie et al.84 synthesized 

nanostructured p-type (Bi,Sb)2Te3 bulk materials by melt-spinning individual elements 

of Bi, Sb, and Te followed by a spark plasma sintering (SPS) and achieved an ZT 0f 1.5 

around 370 K. Yan et al. successfully increased the ZT of n-type Bi2Te2.7Se0.3 to 1.04 

by improving its σ through the reorientation of the ab planes of small crystals during 

multiple-step hot pressing of ball-milled nanopowders.85 In 2010, Ferdows and Roger  

theoretically calculated the ZT of Bi2Te3 thin films to be as high as 7.15 at room 

temperature which was presumed to be due to the change in the distribution of 

the valence band density of modes due to the quantum confinement effects in the thin 

films.86 Liu et al.87 achieved a ZT of 0.99 at 373 K in n-type Cu0.01Bi2Te2.7Se0.3 without 
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texturing. Upon texturing by re‐pressing, the ZT increased to 1.06 and further increased 

to 1.1 with aging in air for 5 months. Ko et al. also observed an increase in the S due to 

a carrier-selective scattering effect in Pt-doped Sb2Te3. The improvement in S was 

ascribed to the increase in carrier concentration due to the introduction of Pt 

nanocrystals which partially compensates for the reduced σ due to the decreased μ.88 In 

addition to thin films, the ZT of Bi2Te3 nanowires has also been theoretically calculated, 

and the results show strong diameter dependence, e.g., the ZT value can be greater than 

6 if the nanowire diameter is smaller than 5 nm. Inspired by the high ZT of nanowires 

from theoretical predictions, in 2012, Zhang et al.89 synthesized uniform 8-nm Bi2Te3 

nanowires and achieved a ZT of 0.96 at 380 K. The authors also fabricated Bi2Te3 

nanowire based heterostructures, such as Te@Bi2Te3, Bi2Te3@PbTe, although the ZT of 

the Te@Bi2Te3 heterostructure was only around 0.23 at 400 K.90 Saleemi et al. 

synthesised nanostructures bulk Bi2Te3 through chemical alloying and obtained a ZT of 

1.1 at 340 K.91 In 2013, Puneet et al. synthesized n-type Bi2Te3 by wet chemical 

exfoliation followed by SPS and achieved a ZT of 1.00 at 430 K.92 In 2015, Yang et al. 

achieved a ZT of 0.88 at 400 K in Bi2Te3 nanostructures synthesized by SS method 

followed by SPS.77 Later, Hong et al. achieved large values of ZT of 1.23 and 1.2 in n-

type Bi2Te3-xSex and p-type Bi0.5Sb1.5Te3 synthesized by microwave assisted surfactant 

free SS technique and microwave solvothermal method (MSS) respectively.93,94 Liu et 

al. synthesized n-type Bi2Te3-xSex by hot pressing and obtained a ZT of 1.31 at 438 K.95 

In 2019,  Te- Bi2Te3 heteronanostructures were synthesized by SS method followed by 

SPS by Mei et al. and ZT of 0.54 was obtained at 398 K.96 Bi2Te3 alloyed with GeTe 

and iodine was successfully synthesized by Wu et al. and a large ZT of 2.2 at 723 K 

was obtained.97 

Besides the use of zero-dimensional nanoparticles or 1D nanowires to improve 

their TE performance, introduction of 2D nanosheets into bismuth chalcogenides can 

also lead to a high ZT. Li et al. mixed graphene with Bi2Te3 to improve its conductivity, 

resulting in a 1.5 times higher ZT (0.3 at 350 K) for the composites than for single 

crystal Bi2Te3. Although the ZT value is low, their work provides an idea to prepare 

hybrid TE composites with enhanced performance.98 Various synthesis techniques have 
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been adopted for synthesis of Bi2Te3 both in bulk and nanostructured form which are 

tabulated in Tables 2.1 and 2.2.. The methods include SS, MSS, cold pressing (CP), 

solution grow (SG), spark plasma sintering (SPS), hot pressing (HP), lithium ionic 

exfoliation (LIE), ball milling alloy (BMA), melting alloy (MA), Bridgman–

Stockbarger (BS), ball milling (BM), travelling heater method (THM), melt spinning 

(MS), Te rich melt spinning (Te-MS), zone melting (ZM), Hot forging (HF), etc.   

Table 2.1. ZT values and temperature of operation for bulk Bi2Te3 

Sl. 

No: 

Materials Type-

ZTmax 

Temperature 

[K] 

Synthesis 

method 

Year Ref. 

1 Bi2Te2.925Se0.075 n-0.85 293 THM 1995 99 

2 Bi0.5Sb1.5 Te3 p-1.4 373 BM+HP 2008 83 

3 Bi0.5Sb1.5 Te3 p-1.3 373 BMA+HP 2008 100 

4 Bi2Te3 n-1.2 425 BMA+HP 2008 101 

5 Bi0.52Sb1.48Te3 p-1.56 300 MS 2009 102 

6 Bi2Te2.7Se0.3 n-1.18 410 BS 2009 103 

7 Bi2Te2.7Se0.3 n-1.04 400 BMA+HP 2010 87 

8 Bi0.5Sb1.5Te3 p-1.4 300 MA+HP 2010 104 

9 Bi0.4Sb1.6Te3 p-1.8 316 MA+MS+HP 2010 105 

10 Cu0.01Bi2Te2.7Se0.3 n-1.06 373 BM+HP 2011 85 

11 Bi0.5Sb1.5Te3 p-1.10 300 Slip-casting 

under high 

magnetic 

field 

2011 106 

12 Bi2(Te1-xSex)3-

I(0.08%) 

n-1.1 340 ZM 2012 107 

13 Bi2(Te0.5Se0.5)3-

I(0.1%) 

n-0.85 570 ZM 2012 107 

14 Bi0.5Sb1.5Te3 p-1.21 323 Slip casting 

under high 

magnetic 

feld, SPS 

2012 108 

15 

 

Bi2Te2S/Se n-0.80 573 Effect of 

alloying 

2013 109 

16 Bi2Te2.3Se0.7 n-1.2 445 MA+BM+HP 2014 110 
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17 Bi0.3Sb1.7Te3 p-1.3 380 MA+BM+HP 2014 110 

18 Bi0.05(PbTe)0.95 n-1.10 773 Bi doping, 

Co-ball 

milling 

2014 111 

19 Bi0.4Sb1.6Te3 p-1.20 673 BM, hot 

extrusion 

2014 112 

20 Bi0.5Sb1.5Te3     

 

p-0.64 300 Effect of 

severe plastic 

deformation 

2014 113 

21 Bi2Te2.79Se0.21 n-1.2 357 HP 2015 114 

22 Bi0.5Sb1.6Te3 p-1.86 320 Te-MS+SPS 2015 115 

23 Bi0.4Sb1.6Te3 p-1.36 400 ZM, hot 

deformation 

2015 116 

24 Ge0.93Bi0.07Te1.005I0.03 p-2.2 723 Iodine 

doping and 

water 

quenching 

2019 97 

 

Table 2.2. ZT values and temperature of operation for nanostructured Bi2Te3 based materials 

Sl. No: Materials Type-

ZTmax 

Temperature 

[K] 

Synthesis 

method 

Year Ref. 

1 Bi0.5Sb1.5Te3 p-1.40 373 BM+SPS, 

preserved 

nanostructures 

2008 83 

2 Bi0.5Sb1.5Te3 p-1.56 300 MS+SPS, 

nanostructures 

2009 117 

3 Bi2Te3 n-0.94 398 BM+ Hot press, 

nanograins 

2009 118 

4 Bi2Te3   

 

p-1.18 425 Mechano-

chemical 

process, 

nanograins 

2010 119 

5 Bi2Te3 p-1.38 473 Nanopores in 

the bulk 

2010 120 

6 Bi0.4Sb1.6Te3 p-1.12 350 HP, nanograins 2010 121 

7 Bi2Se0.3Te2.7 n-0.93 300 HE, orientation 

of the 

nanocrystals 

2010 122 

8 Bi2Se0.3Te2.7    

 

n-1.04 398 Deformation 

induced defects 

2010 87 

9 Bi2Se0.21Te2.79 n-1.14 300 Grown in space, 

less defects 

2010 123 
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10 Bi0.4Sb1.7Te3 p-0.9 413 SG+SPS 2010 124 

11 Bi2Se0.36Te2.67 p-1.20 300 Optimized 

single crystal 

2011 125 

12 Bi0.5Sb1.5Te3 p-1.11 300 HF caused 

nanograins 

2011 126 

13 1vol%Al2O3 + 

Bi2Te3 

n-0.99 400 Dispersed 

nanoparticles 

 

2011 127 

14 Bi2TeySe3-y  

 

n-0.70 373 Wet chemical 

method, 

nanoparticles 

2011 128 

15 Bi2Te3  

 

n-0.61 423 Wet chemical 

method, 

nanoparticles 

2011 129 

16 Bi2Se0.3Te2.7 n-1.11 423 Nanograins, SiC 

did not increase 

ZT 

2011 130 

17 0.1 vol% SiC+ 

0.2 Bi0.5Sb1.5T

e3 

p-0.97 323 Nanograins 

produced by p-

type SiC 

2011 130 

18 0.015 vol% 

MWCNTS + 

Bi2(Te0.9Se0.1)

3 

n-0.98 423 Carbon 

nanotubes as 

electron donors, 

composite 

2011 131 

19 (Bi0.99Ag0.04)2 

(Te0.96Se0.04)3 

n-0.74 373 Effect of Ag 

doping 

2011 132 

20 Bi2Te3-Te n-0.6 390 SG+HP 2011 133 

21 Nanostructured  

bulk Bi2Te3 

n-1.1 340 Chemical 

alloying 

2012 91 

22 Bi0.5Sb1.5Te3 p-1.10 300 Wet chemical 

method 

2012 134 

23 Bi2Te3 n-0.91 350 MSS+CP 2012 134 

24 Bi0.5Sb1.5Te3 p-1.2 363 MSS+CP 2012 134 

25 Bi2Se0.3Te2.7 n-1.00 300 BM, hot press, 

controlled 

nanostructures 

2012 135 

26 Bi2Se0.3Te2.7 n-0.54 300 Wet chemical 

method 

2012 136 

27 Bi2Te2.7Se0.3 n-0.55 300 SG+SPS 2012 137 

28 Bi2Te3 n-0.66 470 SG+HP 2012 138 

29 Bi2Te3 n-0.62 400 SG+SPS 2012 139 

30 Bi2Se3 n-0.35 400 LIE+HP 2012 140 

31 S dopedSb2Te3 p-0.95 423 MSS+ CP 

 

 

2012 141 
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32 Bi0.5Sb1.5Te3    

 

 

p-1.79 373 Improved 

parameters for 

BM+SPS 

process, 

nanograins 

2013 142 

33 Bi2Te3 p-0.97 365 Synthesis under 

high pressure 

2013 143 

34 Cr0.1Bi2Te3 p-0.80 325 Effect of Cr 

doping 

2013 144 

 

 

35 Bi0.5Sb1.5Te3+ 

0.2%Mn 

p-1.47 310 Wet chemical 

method, metal 

nanoparticle 

decoration 

2013 145 

36 

 

 

0.5at% In+ 

Bi0.4Sb1.6Te3 

p-1.20 320 Effects of Ga 

and In doping: 

no effect on σ 

2013 146 

37 0.4 vol% SiC + 

Bi0.3Sb1.7Te3 

p-1.33 373 Effect of SiC 2013 147 

38 5 wt% Cu7Te4 

+ Bi0.4Sb1.6Te3 

p-1.14 444 Composite, 

nanograins 

 

2013 148 

39 Bi0.5Sb1.5Te3 + 

Te   

p-1.05 425 In-situ formed 

Te nanoparticles 

2013 149 

40 Bi2Te3 n-1.00 430 Wet chemical 

exfoliation, SPS 

2013 92 

 

41 Bi2Te3 n-1.16 420 Wet chemical 

method, flower-

like 

nanostructure 

2013 150 

42 Bi2Te2.994Cl0.00

6+ 0.5wt% 

In2Te3 

n-0.94 300 Phase separation 2013 151 

43 (Bi2Te3)0.85 

(Bi2Se3)0.15 

n-0.71 480 SG+SPS 2013 152 

44 Bi0.5Sb1.5Te3 p-1.60 323 HF, led to 

orientation of 

the polycrystals 

2014 153 

45 Bi0.5Sb1.5Te3 p-1.00 300 BM+Reduction 

method, 

nanograins 

2014 154 

46 Bi0.4Sb1.6Te3 p-1.19 373 Mixture of 

nanopowder and 

micropowder 

2014 155 

47 Bi0.48Sb1.52Te+  

4 mol% WSe2 

p-1.27 360 Composite, 

nanograins 

2014 156 
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48 Bi0.48Sb1.52Te3 p-1.40 340 In-situ 

exfoliation, SPS 

2014 157 

49 Bi2Se3 

 

p-0.41 533 Nanoplatelets, 

thermochemical 

method 

2014 158 

50 Bi2Se0.3Te2.7 n-1.20 445 Defect 

engineering 

2014 110 

51 1.5vol% Ag 

NW+Bi2Te3 

n-0.71 475 Effect of Ag 

nanowires 

2014 159 

52 Bi2Te3 

polycrystalline 

whiskers 

n-0.71 673 Template 

synthesis + HP 

2015 160 

53 Bi0.42Sb1.5535Ga

0.025Ag0.0015Te3 

p-1.15 360 Effect of co-

doping 

2015 161 

54 Bi0.5Sb1.5Te3+ 

1 vol% 

Cu3SbSe4 

p-1.60 476 Carrier fltering 

effect, 

nanocomposite 

2015 162 

55 Bi0.5Sb1.5Te3 p-1.71 323 Melt-

solidifcation 

under high 

magnetic field 

2015 163 

56 1at% Fe+ 

Bi0.48Sb1.52Te3 

p-1.09 300 Effect of Fe 

doping 

2015 164 

57 Ce0.1Bi1.9Te3    

 

p-1.22 386 Wet chemical 

method, 

nanoflowers 

2015 165 

58 2vol% Ag + 

Bi2Te3 

n-0.77 475 Ag 

nanoparticles 

2015 166 

59 Bi2Se3 n-0.75 423 Single crystal 2015 167 

60 Bi2Te2.4Se0.6/ 

CNT 

n-0.80 425 BM, SPS, 

carbon nanotube 

(CNT) decrease 

grain size 

2015 168 

61 Bi2Te3Se0.3I0.00

75 

n-1.13 423 Effect of I 

doping 

2015 169 

62 (Bi2Se3)2 

(Bi2Te3)8 

n-0.71 450 Wet chemical 

method, 

multishell 

structure 

2015 170  

63 Bi0.5Sb1.5Te3 p-1.13 360 MSS+ SPS 2015 171 

64 Bi2Se3 n-0.48 425 MSS+ SPS 2015 172 

65 Bi2Te3 

nanostructures 

n-0.88 400  SS and sintered 

using SPS 

2015 77 

66 Bi2Te3-xSex n-1.23 480  Microwave, 

surfactant free 

SS method 

2016 93 
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67 Bi0.5Sb1.5Te3 p-1.2 320 MSS+SPS 2016 94 

68 Bi2Te3-xSex n-1.31 438  Hot pressing 2018 95 

69 Te-Bi2Te3 

hetero-

nanostructure 

n-0.54 398 SS+SPS 2019 96 

70 1.5 vol% 

Graphene/ 

Bi2Te3 

 

n-0.55 

 

488 

 

composite 

 

2019 

 

173 

2.2. Introduction to Dilute Magnetic semiconductors 

Dilute magnetic semiconductors (DMSs) are new class of materials which are 

very useful for spintronics applications. Spintronics devices are based on active spin-

based devices that utilize the manipulation of spin-polarized electrons in a host 

semiconductor.174,175 However, the polarization of the spin polarized electrons must be 

preserved to realize a spintronic device. The design of materials possessing both 

semiconducting and ferromagnetic (FM) properties would be crucial in the development 

of highly miniaturized devices and presents a serious materials physics challenge. The 

performance of these devices can be greatly enhanced, if the charge and spin of the 

electrons are utilized in a single device called spintronic device, which is possible by 

developing DMSs, which can be easily integrated with the existing semiconducting 

technology but also is highly spin polarized. Fig. 2.7 shows a schematic representation 

of a magnetic semiconductor, a non-magnetic semiconductor and a DMS material.  

 

Fig.2.7. Schematic showing (a) a magnetic semiconductor, (b) a non-magnetic 

semiconductor material and (c) a DMS176 
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The search for material possessing semiconducting and magnetic properties 

accelerated in recent decades bringing about a new era of DMSs. The first DMS studied 

were II-VI semiconductor alloys with the general formula II VI

1-x xA Mn B like Zn1-xMnxB, 

Cd1-xMnxB and Hg1-xMnxB where B=S, Se, Te.177,178 More recently, Mn-doped III–V 

semiconductors such as In1-xMnxAs179,180 and Ga1-xMnxAs181,182 showed FM at a higher 

temperature. Mn-doped GaAs showed a TC of 173 K, which was quite promising, 183,184 

but still too low for RT applications. All these materials exhibited carrier-mediated FM, 

which provides an opportunity to tune the magnetic behaviour through charge 

manipulation. This, in turn, has motivated researchers to search for materials which 

exhibit carrier mediated FM and even higher TC. In this quest, oxide-based DMS 

materials came into the picture and became the key materials in the development of 

spintronic devices. The search for a FM semiconductor at RT was accelerated with the 

predictions of Dietl et al. who performed an exhaustive theoretical study on DMS 

materials in 2000.185 The discovery of RTFM in Mn-doped ZnO by Sharma et al. 186 

and in Co-doped anatase TiO2 thin films by Matsumoto et al. 187 provided an increased 

sense of enthusiasm for developing magnetically doped semiconductors. A report on 

RTFM in 2001 in Co-doped TiO2 by Matsumoto et al. al.187 gave the hope that Ti1-

xCoxO2 thin film can also be used for spintronics. The Ms value was reported to be 

0.32µB/Co-ion and the observed low Ms value was explained in terms of low spin state 

of Co. The resistivity and carrier concentrations were 0.1-1 Ω-cm and 1018 cm-3 

respectively. This discovery revolutionized considerable research in oxide-based DMS 

materials such as transition metal (TM) elements-doped ZnO,188 Cu2O,189 SnO2
190 and 

In1.8Sn0.2O3.
191 In 2003 Sharma et al.186 reported an ab-initio total energy calculations 

using projector-augmented wave for Zn0.958Mn0.042O within generalized gradient 

approximations for exchange-correlation and showed carrier induced FM is stabilized 

for Mn concentrations less than 5 at.% but AFM above 5 at.%. They have reported 

RTFM for ZnO: Mn experimentally with a TC of 425 K when the Mn doping 

concentration is less than 4 at.%. Sato et al.192 predicted that the FM state in Fe-, Co- or 

Ni-doped ZnO could be stabilized by s-d hybridization and pointed out that n-type ZnO 

could be candidates for high TC materials DMS materials. In 2005, Lawes et al. 

conducted a study on bulk Zn1-xMnxO and Zn1-xCoxO with x=0.02 and 0.15 and 
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observed FM only at 2 K.193 Rao et al. claimed that the doping of TMs such as Mn and 

Co in ZnO cannot provide robust FM in these materials and FM can only be achieved 

by additional co-doping of Mn or Co-doped semiconductors.194 FM was observed in 

undoped and nonmagnetic Zn-substituted nanorods of SnO2 reported by Liu et al. The 

saturation magnetization (Ms) of these nanorods was reported to be sensitive to the Zn 

concentration where a physical model based on BMP formation was proposed to 

establish the magnetic ordering of these nanostructures.195 Ma et al. found defect 

mediated RTFM in Cu-doped ZnO thin films synthesized by reactive magnetron 

sputtering and pulsed laser deposition (PLD) which could be due to the presence of 

oxygen vacancies around Zn and Cu ions.196 The capability of high electron doping in 

oxide-based semiconductors and the heavy effective electron mass of oxide 

semiconductors are quite efficient to realize high TC in these systems.197 Moreover, 

most of the oxide-based DMSs are wide band gap semiconductors (>3eV) forming the 

new generation of spintronic devices. 

To exploit the spin and to realize the integration of the DMS material in today’s 

electronics, the development of low dimensional nanostructures is highly crucial. In 

particular, the long spin coherence length of electrons suggests that the movement of 

spin, like the flow of charge, could be used to carry information. Such spin-polarized 

electronic devices could be much smaller, they consume less electricity and could be 

more useful for advanced computations than today’s systems,198 which are based on 

electron charge only. Hence, to assimilate electronics, magnetism, and photonics 

together into a single platform for the next generation multifunctional devices, it is vital 

to discover a magnetic semiconductor that is not only FM at high temperatures, but also 

has a tunable carrier density, high magnetic moment, large mobility and is optically 

transparent to be used in devices for spin injection and detection. The developments in 

nanotechnology and the demonstration of various quantum size effects in nanoscale 

systems implies that most of the novel devices of the future will be based on 

nanostructured DMS which are much more miniaturized and efficient than the existing 

systems. Among the oxide-based DMS materials investigated, nanostructured TiO2 

system seems to be the most consistently reported n-type semiconducting material to 
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present FM order far above room temperature (TC > 650 K)199 Moreover, the possibility 

of tuning the magnetic states due to the different oxidation states present in TiO2 

through the doping of various TM encouraged us to choose TiO2 as the DMS material 

for the present study. 

2.2.1. Magnetism in solids 

Different types of magnetic materials and magnetic interactions are discussed 

below. A brief idea regarding the different theoretical models used in DMS materials is 

also explained here. 

2.2.1.1. Types of magnetic materials 

All materials can be classified in terms of their magnetic behavior. The two most 

common type of magnetism are diamagnetism and paramagnetism (PM), which 

accounts for the magnetic properties of most of the elements in the periodic table at 

room temperature. These elements are usually referred to as non-magnetic. Based on the 

spin ordering or exchange interactions, magnetic materials can also be classified into 

FM, antiferromagnetic (AFM) and ferrimagnetic. Diamagnetism is a very weak form of 

magnetism exhibited by atoms possessing completely filled electron shells and hence 

possesses no net magnetic moment. It arises due to the change in the orbital motion of 

electrons caused by an external magnetic field (H). The induced magnetic moment is 

very small and acts in a direction opposite to that of H. Hence, diamagnetic materials 

tend to expel magnetic flux from their interior, and therefore, they exhibit negative χ. 

Superconductors are perfect diamagnets, most of semiconductors like ZnO, SnO2 etc. 

are diamagnetic in nature. In PM materials, the individual atoms or molecules have a net 

orbital or spin magnetic moment, which are randomly oriented. These moments are only 

weakly coupled to each other, and the thermal energy causes random alignment of the 

magnetic moments, and hence there is no net magnetization (M). When H is applied, the 

moments start to align, but only a small fraction of them are aligned in the direction of 

field. Hence, they have a small and positive χ between 10-3 and 10-5 and µr slightly 

greater than one. However, they do not retain magnetism once the field is removed. PM 

occurs in atoms and molecules with unpaired electrons, such as, free atoms, free 
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radicals, and in compounds of TMs containing ions with unfilled electron shells. FM 

materials exhibit spontaneous magnetization and a clear magnetic ordering temperature. 

In ferromagnets, there is a strong internal interaction between the atomic magnetic 

moments which aligns them parallel to each other. The TC of Fe, Co and Ni are 1043 K, 

1404 K and 631 K respectively; thus at 300K, only Fe, Co, and Ni are the available FM 

elements. A ferromagnet in the demagnetized state is composed of a number of small 

regions called domains. Each domain is spontaneously magnetized to its saturation 

value of magnetization. But the magnetization vectors in different domains have 

different orientations, and hence, the total M averages to zero. For an FM material, the 

field dependence of M is nonlinear, and at large values of H, the M becomes constant at 

its saturation value called saturation magnetization (Ms). But once saturated, a decrease 

in H to zero does not reduce M to zero. Hence, it possesses some magnetization called 

remanent magnetization (Mr). To demagnetize the material, a reverse field is required 

and the magnitude of this field is called coercivity (HC). It represents the energy loss 

during the process of magnetization and demagnetization and this amount of energy (the 

hysteresis loss) is proportional to the area inside the loop. The variation of M with H for 

a diamagnet, paramagnet and ferromagnet is shown in Fig. 2.8. 

 

Fig. 2.8. M vs H for a (a) diamagnet, (b) paramagnet and (c) ferromagnet 
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2.2.1.2. Magnetic exchange interactions 

The magnetic order in magnetic systems arises due to the co-operative effects 

between magnetic moments located at constituent ions. The interaction among the spins 

is mediated by spin dependent electrostatic interaction known as the exchange 

interaction. The lowering of the free energy of a magnetic material due to the exchange 

interaction leads to magnetic order, and it persists below a definite temperature TC.  

Direct exchange interaction occurs between ions whose spins are close enough 

to have sufficient overlap of their wave functions. Electrons spend most of their time 

between neighboring atoms when the interatomic distance is small. This gives rise to 

antiparallel alignment and therefore negative exchange (AFM). If the atoms are far apart 

the electrons spend their time away from each other to minimize the electron-electron 

repulsion. This gives rise to parallel alignment or positive exchange (FM). 

Indirect exchange interactions are classified into Superexchange (SE) and 

Double exchange interactions (DE). SE interaction occurs between two nearest-

neighbour cations joined through a shared non-magnetic ion such as oxygen (O). TM 

oxides are excellent models for SE interaction. It is an oxygen-mediated exchange 

between TM ions based on the virtual hopping of the 
z2pO  electrons. The O2- ion with 

the electronic configuration 1s2 2s2 2p6 have fully occupied triply degenerate p orbitals 

(2px, 2py, 2pz) with six electrons. In oxide systems, the five d orbitals of TM are not 

degenerate, but they split into triply degenerate t2g orbitals (3dxy, 3dyz, 3dxz), and doubly 

degenerate eg orbitals (3dz
2, 3dx

2
-y

2). The eg orbitals point along the crystal axes, and, 

therefore, overlap with the 
z2pO  orbitals. The SE interaction between Mn3+ ions is 

illustrated in Fig. 2.9. Mn3+ with electronic configuration [Ar] 3d4 has four electrons in 

the five 3d orbitals, three of them occupying the t2g orbitals and the fourth is located in 

one of the two eg orbitals, which point along the crystal axes and therefore overlap with 

the O-2p orbitals. Virtual hopping of O-2p electrons to these overlapping Mn eg orbitals 

leads to virtual excited states which can result in a reduction of the total energy of the 

system depending on the spin directions.200 The relation between the SE interaction and 
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the symmetry of electron orbital is described by the Goodenough-Kanamori-Anderson 

rules which are summarized below: 201-204 

1. The 180ᴼ exchange interaction between two half-filled or two empty TM orbitals 

will be strongly AFM.  

2. The 180ᴼ exchange interaction between one half-filled and one empty TM orbitals is 

weakly FM.  

3. The 90ᴼ exchange interaction between two half-filled TM orbitals is weak and FM. 

 

Fig. 2.9. SE interaction between Mn3+ ions in manganites. 

DE is usually observed in mixed valence manganites containing Mn3+ and Mn4+ 

ions or Mn3+ and Mn2+ ions and is based on the real hopping of electrons between the 

manganese ions. The innermost electron in the 2z
3d  orbital of Mn3+ ion can hop via the 

z2pO  orbital to the 2z
3d orbital of Mn4+ ion and its spin gets coupled with those of both 

ion cores. The DE mechanism, observed in La0.7A0.3MnO3 (A= tetravalent ions such as 

Te, Ce, etc), between Mn3+ and Mn2+ ion separated by an O2−ion, is illustrated in Fig. 
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2.10 and the FM alignment due to the DE mechanism can be understood from the 

figure. The eg electron on the Mn2+ ion hop to the eg orbital of the Mn3+ ion favoring 

DE.  

 

Fig. 2.10. DE interaction in manganites. 

2.2.2. Theoretical Models explained in DMS materials 

Many theoretical models have been proposed to explain the FM ordering in 

DMS materials.  However, a complete understanding of the origin of FM interactions in 

these DMS materials is yet to be solved. The theoretical models most commonly used 

for explaining the FM in DMS materials include the RKKY model, Zener model, mean-

field Zener model and the bound magnetic polaron. 

 

2.2.2.1. RKKY model 

The RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction describes the 

magnetic interaction between the localized d or f electron spins (magnetic ion) and the 

delocalized conduction band electrons (sp-band). The localized moments in the 4f shell 

interact via electrons in the 5d/6s conduction band. As a result of RKKY interaction, the 

conduction electrons close to the magnetic ion are magnetized and act as an effective 

field to influence the polarization of neighbouring magnetic ions. RKKY interaction is 

long range and has an oscillatory dependence which decays with distance from the 
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magnetic ion, causing indirect SE interaction between two magnetic ions. This 

coupling, depending on the separation results in a parallel (FM) or an antiparallel 

(AFM) alignment of moments. The coupling takes the form of an r-dependent exchange 

interaction JRKKY (r) given by  

 F

RKKY 3

cos 2k r
J (r) 

r
                     (2.7) 

where, Fk  is the radius of the Fermi surface. Thus the RKKY model is efficient when a 

high concentration of delocalized carriers is present in the host material. A schematic 

representation of RKKY interaction is shown in Fig. 2.11. 

 

Fig. 2.11. RKKY interaction in metals. 

2.2.2.2. Zener Model 

Zener proposed the model of FM which is driven by the exchange interaction 

between carriers and localized spins.205-207 In the Zener model, the direct exchange 

interaction between d shells of the adjacent TM atoms (SE) will lead to AFM ordering 

of the d shell spins because the TM-d shell is half-filled whereas the indirect coupling of 

spins through the itinerant carriers lead to FM ordering. Dietl et al. first explained the 

observed FM in Zinc Blende and Ga1-xMnxAs based on the Zener model.208 According 

to him, the divalent Mn2+ ions in Ga1-xMnxAs provide the localized spins and at the 

same time act as acceptors which compensate for the deep antisite donors present in 
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GaAs and produce p-type conduction in them. In the Zener model, the FM ordering was 

due to the spin-polarized conduction electrons, while in Ga1-xMnxAs, the FM ordering 

was mediated by spin-polarized free holes.  

2.2.2.3. The mean-field Zener model  

The mean-field Zener model was proposed by Dietl et al.,208 which is based on 

the original model of Zener206 and the RKKY model. In this model, the delocalized hole 

carriers mediate an RKKY-like interaction among localized TM ions resulting in FM. 

The holes need to be spatially delocalized or weakly localized to induce long-range FM. 

The mean-field Zener model takes into account the anisotropy of the carrier-mediated 

exchange interaction associated with the spin-orbit coupling in the valence band of the 

host material in determining the magnitude of the TC, the carrier correlation and the 

direction of the easy axis in p-type FM semiconductors. This model predicts that ZnO 

and Mn-doped p-type GaN are FM with TC values above room temperature. This model 

also indicates the dominance of hole exchange of Sato et al.209 and predicts that the high 

TC ferromagnetism could also be stabilized in n-type ZnO. 

2.2.2.4. Bound Magnetic Polaron model  

The polaron percolation theory was developed by Kaminski and Das Sarma 210 

in 2002 for explaining the magnetic behaviour in MnxGa1-xAs and later in 2005, Coey et 

al. applied the theory to magnetically doped oxides.211 According to the polaron 

percolation theory, the exchange interaction of localized holes with magnetic impurities 

leads to the formation of bound magnetic polarons (BMPs). The polaron model can be 

applied to both n-type and p-type host materials.212 The BMP model could successfully 

explain the FM ordering in the transition metal doped ZnO. A BMP consists of a 

collection of electrons (or holes) bound to impurity atoms through exchange interactions 

within an orbit. To explain the physics of this polaron model, let us consider two 

neighbouring polarons. The localized holes of these polarons both act on the impurities 

surrounding them, producing a high magnetic field. This effective magnetic field is 

maximum when the spins of the localized polarons are parallel and the magnetic 

impurity atoms can effectively couple with one another via their respective coupling to 
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a single polaron. The coupling with polaronic electron is parallel or anti-parallel 

depending on whether the cation 3d orbital is less than half full or half full or more 

respectively. These configurations differ in energy and result in a non-zero spin flip 

energy which is a characteristic of BMPs. Hence, by their coupling to the polaron, the 

cation impurities become ferromagnetically coupled to each other. The net energy of the 

system can be lowered by parallel alignment of ions, since they all interact with carriers 

the same way. At low temperatures, the s-d exchange energy exceeds kBT, so the mutual 

alignment of ions and carriers results in an FM “bubble”. However, at higher 

temperatures, the spins of magnetic ions are not constant. Coey et al. proposed a model 

for n-type DMS materials based on exchange interaction between highly correlated 

narrow impurity bands and the atomic spin moments on dopant ions.211 The defects 

such as oxygen vacancies act as the electron source and these electrons interact with all 

magnetic ions that lie within their orbit. If there is enough number of magnetic spins 

within the orbital, the electron is completely spin polarized. Furthermore, the atomic 

magnetic moments have an indirect exchange interaction mediated by carriers, resulting 

in FM ordering. Fig. 2.12 shows a schematic of BMP interaction in oxides. 

 

Fig. 2.12. Schematic representation of BMP interaction in oxides 
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2.2.3. Structure and Literature review on TiO2 nanomaterials 

TiO2 crystallizes mainly into three phases: anatase, brookite and rutile. The 

rutile phase is found to be the most stable one. The anatase and brookite structures are 

converted to rutile form upon heating. The anatase and rutile structures belong to the 

tetragonal crystal structure while the brookite structure crystallizes into orthorhombic 

structure. The crystal structures of anatase, rutile and brookite are shown in Fig. 2.13.  

 

Fig. 2.13. Crystal structures of (a) Anatase, (b) Rutile and (c) Brookite 213 

Among the three polymorphs, rutile is the most stable and the most 

compact one. The different structures of TiO2 are constituted by different arrangement 

of the same building block: a TiO6 group where the titanium atom (the cation) sits in the 

center and is surrounded by six oxygen atoms (the anions) situated at the corners of a 

distorted octahedron. In the rutile phase, each octahedron is in contact with 10 

neighbour octahedrons i.e., two sharing edge oxygen pairs and eight sharing corner 

oxygen atoms while in anatase structure, each octahedron is in contact with eight 

neighbours i.e. four sharing an edge and four sharing a corner. The octahedral linkage in 

brookite is such that three edges are shared per octahedron.214 The lattice parameters of 

anatase, brookite and rutile phases are shown in Table 2.3.215 
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Table 2.3. Lattice parameters of Anatase, Brookite and Rutile phases 

TiO2 Space Group Lattice Parameters Number of Formula 

Units per unit cell (Z) a (Å) b (Å) c (Å) 

Anatase I41/amd 3.785 3.785 9.514 4 

Brookite Pbca 5.456 9.182 5.143 8 

Rutile P42/mnm 4.594 4.594 2.959 2 

2.2.3.1. Review on non-magnetic elemental substitution in TiO2 

Stoichiometric, bulk crystals of TiO2 are essentially diamagnetic but undoped 

TiO2 nanostructures show FM at room temperature which is attributed to oxygen 

vacancies,216,217 Ti vacancies,218,219 or Ti3+ ions220 present on or near the interface. The 

oxygen vacancies or Ti interstitials can cause intrinsic defects in TiO2 and magnetic 

clusters due to TM doping can induce extrinsic contributions ultimately leading to the 

controversies regarding the magnetic behavior.219,221-225 Hence, it could be affirmed that 

defects associated with the system are mainly responsible for creating FM ordering in 

these systems.226 It is interesting to find that some defect-containing undoped (without 

introducing any magnetic impurities in the materials) and other oxides225,226 also exhibit 

RTFM although TiO2 itself is intrinsically non-magnetic. Yoon et al.223 observed high-

temperature FM with a TC up to 880 K in oxygen-deficient anatase TiO2 film. Kim et 

al.224 theoretically found that the FM in undoped TiO2 was the result of the charge 

redistribution due to the oxygen-vacancy-induced lattice distortion. Zhou et al. observed 

FM in Ti3+ self-doped rutile TiO2 single crystal prepared by oxygen ion irradiation 

method.220 Zou et al. observed the co-existence of FM and PM in porous amorphous 

TiO2 with a large number of Ti3+ prepared by a photochemical method227 but it was 

quite interesting to find the diamagnetic nature of TiO2 when the Ti3+ in TiO2 was 

completely consumed by air which strongly confirmed that the magnetism of TiO2 was 

intrinsic in nature associated with the Ti3+ species. Santara et al. observed oxygen 

vacancy induced above room temperature FM in undoped TiO2 nanoporous 

nanoribbons.228 Inspite of various studies based on oxygen vacancy/Ti3+ related defects 

mediated FM, the exact mechanism is still not very clear in the current stage. This 

invites further experimental and theoretical investigation on this unusual magnetic 

behavior. 
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Very few studies have reported about the origin of magnetic behavior of non-

magnetic TM-doped TiO2 such as Cu and Zn and the formation of both TM ion site 

vacancies and oxygen site vacancies. In 2005, Duhalde et al.229 observed RTFM in Cu-

doped TiO2 where the observed FM was explained based on the formation of oxygen 

defects near the Cu ion. Hou et al. observed RTFM at 350 K in Cu-doped TiO2 thin 

films grown by reactive magnetron sputtering and annealed in vacuum. They attributed 

the FM due to the presence of oxygen vacancies and the distance between nearest-

neighbour copper atoms.230 You et al. synthesized Cu-doped TiO2 nanorods via a 

controlled hydrolysis method. Ti1-xCuxO2 nanorods with x varying from 1.7-3.2 at % 

displayed FM behaviour at room temperature which was explained on the basis of the 

concentration of oxygen vacancies present in the system.231 Choudhary et al. found a 

reduction in band gap with Cu doping and attributed this to the formation of band states 

due to the oxygen defects present in the system.221 Zheng et al. reported the observation 

of RTFM in Cu-doped anatase TiO2 films grown by magnetron sputtering. Here FM 

was due to the creation of grain boundary defects. Also the presence of oxygen defects 

resulting in increasing the saturation moment of 0.19% Cu-doped TiO2 thin film from 

0.56 to 26.42 emu/cm3. Zheng et al. also observed that this RTFM could be enhanced or 

destroyed corresponding to the low or high Cu concentration in TiO2 via vacuum 

annealing.232 Anitha et al. synthesized undoped and Cu-doped TiO2 by peroxide sol-gel 

method and observed a weak FM superimposed on a diamagnetic background while Cu-

doped TiO2 samples exhibited a weak FM in the low-field region with a PM component 

in the high-field region. This low field FM behavior was attributed to the defects and 

oxygen vacancies present in the system.233 

2.2.3.2. Review on ferromagnetic elemental substitution in TiO2 

Several authors have reported the study of Fe-doped TiO2 nanocrystals to 

understand the modifications undergone by the TiO2 lattice and for using Fe-doped 

TiO2 for practical applications.234,235 George et al.236 reported the synthesis of Fe doped 

nanoparticles of TiO2 containing 1–10 wt% Fe which was homogeneously distributed in 

the TiO2 matrix by the spray pyrolysis technique. Very recently, Li et al.237 reported the 

successive layer-by-layer doping method for homogeneous distribution of dopants in 
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nanoparticles. The Fe doping in TiO2 was found to yield Ms value ranging from 0.14 

µB/Fe-ion to 2.4 µB/Fe-ion.238-240 Xiaoyan et al. reported that ball milled α-Fe doped 

TiO2 exhibits FM with TC = 650 K and Ms = 0.15 µB/Fe-ion.241 The observed FM was 

found to be an intrinsic property. Patel et al. observed RTFM in 

Ti1−xFexO2−δ (0 ≤ x ≤ 0.03) nanoparticles synthesized by sol-gel route which was 

ascribed to the oxygen vacancy defects in the system and was explained in terms of the 

BMP model.242 Santara et al. observed a 4.8 fold increase in RTFM in Fe-doped TiO2 

nanoribbons grown by solvothermal process, compared to the undoped due to the 

existence of oxygen vacancies. However, the RTFM decreases at higher Fe 

concentrations due to the AFM ordering between nearby Fe3+ ions caused by a super 

exchange interaction.217 Navarro et al. reported the existence of FM in Fe-doped rutile 

TiO2 nanopowders which was attributed to the formation of oxygen vacancies in the 

system.243 Prajapati et al. reported RTFM in undoped and Fe-doped TiO2 and attributed 

this to the oxygen vacancies present in the system.244 Ahmed et al. observed RTFM in 

Fe-doped TiO2 nanopowder samples and found that Fe-doped TiO2 samples have a 

magnetic moment of 4.58 µB/Fe.245 

Cobalt (Co) is an effective dopant to improve the optical as well as magnetic 

properties of TiO2. The observation of RTFM in Co-doped TiO2 thin films by 

Matsumoto et al.187, 246 excited much interest in this area and several interesting results 

have been reported. Several reports in the literature show that Co doping can induce 

FM, PM or superparamagnetism in TiO2 nanocrystals and thin films.247-250 Shinde et al. 

reported Tc close to 650 K in laser deposited anatase Ti1-xCoxO2−δ films under low 

doping regime and explained that it is due to intrinsic DMS effect. A TC up to 400 K 

was reported by several other authors in Co:TiO2.
187,251-253 The highest Ms value of 

1.7µB/Co-ion was measured by Stampe et al. in 7 at % Co-doped sample on LaAlO3 

substrate.254 The Ms values in the range of 0.94µB/Co-ion to 1.4 µB/Co-ion were 

reported by several authors.187,251,252,255 In 2004, Shinde et al.  observed 

superparamagnetic behavior of highly reduced Co-doped rutile film and this was 

attributed to arise from the presence of superparamagnetic Co clusters in the films at the 

interface.256  Bryan et al. synthesized colloidal Co2+ doped TiO2 nanorods and observed 

high TC FM and attributed the FM to the creation of grain boundary defects, proposed 
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to be oxygen vacancies at nanocrystal fusion interfaces.257 Pereira et al. showed that 

oxygen vacancies play an important role in promoting long-range FM in bulk Co-doped 

TiO2 which could be explained based on the concept of BMPs.258 Santara et al., pointed 

out the possibility of FM behavior in TiO2 nanoparticles, which was assumed to be 

generated as a result of defects related to oxygen site deficiencies due to the Co 

incorporation into the TiO2 lattice, where a mechanism for the origin of FM is given and 

is based on BMP formation.259 In 2013, Kaushik et al. observed RTFM in 10%  Co-

doped TiO2  with a Ms of 0.937 emu/g and HC of 65 Oe, which was attributed to the 

intrinsic exchange interaction of magnetic moments.260 PM behavior was observed by 

Tseng et al. in Co-doped TiO2 nanorods while the undoped samples showed strong FM 

at room temperature.261 In 2016, Anitha et al. reported PM behaviour in Co-doped TiO2 

nanocrystals which was attributed to an increased concentration of Co2+ ions and an 

increased presence of Co3O4 phase near the surface of the TiO2 as a result of self-

purification mechanism.262 

Ni doping also opens up the possibilities of controlling the morphology263 and 

tailoring the band gap. Hou et al. observed RTFM in Ni-doped TiO2 thin films 

fabricated by reactive magnetron sputtering and explained the FM as originating from 

the doped matrix and the enhancement/suppression of FM is due to the 

increase/decrease of oxygen vacancies.264 Recently, it is reported that Ni-doping can 

induce reversible FM in single crystals of rutile TiO2
265 in which the role of Ni clusters 

are emphasized more as an extrinsic factor contributing to the magnetic moment. 

Parveen et al. also observed RTFM in Ni-doped TiO2 thin films.266 Another report 

suggests that the magnetic moment of mixed crystalline TiO2 powders decreases with 

Ni doping which was attributed to oxygen vacancies destroying the spin ordering.267 

Dakhel et al. synthesized Ni-doped anatase TiO2 by thermal co-decomposition of a 

mixture of metal complexes and revealed the importance of hydrogenation in boosting 

RTFM in Ni-doped samples.268 A very few reports have explained the origin of 

different magnetic behavior and the formation of the oxygen site vacancies in Ni-doped 

TiO2. 
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2.2.3.3. Review on antiferromagnetic elemental substitution in TiO2 

Doping transition elements such as Fe, Co and Ni induces weak FM in TiO2 as per 

the recent reports.242 However, Cr itself is AFM at 293 K and there are various reports 

on the origin of FM in Cr-doped TiO2 nanostructures. In comparison to the FM TMs 

such as Fe, Co and Ni, Cr can be considered as a nonmagnetic transition element 

intrinsically and as a result, FM may not be observed as a result incorporation. 

However, Cr3+ ions arising as a result of Cr doping is expected to show 3d3 high-spin 

electronic configuration, ultimately leading to increased PM moment in the TiO2 

system.269-271 The origin of FM nature was attributed to the formation of BMPs arising 

due to the coupling between the oxygen vacancies and the unpaired electrons of Cr. 269-

271 The solubility limit of Cr was found to be 16 at % and its Ms value was found to vary 

from 2.9 µB/Cr-ion to 0.9 µB/Cr-ion with increase in Cr concentration from 0.06 to 

0.12%.272-274 Patel et al. reported the observance of RTFM in Cr-doped TiO2 nanorods 

synthesized via hydrothermal method and attributed them to the oxygen vacancies 

existing in the system.269 Similarly, oxygen vacancies played a crucial role in enhancing 

FM in Cr-doped anodic TiO2 nanotubes.275  Da Pieve et al. reported that in Cr-doped 

TiO2, F-center mediated mechanism is not responsible for inducing FM and proposed an 

alternative mechanism of SE interaction between the t2g electrons coupled with 

structural defects and oxygen vacancies for FM.271 The creation of grain boundary 

defects at the interfaces together with oxygen vacancies was also proposed as the 

mechanism for the origin of FM in Cr-doped TiO2.
257 Santara et al. observed a strong 

correlation between oxygen vacancies and RTFM in undoped and Cr-doped TiO2 grown 

by hydrothermal method and annealed in vacuum.276 Haq et al. observed FM in 1.5, 3 

and 4.5 % Cr doped TiO2 and attributed it to the coupling of neighboring Cr3+ ions with 

the oxygen vacancies.277 Naseem et al. also observed RTFM in undoped and Cr-doped 

TiO2 synthesized by sol-gel method which was presumed to be due to oxygen vacancy 

related defects, distribution of dopant concentration and their exchange interactions in 

TiO2 nanoparticles.278  

Many reports have explained the observation of RFTM in Mn-doped TiO2 

nanoparticles, thin films, etc. The Mn2+ ions are considered as a PM center in the 

magnetic systems and since a long back it is used as a spin injector in most of the 
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technological applications.279 RTFM was observed in Mn-doped TiO2 film prepared by 

PLD which was attributed to the coupling of Mn ions to holes.280 On the contrary, Hong 

et al. did not observe magnetism in Mn-doped TiO2 film prepared by PLD technique. 

He reported that at low dopant concentration (< 5%), the Mn atoms substitute for the Ti 

atoms while maintaining the anatase structure, which enhances the magnetic moment of 

the TiO2 lattice. But at higher dopant concentrations, (> 10%), Mn doping destroys FM 

along with the destruction of anatase structure.281 It is interesting to observe that doping 

of Mn ions into TiO2 lattice is a tedious process as a result of the self-purification 

mechanism and hence the possibility of Mn to get expelled onto surface of the TiO2 

nanocrystals cannot be ruled out completely leading to controversial reports on 

magnetic behavior as well.282  Bhattacharya et al. observed FM at low doping 

concentrations in Mn-doped TiO2 nanocrystals encapsulated in a carbon layer and 

attributed it to the coupling between Mn spins and the carriers, while at higher doping 

concentrations, a PM behaviour was observed.283 Tian et al. observed RTFM in 

polycrystalline samples of Mn-doped TiO2 with a Ms of 0.019µB/Mn which was 

attributed to the presence of oxygen vacancies present in the sample. However, the 

magnetization decreases with increasing annealing temperature which was attributed to 

the decrease in the number of oxygen vacancies with increasing annealing 

temperature.284 The coexistence of FM and AFM was observed by Mie et al. in Mn-

doped TiO2 nanoparticles.285 As a consequence of the difficulty in doping process 

associated with TiO2 wide band gap materials, various magnetic behavior are expressed 

by Mn-doped TiO2 nanocrystals which include FM, superparamagnetism, PM and AFM 

behavior.286-289  

2.2.3.4. Review on effect of annealing atmosphere in TiO2 

Recently, a lot of attention has been given to produce dopant free pure TiO2 

phase which can overcome this limitation. It has also been found that without doping, 

band gap can be reduced by using proper synthesis techniques like reduction or 

oxidation of TiO2 in proper environment through which defects such as oxygen 

vacancies and Ti3+ can be enhanced/reduced which largely modify the optical and 

magnetic properties. Recently black TiO2 obtained through hydrogenation of TiO2 has 
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attracted great attention, which has been used as an effective technique to increase the 

visible and infrared light absorption under different conditions. Chen et al. produced 

black TiO2 nanoparticles with 1.0 eV band gap through high-pressure hydrogenation of 

crystalline TiO2 
290 which was obtained due to surface disorder. Chen and Mao first 

reported introduction of in gap defect levels in black TiO2 due to lattice distortion 

caused by surface hydrogen. Naldoni et al. observed Ti3+ inside hydrogenated black 

TiO2 particles.291 After that, Liu et al. studied in detail the relation between lattice 

distortion and VBM shift.292 A successive work by Chen reported that hydrogenation of 

surfaces induces a deep level 1.8 eV above VBM giving rise to a greatly narrowed band 

gap due to distortion of surface lattice.293 Self-doping with Ti3+ has also been used 

which shows the role of point defects such as oxygen vacancies and Ti interstitial in 

reducing the band gap of TiO2.
294 It has also been found that bulk defects also affect the 

absorption giving rise to enhanced photocatalytic efficiency. Zhou et al. reported black 

color of ordered anatase in a mesoporous structure after hydrogenation in high 

temperature.295 Therefore, the black color of anatase TiO2 along with much reduced 

band gap have been attributed to multiple origins which invites great attention. The 

concentration of intrinsic defects mostly depends on the growth conditions. Various 

techniques have been used to produce surface oxygen vacancies and Ti3+ such as UV 

irradiation, annealing TiO2 in vacuum or in reducing atmosphere, ion sputtering and 

high energy particle bombardment etc. Surface disorder and point defects such as Ov 

and Tii not only play the role in reducing the band gap and enhancing the optical 

absorption, these also largely affect the magnetic behavior of the materials. 

Reports suggest that doping can alter the optical and magnetic properties of TiO2 

nanocrystals. Continuous efforts have been made to dope metal and/or non-metal 

impurities to reduce the band gap and to extend the solar absorption to visible and IR 

region.296-301 Along with changes in band gap, doping can change the structural as well 

as magnetic properties. It can induce disorder in the structures and produce defects. 

Despite the tremendous efforts on TiO2 based DMSs to improve its magnetic properties; 

the origin of RTFM in these compounds is still unclear. Different methods have been 

suggested for the synthesis of TiO2 nanocrystals which includes the sol-gel technique, 
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electrochemical coating, hydrothermal method, chemical vapor deposition, etc.263,302-306 

Sol-gel technique is often considered as an efficient process to precisely control the 

stoichiometry and is a low-temperature synthesis technique giving high crystallinity and 

high purity samples.267,307,308 Hence, we have adopted a simple sol-gel route for the 

synthesis of TM-doped TiO2 nanocrystals and investigate the role of TM ions and 

oxygen mediated defects in promoting magnetism in TiO2 and hence TM-doped TiO2 

could serve as an efficient material for DMS application. 
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                                         Chapter 3 

Tailoring thermoelectric properties through structure and 

morphology in chemically synthesized Bi and Sb based 

chalcogenide nanostructures 

 

 

 

 

 

This chapter demonstrates a simple, cost effective, surfactant-

assisted and aqueous-based low-temperature reflux method 

for the synthesis of Bi2Te3 nanocrystals. Thermoelectric 

properties of n-type Bismuth Telluride nanostructures are 

reported by varying reaction times and surfactant 

concentration. Tuning the reaction time from 1 h to 36 h and 

surfactant concentration from 50 mmol to 100 mmol enables 

the phase transformation from BiTe to Bi2Te3 with hexagonal 

crystal structure. A deep insight into the chemistry of 

ethylenediaminetetraacetic acid assisted aqueous based 

reflux method in the synthesis of Sb2Te3, SnTe and Sb-doped 

Bi2Te3 is also demonstrated in this chapter. 
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3.1. Introduction 

Current research on TE materials is focussed on improving the power factor with 

a drastic reduction of κ using mixtures of multiphase nanostructured materials1-10 and 

hence the nanostructured TE materials have attracted much attention for achieving 

enhanced ZT for practical applications. Among the available class of TE materials, 

group V chalcogenides such as Bi2Te3 based materials have attracted as good TE 

materials known to exhibit very high ZT values over the temperature range of 200 K– 

400 K.8 Again, it is interesting to note that Bi2Te3 has a stable structure at room 

temperature and hence Bismuth Telluride (BT) structures can be considered as a 

magnificent system for understanding the preparation of nanostructured TE materials11, 

which in bulk form exhibits a ZT of around 0.5 at room temperature12. Recent reports 

emphasize the importance of a variety of synthesis techniques such as solvothermal 

method13, sonochemical method14, aqueous chemical method15, refluxing method16 etc. 

as bottom-up approach and ball milling17-19, melt spinning20, 21 and exfoliation 

techniques22 as top down approaches for obtaining nanostructured TE materials. Among 

the two approaches, bottom up approach is the best method to achieve uniformity in the 

synthesized nanoparticles and to have a morphological tuning. Earlier methods 

suggested a sufficient reduction in κ by preparing the solid solution of materials where 

point defects in solid solutions aided the phonon scattering.23 Thus phonon glass 

electron crystal model well suits for materials having complex crystal structures24 where 

voids and rattlers could be the phonon scattering centres. Almost all the modern 

approaches aim at enhancing the phonon scattering at the grain boundaries by quantum 

confinement effect. Nanostructuring approach enhances the density of states near Fermi 

level and decouples the inverse relationship among S and σ.25 Despite the quantum 

confinement effect, mean free path of electrons and phonons plays a crucial role when 

nanostructuring is employed as it introduces a large density of interfaces. This large 

density of interfaces enables the preferential scattering of phonons than electrons and 

thus lattice contribution towards κ is reduced while preserving the carrier concentration 

and σ.26 Structural changes can affect the TE properties of a material and one of the 

main advantages of nanostructuring and introducing structural changes is the reduced κ 

and improvement in the overall TE figure of merit.8,27,28 The previous reports have 
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demonstrated that κ can be reduced drastically by nanostructuring. Extensive phonon 

scattering is one of the key reasons to employ nanostructured TE materials to have a 

low κ due to the grain boundary effect.29, 30 

This chapter deals with the temperature dependence of TE properties and 

efficiency of chemically synthesized BT nanostructures in terms of ZT. Here we used 

refluxing method, one of the bottom-up, surfactant-directed (ethylenediaminetetraacetic 

acid (EDTA) as the surfactant), simple, low-cost method and achieved the required 

product with precise control over the stoichiometric balance between Bi and Te. To the 

best of our knowledge, there is almost no report on the preparation of different phases 

of BT nanostructures with control over morphology using aqueous-based low 

temperature refluxing method. To fill this gap, we presented a systematic study to 

observe the effect of reaction time on the crystal structure, morphology and TE 

properties of BT nanostructures. Here EDTA is the molecular capping agent, 

responsible for inhibiting the oxidation apart from its role as a surfactant and hence 

stable BT nanostructures could successfully be synthesised. In addition to the control 

over crystal structure and morphology, the stoichiometry of the synthesised samples can 

be maintained as the method is a low temperature one. Hence, reproducible samples of 

n-type Bi2Te3 with different EDTA concentrations with perfect stoichiometry and a 

variety of structural as well as morphological variations could be synthesized which is 

one of the significant achievements of this study. A reaction mechanism suggesting the 

formation of these low dimensional nanostructures has also been presented and we have 

tried to demonstrate that both structural and morphological changes are appropriate 

ways to enhance the overall TE properties of materials belonging to the BT category. In 

addition Sb-doped BT samples have also been synthesized and the effect of hot pressing 

has been demonstrated. This will help in future for keeping the stoichiometry even after 

adding the suitable dopants for enhanced TE performance. Hence we tried to 

demonstrate that both structural and morphological changes are appropriate ways for 

enhancing the overall transport properties of materials belonging to BT category and 

that the synthesis technique plays a crucial role in keeping the stoichiometry of the 

synthesised samples. Thus, our low temperature refluxing provides potential 
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opportunities for the synthesis of defect free, stable nanostructured materials through 

the control of reaction parameters.  

3.2. Experimental section 

3.2.1. Material Synthesis 

In the synthesis of BT nanostructures, 0.2 m mol of BiCl3, 0.3 m mol of Te 

powder were used as starting materials. Sodium borohydride (NaBH4) acts as the 

reducing agent and EDTA as the surfactant. Deionised water was used as the reaction 

medium and the reaction was carried out at the boiling point of the medium. After being 

stirred for 10 minutes, the solution was refluxed which constitute the primary stage of 

reaction, where BiCl3 splits up into bismuth and chloride ions. EDTA is essential to cap 

the bismuth ions and to control the morphology over different reaction times. Once the 

reaction temperature reached the boiling point of the medium, NaBH4 was introduced 

into the mixture to facilitate the reduction reaction. Reaction has been carried out for 

different molarities of NaBH4 (0.5-4.4 M) and different reaction timings from 1 h to 36 

h to have a clear idea of the growth mechanism and TE properties of BT bulk and 

nanostructures. The BT nanostructures prepared for different EDTA concentrations 

namely 50 mmol, 75 mmol and 100 mmol and different reaction times (1 h, 6 h, 12 h, 

24 h and 36 h) are labelled as shown in Table 3.1. In addition, Sb2Te3, SnTe and Sb-

doped BT nanostructures are prepared using Sb powder, SbCl3, SnCl2 and Te powder as 

metal ion precursors and EDTA as the surfactant. The precipitated BT nanostructures 

after refluxing is washed with acetone, ethanol and deionised water several times until a 

clear solution is obtained. Vacuum dried BT powders at 393 K were subjected to high-

pressure pelletizing with a uniaxial pressure of 1.2 GPa. These pellets were sealed in an 

evacuated quartz tubes and subjected to sintering at 600 K for 3h. Sintering at a 

temperature above 600 K is not favorable here due to the tendency of Te to vaporize 

especially at a sintering temperature above 600 K due to its high vapor pressure, and 

hence an insufficient amount of Te can significantly affect both stoichiometric chemical 

composition and material properties. Refluxing enables a perfect and ambient condition 

for the formation of BT structures by controlling the Te evaporation up to certain extent 
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even for prolonged reaction time.16, 31, 32 The careful optimization of EDTA 

concentration could enable an ambient condition for the formation of low dimensional 

BT structures by decreasing the surface energy. Thus, optimizing both EDTA 

concentration and reaction time could deliver stable, phase pure compounds of BT 

nanostructures. The stability of the prepared samples is directly related to the 

concentration of capping agent and was confirmed by exposing them to open 

atmosphere for six months before measuring the transport properties.  

3.2.2. Materials Characterization 

The sintered pellets from each batch were powdered for X-ray diffraction 

(XRD), high-resolution transmission electron microscopy (HR-TEM) and energy 

dispersive X-ray spectroscopy (EDS) analysis, whereas X-ray photoelectron 

spectroscopy (XPS) and TE measurements were carried out on sintered pellets. Crystal 

structures of the synthesized BT nanostructures were determined by XRD (Bruker D8 

Advance X-ray diffractometer), using Cu Kα radiation with an X-ray wavelength of 

1.5406 Å in the 2θ range of 20
°
-90

° 
with a step size of 0.0167

°
. Structural refinement 

was carried out using GSAS-EXPGUI software and the crystal structures were obtained 

from Crystal Maker software.  The morphologies of the synthesized BT nanostructures 

were investigated by Scanning Electron Microscopy, SEM (JEOL 7800, operated at 5 

kV) and HR-TEM (FEI Tecnai F20, operated at 300 kV). The elemental compositions 

of all the BT nanostructures were determined using EDS. To understand the effect of 

EDTA concentration on nanosheet formation of the synthesized samples, atomic force 

microscopy (AFM) analysis in the tapping mode was carried out (Bruker Multimode, 

Germany). XPS measurements were carried out using a Kratos Analytical Instrument, 

UK (SHIMADZU group, Model: AXIS Supra). A monochromated Al Kα source 

(Energy= 1486.6 eV) was used to probe the BT samples. The binding energies were 

corrected by C 1s as reference energy (C 1s = 284.8 eV).  A wide scan was collected to 

ensure that no foreign materials were present on the sample surface. Narrow scans of Bi 

4f and Te 3d regions were collected. Curve fitting to the XPS spectrum was done using 

XPSPEAK 4.1 software. Background subtraction was done using the Shirley method.  
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Table 3.1. Codes of the synthesized samples for different molarity and reaction times. 

Nanostructures Molarity Reaction 

time 

Sample code 

 

 

 

 

 

 

 

 

 

Bi2Te3 

50 mmol 1 h BT50-1 

50 mmol 12 h BT50-12 

50 mmol 24 h BT50-24 

75 mmol 1 h BT75-1 

75 mmol 6 h BT75-6 

75 mmol 12 h BT75-12 

75 mmol 24 h BT75-24 

75 mmol 36 h BT75-36 

100 mmol 1 h BT100-1 

100 mmol 12 h BT100-12 

100 mmol 24 h BT100-24 

Sb2Te3 (using Sb powder) 

 

75 mmol 24 h ST1-75-24 

Sb2Te3 (using SbCl3) 75 mmol 24 h ST2-75-24 

SnTe 75 mmol 24 h TT-75-24 

Bi2-xSbxTe3 (x=0.01) 75 mmol 24 h BS1T 

Bi2-xSbxTe3 (x=0.03) 75 mmol 24 h BS3T 

Bi2-xSbxTe3 (x=0.05) 75 mmol 24 h BS5T 

Hot pressed  

Bi2-xSbxTe3 (x=0.01) 

75 mmol 24 h BS1T-HP 

Hot pressed  

Bi2-xSbxTe3 (x=0.03) 

75 mmol 24 h BS3T-HP 

Hot pressed  

Bi2-xSbxTe3 (x=0.05) 

75 mmol 24 h BS5T-HP 

 

It is well reported that anisotropic behaviour in polycrystalline samples will be 

too weak to exhibit a significant changes in TE properties and hence isotropic ZT values 

are expected in both the directions. To avoid the influence of nanostructures orientation 
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on the TE properties of the synthesized BT sample, the measurements for electrical 

resistivity (ρ), S  and κ were measured with the samples oriented identically (i.e., 

perpendicular to the press direction in this study). BT powders were subjected to high-

pressure and high temperature sintering (HPHTS) where high-pressure pelletizing33, 34 

has been done with a uniaxial pressure of 1.2 GPa and sintering at a temperature of 600 

K. The density of the BT pellets was determined using Archimedes set up and was 

found to be above 95% for all the samples with a maximum of 97% for higher reaction 

time samples, i.e. samples synthesised above 12 hours (h). The ρ of the BT rectangular 

pellets (8mm x 2mm x 2mm) were measured using the 4 probe method in electrical 

transport option (ETO) attached to Physical Property Measurement System (PPMS) 

supplied by Quantum Design, USA in the temperature range 2 K− 350 K. Hall 

resistivity (ρxy) of the BT rectangular pellets (8mm x 3mm x 2mm) were measured at 

room temperature using the ETO probe of PPMS. The κ and S of the pellets were 

measured using the thermal transport option of PPMS in the temperature range 260 K-

380 K.  

3.3. Results and discussion 

3.3.1. Morphological tailoring and enhanced room temperature TE performance 

in n-type Bi2Te3 nanostructures synthesized via chemical route 

Thermoelectric properties of n-type BT nanostructures are reported by varying 

the morphology and crystal structure whereas the EDTA concentration has been fixed as 

75 mmol. Tuning the reaction time from 1 to 36 h enables the phase transformation 

from BiTe with a hexagonal crystal structure to Bi2Te3 with a rhombohedral crystal 

structure and the detailed structural, morphological and thermoelectric properties are 

discussed below. 

3.3.1.1. Structural analysis 

The XRD patterns of the samples prepared for different molarities of NaBH4 and 

1 h reaction time is shown in Fig.3.1. The synthesized samples were of molarities 

ranging from 0.5-4.4 M of NaBH4. The sample prepared with 4.4 M NaBH4 was 

confirmed to be BiTe as per the standard powder diffraction data for JCPDS: 83-1749 
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(ICSD code 30525). From the results obtained, it was confirmed that stable samples of 

BT structures could be synthesized using reflux method. There is no possibility for 

arising Boron in the matrix of the synthesized samples. This is due to the fact that 

reaction of Te and NaBH4 could only lead to the production of Te2- ions and NaBO3 as 

byproducts. The combination of Bi3+ and Te2- yields Bi2Te3, whereas, NaBO3 is readily 

soluble even in water. Hence, washing of the final product several times in acetone, 

ethanol and deionized water and centrifuging will completely dissolve and wash out 

NaBO3. The impurity peaks observed in the lower concentration samples are arising as 

a result of the formation of TeO2 and the complete chemical reaction between Te and 

NaBH4 is explained in detail in the coming sections. 

 

Fig. 3.1. XRD patterns of the BT structures prepared for different molarities of NaBH4 

 

Fig. 3.2 shows the XRD patterns along with Rietveld refinement of the BT 

samples prepared for different reaction times varying from 1 h to 36 h at an EDTA 

concentration of 75 mmol and keeping the molarity of NaBH4 at 4.4M. The Rietveld 

refinement (shown in Fig.3.2 (a) – 3.2(e)) gives a clear idea about the structural changes 

and the structural parameters were determined and listed in Table 3.2. The χ2 (goodness 

of fit) is defined as the square of the ratio between weighted profile R factor (Rwp) and 
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expected R factor (Rexp). A low value of χ2 has been observed which justifies the quality 

and goodness of refinement. It is confirmed that a series of structural transition from 

BiTe hexagonal phase to the Bi2Te3 rhombohedral phase with JCPDS: 85-0439 (ICSD 

code 15753) takes place with the reaction time from 1 h to 36 h and further it is noticed 

that a combination of different BT structures dominates in BT75-6 and BT75-12 

samples i.e., BiTe and Bi2Te3 phases for BT75-6 sample, whereas Bi2Te3 and Bi4Te3 

phases for BT75-12 sample. Finally, a stable Bi2Te3 phase with hexagonal stacking is 

obtained with the reaction time of 24 h. However, upon further increase in the reaction 

time i.e., for 36 h, Bi2Te3 phase with rhombohedral crystal structure is formed. 

 

 

Fig. 3.2. Refined XRD patterns of BT nanostructures. 

 

The crystal structure has been obtained using the refined parameters and is 

depicted in the Fig.3.3 and it clearly shows the structural transition from BiTe phase to 

Bi2Te3 phase for 1 h to 24 h reaction time. 
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Table 3.2. Refined parameters of BT nanostructures 

 

BT nano-

structures 

 

BT75- 1 

 

 

BT75-6 

 

 

BT75-12 

 

 

BT75-24 

 

 

BT75-36 

 

 

Phase 

 

BiTe 

 

Bi2Te3 + BiTe 

 

Bi2Te3 + Bi4Te3 

 

Bi2Te3 - H 

 

Bi2Te3 - R 

 

Crystal 

Structure 

 

Hexagonal 

 

Hexagonal 

 

Hexagonal + 

Rhombohedral 

 

Hexagonal 

 

Rhombohedral 

 

Space 

Group 

 

P-3 m 1 

 

R-3m + P-3 m 1 

 

R-3m 

 

R-3m 

 

R-3m 

 

Lattice Parameters 

 

a(Å) 4.38(4) 4.40(3) 4.35(8) 4.46(7) 4.43(8) 4.39(1)     10.44(1) 

 

b(Å) 4.38(4) 4.40(3) 4.35(8) 4.46(7) 4.43(8) 4.39 (1)     10.44(1) 

 

c(Å) 24.01(4) 30.08(5) 24.80(9) 29.57(7) 42.41(1) 30.39(3)     10.44(1) 

 

γ(deg) 120 120 120 120 120 120 24.30(1) 

 

Volume(Å)3 399.08(5) 504.99(6) 406.50(1) 508.80(1) 719.30(1) 506.51(4) 169.22(2) 

 

Residual Parameters 

χ2 1.05 1.12 1.10 1.08 1.14 

 

. 

 

Fig. 3.3. Crystal structure of BT75-1 and BT75-24 samples. 

 



Chalcogenide Thermoelectric materials 

 

P a g e  | 81 

 

3.3.1.2. SEM micrographs 

SEM images and EDS spectrum of all the samples were taken and as a 

representative of the series, BT75-24 sample data is shown in Fig.3.4. All the samples 

show well-formed grains with less porosity revealing the high densification. The EDS 

spectrum of BT75-24 sample and the composition data for all the studied samples are 

tabulated in Table 3.3. As it can be seen from the spectrum and Table 3.3, the 

compositions of the lower reaction time sample matches with BiTe phase, as the sample 

is exposed to reaction temperature for a lesser time, in which unreacted Bi and Te ions 

will be washed off resulting in the formation of BiTe, whereas samples synthesized at a 

higher reaction time above 24 h and 36 h is experiencing reaction temperature for 

prolonged time and ambient reaction condition for the formation of Bi2Te3 phase. An 

intermediate composition is observed for BT75-6 and BT75-12 from the compositional 

data and reveals the co-existence of different BT phases which is confirmed by HR-

TEM analysis and is discussed below.  

 

Fig. 3.4. BT75-24 sample (a) SEM image and (b) EDS spectra 

 

Table 3.3. EDS data of BT nanostructures 

Sample Atomic percentage Weight percentage 

Bi Te Bi Te 

BT75-1 49.23 50.77 62.74 37.26 

BT75-6 46.04 53.96 58.29 41.71 

BT75-12 46.91 53.09 59.14 40.86 

BT75-24 40.72 59.28 51.78 48.22 

BT75-36 40.56 59.44 51.38 48.62 
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3.3.1.3. TEM analysis 

Fig. 3.5 shows the TEM images of the BT nanostructures synthesized for 

different reaction times. The crystal structure of most of the chemically synthesized BT 

nanocrystals has two-dimensional plate-like structures.8,35 Fig.3.5 (a-j) shows the 

morphology of the BT nanostructures. BT75-1 has nanocrystals with size ranging from 

20–25 nm (shown in Fig.3.6 (a)). Initiation of growth mechanism is clearly seen in 

BT75-6 (Fig. 3.5(b) and 3.5(g)). In BT75-6 samples, plate-like morphology having 

around 100 nm width is noticed (Fig. 3.7 (a)). Upon increasing the reaction time to 12 h 

i.e., in BT75-12, fine and coarse nanostructures are observed with maximum particle 

size ranging up to 70 nm (Fig 3.5 (c), 3.5 (h) and 3.7 (b)). Interestingly, 24 h reaction 

time enables the formation of nanocrystals with an average particle size of 20 nm 

(shown in Fig.3.6 (b), Fig 3.5 (d) and 3.5 (i)) clearly illustrates the impact of reaction 

time on morphological aspects of the BT75-24 samples synthesised for 24 h. Further 

increase in the reaction time, i.e., for BT75-36 sample causes the morphological 

changes as shown in Fig. 3.5 (e) and 3.5 (j). BT75-36 sample shows an agglomerated 

kind of morphology where a significant change in the lattice parameters is seen with a 

transition to the Bi2Te3 rhombohedral structure. The corresponding lattice fringes and 

selected area diffraction patterns (SAED) patterns are shown in Fig. 3.5(k) – 3.5(t) (Fast 

Fourier Transform (FFT) is shown in the inset). It is well reported that the BT 

compounds have a layered structure with Te–Bi–Te–Bi–Te sequence showing weak 

Van der wall's interaction among the Te atoms which allows the cleavage along the 

perpendicular planes to that of c-axis28, 36 as shown in Fig.3.3. Reflections 

corresponding to the (011), (104), (018) and (005) planes of BiTe phase are observed in 

Fig. 3.5(k) and FFT shows the crystalline nature of the BT75-1 sample. Nanocrystals in 

the BT75-6 samples synthesized for 6 h reaction time grew with a preferred orientation, 

as their morphology constituted coarse structures along with the fine structures as 

shown in Fig. 3.5(b) and 3.5(g). The (015) plane of grown Bi2Te3 phase is evident from 

both lattice fringes and SAED patterns as indicated in Fig. 3.5(l) and 3.5(q). An increase 

in the reaction time yields the formation of nanocrystals as a combination of fine and 

coarse structures which is in accordance with the earlier reports, where sintering 
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temperature was the varying parameter.11  

 

 

Fig. 3.5. BT nanostructures (a-j) TEM images showing plate-like nanocrystals, (k-o) HR-TEM 

images with lattice fringes (FFT is in the inset) and (p-t) SAED patterns. 
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The high-resolution TEM images and SAED patterns of BT75-12 and BT75-24 

are shown in Fig. 3.5(m), 3.5(r) and Fig. 3.5(n), 3.5(s) respectively. It is evident from 

the FFT and SAED patterns of BT75-24 (Fig. 3.5(n) and 3.5(s)) that the size of the 

crystals and crystallinity has improved considerably with the reaction time. The lattice 

fringes correspond to the (006) plane of the Bi2Te3 phase is shown in Fig. 3.5(n), in 

which it can be observed that uniformly distributed cube like nanocrystals have been 

formed for BT75-24. Fig.3.5 (e and j) shows the morphological changes of BT75-36 

samples. Lattice fringes and diffraction patterns of BT75-36 samples which are as 

shown in Fig.3.5 (o and t), confirms the rhombohedral crystal structure of BT75-36 

sample.  

 

In order to further confirm the existence of different phases in BT75-6 and 

BT75-12, high-resolution TEM images showing lattice planes of the corresponding 

phases are shown in Fig.3.8. In BT75-6, (015) plane of Bi2Te3 and (104), (018) planes 

of BiTe are coexisting whereas in BT75-12, (015) plane of Bi2Te3 and (009) plane of 

Bi4Te3 are coexisting (shown in Fig.3.8 (a) and 3.8 (b) respectively) which further 

corroborates the mixed phases of BT75-6 and BT75-12 samples as discussed in the 

XRD analysis.  

 

 Fig. 3.6. Particle size distribution of (a) BT75-1 and (b) BT75-24 
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Fig. 3.7. TEM images: Coarse and fine structures (a) BT75-6 and (b) BT75-12 

 

 

Fig. 3.8. HR-TEM images showing planes corresponding to different phases of BT 

nanostructures (a) BT75-6 and (b) BT75-12 

3.3.1.4. Seebeck coefficient and thermal conductivity 

Fig. 3.9 and Fig. 3.10 shows the temperature dependence of S and κ in the 

temperature range of 260 K-380 K. A negative value of S obtained for all the samples 

(shown in Fig. 3.9) indicates an n-type semiconducting behavior. BT75-1 with 

hexagonal BiTe phase shows the highest value of S as -145 μV/K around room 

temperature, whereas a considerable reduction of the same is observed for BT75-6 

sample which shows a maximum S value of -85 μV/K at 380K. Upon increasing the 

reaction time further, S of BT75-12 and BT75-24 improved further and achieved a peak 

value of -147 μV/K and -270 μV/K respectively. It is noticed that the S value of the 
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BT75-36 sample reduced to a value below -130 μV/K.  BT75-1 shows the typical range 

of S value for BiTe nanocrystals and it is well reported that Bi2Te3 phase of BT 

structures could exhibit the maximum value of S compared to other phases of the 

same.6, 37 The reduction in S for the BT75-6 sample may be due to the transition of 

crystal structure from BiTe hexagonal phase to a combination of BiTe and Bi2Te3 

phases with variation in the lattice parameters. Furthermore, the temperature 

dependence of S in case of BT75-12 and BT75-24 samples reveal that a significant 

enhancement in S is achieved as a result of nanostructuring and crystal structure 

variation. However, BT75-36 synthesised at 36 h shows, S value in the range -80 to -

130 μV/K which may be due to the Bi2Te3 rhombohedral crystal structure.11 In the 

present study, BT75-24 sample, the Bi2Te3 with hexagonal stacking
 
possess the higher 

value of S and it is found to be near -260 μV/K at room temperature which is still higher 

in comparison to the conventional state-of-art materials.29,32,35 It is well reported that S 

is in inverse proportion to carrier concentration and thus a decrease in S from BT75-1 to 

BT75-36 is expected. On the contrary, there is a deviation from the general trend and 

this could be due to the different phases present in different BT structures and potential 

barrier scattering. These potential barriers will aid the filtering of low energy carriers at 

the interface which is responsible for the reduction of S. Thus, filtering of these low 

energy carriers could successfully enhance the S value 38-40 and another reason for 

enhanced value of S in BT75-24 sample is the improved interface density. We have 

performed the Hall resistivity measurement to confirm that the majority charge carriers 

are electrons in all the samples, which are discussed in later sections.  

Fig. 3.10 shows the measured κ value of the BT samples which are lower values 

than that of reported bulk ingots Bi2Te3 (1.5 W m-1K-1) and are comparable to that of 

recently reported Bi2Te3 nanostructures.29,41 BT75-1 sample shows the least κ among 

the synthesised samples and exhibit a κ value of 0.34 W m-1K-1 
at room temperature. 

BT75-12 and BT75-24 also exhibit lower values of κ well below 0.5 W m-1K-1, which 

are much lesser than that of bulk values (0.8 W m-1K-1 - 1.1 W m-1K-1) in the 

temperature range of 260 K−380 K and is approaching close to the minimum κ among 
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the reported values of Bi2Te3 series.42,43 

 

Fig.3.9. Temperature dependence of S of BT nanostructures. 

 

Thus, for all the samples prepared at different reaction times, it was possible to 

tune the κ value in the range 0.32 Wm-1K-1 - 0.68 Wm-1K-1 from 260 K to 380 K except 

in the case of BT75-6 sample. BT75-6 sample which has formed as a combination of 

BiTe and Bi2Te3 phases, exhibits a κ of 1.5 Wm-1K-1 as in the case of bulk alloys. This 

is due to the grown Bi2Te3 coarse structures as shown in Fig. 3.8 (a), which has a κ 

value close to its bulk counterparts. Among the BT75-24 and BT75-36, BT75-24 is of 

less κ and this could be probably due to the fact that uniform nanocrystals with a large 

number of grain boundaries effectively enhances the scattering of the short-wavelength 

phonons. Moreover, the fine nanostructures promote the specified orientation along the 

press direction, which in turn further enhance the phonon scattering in the direction that 

is parallel to the press direction. Again, BT75-36 sample is of rhombohedral crystal 

structure with distorted geometry, where atomic packing is less compared to hexagonal 

stacking. A significant reduction in the κ value is observed in the nanostructured single 

phase samples with hexagonal stacking, especially in BT75-1 and BT75-24 which is 

understood to be due to extensive phonon scattering.29 
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3.3.1.5. Electrical and Hall resistivity 

Fig. 3.11 shows the temperature variation of ρ for all the BT nanostructures in 

the range 5 K – 350 K. All the synthesised samples show a metal to semiconductor like 

transition near room temperature. It is observed that the ρ value of BT75-1 at 300 K is 

1.39 x 10-4 ohm-m, which is decreased to 6.82 x 10-5 ohm-m for BT75-6 and 3.37 x 10-5 

ohm-m for BT75-12 sample. It is to be noted that BT75-1 sample is having a single 

phase of BiTe, whereas the BT75-6 and BT75-12 samples contain multiphase and 

coarse structures, which results in the drastic decrease of ρ with the increase in reaction 

time. Again, in case of BT75-24 and BT75-36 samples where the single phase of Bi2Te3 

is formed but with different crystal structure (i.e. hexagonal for BT75-24 and 

rhombohedral for BT75-36) is observed and ρ value is found to be 7.12 x 10-5 ohm-m 

and 8.22 x 10-5 ohm-m respectively which is close to that of BT75-6.  

Further, Hall measurements were conducted on the BT pellets and the variation 

of Hall resistivity (ρxy) with temperature is shown in Fig. 3.12. All the samples show 

negative Hall coefficient (RH) confirming that electrons are the majority charge carriers 

in the BT samples. This result is concordant with the values of S discussed in the earlier 

sections. The carrier concentration (n) has been calculated from the relation n=1/RH and 

the mobility (µ) from the relation ρ= 1/(neµ) where e is the electronic charge, 1.6 x 10-

19C. The n and µ calculated from the hall measurements are plotted in Fig. 3.13.  

BT75-1 has a n value of 5 x 1019electrons/cm
3
 which is increased from 2 x 1019 

electrons/cm
3
 for BT75-6 to 14 x 1019 electrons/cm

3
 for BT75-36 and it is expected to 

have a decrease in the ρ values of these samples. But both electrical and thermal 

properties strongly depend on the crystal structure and the different combination of BT 

structures arising from different reaction time could be the reason for the lack of 

uniformity in the transport properties of different samples.11 The ρ has achieved a 

decreased value of 3.37 x 10-5 ohm-m for BT75-12 sample with a n value of 5 x 

1019electrons/cm
3
 and a µ of 35 cm

2
/V-s. The value of n for BT75-24 and BT75-36 

samples has increased to 8 x 1019 electrons/cm
3
 and 14 x 1019 electrons/cm

3
 with a 

decrease in the µ and σ. Thus, the electron concentration of different BT structures 
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increases from BT75-1 to BT75-36 and an increase in σ is expected as σ is proportional 

to n.  

 

Fig.3.10. Temperature dependence of κ of BT nanostructures. 

 

  

Fig. 3.11. Temperature dependence of ρ of BT nanostructures. 
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Fig. 3.12. Field dependence of ρxy of BT nanostructures measured at 300K. 

 

 

Fig. 3.13. Mobility and Carrier concentration versus reaction time of BT nanostructures. 

 

The variation of σ in the temperature range 260 K–350 K has been plotted for all 

the BT samples and is shown in Fig. 3.14. The inverse proportionality among the n and 

σ can be observed in the conventional nanostructured TE materials synthesised by 
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bottom-up approach.38, 43 The increased µ is expected in samples with coarse structures 

due to the fact that the reduced interface density will favour the mean free path of the 

carriers. Above 260 K, it is observed that σ has increased with an increase in the 

temperature for all the BT structures. This behaviour is in contradiction to the 

conventional BT structures where degenerate semiconductor behaviour is exhibited. 

However, if a non-degenerate semiconducting behaviour is exhibited by the system, 

where it can be expected this kind of unusual electrical behaviour. If potential barrier 

scattering is the dominant scattering mechanism as mentioned earlier, the σ of 

nanostructured materials increases with an increase in temperature in a particular 

temperature range as indicated in Fig. 3.14 and is exhibited by some of the recently 

reported systems.43-45 If n increases, the concept of mean free path of electrons can be 

successfully explained the decrease of µ. Due to the drastic decrease in the µ and 

densification compared to spark plasma sintered samples, 29, 46, 47 the achieved results 

for σ is less compared to the reported values but still enhanced S with a peak value of 

about -260 μV/K at room temperature, is resulting in the overall improvement of PF 

and ZT for BT75-24 and is illustrated in Fig.3.15 and 3.16 respectively.  

 

Fig. 3.14. Temperature variation of σ of BT nanostructures. 
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3.3.1.6. Power factor and figure of merit 

The PF, which is calculated as S
2
σ is plotted with the variation of temperature 

and shown in Fig. 3.15. PF value of BT75-1 sample gave a maximum of 160 

μWm
−1

K
−2 at 350 K which is decreased to 100 μWm

−1
K

−2 for BT75-6 sample 

because of the reduction in S value of BT75-6 as discussed in the earlier sections. The 

structural and morphological variation of BT75-6 could also be another reason for the 

decreased value of PF. The PF increased significantly for samples BT75-12 and BT75-

24 when the reaction time increased beyond 6 h. The PF shows the maximum for 

BT75-24 which increased with temperature from 900 to 1000 μWm
−1

K
−2

 as shown in 

Fig. 3.15. Compared to the bulk Bi2Te3 ingots, S of present sample is around 50% 

higher and it is also about two-to-three times higher than the state-of-the-art 

nanostructured bulk Bi2Te3 prepared by arc melting, ball milling and HPHTS BT 

structures.11, 30, 48 It is expected that the considerably enhanced S in the BT75-24 

nanostructures can compensate the moderately deteriorated σ, and in turn lead to the S2σ 

improvement. 

 

Fig. 3.15. Temperature dependence of PF of BT nanostructures. 
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Finally, ZT as a function of temperature has been determined and is depicted in 

Fig. 3.16, which shows the range of ZT values for different BT structures. ZT of BT75-

1 shows a linear dependence with the temperature and achieved the highest value of 

0.15 at 350 K. As a result of decrease in S and PF, BT75-6 sample shows a drastic 

reduction in the ZT value below 0.10 and is less effective to be used as a TE material. 

Significant improvement in ZT is observed for BT75-12 and BT75-24 samples 

synthesised for 12 h and 24 h showing a peak value of 0.45 and 0.81 respectively at 350 

K. Further increase in reaction time causes a decrease in the TE properties in BT75-36 

and overall reduction in the ZT value to 0.09 at 300 K. The enhanced ZT values of 

BT75-12 and BT75-24 are comparable to the previously reported Bi2Te3 

nanostructures.49-51 The measured ZT value for BT75-24 is higher than recently 

reported, solution synthesised Bi2Te3 samples.52 Furthermore, both the increased PF 

and the reduced κ along with a resistivity range comparable to that of semi metallic 

materials result in an enhanced ZT in the BT75-12 and BT75-24 samples (Fig. 3.16). 

The TE parameters of all the BT samples at room temperature have been tabulated in 

Table 3.4. 

 

Fig. 3.16. Temperature dependence of ZT of BT nanostructures. 
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Table 3.4. TE parameters of BT nanostructures at 300 K. The estimated error in the 

measurement of S is ±5%, κ is ±5 % and resistance is ±0.1% 

 

The variation in TE properties can be well explained with grain boundary 

scattering and formation of coarse structures.11 The single phase samples are formed as 

fine nanocrystals whereas mixed-phase samples form coarse structures along with fine 

structures as shown schematically in Fig.3.17.  

XRD and TEM images confirm the phase as well as structural changes of 

synthesized samples with reaction time. BT75-1 sample forms the BiTe phase with an 

average size of 24 nm. Due to the formation of nanocrystals, BT75-1 exhibits a κ value 

of 0.34 Wm-1K-1 
at room temperature and grain boundary scattering facilitates the 

reduction in κ for BT75-1 sample. S and σ exhibited by the BT75-1 sample are -141 

μV/K and 7148 S/m respectively at 300 K which is the typical range of BiTe phase and 

is confirmed from the XRD refinement results. The formation of coarse structures is 

noticed for mixed phases (i.e. for BT75-6 and BT75-12 samples) which favors electron 

transport, as the number of grain boundaries have decreased due to the growth of coarse 

structures. Coarse and fine structures for BT75-6 and BT75-12 are clearly shown in 

Fig.3.7. Electrons can move easily in coarse structures and through the electrically 

neutral grain boundaries, unlike phonon scattering, which enhances electron transport in 

fine and coarse structures. This is the reason for the enhancement of σ in BT75-6 and on 

the other side S is reduced drastically to a value near -60 μV/K at room temperature. As 

the grain boundary effect is less in comparison to fine nanocrystals of BT75-1, BT75-6 

sample exhibits the maximum κ and the microstructures are predominant over the fine 

structures as illustrated in Fig.3.7 (a). 

 

Sample 

 

S 

(μW/K) 

 

κ     

(W/m-K) 

 

ρ 

(x10-5 Ω-m) 

 

σ 

(S/m) 

 

µ 

(cm3/V sec ) 

 

n  

(x 1019 

/cm3) 

 

PF 

 (μW/m-K2) 

 

ZT 

 

BT75-1 

 

-141 

 

0.34 

 

13.99 

 

7148 

 

10 

 

5 

 

142 

 

0.12 

 

BT75-6 

 

-57 

 

1.49 

 

6.82 

 

14663 

 

40 

 

2 

 

48 

 

0.01 

 

BT75-12 

 

-140 

 

0.47 

 

3.37 

 

29674 

 

35 

 

5 

 

582 

 

0.37 

 

BT75-24 

 

-258 

 

0.42 

 

7.12 

 

14045 

 

10 

 

8 

 

935 

 

0.67 

 

BT75-36 

 

-113 

 

0.51 

 

8.22 

 

12165 

 

5 

 

14 

 

155 

 

0.09 
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Fig. 3.17. Schematic diagram explaining the thermal and electrical transport properties of BT 

nanostructures. 

 

Upon increasing the reaction time to 12 h, a perfect combination of fine and 

coarse structures is observed for BT75-12 and as a result both κ and σ is enhanced, 

where σ is maintained by the coarse structure and κ is maintained by the fine structure. 

A compromise is observed in the case of S as well and thereby the overall ZT is tuned 

to 0.5 for BT75-12 sample at 350 K. Further increase in reaction time to 24 h enables 
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the formation of nano crystals of single phase hexagonally stacked Bi2Te3 (BT75-24) 

where κ is less compared to BT75-6 and BT75-12 but slightly higher in comparison to 

BT75-1. BT75-24 nanostructures could considerably enhance the PF and preferentially 

scatter the phonons due to high densification and efficient stacking of the nanoplates. 

The slight increase in κ of BT75-24 compared to that of BT75-1 single phase could be 

due to the different phases exhibited by BT75-1 and BT75-24. As a result, the TE 

characteristics of the BT75-24 sample have been enhanced considerably. Further, 

increase in reaction time to 36 h induces structural and morphological changes which 

are responsible for inferior TE properties of BT75-36 sample in comparison to BT75-12 

and BT75-24. Again, the hexagonal structure of BT75-24 sample has more atomic 

packing than that of rhombohedral structure of BT75-36 sample, which results in the 

enhanced TE properties in spite of having the same Bi2Te3 phase in both the samples. 

These results demonstrate that nanostructuring and careful optimization of coarse 

structures along with fine grains could enhance the overall TE properties of different BT 

nanocrystals. 

3.3.2. Surfactant induced structural phase transitions and enhanced room 

temperature TE performance in n-type Bi2Te3 nanostructures synthesized 

via chemical route 

A systematic study of surfactant-assisted aqueous-based low-temperature 

chemical method for the synthesis of different phases of Bi−Te-based nanostructures 

with different morphologies ranging from nanocrystals to nanorods/nanosheets is 

investigated in this section. Tuning the surfactant concentration from 50 to 100 mmol 

facilitates the formation of low-dimensional structures of Bi2Te3, the structural, 

morphological and TE properties of which is explained in the following sections. 

 

3.3.2.1 Structural analysis 

Fig. 3.18 shows the Rietveld refined XRD patterns of the BT samples prepared 

for different EDTA concentrations (i.e., 50 mmol and 100 mmol) and reaction times and 

the refined parameters of the same are tabulated in Tables 3.5 and 3.6 respectively. The 

quality and goodness of refinement is represented using the residual parameters which 

are well in accordance with the expected results. The Rietveld refinement of BT50 
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series (shown in Fig.3.18 (a) – 3.18 (c)) reveals the structural changes with the increase 

in reaction time. A combination of BiTe and Te is observed for BT50-1 whereas Bi2Te3, 

Bi4Te3 and Te is observed for BT50-12. Te impurity is seen to be present for lower 

reaction time (i.e., BT50-1 and BT50-12) which disappears for higher reaction time, i.e., 

for 24 h and forms a stable Bi2Te3 structure.  

 

Fig. 3.18. Refined XRD patterns of BT nanostructures (a) BT50-1, (b) BT50-12, (c) BT50-24, 

(d) BT100-1, (e) BT100-12 and (f) BT100-24 
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An increase in EDTA concentration from 50 mmol to 75 mmol, the Te impurity 

completely disappears and facilitates the BT structure formation in the early stage, but 

24 h reaction seems to be the best optimization for the formation of hexagonally stacked 

Bi2Te3.
54 When the EDTA concentration is further increased to 100 mmol, a similar 

observation is noticed but Bi2Te3 formation is facilitated even at the lower reaction time 

(i.e., BT100-1) along with BiTe phase. Finally, a stable Bi2Te3 phase is obtained for 

both 12 h and 24 h reaction time samples.  

The Rietveld refinement of BT100 series (shown in Fig.3.18 (d) – 3.18 (f)) gives 

the observed structural changes. It is confirmed that structural transitions from mixed 

phases of different BT structures to hexagonal phase of Bi2Te3 take place with the 

reaction parameters from BT50-1 to BT100-24. There is a diffraction peak shift for the 

synthesized single phase Bi2Te3 and mixed phases of BiTe and Bi2Te3 which is due to 

the fact that solution based chemical synthesis can cause such phenomenon55, 56. 

 

Table 3.5. Refined Parameters of BT50 series 

BT 

Structures 

BT50-1 

 

BT50-12 

 

BT50-24 

 

Phase BiTe + Te Bi2Te3 + Bi4Te3 + Te Bi2Te3 

Crystal 

Structure 

Hexagonal + Trigonal Hexagonal + Rhombohedral + 

Trigonal 

Hexagonal 

Space 

Group 

P-3 m 1 + P 31 2 1 R-3m + P-3 m 1+ P 31 2 1 R-3m 

Lattice Parameters 

a(Å) 4.36(0) 4.47(0) 4.35(1) 4.39(0) 4.50(0) 4.39(0) 

b(Å) 4.36(0) 4.47(0) 4.35(1) 4.39(0) 4.50(0) 4.39(0) 

c(Å) 24.11(1) 5.93(1) 29.52(2) 42.65(1) 5.96(1) 30.33(1) 

γ(deg) 120 120 120 120 120 120 

Volume(Å)3 396.68(1) 
102.48(2) 

483.41(0) 712.44(1) 
104.66(3) 

506.27(8) 

Phase 

Fraction (%) 72.63 

 

27.37 35.33 33.54 

 

31.13 100 

Residual Parameters 

wRp 8.94 8.48 8.87 

Rp 4.53 4.24 4.42 

χ2 1.15 2.03 1.27 
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Table 3.6. Refined Parameters of BT100 series 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.19. Peak shift associated with different samples of BT100 series 

BT 

Structures 

BT100-1 BT100-12 BT100-24 

Phase BiTe + Bi2Te3 Bi2Te3 Bi2Te3 

Crystal 

Structure 

Hexagonal Hexagonal Hexagonal 

Space Group P-3 m 1 + R-3m R-3m R-3m 

Lattice Parameters 

a(Å) 4.39(0) 4.22(1) 4.40(0) 4.39(0) 

b(Å) 4.39(0) 4.22(1) 4.40(0) 4.39(0) 

c(Å) 24.10(1) 30.86(0) 30.24(0) 30.38(1) 

γ(deg) 120 120 120 120 

Volume(Å)3 402.24(4) 474.83(0) 507.10(3) 507.17(2) 

Phase 

Fraction (%) 48.11 

 

51.89 

 

100 100 

Residual Parameters 

wRp 7.85 6.95 6.51 

Rp 3.70 3.23 3.12 

χ2 1.62 1.32 1.26 
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Fig. 3.20. Crystal structures of BT nanostructures for BT50, BT75 and BT100 series with 

varying reaction times of 1 h, 12 h and 24 h. 

We tried to emphasise this peak shifts from the detailed refined XRD patterns 

and Fig.3.19 represents the peak shift associated with different samples of BT100 series. 

Again, consider Fig. 3.18 (d) where both BiTe and Bi2Te3 phases are coexisting, a clear 

shift is indicated for both BiTe and Bi2Te3 phases, green bars representing the Bragg’s 

reflections of BiTe and pink bars indicating the Bragg’s reflections of Bi2Te3. Hence the 

structural variations have resulted from the aqueous-based reflux method where EDTA 

concentration and reaction time acts as the key reaction parameters. As mentioned 

above, the shifting of stable Bi2Te3 phase formation towards lower reaction time with 

the increase in surfactant concentration is also clearly demonstrated in the crystal 

structure diagram as shown in Fig. 3.20. 
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3.3.2.2. Morphological Analysis  

Detailed TEM micrographs are shown in Fig.3.21 for both BT50 series and 

BT100 series. From the morphology of BT50 series, it is evident that nanostructuring 

gets facilitated with reaction time even for the same EDTA concentration. Interestingly, 

the morphology is highly dependent on EDTA concentration as well and these reports 

suggest the formation of BT nanostructures with a variety of dimensions like nanorods, 

nanosheets and nanoplates.57-61 Fig.3.21 (a-c), Fig. 3.21  (g-i) and Fig. 3.21 (m-o) shows 

the morphology of the BT50-1, BT50-12 and BT50-24. Both BT50-1 and BT50-12 

shows an agglomerated morphology and is evident in Fig. 3.21 (m) and Fig. 3.21 (n). 

Upon further increasing the reaction time to 24 h, i.e., in BT50-24, a complete bridging 

among the adjacent nanocrystals are observed with maximum particle size ranging up to 

50 nm (Fig. 3.21 (o)). The corresponding SAED patterns of BT50 series are shown in 

Fig. 3.21 (s) – Fig. 3.21 (u). Reflections corresponding to the (214), (208) and (00 12) in 

SAED pattern correspond to the BiTe and Te phases as shown in Fig. 3.21 (s), which is 

in corroboration with the XRD refinement results. Nanocrystals of BT50-12 sample 

show three different structures from the SAED patterns as indicated in Fig. 3.21 (t) 

those corresponds to Bi4Te3, Bi2Te3 and Te, which is well in agreement with XRD 

analysis. It is reported that the BT compounds can have mixed phases under some 

preferable conditions where reaction time, surfactant concentration and sintering 

temperature etc. could play a crucial role in determining the reaction conditions and 

formation mechanisms11,54 which will be discussed in the later sections. An increase in 

the reaction time to 24 h, yields the formation of Bi2Te3 hexagonal nanocrystals in a 

connected morphology which is in accordance with the earlier reports11,62 and SAED 

patterns of BT50-24 is shown in Fig. 3.21 (u), further confirm the hexagonal phase. The 

BT75 series exhibited a plate-like morphology up to 24 h reaction time54 and we could 

suggest that EDTA plays an inevitable role in nanocrystal formation. Furthermore, it is 

evident from the TEM images of BT100 series that rod-like structures have formed in 

comparison with the other series of BT nanostructures. Fig. 3.21 (d-f) shows the 

morphology of the BT100-1, BT100-12 and BT100-24 respectively. BT100-1 shows a 

combination of nanorods and nanosheets along with some nanocrystals where the 

nanorod dimension is found to be of 98 nm width and 250 nm length shown in Fig.3.22. 
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Nanorod and nanosheet formation is facilitated with increased reaction time as well in 

BT100 series which could be seen in BT100-12 (Fig. 3.21 (e) and Fig. 3.21 (k)). In 

BT100-12 samples, nanorod morphology having around 35 nm width which is 

intercalated among nanosheets is noticed (Fig. 3.21 (k), Fig.3.23). Upon increasing the 

reaction time to 24 h, i.e., in BT100-24, a perfect combination of nanorods, nanosheets 

and nanoflakes are observed which is evident from the TEM images (Fig. 3.21 (f), Fig. 

3.21 (l) and Fig.3.24).  

Hence, the reaction time optimization enables the formation of nanorods along 

with nanosheets as given in Fig. 3.21 (l) and the dimensions of which are represented in 

Fig.3.24. The high-resolution image (FFT is shown in the inset) and SAED patterns of 

BT100 series are shown in Fig. 3.21 (p-r) and Fig. 3.21 (v-x). Reflections corresponding 

to the (1010), (002), (003) and (104) planes of BiTe phase are observed in BT100-1 

which is represented in Fig. 3.21 (p) and FFT shows (inset of Fig. 3.21 (p)) the 

crystalline nature of the BT100-1 sample. Nanorods in the BT100-12 samples grew with 

a preferred orientation, as their morphology constituted both rod and sheet-like 

structures as shown in Fig. 3.21 (k) and Fig. 3.21 (q). The (003) and (006) planes of 

Bi2Te3 phase is evident from both lattice fringes and SAED patterns as indicated in Fig. 

3.21  (q) and Fig. 3.21  (w). It is evident from the FFT and SAED patterns of BT100-12 

that the formation of the nanorod/nanosheet and their crystallinity has improved 

considerably with reaction time.  

The important observation is that Bi2Te3 single phase is achieved quickly as 

compared with BT-50 and BT-75 series which could be due to the reaction mechanism 

favored with EDTA concentration which will be discussed in later sections. A further 

increase in the reaction time to 24 h yields the formation of perfectly intercalated 

nanorods (Fig. 3.21 (l)) which is in accordance with the earlier reports, where synthesis 

conditions were different.57,63-65  The high-resolution image and SAED patterns of 

BT100-24 is shown in Fig. 3.21  (r) and Fig. 3.21  (x) respectively. It is very much 

evident from the FFT and SAED patterns of BT100-24 that highly crystalline nanorods 

and nanosheets have been formed with 24 h reaction time. 
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Fig. 3.21. BT50 and BT100 nanostructures (a-o) TEM images showing the formation of 

different nanostructures for 50 mmol and 100 mmol EDTA concentration with reaction time,  

(p-r) HR-TEM images showing lattice fringes of BT100 series with FFT shown in the inset and 

(s-x) SAED patterns of BT50 and BT100 series.  
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The lattice fringes correspond to the (015) plane of the Bi2Te3 phase is shown in Fig. 

3.21 (r), in which it can be observed that nanorods have been grown in the preferred 

orientation.  

 

 

Fig. 3.22. Initiation of rod formation in BT100-1 sample 

 

 
 

Fig. 3.23. Combination of sheet and rod formation in BT100-12 sample 

 
Fig. 3.24. Combination of sheet, rod and flake like structures in BT100-24 sample 
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Fig. 3.25. EDS spectra obtained for BT100-24 sample showing the elemental peaks 

 

Table 3.7. EDS data for BT50-1, BT50-12, BT50-24, BT100-1, BT100-12 and   BT100-24 

 

Sample Atomic percentage Weight percentage 

Bi Te Bi Te 

BT50-1 47.6 52.4 59.8 40.2 

BT50-12 43.7 56.3 56.0 44.0 

BT50-24 40.9 59.1 53.1 46.9 

BT100-1 42.5 57.5 54.8 45.2 

BT100-12 40.3 59.7 52.5 47.5 

BT100-24 40.3 59.7 52.5 47.5 

 

3.3.2.3 Reaction mechanism for BT nanostructure formation  

In the previous section, it is presented that a reflux reaction technique using 

bismuth source (Bi3+ ions) from a bismuth precursor, bismuth chloride (BiCl3), which 

could then be reacted with anions like Te2− to obtain a nanostructured Bi2Te3 material. 

Unlike most of the chemical reactions using organic solvents as the reaction medium, 

we used deionized water to carry out the reaction where BiCl3 reacts with water to form 
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bismuth (III) dihydroxide-chloride. When the temperature of the medium increases, this 

bismuth (III) dihydroxide-chloride could act as Bi3+ ion contributor and Te powder 

could give away two electrons upon reduction where Bi and Te ions could combine to 

form Bi2Te3 structures. Another possible mechanism for the formation of these 

nanostructures could be a direct combination of metals as in the case of a typical 

alloying process. In such a case Bi3+ ions will become Bi with the action of BH4- ions 

and elemental Bi could combine with elemental Te to form bulk Bi2Te3 as in the case of 

typical alloying which is represented in equation (3.1) and (3.2). 

 

Because of the extensive precipitation and formation of Bi(OH)2Cl, it is 

impossible to synthesize the desired nanomaterial in an aqueous medium without 

selecting a proper capping agent. In the absence of such a complementary agent, 

inorganic reducing agents like NaBH4, which are commonly used for the reduction of 

metal ions, have significant reducing power to convert Bi(OH)2Cl directly to bismuth 

particles (Bi0); and the reaction in equation (3.3) is more favourable in the chemical 

reaction. This reaction mechanism can be directed either towards unreacted metal ions 

or the existence of some unstable phases of these BT structures which could be the 

reason for impurity phases present in the BT50 series where an insufficient capping 

agent concentration exists. Hence reaction represented in (equation 3.3) can be treated 

as an undesirable one and which should be hindered especially in the synthesis of BT 

nanostructures. 

Ligands such as EDTA can coordinate with several inorganic ions to form 

multinuclear complexes. It is well reported that such structures can also act as a 

template in self-assembly process.66-68 It is expected that an oriented attachment may 

occur with the template effect of EDTA by adding appropriate ligands to the reaction 

mixtures. Here, we show that nanorods and nanosheets of Bi2Te3 structures (as shown in 

Fig.3.21) can grow via varying the EDTA concentration. In the refluxing process, 
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reaction occurs at the boiling point of water and ambient atmospheric conditions, it is 

expected that complete formation of 1D structure will be a tedious job62 but still a 

combination of 1D and 2D structures could be developed where we could effectively 

control the κ and overall TE performance of these Bi2Te3 nanostructures. These rods 

and sheets are arranged through template action of the EDTA additive which is a 

favorable mechanism as per the recent reports where expensive techniques such as 

solvothermal/hydrothermal methods and a high reaction temperature were used to 

develop the desired materials.3,8,63 Here, we could successfully lower the reaction 

temperature and executed an aqueous based reaction to deliver the nanostructured 

material with desired crystal structure and morphology. The TEM images in Fig. 3.21 

show the various morphologies of the Bi2Te3 nanostructures prepared using NaBH4 as 

the reductant with EDTA as a surfactant. The Bi2Te3 nanostructures synthesized by 

reflux method with less amount of EDTA concentration (Fig. 3.21 (a)) mainly contained 

irregular nanocrystals of about 50 - 100 nm width. The formation of non-uniform 

nanocrystals could be due to the lack of sufficient concentration of EDTA where the 

above-mentioned reaction mechanism will lead to the formation of agglomerated 

morphologies. When EDTA is used as a capping agent, the following reactions could be 

favorable on Bi since upon reaction with metals, EDTA shows a typical tendency to 

form EDTA-metal ion complexes as shown in Fig.3.26.  

 

The chemical structures of EDTA are shown in Fig.3.26 where Fig.3.26 (a) 

shows C10H16N2O8 which is not completely soluble in water but in the presence of 

NaOH and H2O where reactions mentioned in equation (3.5) and equation (3.6) is liable 

to occur. Na-EDTA can effectively involve in the chemical reaction where it could act 

as a capping agent and the structure of which is represented in Fig.3.26 (b). The real 

capping mechanism of Na-EDTA with Bi3+ ion is mentioned in equation (3.7) and is 
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diagrammatically depicted in Fig.3.26 (c). Now the reduction mechanism of Te in the 

ionic reaction process may be considered by the following chemical equations.  

 

 

Fig. 3.26. Chemical structures of (a) EDTA, (b) Na-EDTA and (c) Bi-capped EDTA. 

 

It is interesting to note that complete reduction of Te is not occurring in a single 

step. The reduction reaction can be subdivided into three where Te partially reduces to 

Te2- and TeO3
2-. This TeO3

2- further reacts with NaBH4 to form Te2- but a portion of it 

will be reduced to its zero oxidation state which again undergoes the reduction reaction 

with NaBH4 to further form the Te2- ions which is represented in equations (3.8) to 

(3.10).69 The overall reaction mechanism is shown in equation (3.11) 

 

Fig.3.21 shows that the morphologies of the Bi2Te3 powders synthesized in the 

presence of EDTA include nanorods with diameter of 35 nm and length of about 150 

nm. Uniform thin nanorods along with nanosheets of a few hundred nanometers were 

formed for BT100 series, as shown in Fig.3.21 (d-f) and Fig.3.21 (j-l). As shown in the 

supporting information, the nanosheets and nanorods formation among BT 

nanostructures is occurring with different reaction time in BT100 samples. It is 
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interesting to note that reaction time facilitates the formation of nanorods and 

nanosheets which is in accordance with the previous results (section 3.3.1.) where 

nanocrystal formation was optimized with reaction time alone.54 From Fig. 3.21 (a) and 

Fig. 3.21 (g), it can be seen that nanocrystals with agglomerated morphology for BT50 

series could be due to the fact that the amount of EDTA is not sufficient to cap the Bi3+ 

ions so that ionic reaction process will occur partially but the reactions mentioned in eq 

(3.1), (3.2) and (3.3) will allow the formation of Bi2Te3 agglomerates. When EDTA 

reaches a critical concentration sufficient amount of which could cap the entire Bi3+ ions 

and it will enable the formation of uniformly distributed nanocrystals of Bi2Te3. If 

EDTA concentration exceeds the critical concentration, these EDTA agglomerates can 

act as soft templates for the formation of nanorods/nanosheets which is schematically 

represented in Fig.3.27 which suggests the formation of 1D and 2D structures even in 

an aqueous medium by adopting a low temperature refluxing technique under ambient 

conditions. The above-mentioned reaction processes dominate the formation of Bi2Te3 

nanostructures under different reaction conditions, which results in different 

morphologies of Bi2Te3 nanostructures as shown in Fig.3.26. 

 

Fig. 3.27. Schematic diagram showing the proposed reaction mechanism for the formation of 

BT nanostructures 
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As discussed in the previous section when less amount of EDTA was used for 

BT50 series and increasing the concentration of which would likely to facilitate the 

formation of 1D/2D structures as nanorods or combination of sheet-rod structures. It is 

well known that EDTA is a multidentate ligand with polyfunctional groups and it could 

effectively serve as bridging ligands to form multinuclear complexes with metal ions 

above some critical concentration. Then chains of crystalline seeds would form in the 

nucleation process especially with reaction time, which finally yields sheet/rod-like 

structures of our desired compound. Here, EDTA acts as a structure directing agent in 

the formation of Bi2Te3 nanostructures. The present approach using reflux technique 

could favor the reaction mechanism through nucleation and growth process. The 

crystalline Bi2Te3 structures could form in the reflux reaction process through a 

homogeneous nucleation process if reaction time is a varying parameter along with 

EDTA concentration. It is well known that BT based materials have a highly anisotropic 

structure which favors the growth primarily confined to a particular direction and the 

crystalline seeds of the material tends to grow into the rod/sheet shape under the 

influence of EDTA which would be a soft template, and induce the formation of 1D/2D 

structures. Hence EDTA could promote a preferential directional growth under the 

template effect where the formation of inorganic nanoparticles in liquid media is 

associated with the monomer growth. Previous reports suggest that the nucleus is 

characterized by various shapes and facets with different surface energies, and grows by 

bonding with other monomers exist in the solution.59 Crystal surface energy and facet 

attachment are highly influencing in the nanoparticle growth and shape formation. If 

any capping agent is present in the solution, they can bind to specific facets of the 

nucleus to coat it with a monolayer which is precisely happening between Bi and EDTA 

in the present technique. These attached surfactants could lower the total surface energy 

when Bi2Te3 nanocrystals are formed which is specifically by blocking high-energy 

facets and exposing low energy facets.   

The formation of the nanostructures during the refluxing should be related to the 

layered anisotropic hexagonal lattice structure of Bi2Te3. During the refluxing process, 

covalent bonding enables free Te atoms or Te2- ions to bond with the atoms on the 

growing crystal surface. The overall refluxing process at 24 h reaction time and 



Chalcogenide Thermoelectric materials 

 

P a g e  | 111 

 

different EDTA concentrations is shown in Fig.3.28 where hexagonally stacked Bi2Te3 

is shown. Due to the fact that Van der Waals force is insufficient to attach a Te2- ions to 

a Te (1) layer crystal surface will probably remain in the reaction medium and which is 

not strong enough to hold the atoms onto the atomic surface. Hence a Bi2Te3 structure 

will always tend to grow significantly faster in a-axis / b-axis directions than in the c 

direction. This growth mechanism should lead to a crystalline morphology of 

agglomerated and connected flakes for BT50 series as shown in the Fig. 3.27, Fig.3.28 

and Fig.3.29 (a). 

When EDTA is present in the aqueous medium, this monolayer of surfactant 

could control the growth rate and facilitate the formation of individual nanocrystals by 

holding the surface energy of the nanocrystal facets. It is important to note that the 

morphologies of the synthesized Bi2Te3 nanostructures with various surfactant 

concentrations will be different from that without surfactants. EDTA acts as anion 

surfactant in the reaction medium, which could connect with Bi3+ ions to form large 

molecular groups as discussed in the previous sections, which facilitates Bi2Te3 nuclei 

to grow along the surfaces of EDTA agglomerates when EDTA exceeds the critical 

concentration, directing the growth structure in the preferred orientation of the Bi2Te3 

crystals. 

 

Fig. 3.28. Schematic diagram showing the overall morphological prediction for different EDTA 

concentrations 
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Fig. 3.29. Overview of TEM images (a) showing dimensions of nanocrystals formed for BT50-

24, (b) HR-TEM image showing lattice fringes corresponding to the Bi2Te3 nanosheets, (c) HR-

TEM image showing lattice fringes corresponding to the Bi2Te3 nanorod of 33nm width. 

 

When sufficient amount of surfactant exists in the reaction medium it could 

selectively bind to one of the facets and interestingly, which kinetically slows down 

growth rate in a- or b-axis directions with a relative increase of growth in the c-axis 

direction. This reaction mechanism is applicable even in the low temperature reaction 

process as in the present case where the movements of fine crystals of Bi2Te3 capped 

with molecular groups in the aqueous medium make it possible for uniformly 

distributed nanocrystals of BT nanostructures to connect with each other by suspended 

bonds according to definite epitaxy in the c-axis direction as mentioned above and 

consequently to form nanorods or nanosheets of Bi2Te3 structures (Fig.3.29 (b)). The 

HR-TEM image of a nanosheet and nanorod in the BT100 series with EDTA as a 

surfactant (Fig.3.29 (b, c)) shows the lattice structure of the Bi2Te3 nanocrystal. The 

distance between two neighbouring (015) planes measured from Fig.3.29 (c) is about 

0.32 nm, which corroborates with the lattice parameter of desired Bi2Te3 given by 

ICDD 82-0358. 

 The nanorods were formed during reflux technique like an intercalation in the 

nanosheet indicating a combination of rods/sheets of Bi2Te3 nanostructures where 

complete conversion of nanocrystals to form nanorods may not be possible due to the 

fact that low reaction temperature provided by the aqueous medium is insufficient to 

promote the entire nanorod formation even with the addition of a surfactant. HR-TEM 

observation of a nanorod with EDTA as the surfactant (Fig.3.29 (c) also shows a width 



Chalcogenide Thermoelectric materials 

 

P a g e  | 113 

 

of 33 nm and a further high-resolution image along with AFM images are illustrated in 

Fig.3.30 to demonstrate the nanosheet formation and (015) plane of the Bi2Te3 nanorod. 

AFM was employed to have an idea about the impact of both surfactant concentration 

and reaction time on the height profile of nanosheets formed especially for BT100 

series. BT100-12 and BT100-24 samples were subjected to AFM analysis. Fig.3.30 (a) 

and Fig. 3.30 (d) represent the typical AFM images and Fig. 3.30 (b) and Fig. 3.30 (e) 

shows the corresponding height profile in which the maximum thickness observed is 

less than 8 nm. With increasing the reaction time in BT100 series, the single-phase 

BT100-24 sample is exhibiting an ultra-low thickness of about 1nm and which can be 

considered as the nanoflakes of Bi2Te3. Fig. 3.30 (c) shows the evidence of a nanosheet 

formation from the TEM analysis and a combination of rod, sheet and flake like 

structures are obtained by the increase of EDTA concentration. Fig. 3.30 (f) indicates 

the (015) plane of the nanorod structure formed for BT100-24. 

Further, we have recorded the XPS spectra of the bismuth 4f and tellurium 3d 

regions for BT100-24 sample are shown in Fig.3.31. The wide scan spectra of the same 

is shown in Fig.3.32 (a) which suggests the formation of stable and oxidation free 

surfaces of nanostructures specifically for higher EDTA concentration. Fig.3.31 (a) 

shows the photoelectron spectrum where core level XPS signals arising out of Bi 4f. 

The two distinct and highly intense peaks at an energy of 159.4 and 164.8 eV, 

corresponding to the binding energies of Bi 4f7/2 and Bi 4f5/2 of Bi2Te3, are in good 

agreement with the data observed from a Bi2Te3 nanostructured material.11,63 Moreover 

Fig.3.31 (b) shows the photoelectron spectrum of the Te 3d core level which is also 

exhibiting a distinct doublet peaks. These doublet peaks at energies of 575.3 and 587.3 

eV are in good agreement with the binding energies seen in the Te 3d spectra observed 

from Bi2Te3 single phase material. Previous reports suggest the formation of these 

nanostructures without surface oxidation is a tedious process70 and here we could 

achieve an excellent oxidation inhibition specifically due to the higher EDTA 

concentration which acts as a capping agent to prevent the oxidation. 
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Fig. 3.30. Overview of AFM images (a) showing sheet formation for BT100-12, (b) Height 

profile pattern of BT100-12 (c) TEM image showing sheet formation corresponding to the 

BT100-12 (d) Nanoflakes formed for BT100-24 (e) Height profile pattern of BT100-24 and (f) 

HR-TEM image of BT 100-24 with (015) plane. 

 

From quantitative analyses of the XPS spectra, the as-prepared sample had 41.23 

and 59.77 atomic percentage of Bi and Te, respectively. Hence, it can be confirmed that 

the single phase formation of Bi2Te3 is evident which corroborates with XRD, TEM and 

EDS analyses. Meanwhile, the BT50-24 sample which was synthesized with a lower 

concentration of EDTA exhibit a surface oxidation which could be due to the 

insufficient EDTA concentration to cap the individual ions as discussed in the formation 

mechanism and the wide scan of BT50-24 is shown in Fig.3.32 (b). The core level 

spectra of both Bi and Te, in this case, is also clearly depicted in Fig.3.33 (a,b) 

respectively, which confirms the impact of EDTA concentration for the formation of 

Bi2Te3 nanostructures using the low-temperature reflux technique.  

3.3.2.4. Temperature variation of S, ρ and κ of BT100 nanostructures 

The temperature variation of S for BT100-12 and BT100-24 samples was 

measured in the temperature range 150 K – 350 K, and the results are shown in Fig. 

3.34. A negative value of S has resulted in both the samples indicating a n-type behavior 

of the material. 
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Fig. 3.31. XPS spectra of BT100-24 sample (a) Bi 4f and (b) Te 3d 

 

Fig. 3.32. XPS Survey spectrum (a) BT100-24 and (b) BT50-24 

 

Fig. 3.33. XPS spectra of BT50-24 sample (a) Bi 4f and (b) Te 3d with surface oxidation 

 

It is demonstrated that the S value increases linearly with the temperature and 

the same is enhanced with the reaction time. The S value observed for BT100-12 is 

−119.53 μV/K at 350 K and for BT100-24 is 127 μV/K at 350 K. This S value obtained 

at 350 K is comparable to the recently reported S values for other binary Bi2Te3 
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nanostructures which includes nanostring-cluster structures, mesoporous structures, 

ultrathin nanosheets, and polycrystalline nanotubes.8,71,72 It is evident from the previous 

reports that the influence of the reaction time on BT nanostructures is positively 

attributed to the combination of enhanced crystal quality and increased TE properties.54 

Also, previous reports suggest that different parameters such as annealing temperature, 

nature of surfactants, etc. had a favorable effect on the improvement in overall TE 

performance of n-type BT nano and bulk compounds.  

 

Fig. 3.34. Temperature dependence of S of BT100-12 and BT100-24. 

 

It is interesting to note that the S measured for the nanostructures formed for an 

EDTA concentration of 100 mmol was decreased to about 50 % compared to those 

prepared with 75 mmol concentration. But a room temperature S value of 121 μV/K 

makes sense for the practical applications near 300 K which is also comparable with 

recently reported materials of the same class47. However, it is expected that the inverse 

relationship between S and  could favourably enhance the electrical conduction26,73 

thus maintaining an overall PF comparable to some of the recent reports.74 

To understand the electrical transport of the synthesized BT nanostructures, 

detailed  analysis was performed on BT100-12 and BT100-24 samples in the 

temperature range of 20 K – 300 K. Fig. 3.35(a) presents the temperature-dependent 

of these samples, and reveals a metal to semiconducting transition near 225 K. 

BT100-12 exhibits a value of 1.91 X 10-5 Ω-m and BT100-24 exhibits 1.85 X 10-5 Ω-
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m at 300 K which could be a promising figure for a TE material. The σ versus T is 

represented in Fig.3.35(b) where a peak value of 53600 S m−1 is achieved for BT100-24 

which is comparable and much higher than the recently reported n-type Bi2Te3 based 

materials prepared using different chemical approaches.71,72 Such a moderate value of σ 

can be attributed to the highly crystalline nanostructures present in the BT100-12 and 

BT100-24 as represented in TEM and AFM analyses that performs a high density of 

interfaces of Bi2Te3 nanostructures as demonstrated in the previous sections (Fig.3.21, 

Fig.3.27 and Fig.3.30). High density of interfaces is very much required for improving 

the phonon scattering mechanisms and to obtain a better reduction in . The various 

phonon scattering mechanisms include Umklapp processes, electrons, grain boundaries, 

point defects and dislocations.55 These mechanisms will be predominant in 

nanostructures in comparison to the bulk counterparts.75 Hence, the reduction in is 

obviously observed in nanostructured materials. At the same time, it is really 

challenging to maintain a moderate value of σ as mentioned above without affecting 

so that a moderate value of PF can be maintainedIn the present case, we tried to 

demonstrate a system where a combination of nanoflakes, nanorods and nanosheets that 

constitutes widely distributed grain sizes having different crystallographic orientations 

to tailor the overall TE performance. Interestingly, a combination of different 

nanostructures (nanorods, nanoflakes and nanosheets) can provide the means for getting 

high density interfaces without compromising the conflicting TE properties which is 

similar to the fine and coarse structure model discussed in recent reports.11,54  

 

Fig. 3.35. Temperature dependence of (a) ρ and (b) σ of BT100-12 and BT100-24. 
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Fig.3.36 (a) gives the variation in κ of the BT100-12 and BT100-24 as a 

function of temperature. As can be seen, a very low κ for BT100-12 and BT100-24 (a 

peak value of 0.34 and 0.38 W m−1 K−1 respectively at 350 K) has been obtained, which 

is significantly lower than that of bulk Bi2Te3 materials and recently reported 

nanostructures of the same family synthesized via complex and expensive 

techniques.42,43 Especially, low κ values of 0.30−0.35 W m−1 K−1 at room temperature 

have been obtained which is close to the lowest value reported for BT nanostructures 

which was 0.28 W m−1 K−1 synthesized at a relatively high reaction temperature using 

hydrothermal setup.76 Despite its inherent structural properties of Bi2Te3, the lattice κ 

strongly depends on the presence of additional sources of phonon scattering. This 

scattering can be increased by reducing the phonon mean free path by decreasing the 

dimensionality of the lattice. The phonon scattering will be excellent here due to the fact 

that ultra-thin nanosheets and nanoflakes are improving the scattering mechanism 

whereas nanorod structures are helpful in maintaining the σ. Hence, the combination of 

different low dimensional nanostructures could behave like a ‘phonon glass and electron 

crystal’ to decrease the κ. Hence, the reason for low κ value may be due to the 

overlapping of different nanostructures, where the particle interfaces could significantly 

scatter phonons to achieve a maximum reduction in κ while preserving the σ in the 

range 55000 Sm-1 – 60000 Sm-1 which is clearly demonstrated in Fig. 3.35(b) from 

which a non-degenerative behavior of the synthesized nanostructures have been 

confirmed. The hiking trend in κ value, especially above 200 K, is specifically due to 

this electronic contribution towards κ as shown in Fig.3.36 (b). Hence, from the thermal 

transport studies together with HR-TEM and AFM analysis suggests the low 

dimensional and highly crystalline nanostructures inherited from the low temperature 

reflux reaction and their corresponding high-density interfaces in the HPHTS 

nanostructures can significantly scatter the phonons and thereby contribute to the 

significant reduction in κ to maximize the TE efficiency. 

3.3.2.5. Power factor and Figure of Merit 

The temperature variation of PF, which is calculated as S
2
σ is plotted and 

shown in Fig.3.37 (a).  
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Fig. 3.36. (a) Variation of κ with temperature for BT100-12 and BT100-24 (b) Variation of 

electronic contribution towards κ with temperature (where Lorentz number is taken as 1.5 x     

10-8 WΩK-2 for a non-degenerate semiconducting material) 

 

Here, we selectively carried out the TE performance on BT100-12 and BT100-24 where 

structural as well as morphological control has been achieved. The PF increased 

significantly with reaction time which also corroborates the BT75 series54 and shows 

the maximum for BT100-24 which increased with temperature from 320 to 750 

μWm
−1

K
−2

 as shown in Fig.3.37 (a). S and PF of the BT100 samples are comparable 

with most of the nanostructured Bi2Te3, but around 50% reduction is observed for S in 

comparison to BT75 samples on Bi2Te3 nanocrystals. Again, it is interesting to note that 

a two-fold increase in σ than the state-of-the-art nanostructured bulk BT is ultimately 

reflecting in the PF values of Bi2Te3 nanostructures prepared by varying the EDTA 

concentration. It is expected that the considerably enhanced σ in the BT100-24 

nanostructures can compensate the moderately deteriorated S, and in turn lead to the 

enhancement of overall PF value. 

Finally, the temperature variation of ZT has been determined and is depicted in 

Fig.3.37 (b), which shows a promising range of ZT values for Bi2Te3 nanostructures 

prepared for BT100-12 and BT100-24. ZT of BT100-12 shows a linear dependence 

with the temperature and achieved a maximum value of 0.52 at 300 K, which is 

comparable with the Bi2Te3 nanostructured bulk materials. 
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Fig. 3.37. Temperature dependence of (a) PF and (b) ZT of BT100-12 and BT100-24. 

 

Significant improvement in ZT is observed for BT100-24 nanostructures 

showing a maximum value of 0.75 at 300 K. As explained in the reaction mechanism 

for the formation of Bi2Te3 nanostructures, complete conversion of 1D/2D structures 

may not be possible due to the very low reaction temperature of the aqueous medium. 

Still, the enhanced ZT value of BT100-24 at room temperature is comparable to the 

previously reported Bi2Te3 nanostructures synthesized especially via different chemical 

approaches.29,54 Furthermore, both the moderate values of S and the reduced κ along 

with a significantly improved electrical transport comparable to that of the other 

materials in the chalcogenide family result in an enhanced ZT in the BT100-24 sample.  

The variation in TE properties can be well explained with grain boundary 

scattering due to the formation of nanorods and nanosheets of Bi2Te3 nanostructures 

with increased EDTA concentration and the phase transitions and scattering mechanism 

of which is represented in Fig.3.38. The single phase samples of Bi2Te3 with 

morphological control are very much essential for high-performance TE material where 

both reaction time and EDTA concentration favors the formation of the desired structure 

using the reflux method and is depicted in Fig.3.38. Mixed-phase samples with coarse 

structures are formed when EDTA concentration is very less, i.e., in 50 mmol series as 

shown in the schematic representation where scattering centers will be minimum and 

may ultimately result in a drastic decrease of overall TE efficiency due to which we 

excluded the BT50 series from TE performance analysis. XRD and TEM images 
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confirm the mixed phases and coarse structures respectively for the samples in the BT50 

series with lower reaction time. BT50-24 is the only sample in the series with 50 mmol 

surfactant concentration which formed with desired Bi2Te3 structure but still the 

insufficient EDTA concentration resulted in the formation of agglomerated morphology 

which is not recommended to decrease the κ. When the surfactant concentration is 

increased to 75 mmol, the formation of nanocrystals get facilitated and an excellent 

scattering mechanism was proposed in section 3.3.1.5 by which κ value decreased to 

0.34 Wm-1K-1 
at room temperature for the sample synthesized for 1h but this low 

reaction time favors the BiTe formation rather than Bi2Te3. The 12 h reaction time 

promotes the initiation of Bi2Te3 formation along with Bi4Te3 as shown in Fig.3.38. 

Here, in 75 mmol EDTA concentration with 24 h reaction time is helping in the 

formation of single phase Bi2Te3 structures where significant phonon scattering reduces 

κ to 0.42 Wm-1K-1 
which is less compared to the conventional TE materials. In BT75-

24, uniformly distributed fine nanocrystals have been formed which considerably 

enhanced the PF and ZT value.54 When EDTA concentration increased to 100 mmol, 

EDTA agglomerates act as a soft template for the formation of low dimensional 

structures of Bi2Te3 as mentioned in the ionic reaction mechanism. 

 

Fig. 3.38. Schematic diagram showing structural phase transitions and model explaining 

enhanced σ 
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Interestingly Bi2Te3 phase formation initiated even in the 1 h reaction and it is 

demonstrated in Fig.3.38 that the formation of desired Bi2Te3 structure is facilitated 

both by reaction time and EDTA concentration. Both BT100-12 and BT100-24 exactly 

allows the Bi2Te3 formation along with low dimensional nanostructures where phonon 

scattering could be efficient to significantly decrease the κ value that exhibits 0.31    

Wm-1K-1 at room temperature. When the low dimensional structures are forming in the 

system (especially nanosheets and nanoflakes of 1-10 nm thickness), a high pressure 

could sufficiently stack these nanostructures in the press direction that increase the 

scattering centers at the interfaces and could provide an ultralow κ. The previous report 

suggests the mechanism for enhancement in σ by the formation of coarse structures and 

reduction in κ by the formation of fine structures.11,54 Here, in the present study, our 

compound forms as a combination of rod, sheet and flake like morphology that 

facilitates the phonon scattering and reduction in κ whereas the combination of these 

nanostructures allows the electrical conduction; the combined effect is the overall 

improvement in the TE efficiency in terms of ZT, which is depicted in Fig.3.39.  

In a nutshell, Fig.3.39 represents the systematic variation of S, and along 

with ZT and morphological variations. Among the mixed phases BT75-12 is the best 

candidate with coarse and fine structures that showed a ZT value of 0.38 K. BT75-24 

was best among the series which exhibited a ZT of 0.67 at room temperature. In 

comparison to BT75-12, BT100-12 is exhibiting significant enhancement of about 40% 

reaching a ZT value of 0.54 at room temperature. Similarly, in BT100-24 where 

nanorods are formed partially, the κ reduces significantly by maintaining a high σ which 

provides the improvement in ZT value to a maximum of 0.75 at 300 K which is about 

12% higher than that reported for BT75-24.54 These results demonstrate that both 

reaction time and surfactant concentration could carefully optimize the desired Bi2Te3 

structures and could tailor the morphology to enhance the overall TE performance of 

different BT nanostructures. 

As mentioned in the previous discussions, we obtained a reactive Bi source (i.e., 

Bi3+ ions) with EDTA capping through the simple manipulation of EDTA 

concentrations. By reacting this EDTA capped Bi ions with anions (Te2-), we obtained 
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stable oxidation resistant nanomaterials with desired stoichiometry, structure and 

morphology. 

 

Fig. 3.39. A comparison of overall room temperature TE performance for different BT 

nanostructures 

 
Table 3.8. A comparison showing σ, S, κ and ZT of Bi2Te3 nanostructures of present study with 

recent trends. 

 

SL. 

No. 

σ  (x 104 S/m) S (µV/K) κ (W/m-K) ZT Reference 

1 6.30 125 1.10 0.27 (at 300 K) 8 

2 1.40 -258 0.42 0.67 (at 300 K) 54 

3 8.00 -148 0.99 0.53 (at 300 K) 77 

4 5.60 -142 0.75 0.45 (at 300 K) 78 

5 7.30 -131 0.58 0.65 (at 300 K) 29 

6 7.70 -151 0.97 0.54 (at 300 K) 55 

7 3.43 -135 0.49 0.36 (at 313 K) 70 

8 7.50 -185 1.10 0.70 (at 298 K) 75 

9 1.82 -126 0.28 0.31 (at 300 K) 43 

10 5.36 -121 0.31 0.75 (at 298 K) Present 

work 

 

We optimized the TE transport properties with the desired structural and morphological 

tailoring, which maximized the ZT value. A comparison of room temperature σ, S, κ 
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and ZT of our present study with some of the recent reports are represented in Table 3.8 

and careful optimization of reaction conditions could favor the formation mechanism of 

Bi2Te3 nanostructures that enhance the overall TE properties.  

3.3.3. Investigation on synthesis mechanisms of nanostructured (Bi,Sb,Sn) –Te TE 

materials via aqueous based reflux method 

A series of different chalcogenide based thermoelectric materials have been 

synthesized using BiCl3, SbCl3, Sb powder and SnCl2 as starting materials. A detailed 

understanding of the chemistry involved in the reaction mechanism and decomposition 

of EDTA is proposed for different precursors of Bi, Sb and Sn where possibilities of 

aqueous based low temperature synthesis of phase pure Bi2Te3 and Sb2Te3 is 

demonstrated. 

3.3.3.1. Crystal structure of Bi2Te3/Sb2Te3 and SnTe 

Bi2Te3 and Sb2Te3 are narrow band gap semiconductors with homologous 

layered crystal structure having a rhombohedral unit cell with an R-3m space group. 

These are semi-metals possessing good σ and low κ and are used for power generation 

and in cooling devices.79-81 Bi2Te3 is reported to be an n-type semiconductor while 

Sb2Te3 is a p-type semiconductor. However, the presence of excess Te may change their 

type from n-type to p-type semiconductor.  Fig. 3.40 (a) shows the layered crystal 

structure of M2Te3 (M=Bi, Sb). Sb2Te3 and its doped derivatives have been widely 

studied due to their excellent ZT in the temperature range of 300-500 K.82-84 

Self-generation of antisite defects creates a large number of holes in bulk Sb2Te3 

owing to low S.82 As a consequence, the ZT values are still limited to about 1 over the 

entire temperature range which corresponds to low efficiencies of the TE device which 

limits wider applications. Venkatasubramaniam et al.85 proposed a specially constructed 

Bi2Te3/Sb2Te3 superlattice with a ZT of 2.4 at room temperature. Recently, Yang et al.86 

employed surfactant-assisted reflux method for preparation of Sb2Te3 nanostructures 

using cold compaction followed by annealing and achieved a high ZT of 0.37 at 473 K. 

Several chemical methods have been developed so far to prepare nanostructures with 
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different shapes. However, single phase Sb2Te3 could not be easily achieved due to the 

spontaneous occupation of partial Sb atoms at Te lattice sites.87 

 

Fig. 3.40. Crystal structure of (a) Bi2Te3 / Sb2Te3 and (b) SnTe 

Wang et al.88 synthesized Sb2Te3 hexagonal nanoplates with an edge length of 

200-2000 nm through solvothermal approach. However, they showed a low ZT due to 

the presence of Te impurity which reduced the electrical conductivity of the Sb2Te3 

matrix. There have been also some reports on the synthesis of Bi0.5Sb1.5Te3 nanocrystals 

by the solvothermal or hydrothermal process. However, the majority research work has 

been focused on the preparation of nanostructures with various methods, while studies 

on consolidation of Bi2Te3, Sb2Te3 and Bi2-xSbxTe3 nanocrystals and their TE properties 

are relatively rare. 

SnTe is another narrow band gap semiconductor with a direct band gap of 0.18 

eV. SnTe normally forms p-type semiconductor due to tin vacancies and at low 

temperatures, it becomes a superconductor. SnTe exhibits a very low ZT ∼ 0.40 at 900 

K 89 due to its intrinsically high carrier concentration, large ΔEL-Σ of 0.3 eV and high 

κL.90,91 SnTe exists in 3 crystallographic phases. At low temperatures, when the hole 

concentration is less than 1.5x1020 cm-3, SnTe exists in rhombohedral structure and is 
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known as α-SnTe. At room temperature and atmospheric pressure, SnTe crystallizes in 

rock salt structure and is composed of a face-centered cubic lattice of Te atoms with Sn 

atoms filling all the octahedral voids and is known as β-SnTe.92 β-SnTe transforms to γ-

SnTe at 18 kbar pressure, with orthorhombic structure and space group Pnma. β-SnTe 

(referred to as SnTe in the chapter) with cubic structure and Fm-3m space group finds 

application as TE materials. The crystal structure of SnTe is shown in Fig. 3.40 (b).  

SnTe has received limited attention as a TE material owing to its inability to 

control its very high carrier concentration of the order of 1021 cm-3 at 300 K which 

results in low S and high κe.
93 Large concentration of intrinsic Sn vacancies are 

responsible for the high p-type carrier concentration in SnTe.94 In SnTe, the energy 

difference between the light hole valence band (L band) and the heavy hole valence 

band (Σ band) is 0.3 eV.93,95-99 The large energy separation between light and heavy 

hole valence bands restricts the contribution of heavy hole mass to the S. Recently, 

alloying SnTe with other metal tellurides such as AgSbTe2, MgTe, SrSe, CdSe, etc. was 

found to improve its TE performance.100-104 A remarkable enhancement in the ZT was 

achieved due to the formation of resonance level in the valence band through In doping 

in SnTe synthesized by high energy ball milling and spark plasma sintering. 105 

Alloying of SnTe with SnSe which has a high band gap of 0.9 eV, helps to reduce the κ 

value and also results in an improved S due to the convergence of the two valence bands 

of SnTe. Moreover, the κ value of SnTe can be further decreased by solid solution 

alloying with SnSe. Alloying Cd or Hg in SnTe also result in an enhancement in S due 

to the decreased energy separation between light and heavy hole valence band.106-107 

Hence, we have attempted to synthesize p-type Sb2Te3 and SnTe through EDTA 

assisted aqueous based synthesis which is an efficient synthesis method to get a good 

control over the morphology and study the TE properties of n-type Bi2Te3 

nanostructures. Moreover, nanostructuring could help in improving the TE properties of 

SnTe through band convergence.  

3.3.3.2. Thermal decomposition of EDTA 

Ligands such as EDTA acts as a capping agent for tailoring the crystal growth 

and may also provide the possibility of breaking the nature of crystals, which may lead 
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to more different morphologies and wider applications.108-110. EDTA can coordinate 

with several inorganic ions to form multinuclear complexes. It is well reported that such 

structures can also act as a template in self-assembly process.66-68 It is expected that an 

oriented attachment may occur with the template effect of EDTA by adding appropriate 

ligands to the reaction mixtures. Also EDTA added as anion 

surfactant in the solution could connect with Bi3+ ions to form large molecular groups, 

which facilitates Bi2Te3 nuclei to grow along the surfaces of EDTA agglomerates. 

When EDTA selectively bind to one of the facets, the growth rate in either a- or b-axis 

directions kinetically slows down, with a relative increase in the c-axis direction. The 

movements of these hexagonal fine crystals together with molecular groups in the 

solution make it possible for continuous particles to connect with each other by 

suspended bonds according to definite epitaxy in the c-axis direction and consequently 

to form long nanorods or nanosheets. These rods and sheets are arranged through 

template action of the EDTA additive which is a favorable mechanism as per the recent 

reports where expensive techniques such as solvothermal/hydrothermal methods and a 

high reaction temperature were used to develop the desired materials.3,8,63  

However, if EDTA residue remains in the final product it can detrimentally 

affect the TE performance of the final product. In order to get nanostructured Bi2Te3, it 

is required to maintain a pH of 10 during the synthesis (using NaOH) and finally the 

precipitated product is to be washed with acetone, ethanol and deionized water several 

times. The residual EDTA can well dissolve in acetone when the pH is above 8; hence 

from the slurry of aqueous based Bi2Te3 final product, EDTA and other unreacted 

residues can be removed by treating it initially with acetone till obtaining a clear 

solution. Again, upon heat treatment, the EDTA primarily decomposes to N-(2-

hydroxyethyl) iminodiacetic acid and iminodiacetic acid at 473 K. At higher 

temperatures, i.e., at 533 K, these primary products can yield ethylene glycol as the final 

product. Ethylene glycol can well control the morphology of the nanostructures even at 

a sintering temperature of 623 K. Hence EDTA is removed partially by washing with 

different solvents and partially by converting it to ethylene glycol at a higher 

temperature. However complete removal of EDTA is a tedious job, still 75 mmol EDTA 

could deliver Bi2Te3 nanostructures with good control over TE properties. The 
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temperature dependent decomposition of EDTA in the aqueous synthesis of 

chalcogenide nanostructures is explained as follows: At 533 K, EDTA decomposes into 

N-(2-hydroxyethy1)iminodiacetic acid and iminodiacetic acid as shown in equation 

(3.12). Further hydrolysis of N-(2-hydroxyethy1)iminodiacetic acid results in the 

formation of ethylene glycol and iminodiacetic acid (equation (3.13)). 111 

 

 

A portion of iminodiacetic acid decomposes to iminodiacetic anhydride with the 

evolution of water at 512 K (equation (3.14)).  

 

At around 593 K, iminodiacetic anhydride boils off. Beyond 593 K, 

iminodiacetic acid decomposes into water, carbondioxide, carcon monoxide, acetonitrile 

and hydrogen gas as by products as shown in equation (3.15). Acetonitrile boils at 354 

K and ethylene glycol vaporises at 470.3 K. 

 

 Deng et al. synthesized Bi2Te3 nanorods using EDTA as surfactant.112 Srashti et 

al. synthesized BT nanostructures by refluxing method using EDTA as a surfactant, 

KOH and NaBH4 and showed that the growth and morphology of the BT depends upon 

the surfactant, concentration of KOH and reaction timings.113 Yang et al. showed that 
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EDTA-Na2 could be used as complexing agent in the synthesis of nanocrystalline 

Sb2Te3 and achieved a PF of 2.04 µW cm-1 K2 at 140°C and σ remained in the range 5–

10 x 103 Sm-1.114  Dharmaiah et al. synthesized Sb2Te3 nanoplates using EDTA and 

achieved a high S of 181 µV/K, high σ of 763 Ω-1 cm-1 and low κ of 1.15 W/mK.115 

3.3.3.3. Structural Analysis of Bi2Te3, Sb2Te3 and SnTe samples 

Fig. 3.41 shows the XRD patterns of BT75-24, ST1-75-24, ST2-75-24 and 

TT75-24 samples prepared using different Bi, Sb and Sn precursors in aqueous medium. 

A phase pure Bi2Te3 is obtained for BT75-24 which forms in hexagonal crystal structure 

and neither the peaks of Bi additional phases nor Te impurity peaks are identified in 

BT75-24 sample. BT75-24 sample well matches the Bi2Te3 hexagonal phase with ICSD 

No: 20289. The observed peaks for ST1-75-24 are corresponding to the diffraction from 

hexagonal Sb2Te3 material having space group R-3m with the JCPDS number 15-

0874.116 It is noticed that ST2-75-24 contains both Sb2Te3 peaks and several impurity 

peaks of intermediate phases of SbCl3 in the aqueous medium. A similar observation has 

been made on TT75-24 sample also where impurity peaks such as SnTe3O8 and TeO2 

are noticed. Hence, XRD results suggest the formation of phase pure compounds of 

chalcogenides through aqueous based chemical method only for selected cases, 

especially for BT75-24 and ST1-75-24.  

3.3.3.4. Mechanism for the formation of secondary phases in Sb2Te3 and SnTe  

samples 

In order to explore more on the unstable phases of ST2-75-24 and TT75-24, a 

detailed understanding of chemistry of these materials are necessary. Let us consider the 

chemical reactions that can happen in each case. Fig.3.42 represents the chemical 

compounds that can generate Bi3+, Sb3+ and Sn2+/Sn4+ in aqueous medium to combine 

with Te2- to form corresponding chalcogenide materials. The existence of Te2- ions in 

aqueous medium is validated with the chemical equations as represented in equation 

(3.16) – equation (3.18). 

 



Chalcogenide Thermoelectric materials 

  

 P a g e  | 130 

 

 

Fig. 3.41. XRD patterns of BT75-24, ST1-75-24, ST2-75-24 and TT-75-24 nanostructures 

 

 

 

Fig. 3.42. Possible chemical compounds generating cations of (a) Bi, (b, c) Sb and (d) Sn to form 

corresponding chalcogenide nanostructures 
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               While using BiCl3 in the formation of Bi2Te3, it is obvious that Bi(OH)2Cl 

which is stable in room temperature will generate Bi3+ ions in the aqueous medium 

whereas Bi4O5Cl2 and BiOCl will not take part in the chemical reaction117 and is 

represented in equation (3.19) – equation (3.23). 

 

Thus, the formation of stable BT nanostructures is possible using BiCl3. While 

using SbCl3 as the starting material, the following possibilities can occur as mentioned 

below in equation (3.24) – equation (3.28). 
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It is well understood from equation (3.24) and equation (3.26) that the formation 

of Sb4O5Cl2 and SbOCl is unavoidable here and only partial synthesis of Sb2Te3 is 

possible. An easy way to get phase pure Sb2Te3 in aqueous medium is through Sb 

metallic powder where Sb(OH)3 can contribute Sb3+ as shown in equation (3.29). 

 

A small trace of metallic Sb could be present here, still this method holds good 

to carry out equation (3.27) and equation (3.28) to develop Sb2Te3 nanomaterials in 

aqueous medium which corroborates with XRD results of ST1-75-24.  

Interestingly, it is observed that Sn based reactions are not recommended in 

aqueous medium as Sn2+ can easily undergo oxidation to form Sn4+ as represented in 

equation (3.30) to equation (3.32).  

 

It could be well seen that SnCl2 reacts with water to form an insoluble basic salt 

Sn(OH)Cl. This basic salt could further combine with Te ions present in the solution to 

form a secondary phase SbTe3O8 in addition to SnTe. Thus, aqueous based synthesis 

using EDTA is not suitable for the synthesis of SnTe. Other methods such as the one 

described in ref 118 needs to be adopted to synthesize phase pure SnTe nanopowders.  

In this regard, it could be presumed that there are limitations to the formation of 

Sb2Te3 and SnTe in aqueous based reflux synthesis. However, the partial formation of 

Sb2Te3 using EDTA prompted us to synthesize Sb-doped Bi2Te3 and to investigate the n 

to p-type behaviour with Sb doping. Hence, we have attempted to synthesize Sb-doped 

Bi2Te3. Small amounts of Sb namely 1%, 3% and 5% were doped into Bi site using 

reflux method. The use of Sb powder may not bring satisfactory results and hence SbCl3 
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was used as the precursor for the synthesis of Sb-doped Bi2Te3 as SbCl3 will be suitable 

for replacing Bi ions to form the doped compound. The samples were prepared in 75 

mmol EDTA with a reaction time of 24 h.  

3.3.3.5. Structural Analysis of Sb-doped Bi2Te3 

Fig. 3.43 shows the XRD patterns of the Sb-doped BT samples prepared for 1%, 

3% and 5% concentrations by keeping the molarity of NaBH4 at 4.4M. It could be seen 

that BS1T exists in single phase at lower concentrations of Sb and crystallizes into 

hexagonal Bi2Te3 structure. However, BS3T and BS5T contain small amounts of 

secondary phases of Sb and Sb2O3. Hence, it could be seen that for higher 

concentrations of Sb, the samples does not become phase pure. Hence reflux method 

and cold pressing is not sufficient to produce phase pure samples of Sb-doped Bi2Te3. 

Hence, as a second step, these samples were hot pressed (HP) at a pressure of 50 MPa 

and a temperature of 723 K and the XRD patterns were taken for the Sb-doped samples 

which are shown in Fig 3.44. Upon hot pressing, all the Sb-doped BT samples 

crystallized into a combination hexagonal Bi2Te3 and BiTe phases. The Rietveld 

refinement of all the samples is shown in Fig 3.44. No peaks corresponding to Sb or 

Sb2O3 were indexed in the XRD patterns. The structural parameters determined from 

Rietveld refinement are listed in Table 3.9. A low value of χ2 has been observed which 

justifies the quality and goodness of the refinement. It could be seen from the 

refinement data that there is decrease in unit cell volume with increase in Sb 

concentration. This is attributed to the small size of Sb3+ ions substituting Bi3+ ions in 

the lattice. Also upon hot pressing, there could be a redistribution of ions in the lattice 

and the insoluble compounds could have vaporised leading to the formation of phase-

pure Bi2Te3 without any impurity peaks.  

3.3.3.6. Morphological Analysis of hot pressed Sb-doped Bi2Te3 

Fig 3.45(a) and (b) shows the TEM images of BS1T-HP. The TEM images of 

BS1T-HP indicate the formation of nanosheets. The formation of nanosheets in BS1T-

HP could be attributed to the template action of EDTA as a result of which oriented 

attachment occurs along a preferred direction resulting in the formation of nanosheets. 
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The (006) plane and the SAED patterns shown in Fig. 3.45 (c) and 3.45 (d) correspond 

to the lattice planes of Bi2Te3. 

 

Fig. 3.43. XRD patterns of cold pressed Sb-doped BT nanostructures 

 

 

Fig. 3.44. (a) XRD patterns of hot pressed Sb-doped BT nanostructures, Refined XRD patterns 

(b) BS1T-HP, (c) BS3T-HP and (d) BS5T-HP.  
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Table 3.9. Refined parameters of BS1T-HP, BS3T-HP and BS5T-HP 

BT Nano-

structures 

BS1T-HP BS3T-HP BS5T-HP 

Phase Bi2Te3 + BiTe  Bi2Te3 + BiTe  Bi2Te3 + BiTe  

Phase fraction 

(%) 
62+38 73+27 82+18 

Crystal   

Structure 

Hexagonal + 

Rhombohedral 

Hexagonal + 

Rhombohedral 

Hexagonal + 

Rhombohedral 

Space Group R-3m + P-3 m 1  R-3m + P-3 m 1  R-3m + P-3 m 1  

Lattice Parameters 

a(Å) 4.38(3) 4.34(8) 4.37(3) 4.34(8) 4.36(3) 4.35(8) 

b(Å) 4.38(3) 4.34(8) 4.37(3) 4.34(8) 4.36(3) 4.35(8) 

c(Å) 30.08(5) 24.80(9) 30.08(5) 24.80(9) 30.08(5) 24.80(9) 

γ(deg) 120 120 120 120 120 120 

Volume(Å)3 504.99(6) 406.50(1) 504.99(6) 406.50(1) 504.99(6) 406.50(1) 

Residual Parameters 

Rp 3.40 3.34 3.27 

wRp 2.29 2.13 2.09 

χ2 1.89 1.68 1.54 

3.3.3.7. Mechanism for the formation of hot pressed Sb-doped Bi2Te3 

The detailed reaction mechanism showing the formation of Bi2Te3 

nanostrucutres was explained in detail in previous section Fig. 3.27. The mechanism for 

the formation of Bi2-xSbxTe3 nanostructures using EDTA is demonstrated in Fig.3.46. 

Here, it could be seen that the secondary phases of Sb and Sb2O3 present in the cold 

pressed BS3T and BS5T disappears upon hot pressing. This could be due to the 

additional energy provided during hot pressing which results in the phase formation of 

Bi2-xSbxTe3 nanostructures. The TEM images indicate the formation of sheet-like 

structures for in BS1T-HP. It is well known that EDTA is a multidentate ligand with 

polyfunctional groups and it could effectively serve as bridging ligands to form 

multinuclear complexes with metal ions above some critical concentration. Then chains 

of crystalline seeds would form in the nucleation process especially with reaction time, 

which finally yields sheet/rod-like structures of our desired compound. Here, EDTA 

acts as a structure directing agent in the formation of Bi2-xSbxTe3 nanostructures. The 

present approach using reflux technique could favor the reaction mechanism through 

nucleation and growth process. The crystalline Bi2-xSbxTe3 structures could form in the 
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reflux reaction process through a homogeneous nucleation process if reaction time is a 

varying parameter along with EDTA concentration. 

 

Fig. 3.45. (a, b) TEM images showing the formation of BS1T-HP nanosheets (c) (006) plane 

corresponding to Bi2Te3 and (d) SAED patterns of BS1T-HP. 

 

It is well known that BT based materials have a highly anisotropic structure which 

favors the growth primarily confined to a particular direction and the crystalline seeds 

of the material tends to grow into the rod/sheet shape under the influence of EDTA 

which would be a soft template, and induce the formation of 1D/2D structures. Hence 

EDTA could promote a preferential directional growth under the template effect where 

the formation of inorganic nanoparticles in liquid media is associated with the monomer 

growth. Previous reports suggest that the nucleus is characterized by various shapes and 

facets with different surface energies, and grows by bonding with other monomers exist 

in the solution.59 Crystal surface energy and facet attachment are highly influencing in 

the nanoparticle growth and shape formation. If any capping agent is present in the 
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solution, they can bind to specific facets of the nucleus to coat it with a monolayer 

which is precisely happening between Bi and EDTA in the present technique. These 

attached surfactants could lower the total surface energy when Bi2-xSbxTe3 nanocrystals 

are formed which is specifically by blocking high-energy facets and exposing low 

energy facets. 

 

Fig. 3.46. Schematic diagram showing the formation of EDTA assisted (a) ST1-75-24, (b) 3% 

and 5% Bi2-xSbxTe3 and (c) hot pressed Bi2-xSbxTe3 nanostructures 
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3.3.3.8. Temperature dependence of S, ρ and PF of hot pressed Sb-doped Bi2Te3 

Fig. 3.47 shows the temperature dependence of S in the temperature range of 

280 K-480 K. A negative value of S is obtained for BS1T-HP at temperatures below 

425 K revealing an n-type semiconducting behaviour indicating that electrons are the 

majority carriers upto 425 K. As the temperature increases to 425 K, a clear transition 

from negative to positive value of S is evident which marks a crossover from n-type to 

p-type. As the Sb doping concentration increases to 5%, the sample becomes 

completely p-type which is evident from the obtained positive values of S from 

Fig.3.47. Hence, an n-type to p-type semiconducting behaviour has been achieved with 

Sb doping in Bi2Te3. However, due to the presence of mixed phases in BS1T-HP, the 

value of S is quite low, reaching a maximum value of -54.78 μV/K at 306 K and 11.2 

μV/K at 448 K. In case of BS5T-HP, a maximum value of 215.12 μV/K is achieved at 

465 K which is quite remarkable.  

 

Fig. 3.47. Temperature dependence of S of BS1T-HP and BS5T-HP. 
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Fig. 3.48. Temperature dependence of ρ of BS1T-HP and BS5T-HP. 

 

 
            Fig. 3.49. Temperature dependence of PF of BS1T-HP and BS5T-HP. 
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Fig.3.50. (a) Transition from n-type to p-type in BS1T-HP and (b) p-type semiconducting 

behaviour in BS5T-HP. 

To understand the electrical transport of the synthesized Sb-doped BT 

nanostructures, detailed  analysis was performed on BS1T-HP and BS5T-HP samples 

in the temperature range of 280 K – 480 K. Fig. 3.48 presents the temperature-

dependent of these samples, and reveals semiconducting behaviour for BS1T-HP and 

BS5T-HP. BS1T-HP exhibits a value of 0.00347 Ω-m and BS5T-HP exhibits 0.01848 

Ω-m at 300 K which is much higher than the values obtained for the BT samples 

presented in previous sections. Due to this reason, a considerable decrease in the σ can 

happen and which could ultimately lower the PF. The temperature variation of PF is 

plotted and shown in Fig.3.49. PF value of BS1T-HP sample decreases with 

temperature giving a maximum of 0.89 μWm−1K−2 at 306 K and this low value of PF is 

arising due to the decreased S and increased ρ value compared to the Bi2Te3 samples 

discussed in the previous section 3.3.1.5. and 3.3.2.5. With increase in Sb concentration 

in BS5T-HP, the PF follows an inverse trend where it increases with increase in 

temperature reaching a maximum value of 7.1 μWm−1K−2 at 465 K. The decreased 

value of PF in BS1T-HP and BS1T-HP could be attributed to the presence of 

multiphases of Bi2Te3 and BiTe present in the system. It could also be seen that there is 

a crossover from n-type (negative Seebeck) to p-type (positive Seebeck) in BS1T-HP at 

440 K which is represented in Fig 3.50(a). For BS5T-HP, the material becomes 

completely p-type as shown in Fig. 3.50(b). Brahmi et al. reported that this transition 

could be due to the movement of the Fermi level (Ef) away from the conduction band 

and towards the valence band caused by the increased contribution from acceptors by 
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changing the temperature.119 This result could provide a new pathway towards finding 

correct doping scheme for tailoring the TE properties for novel technological 

applications.  

3.4. Summary 

 BT nanostructures have been synthesised successfully by a simple, low-cost and 

low-temperature reflux method using deionized water as the solvent.  

 Structural and morphological changes were obtained by varying the reaction 

time in 75 mmol EDTA concentration where the reaction time facilitates the 

formation of different BT structures transforming from BiTe phase to Bi2Te3 

phase and reaction time of 24 h shows the hexagonal stacking and exhibits the 

best TE properties among the synthesised samples.  

 The EDTA concentration facilitates the formation of desired Bi2Te3 phase in 

lower reaction time and EDTA behaves not only as a capping agent but also acts 

as a soft template for lowering the surface energy to facilitate the formation of 

rod and sheet-like structures.  

 BT sample synthesized for an EDTA concentration of 100 mmol and reaction 

time of 24h exhibits the best TE figure of merit among the synthesized samples. 

 In addition to Bi2Te3, reaction mechanism has also been investigated in detail for 

Sb2Te3, SnTe and Sb-doped Bi2Te3 and it is suggested that aqueous based reflux 

reaction is not suitable for the synthesis of SnTe whereas partial formation of 

Sb2Te3 could be possible.    

 Hot pressed Sb-doped Bi2Te3 samples prepared by reflux method exhibits an n- 

to p-type transition with significant improvement in thermopower value.  

 The results achieved in this chapter indicate that optimization of reaction 

conditions could provide defect free, stoichiometric and stable products of Bi 

and Sb based chalcogenide nanostructures using a simple aqueous based reflux 

technique that provides appropriate ways for enhancing the overall TE 

performance of nanostructured chalcogenide materials.  
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                                                                                            Chapter 4  

Observation of Optical Band Gap Narrowing and 

Enhanced Magnetic Moment in Transition Metal 

Elements-Doped TiO2 Nanocrystals derived by sol-gel 

route 
 

 

 

 

 

 

This chapter illustrates the development of wide band gap 

semiconductors using sol-gel synthesis where undoped and 

transition metal elements doped anatase-TiO2 nanocrystals 

have been synthesized with tailored band-gaps and enhanced 

magnetization. Here, in-depth understanding regarding the 

contribution of non-magnetic (Cu and Zn), magnetic (Fe, Co 

and Ni) and antiferromagnetic (Cr and Mn) transition metal 

ions in TiO2 on the structural, morphological, optical and 

magnetic properties have been presented. The role of oxygen 

vacancy defects in the formation of bound magnetic polarons 

to induce a weak ferromagnetic behavior in oxide dilute 

magnetic semiconductors have been discussed in detail. 
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4.1. Introduction 

The structural and optical properties of TiO2 nanocrystals doped with different 

TM elements like Fe, Co, Ni, Cr, Mn, Cu, Zn, etc. and their influence on the magnetic 

properties and interaction of these doped ions with defects such as oxygen vacancies 

present in the TiO2 lattice have been reported in this chapter.1,2,3-7 Recently, few reports 

have suggested that successful incorporation of metal ions into the host lattice can 

induce a red shift in the band gap of TiO2 material and create oxygen vacancies which 

contribute towards FM.8 Very few studies have reported about the origin of magnetic 

behavior of TM-doped TiO2 and the formation of both TM ion site vacancies and 

oxygen site vacancies. Thus, we have investigated in detail the structural, 

morphological, optical and magnetic properties of the following TM ion-doped TiO2 

nanocrystals synthesized by a simple and cost effective sol-gel technique. 

(i) Non-magnetic elements, i.e. 3 atomic weight % doped Cu and Zn 

(ii) Ferromagnetic elements i.e. 3, 6, 9 and 12 atomic weight % doped Fe, Co and Ni 

(iii)Antiferromagnetic elements i.e. 3, 6, 9 and 12 atomic weight % doped Cr and Mn 

4.2. Experimental section 

Undoped and TM-doped (TM= Cu, Zn, Fe, Co, Ni, Cr and Mn) TiO2 

nanocrystals were synthesized by a simple sol-gel technique where titanium butoxide 

and corresponding metal nitrates were used as the Ti and metal ion precursors 

respectively. The synthesis approach enables the formation of stable anatase phase for 

all the studied samples and hence after named as shown in Table 4.1. The resultant sol-

gel materials were calcined at 400°C for 3.5 h in a muffle furnace under ambient air 

atmosphere. Their structure and phase purity were studied by XRD at room temperature 

using PANalytical X’Pert Pro diffractometer with Cu-Kα radiation. The crystal structure 

of anatase TiO2 was generated using Vesta software. Micro-Raman spectroscopy was 

performed using Horiba Jobin Yvon LabRAM HR 800 micro-Raman spectrometer 

using 1800 grooves mm-1 grating, with the spectral resolution of 2 cm-1 and an 

excitation wavelength of 405 nm. The particle size and morphology were studied using 

HR-TEM (FEI Tecnai F20, operated at 300 kV). Again, to confirm the elemental 

composition, an energy dispersive X-ray Fluorescence Spectrometry (ED-XRFS) study 
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was carried out using PANalytical Epsilon 3 and the obtained chemical compositions 

are tabulated in Table 4.2. The composition was further confirmed by Inductive 

Coupled Plasma-Mass Spectroscopy (ICP-MS, Thermofischer Scientific, Model iCAP-

RQ-ICPMS) for the selected samples and are tabulated in Table 4.3. Functional group 

identification of the prepared nanocrystals was investigated by Fourier Transform-

Infrared (FT-IR) spectra using a Bruker FT-IR spectrometer. The UV-Visible spectra of 

the samples were recorded by a Shimadzu UV 2401 PC spectrophotometer and the 

emission spectra were obtained from a spectrofluorometer (Cary Eclipse, Varian). The 

XPS study was carried out on powder samples at room temperature using a PHY 5000 

Versa Probe II, ULVAC-PHI, Inc instrument. The binding energies were corrected by 

taking C 1s as reference energy (C 1s = 284.60 eV). Curve fitting to the XPS spectrum 

was done using MultiPak Spectrum: ESCA. Background subtraction was done using the 

Shirley method. Magnetic studies were performed at room temperature using vibrating 

sample magnetometer (VSM) attached to the physical property measurement system, 

Quantum Design Inc., (USA).  

Table 4.1. Compositions and names of synthesized compounds 

 

 

 

Chemical compositions Sample Name 

Un-doped TiO2 T-P 

3% Cu-doped TiO2 T-Cu 

3% Zn-doped TiO2 T-Zn 

3%, 6%,9%and 12% Fe-doped TiO2 T3Fe, T6Fe, T9Fe and  T12Fe 

3%, 6%,9%and 12% Co-doped TiO2 T3Co, T6Co, T9Co and  T12Co 

3%, 6%,9%and 12% Ni-doped TiO2 T3Ni, T6Ni, T9Ni and  T12Ni 

3%, 6%,9%and 12% Cr-doped TiO2 T3Cr, T6Cr, T9Cr and  T12Cr 

3%, 6%,9%and 12% Mn-doped TiO2 T3Mn, T6Mn, T9Mn and  T12Mn 
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Table 4.2. ED-XRFS data of TM-doped TiO2 nanocrystals 

Compound Percentage of elemental oxides 

T-P 99.97 % TiO2 

T-Cu 97.10 % TiO2 + 2.90 % CuO  

T-Zn 97.03 % TiO2 + 2.97 % ZnO 

T3Fe 96.91% TiO2 + 3.09% Fe2O3  

T6Fe 93.93% TiO2 + 6.07% Fe2O3 

T9Fe 90.90% TiO2 + 9.10% Fe2O3 

T12Fe 87.82% TiO2 + 12.18% Fe2O3 

T3Co 96.94% TiO2 + 3.06% Co3O4  

T6Co 93.92% TiO2 + 6.08% Co3O4 

T9Co 90.89% TiO2 + 9.11% Co3O4 

T12Co 87.88% TiO2 + 12.12% Co3O4 

T3Ni 97.05% TiO2 + 2.95% NiO 

T6Ni 93.85% TiO2 + 6.15% NiO 

T9Ni 90.83% TiO2 + 9.17% NiO 

T12Ni 88.02% TiO2 + 11.98% NiO 

T3Cr 97.20% TiO2 + 2.80% Cr2O3  

T6Cr 94.31% TiO2 + 5.69% Cr2O3 

T9Cr 91.43% TiO2 + 8.57% Cr2O3 

T12Cr 88.22% TiO2 + 11.78% Cr2O3 

T3Mn 97.15% TiO2 + 2.85% MnO 

T6Mn 94.31% TiO2 + 5.69% MnO 

T9Mn 91.28% TiO2 + 8.72% MnO 

T12Mn 88.47% TiO2 + 11.53% MnO 
 

Table 4.3. ICP-MS analysis of selected TM-doped TiO2 nanocrystals 

 

 

 

4.3. Results and Discussion 

4.3.1. Undoped, Cu and Zn- doped TiO2 nanocrystals  

The present investigation studies in detail the structural, morphological, optical and 

magnetic behavior of nonmagnetic element (Cu and Zn) doped TiO2, synthesized via a 

simple sol-gel technique. 

 

Compounds Molar ratio of TM ions/Ti Actual composition 

T-P 0 TiO2 

T3Cu 0.032 Ti0.97Cu0.03O2 

T3Zn 0.034 Ti0.97Zn0.03O2 

T3Fe 0.027 Ti0.974Fe0.026O2 

T12Fe 0.118 Ti0.896Fe0.104O2 
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4.3.1.1. Structural Analysis 

Fig. 4.1(a, b) shows the indexed XRD patterns along with peak shift associated 

with each sample. All the samples were found to crystallize in the tetragonal anatase 

phase of TiO2 and match well with the JCPDS card No: 89-4921.9,10 No diffraction 

peaks related to Cu and Zn can be seen in the XRD pattern of T-Cu and T-Zn. The 

shifting of highest intense (101) peak as well as change in full width at half maximum 

(FWHM) in T-Cu and T-Zn of XRD patterns indicate the incorporation of Cu and Zn in 

the host lattice. Fig.4.2 (a, b and c) shows the Rietveld refinement patterns of the T-P, 

T-Cu and T-Zn nanocrystals. The crystallite size calculated from XRD analysis for T-P, 

T-Cu and T-Zn are 12.10 nm, 13.31 nm and 11.27 nm respectively. Rietveld refinement 

was carried out by varying 16 parameters such as background parameters, unit cell, 

shape and isotropic thermal parameters, and oxygen occupancy using the Fullprof-98 

program. The refined parameters of T-P, T-Cu and T-Zn are depicted in Table 4.4. The 

Rietveld refinement indicates the incorporation of Cu and Zn ions in the TiO2 matrix. 

As a representative of the series, the anatase crystal structure of TiO2 derived using 

Vesta software is depicted in Fig.4.2 (d). 

 

Fig.4.1. (a) Indexed XRD patterns of anatase T-P, T-Cu and T-Zn (b) peak shift associated with 

T-P, T-Cu and T-Zn 

Raman spectroscopy has been used to find out the crystallinity, phase, presence 

of defects, strain and disorder induced in the crystal due to dopant incorporation in the 

host lattice. To confirm the phase and crystallinity of T-P, T-Cu and T-Zn nanocrystals, 
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Raman spectra were taken and are shown in Fig. 4.3. Raman spectrum of T-P 

nanocrystals exhibit peaks which are located at around 144, 196, 398, 520 and 640 

cm−1.  These peaks correspond to the lattice vibration mode of the Eg (1), Eg (2), B1g (1), 

A1g+B1g (2), and Eg (3) mode of anatase TiO2 respectively 11-13.  The Eg mode appears  

 

Fig.4.2. Rietveld refinement of XRD patterns of (a) T-P, (b) T-Cu, (c) T-Zn nanocrystals and 

(d) Crystal structure of anatase TiO2 

 

due to O-Ti-O symmetric stretching vibration. B1g mode is associated with O-Ti-O 

symmetric bending vibration and the A1g mode is related to O-Ti-O anti-symmetric 

bending vibrations.14 Raman spectra of T-Cu and T-Zn show typical spectra of anatase 

TiO2. Furthermore, there is no Cu or Zn related Raman peaks in doped TiO2 samples. 

The absence of the characteristic Cu and Zn vibration modes in the Raman spectra 

reveals that there is no segregation of Cu or Zn in TiO2 nanocrystals. These results 

(a) 
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clearly suggest the solid solution formation in T-P, T-Cu and T-Zn samples, which is 

consistent with the XRD analysis. The absence of any other mode related to Cu, Zn, 

CuO, ZnO, Cu-Ti or Zn-Ti species within the detection limit of Raman spectra of doped 

samples indicates that the doped elements might have gone to the substitutional site  

Table 4.4. XRD Refinement parameters obtained for T-P, T-Cu and T-Zn 

Compound T-P T-Cu T-Zn 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7901 (1) 3.7932 (4) 3.7940 (5) 

c(Å) 9.4923 (3) 9.5016 (3) 9.5162 (1) 

Volume (Å)3 136.35 (2) 136.71 (1) 136.98 (3) 

Atomic positions 

Ti/Cu/Zn x (4a) 0.0000 0.0000 0.0000 

Ti/ Cu/Zn y (4a) 0.7500 0.7500 0.7500 

Ti/ Cu/Zn z (4a) 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 

O z (8e) 0.0848 0.0855 0.0833 

B iso (Ti/ Cu/Zn) 

(Å)2 

0.0005 0.0008 0.0006 

B iso (O) (Å)2 0.0045 0.0013 0.0017 

   Residual Parameters 

Rp 4.56 3.98 3.38 

Rwp 5.77 5.33 4.55 

χ2 1.89 1.94 1.83 

 

 

Fig.4.3. Raman spectra of (a) T-P, T-Cu and T-Zn samples (b) Raman peak shift of Eg (1) mode 

associated with T-P, T-Cu and T-Zn samples 
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replacing Ti in TiO2. The ionic size of Cu2+ (0.73 Å) is larger than that of Ti4+ (0.61 Å) 

and hence substitution of Cu on Ti site will distort the lattice structure. Also due to the 

charge difference between Ti4+ and Cu2+, substitution of Cu will generate oxygen 

vacancies in the lattice to maintain charge neutrality. It is very clear that the phonon 

confinement and non-stoichiometry due to defects associated with the system could 

induce disorders in the lattice leading to the shifting and broadening of Raman lines 13. 

Hence, it is believed that defects like oxygen vacancy in the material strongly affect the 

Raman modes. In our study, the most intense Eg (1) Raman mode at 144 cm-1 show blue 

shifting and slight broadening with doping (Fig. 4.3 (b)). So, both the phonon 

confinement and disorder in the host lattice induced due to the incorporation of Cu, Zn 

atoms/ions creating defects like oxygen vacancies in TiO2 have caused the shifting and 

broadening of the Raman peaks 15–17. 

4.3.1.2. Morphological Analysis 

Detailed TEM micrographs showing the morphology of the samples are given in 

Fig.4.4. Interestingly, formation of nanocrystals with average particle size of about 12 

nm in T-P which further agrees well with the crystallite size estimated from the XRD 

results. It is reported that sol-gel route facilitates the formation of nanostructures 18, 19. 

Cu substitution into the Ti site could result in lattice expansion due to larger ionic size 

of Cu and hence an increase in particle size is also expected as mentioned in the 

crystallite size calculation from XRD analysis. TEM results of T-Cu indicate the 

formation of nanocrystals having higher particle size (13 nm) than T-P sample (12 nm). 

Interestingly, T-Zn sample shows a decrease in particle size (11 nm) which also agrees 

well with the crystallite size calculated from XRD results. Previous reports suggest the 

reduction in particle size of TiO2 upon Zn doping 20. The T-P sample shows an average 

particle size of 12 nm and T-Zn samples show an average size of 11 nm suggesting 

that Zn doping has significantly decreased the size distribution of 

nanocrystals. Fig.4.4 (d-f) demonstrates the high resolution HR-TEM images of T-P, 

T-Cu and T-Zn samples respectively. The HR-TEM images show clear lattice fringes 

without any distortion in TiO2 and (Cu, Zn)-doped nanocrystals indicating the high 

crystallinity of the nanocrystals. The estimated interplanar spacing of adjacent lat tice 
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fringes of T-P corresponds to the (101) and (004) planes of anatase TiO2 which are 

shown in Fig. 4.4(d). Similarly, (101), (004) and (200) planes of T-Cu is represented 

in Fig. 4.4(e) and HR-TEM image and FFT suggests the crystalline nature and quality 

of the prepared samples. Further Fig.4.4 (f) demonstrates the (101) and (004) planes 

of T-Zn sample and the interplanar spacing obtained in each case are in accordance 

with the XRD patterns (Fig.4.1). Fig.4.4 (g-i) represents the SAED patterns of the T-P, 

T-Cu and T-Zn samples respectively which suggest the polycrystalline nature of all the 

samples and T-Cu shows an enhanced crystallinity among the three samples, which 

again corroborates with HR-TEM images and lattice fringes as discussed earlier.   

 

Fig. 4.4. (a-c) TEM images of T-P, T-Cu and T-Zn showing the formation of nanocrystals (d-f) 

HR- TEM images showing lattice fringes with FFT shown in the inset and (g-i) SAED patterns 

of samples. 
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4.3.1.3. FT-IR Analysis 

 FT-IR spectra of all the samples were taken at room temperature to identify the 

various functional groups and vibrational bands present in the samples which are shown 

in Fig. 4.5. Different bands observed in FT-IR spectra of T-P, T-Cu and T-Zn 

nanocrystals are summarized in Table 4.5. Among the different bands that appear in the 

spectra, the broad band around 3500 cm−1 corresponds to the stretching vibration of OH 

groups and could be due to the OH group associated with the Ti atoms, i.e., Ti–OH. The 

narrow band around 1650 cm−1 is well known for the characteristic bending vibrations 

of H–O–H. However, the peak close to 1400 cm−1 has been ascribed to C-O stretching 

bond present in the precursor material.  

This peak might have arisen as a result of the organic radical from Ti- butoxide 

which is adsorbed in the nanocrystals. The presence of organic components in studied 

samples are clearly observed from TEM images shown in Fig.4.6, in which the 

amorphous regions have been shown which suggest the existence of organic residues 

along with crystalline TiO2 nanocrystals. The FFT corresponding to different regions 

are also clearly demonstrated in Fig.4.6. The band centered at nearly 550 cm-1 are due to 

bonding among metal and oxygen, i.e., metal-oxygen bonds of (Ti-O) in undoped, (Ti-

O, Cu-O) and (Ti-O, Zn-O) in Cu and Zn-doped TiO2 nanocrystals21,22. Furthermore, no 

peak corresponding to any other oxide phases of doped elements appeared in the 

spectra. It reveals that doped metal ions are introduced into the Ti framework. This 

result corroborates with the results of XRD, and TEM as mentioned earlier. 

Table 4.5. FT-IR spectra of different vibration bands of T-P, T-Cu and T-Zn 

Vibration modes (cm-1) T-P T-Cu T-Zn 

O-Ti-O stretching 551 553 557 

O-H-O bending 1630 1630 1630 

O-H stretching 3455 3501 3504 

C-O stretching 1384 1384 1384 
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Fig.4.5. FT-IR spectra of T-P, T-Cu and T-Zn samples 

 

 

Fig.4.6. TEM images and corresponding FFT patterns of T-P (a,b) T-Cu (c,d) and T-Zn (e,f) 

showing the coexistence of both amorphous and crystalline regions  
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4.3.1.4. Optical Studies: UV-Visible and Photoluminescence Studies 

UV-Visible absorption spectroscopy is an important tool to study the optical 

transitions and defect states due to the incorporation of dopants in the host lattice. The 

optical absorption of all the samples was obtained from the diffuse reflectance spectra 

using Kubelka–Munk equation, F(R) = (1-R)2/2R in the range 300-800 nm. Fig. 4.7 (a) 

shows the UV-Visible absorption spectra of all the samples. The absorption spectrum of 

TiO2 sample generally exhibits sharp absorption around 385 nm which corresponds to 

the electronic transition from the valence band (O2p state) to the conduction band (Ti3d 

state).23 The undoped sample shows strong absorption in UV region and high 

transparency in visible region. The Cu and Zn-doped TiO2 nanocrystals show a regular 

shift of the absorption edge towards longer wavelengths due to incorporation of Cu and 

Zn in TiO2. A slight shift in optical absorption edge is observed for T-Zn which is 

around 385 nm whereas a clear red shift is observed for T-Cu towards longer 

wavelength. It is clear from XRD and TEM analysis that particle size is decreased with 

Zn doping and previous reports suggests that the red shift of the absorption edge cannot 

be due to quantum confinement effect 24. New energy bands are created within the band 

gap of TiO2 due to these metal ion doping. The transition from valence band to intra-

band energy levels or from these intermediate levels to the conduction band can cause 

the red shift of the absorption edge of TiO2. This red shift can be taken as an evidence 

for the incorporation of doped metal ions into the TiO2 lattice. The optical band gaps 

have been determined from the Tauc’s relation, ( )n

gh B h E   , where B is a 

constant and Eg is the optical band gap of the material, n is a number which 

characterizes the nature of electronic transition between valance band and conduction 

band and may have values 1/2, 2, 3/2 and 3 corresponding to the allowed direct, allowed 

indirect, forbidden direct, and forbidden indirect transitions, respectively25. Since 

anatase TiO2 is an indirect band gap semiconductor, we have chosen n=2. A graph is 

plotted with 
1

2h  on the ordinate and  h  on the abscissa and then the band gap is 

determined by extrapolating the linear portion of the graph. The band gap observed for 

T-P, T-Cu and T-Zn are 3.16 eV, 2.38 eV and 3.05 eV respectively which is illustrated 

in Fig.4.7 (b). The decrease in band gap for T-Cu and T-Zn is due to the incorporation 
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of metal ions into host crystal lattice. The red shift in bandgap due to Cu and Zn doping 

can be due to sp-d exchange interactions between the band electrons and the localized d- 

electrons of Cu2+ and Zn2+ ions substituting Ti4+ ions. The s-d and p-d exchange 

interactions give rise to downward shifting of conduction band edge and upward 

shifting of valence band edge resulting in narrowing of bandgap. The interaction of 

these metal ions with the conduction band electrons could have shifted the valence band 

by lowering the conduction band which results in the reduction of band gap for the 

doped TiO2 nanocrystals.  

 

Fig.4.7. T-P, T-Cu and T-Zn samples: (a) UV-Visible spectra (b) Corresponding Tauc’s plot 

Photoluminescence (PL) spectra provides information regarding structural 

matters, defects in the crystal lattice and trap states of the material which decides the 

electronic structure of materials. Thus PL spectra recorded for all the samples are shown 

in Fig.4.8 (a). The deconvoluted PL spectra of T-P, T-Cu and T-Zn are represented in 

Fig.4.8 (b), (c), (d) respectively, from which strong emission peaks are observed in the 

range 370 nm – 600 nm. The emission peak observed around 390 nm is due to the near 

band edge emission of host TiO2. The emission peaks located in between 400 - 450 nm 

have arisen as a result of self-trapped excitons (STE), oxygen vacancies, surface 

defects, etc. 26-29. The STE arises when a trapped electron captures a hole in TiO2, more 

clearly, the recombination occurs through oxygen vacancies present in the system. Since 

oxygen vacancies are intrinsic defects in TiO2 and Cu/Zn doping also creates oxygen 

vacancies due to the substitution of Cu+/ Cu2+/ Zn2+ on Ti4+, the emissions around 400 - 

450 nm are probably due to STE 26-29.   
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Fig.4.8. PL spectra of (a) T-P, T-Cu and T-Zn samples (b) deconvoluted PL spectra of T-P, (c) 

T-Cu, (d) T-Zn, (e) Schematic showing possible PL emissions and (f) Integrated PL intensity 

versus sample concentration. 

 

The emission peak at 490 nm appears as a result of charge transition from Ti3+ to TiO6
2- 

linked with oxygen vacancies 30 and the peak at nearly 520 nm may have appeared due 

to the F+-center formation 31, 32. The hydroxyl (OH) species as observed in the FT-IR 

spectra as well as confirmed from XPS analysis (which are discussed in the coming 

sections), can create an acceptor level just above the valence band and contributes for 
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the observed emission near 600 nm. It is expected that the presence of oxygen 

deficiency in small amounts cannot be ruled out in the air annealing process and hence 

the multiple oxidation states of Ti is expected in the system which is discussed in detail 

in the later sections. 

4.3.1.5. Magnetic Studies 

The M-H measurements of undoped, Cu-doped and Zn-doped TiO2 were 

performed by varying the magnetic field from -90 kOe to +90 kOe at room temperature. 

and the plots are shown in Fig. 4.9 (a). A PM behavior is observed for T-P and T-Cu 

whereas a diamagnetic tail is noticed for T-Zn. However, it is interesting to note that the 

M–H loops show weak FM in T-P and T-Cu sample (Fig. 4.9 (b) and 4.9 (c)) at lower 

fields. There is a slight increase in the magnetic moment in T-Cu sample. The inset in 

Fig. 4.9 (b) shows the M-H plot (zoomed) at lower field of T-P sample at 300 K which 

gives Hc of 305 Oe. There is similar observation for T-Cu sample as shown in inset of 

Fig.4.9 (c) from which HC of 120 Oe is noticed. It can be interpreted that different 

oxidation states of both Ti and Cu might have induced weak FM in the case of T-Cu 

sample. Hence, the electronic contribution from Cu+ and Cu2+ could have played crucial 

role in determining the magnetism of the T-Cu material. The contribution from either 

Ti3+/Cu2+ cannot be disregarded in T-P and T-Cu samples, due to which weak FM might 

have observed at lower fields. RTFM is generally observed when magnetic impurities 

are introduced into the host lattice due to the FM behavior of the magnetic impurities.  

Interestingly, very few reports have suggested the observation of PM and FM behavior 

due to the presence of non-magnetic impurities which could be mainly due to the charge 

carriers trapped by oxygen vacancies 33-41. Some reports 42 have demonstrated the 

suppression of FM in TiO2 even in the presence of magnetic impurities resulting in PM 

or AFM behavior due to the presence of secondary phases associated with the reported 

samples. In the present study, XRD and Raman analysis eliminate the presence of any 

other secondary phases like Cu or Cu related oxides in the case of T-Cu sample. It is 

interesting to note that undoped TiO2 exhibit weak RTFM which may have arisen due to 

intrinsic defects such as Ti site vacancies, oxygen vacancies, Ti3+ ions or Ti interstitials. 
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This observation on the RTFM in TiO2 based system reveals that magnetic 

properties may not be completely depending on the magnetic ions, but may be mediated 

effectively by the point defects such as oxygen vacancies or host lattice vacancies. 

Thus, point defects mediated FM is termed as ‘d0 ferromagnetism’ which is commonly 

noticed in nanostructures having high surface area to volume ratio and exhibiting 

notable surface defects 43, 44. Hence, the size and morphology of nanostructures can 

strongly determine the observed FM, which is so crucial in studying the defect-related 

FM. The occurrence of intrinsic magnetic moment in TiO2 nanoparticles can be 

explained by the magnetic interactions caused by the isolated magnetic moments arising 

as a result of partially filled electron shells due to imperfections at the surface and inter 

surface ultimately leading to the surface magnetic moments in nonmagnetic TiO2 

material. Hence, it can be assumed that surface defect states of TiO2 nanoparticles could 

be responsible for the intrinsic origin of the macroscopic d0 FM in TiO2 nanostructures. 

 

Fig.4.9. M-H curves measured at 300K (a) T-P, T-Cu and T-Zn nanocrystals, (b) T-P,(c) T-Cu 

and (d) T-Zn, Insets in (b), (c), (d) show the M-H plots (zoomed) at lower field. 
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The presence of FM in both T-P and T-Cu and an increase in magnetic moment 

in T-Cu indicate that magnetism can be enhanced due to Cu-doping which may have 

created more vacancies/Ti3+ ions which is well in accordance with the PL results. But in 

the case of Zn-doped samples although magnetization is observed at lower fields as 

shown in Fig. 4.9 (c), but an absence of clear PM/FM behavior indicates that long range 

FM ordering has been lost in the sample, which can be due to the interaction of oxygen 

vacancies/Zn2+ ions with Zn ions inhibiting FM/PM. Although, the T-Zn sample 

exhibits a diamagnetic behavior at higher magnetic fields, a positive response to the 

magnetic field well below 1 Tesla is observed (as shown in the inset of Fig.4.9 (d)). The 

observation of weak FM at lower magnetic fields might be due to the presence of 

oxygen vacancy defects and oxygen interstitial defects. In DMS materials, especially in 

nanostructured DMS materials, the existence of weak FM at lower fields and absence of 

which at higher fields is quite common. This is due to the defects associated with TiO2 

system, i.e., surface defects (such as oxygen vacancies, VO) as well as interstitial 

defects. The VO defects will be inherent in most of the nanomaterials (VO defect’s 

contribution towards magnetism is too small), at the same time, oxygen interstitials (Oi) 

also can contribute towards magnetism (Oi defect’s contribution towards magnetism is 

significant compared to VO). These defects could easily trap surface electrons and could 

provide magnetic moment. The FM order generated from Oi- and/or VO-related defects, 

if possible, would be small with very small coercivity.45A very weak FM observed at 

lower fields could be attributed to the d0 mechanism as explained above. This could 

lead to the formation of BMPs similar to undoped and Cu-doped samples where small 

particle size could induce single domain in the system. Raman, UV-Visible analysis 

indicate the presence of defects like Ti/Cu/Zn site vacancies or oxygen vacancies in T-

P, T-Cu, T-Zn samples. The presence of these deficiencies in both undoped and Cu, Zn-

doped samples may have been obtained due to the synthesis conditions, surface defects 

especially arising when nanostructuring due to particle size reduction and these vacancy 

defects are responsible for variation in the magnetic behavior observed in undoped and 

doped samples of TiO2. A perfect diamagnetism is absent in Zn-doped sample as shown 

in Fig.4.9 (d) and a diamagnetic tail is observed which is due to the effect of surface 
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defects and oxygen vacancy defects even though stable Zn2+ and Ti4+exist in the T-Zn 

sample. 

4.3.1.6. XPS Analysis 

In order to have a detailed understanding of the relationship between magnetic 

properties and oxidation states of Ti, Cu, Zn and oxygen, XPS spectra have been 

recorded for all the samples and are shown in Fig. 4.10 – 4.12. Fig.4.10 (a) shows the 

wide scan spectra of undoped TiO2. Elemental scan of Ti in undoped sample is shown 

in Fig.4.10 (b). The binding energies of Ti 2p3/2 and Ti 2p1/2 for the undoped sample are 

458.09 eV and 463.76 eV, which are in consistent with that of Ti4+. The small peaks at 

457.31 eV and 461.10 eV confirm the presence of Ti3+ which indicates the existence of 

both Ti3+ and Ti4+ in the T-P sample 46. Hence, the peaks corresponding to the binding 

energies of both Ti3+ and Ti4+ ions were observed 47, which suggests the delocalization 

of electrons between oxygen vacancies and Ti3+ ions on the surface. The O 1s spectrum 

of undoped sample is shown in Fig.4.10 (c) and the deconvoluted O 1s peak gives three 

peaks at 529.43 eV, 529.81 eV and 531.41 eV which are ascribed to lattice oxygen, 

hydroxyl groups and adsorbed water respectively. 48, 49 The XPS wide scan of T-Cu is 

represented in Fig.4.11 (a), which indicates the presence of Cu with the appearance of 

Cu2p peak 46. The elemental scan of Ti, Cu and O are shown in Fig. 4.11 (b), (c) and (d) 

respectively. The peaks at 457.51 eV and 463.94 eV correspond to the presence of Ti3+ 

and at 458.97 eV and 464.72 eV corresponds to Ti4+ ions 46. Hence, the presence of both 

Ti3+ and Ti4+ is confirmed in Cu doped samples. The binding energies of 931.64 eV and 

933.45 eV of Cu 2p3/2 suggest the presence of Cu+ and Cu2+ in the present system 46,50 

rather than metallic Cu 51, 52 and hence Ti3+/Ti4+/Cu+/Cu2+ interactions are possible in the 

Cu-doped system. A slight shift in the peak position of O1s spectrum was observed in 

Cu-doped sample in comparison to the undoped sample indicating a change in the 

surface environments of Cu-doped sample. The O 1s spectrum of Cu-doped sample 

show a red shift at 531.49, 532.10 and 533.33 eV respectively, which indicates a lesser 

contribution from the Ti3+-O bonds 53. The contribution of surface oxygen is 

significantly more in T-Cu in comparison to undoped T-P as shown in Fig. 4.11 (d). 
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Fig.4.10. XPS spectra of T-P sample (a) Wide scan of T-P (b) Ti 2p and (c) O 1s 

The appearance of Zn 3s and Zn 3p peaks in the wide scan of T-Zn sample 

indicates the presence of Zn in T-Zn sample which is represented in Fig. 4.12 (a). The 

detailed elemental scan of Ti, Zn and O is depicted in Fig.4.12 (b), (c) and (d) 

respectively. The peaks corresponding to 458.69 and 464.48 eV represent the Ti 2p3/2 

and Ti 2p1/2 states which suggest that Ti exists as Ti4+ in T-Zn sample as shown in 

Fig.4.12 (b) where peaks corresponding to Ti3+ are completely absent. In the elemental 

scan of Zn, two peaks of Zn 2p spectrum corresponding to Zn 2p3/2 and Zn 2p1/2 

electronic states of Zn (II) with binding energies of 1021.99 eV and 1045.08 eV are 

observed which are clearly shown in Fig.4.12 (c). Hence, it is confirmed that Zn is 

bivalent in T-Zn. Therefore, it is well understood that Zn2+ exist mainly in ZnO clusters 

dispersed on TiO2 surface and this could be the reason for perfect diamagnetism 

exhibited by T-Zn as shown in Fig.4.9 (c). The O 1s spectrum of T-Zn sample is shown 

in Fig.4.12 (d) and after deconvolution, the O 1s peak of the sample is split into three 

peaks at 529.89, 530.01 and 531.58 eV. The behavior of O 1s spectrum of T-Zn is 

almost similar to T-P and slight peak shifts observed among T-P, T-Cu and T-Zn could 
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be due to the different surface oxygen contributions present in the respective samples. 

The intense peak at about 529.89 eV arises due to the oxygen in the TiO2 crystal lattice 

(OL), while the other oxygen peaks are the outcome of hydroxyl groups (OH, 530.01 

eV) and adsorbed water (H2O, 531.58 eV) respectively as shown in Fig.4.12 (d). 

 
Fig.4.11. XPS spectra of T-Cu sample (a) Wide scan showing the presence of Cu (b) Ti 2p, (c) 

Cu 2p and (d) O 1s spectra along with deconvolution 

4.3.1.7. Explanation of magnetic behaviour  

Here, it is attempted to investigate the influence of TM ion site vacancies and 

oxygen vacancies on the magnetic behavior of the TiO2 material due to the 

incorporation of non-magnetic elements in TiO2. The origin of RTFM observed for the 

undoped sample (inset of Fig. 4.9 (b) has been mainly attributed to the particle size 

effect, defect concentration and Ti oxidation states. It has been observed that the 

reduction of particle size has a strong influence on the magnetic properties of 

nanostructured TiO2 material. The observed results suggest that the nanocrystalline 

material form in such a way that larger particles would be preferentially doped over the 

smaller particles. As the grain size further decreases, the surface area to volume ratio 

increases and the contribution from the grain boundary defects increases. 
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Fig.4.12. XPS spectra of T-Zn sample (a) Wide scan showing the presence of Zn (b) Ti 2p and  

(c) Zn 2p and (d) O 1s spectra along with the deconvolution 

Thus, the inside of the nanocrystalline compound has magnetic properties same 

as that of the bulk counterpart while the amorphous outer layer is magnetically 

disordered due to more crystallographic defects and oxygen vacancies. Thus, due to the 

high disordered state of the outer region, the net magnetic moment of this amorphous 

region is zero, which in turn reduces the magnetization of the nanocrystalline compound 

compared to that of bulk counterpart. There is a strong exchange coupling taking place 

between the inner region and outer region of the nanocrystalline compound. The 

magnetically disordered state in the outer layer has a surface anisotropy contribution 

towards the effective anisotropy of the nanocrystalline compound. The effect of the 

surface anisotropy increases with a decrease in crystallite size. Thus, the broken 

symmetry due to the grain surface effects has a strong influence on the magnetic 

properties of nanocrystalline materials. The variation of HC and magnetic moment with 

particle size for the undoped and Cu,Zu-doped TiO2 has been plotted and is shown in 

Fig.4.13. In general, the effect of surface anisotropy increases with a decrease in 
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crystallite size. Thus the observed coercivity of the nanocrystalline compound is due to 

the surface anisotropy contribution by the insulating grain boundary growth. Thus the 

broken symmetry due to the grain surface effects has a strong influence on the physical 

properties of nanocrystalline materials. However, the variation shown in Fig. 4.13 could 

be primarily governed by oxygen defects rather than particle size effects. 

 
Fig.4.13. Variation of coercivity and magnetization with particle size  

     

One of the theoretical reports suggest that a weak FM component in Ti can exist 

as a result of oxygen vacancy even without the presence of any secondary phases or 

magnetic impurities present at the Ti site. 39. Even though there is a weak FM behavior, 

a considerable magnetic moment may not be observed with the generation of oxygen 

vacancy interaction with the trapped electrons in TiO2 material.54 Depending on the 

magnetic interactions present between the Ti3+/Ti4+ ions and Ti3+ interaction with 

oxygen site vacancies, magnetic interactions such as diamagnetism, AFM, 

ferrimagnetism or FM could be liable to occur in undoped TiO2 system. The charge 

redistribution associated with the oxygen vacancies can decide the magnetic properties 

of TiO2 material, which is reflected in the controversial results obtained in different 

TiO2 based systems.39,54  

Oxygen vacancy is associated with the formation of F-centres and the interaction 

of these leads to the change in magnetic behavior of the material due to the trapping of 

electrons and charge redistribution occurring on the surface of TiO2. When such an 

electron trapping occurs on the surface of TiO2, it results in the formation of an F-centre 
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and an electron interacting with the F-centre could play with the nearby localized Ti4+ 

and subsequently, conversion of Ti4+ ions into Ti3+ ions occurs, leading to the formation 

of a F+-centre.55 The formation of Ti3+ is confirmed from the XPS analysis and F+ defect 

centres are observed from the PL analysis as discussed in the previous section. BMPs 

may be generated as a result of localization of electrons in the F+-centre and could 

develop magnetism by ordering the electron spin associated with Ti3+ (3d1) located 

around oxygen vacancies. In the case of undoped TiO2 sample, s–d exchange interaction 

associated with the 1s1 electron spin of the F+-centre and the 3d1 electron spin 

originating from Ti3+ ions could easily favor a long-range FM ordering which is 

reflected in the magnetic measurements.  

However, the magnetic properties and defects associated with TM-doped TiO2 

can effectively demonstrated by using the well-known BMP theory, proposed by Coey 

et al.,56 as TiO2 based systems can be considered as insulating system consisting of 

localized carriers. The BMP theory suggests that when oxygen vacancy comprising of a 

trapped electron (F+ center) could effectively be treated as 1s hydrogenic type orbital 

with an electronic configuration of 1s1. It can easily interact with nearby 3d orbitals of 

Ti/TM leading to the formation of BMPs. According to the BMP theory, it is believed 

that long range FM can be exhibited by the system when the size of BMPs is quite large 

to percolate through the host lattice. There are reports suggesting a weak FM behavior 

in the system due to the presence of oxygen vacancy even without the existence of any 

magnetic dopant occupying the Ti site.54,57 Therefore, in DMS systems based on oxide 

materials having localized carriers, the most widely used and accepted theory is the 

BMP theory, proposed by Coey et al. when comparing with any other model for the 

explanation of defect assisted magnetic response.  

Another possible way to get the FM behavior in undoped sample is the O 2p 

orbitals that arise from Ti site vacancy rather than the Ti 3d orbitals and oxygen 

vacancies. Hence, the intensity of d0 magnetism in the undoped TiO2 nanostructures is 

determined by the population of Ti site vacancy at surface and or edge regions. To 

control the RTFM in undoped TiO2 nanostructures, in general, factors towards surface 

defect state and defect density is to be manipulated. From these observations, the best 
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strategy to promote RTFM in undoped TiO2 for spintronics related applications is to 

stabilize enough Ti vacancies near the surface in TiO2 nanostructures by maintaining the 

crystalline quality of the material. Hence, a combined effort among the surface defects, 

Ti site vacancy and oxygen vacancy is ultimately leading to the electrons trapped at the 

defect sites leading to the BMP formation and ultimately deciding the magnetic 

behavior of undoped TiO2 nanostructures. The interaction will be much stronger if the 

dopant ion contributes some 3d electrons which is exactly happening between the F+-

centre and Cu2+ ions to generate more number of BMPs, hence along with the s-d 

interaction mentioned above, another interaction in Cu-doped TiO2 could arise among 

the F+-centres and 3d9 electron spin of Cu2+ ions leading to FM ordering and enhanced 

magnetic moment. Previous reports suggest the formation of a 1s2 state with the doubly 

occupied F-centres, which leads to a weak AFM interaction.56 

It is clear from these discussions that the ability of a system to generate more 

number of BMPs either due to Ti3+ or Cu2+ ions with the F+-centre or both together, 

where an orbital overlapping with the unpaired 3d1 electron of Ti3+ ions or the unpaired 

3d9 electron of Cu2+ ions is responsible for the observed RTFM which has happened in 

the present case, i.e., in T-Cu sample. Here, the concept of mixed valence ions also 

holds good along with the concept of surface defects and hence the possible role of 

charge transfer FM can also be used to explain the RTFM.58,59 The room temperature 

M-H loop at lower fields show a weak FM behavior in T-Zn, which further corroborates 

the PL results and the formation of defect centres and surface free electrons inherently 

present in the TiO2 system is crucial in determining the magnetic behavior in the T-Zn 

sample. Rather than the oxygen vacancies, O 2p orbitals resulting from Ti/Zn site 

vacancy could be favorable for the magnetic response of T-Zn at lower fields. However, 

the diamagnetic tail observed at higher fields indicates the presence of Ti4+ and Zn2+ in 

T-Zn sample which is in agreement with the XPS results. BMP fitting has been carried 

out on undoped and Cu, Zn-doped samples to investigate the impact of oxygen vacancy 

and non-magnetic ion concentrations.60,61  According to this model, the measured 

magnetization can be fitted using the following relation;  

         M = M0L(x) + χmH.                        (4.1) 
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In the above mentioned equation, the first term accounts for BMP contribution and the 

second term is associated with the PM matrix contribution. The value of M0 can be 

represented as the product of N and ms, where N is the number of BMPs involved (per 

cm3) and ms is the effective spontaneous magnetic moment per BMP. The Langevin 

function, L(x) is defined as L(x) = coth(x) – 1/x where x = meff H/kBT. The term meff  is 

the true spontaneous magnetic moment per BMP and is approximated to ms. The 

parameters M0, meff and χm are the variables in the fitting process. The experimental and 

fitted data to estimate the BMP concentration for undoped and Cu, Zn-doped samples 

are represented in Fig. 4.14 and it can be observed that the fitted data is very well in 

accordance with the experimental data. The obtained parameters are represented in Fig. 

4.14 (d) from which the BMP concentration is found to be highest in T-Cu sample due 

to which the magnetic moment is more in comparison to T-P or T-Zn which is 

corroborated with the size versus moment plot shown in Fig.4.13.  

Fig.4.14. BMP fitting employed to estimate the concentration of magnetic polarons of (a) T-P 

and (b) T-Cu (c) T-Zn and (d) parameters obtained from langevin-fit for T-P,   T-Cu and T-Zn  
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Fig.4.15. Schematic showing the spin states of valence shell electrons in T-P, T-Cu and T-Zn 

In order to have a clear understanding regarding the spin interactions in these 

samples, a schematic representation is developed based on the results of XPS analysis 

which is depicted in Fig.4.15. As per the earlier discussions, the presence of Ti3+ is 

suggested in undoped T-P sample along with Ti4+. The ratio of Ti3+ to Ti4+ is 

considerably small as shown in Fig.4.10 (b). Still, this small fraction of Ti3+ could have 

unpaired electrons in the 3d state as shown in Fig.4.15 and it can interact with the 

oxygen vacancy centres associated with the T-P sample as discussed previously. In the 

case of T-Cu, Cu2+ can be considered to be magnetic with one free electron and defect 

centres on the surface of TiO2 system locally traps the electrons, ultimately leading to 

the formation of an F-centre where one of the electrons associated with the F-centre will 

have a tendency to interact with the adjacent localized Ti4+ and convert Ti4+ ions into 

Ti3+ ions, resulting in the formation of an F+-centre. This mechanism can be well 

corroborated with the magnetic measurements also. But in the case of Zn-doped 

samples, Zn2+ is the most stable oxidation state which is diamagnetic in nature and the 

formation of both Ti3+ and F+-centre will be hindered here ultimately leading to the 

diamagnetic tail like behavior of the sample. The formation of F-centres and F+-centres 

will be facilitated due to the trapped electrons in these defect sites. The F+-centre 

formation ultimately leads to the formation of BMPs, which favors the FM interaction. 

The room temperature M-H loop at lower fields show a weak RTFM which further 
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corroborates the PL results and the formation of defect centres and 3d1 interaction of 

Ti3+/Cu2+ plays a crucial role in generating the magnetic response in the undoped and 

Cu-doped sample.  

 
Fig.4.16. Schematic showing the BMP interactions in (a) T-P, (b) T-Cu and (c) absence of BMP 

formation in T-Zn 

A similar behavior is observed for T-Zn also especially at lower magnetic fields, 

whereas at higher fields, i.e., above 10000 Oe, the magnetic contribution from Ti4+ and 

Zn2+ magnetic contribution is dominated and ultimately diamagnetic tails are observed 

and hence the ratio of Ti3+/Ti4+ is crucial in determining the magnetic behavior in both 

undoped and doped  samples. The previous discussions suggest the absence of expected 

perfect diamagnetism in T-Zn due to the defects associated with the system and the XPS 

results illustrate the presence of Ti4+ and Zn2+ in the T-Zn system, where there is no 

unpaired electrons at all to contribute towards a long range FM as shown in Fig.4.15 

and Fig.4.16. 
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4.3.2. Ferromagnetic elements (Fe,Co,Ni)-doped TiO2 nanocrystals  

The study on ferromagnetic elements-doped TiO2 nanocrystals could provide a 

new pathway in the field of spintronics and magneto optics by tuning the optical and 

magnetic properties through appropriate doping to accomplish the functional 

applications and the detailed investigations are given below. 

4.3.2.1. Structural Analysis 

X-ray diffraction studies corresponding to Fe, Co and Ni-doped TiO2 are 

discussed in the following sub sections. 

A.  X-ray diffraction studies of Fe-doped TiO2 

 XRD patterns of Fe-doped TiO2 nanopowders are shown in Fig. 4.17. From 

Fig.4.17, the diffraction peaks could be well indexed and matches well with ICDD data 

of tetragonal anatase TiO2 (space group I41/amd (ICDD 78-2486)). The diffraction 

patterns confirm the absence of any other impurity phases related to rutile or Fe or 

Fe2O3 showing that crystal structure and anatase phase is not disturbed due to Fe doping 

at Ti site.  

 
    Fig.4.17. XRD patterns of T3Fe, T6Fe, T9Fe and T12Fe  

Rietveld refinement has been carried out on the XRD data using Fullprof 

software which is depicted in Fig. 4.18(a–d) and the refined parameters are represented 
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in Table 4.6. Rietveld refinement also confirms the single-phase anatase tetragonal TiO2 

structure and the absence of any secondary phases in Fe-doped samples. Refined data, 

shows a slight decrease in lattice parameter and unit cell volume, which is expected as 

the ionic radius of Fe2+ (0.61 Å) is comparable with Ti4+ ions (0.61 Å) 62 and the ionic 

radius of Fe3+ (0.55 Å) is smaller than that of Ti4+ ions (shown in Table 4.6.).  

 

Fig.4.18. Refined XRD patterns of Fe-doped TiO2 (a) T3Fe, (b) T6Fe, (c) T9Fe (d) T12Fe. 

The decrease in particle size is also attributed due to the close agreement in ionic 

radius of dopant and host ions. A systematic decrease in the main peak intensity and a 

drastic reduction in the average crystallite size for Fe-doped TiO2 are observed from 

T3Fe to T12Fe as shown in Fig.4.19 (a) and (b). The peak shift associated with varying 

Fe content is demonstrated in Fig.4.19 (c) for the most intense peak (101) and the 

variation in FWHM for doped samples justify the incorporation of Fe in TiO2.
63 The 

intensity ratios associated with I101/I004 and I101/I200 for all the samples are shown in Fig. 

4.19 (d). Rietveld refinement confirms TiO2 with a Fe concentration of 12% do not 

cause any change in the phase, amorphization of the lattice and presence of any 
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impurity phases is eliminated within the detection limit of XRD.  When we consider the 

intensity of an XRD peak, the atomic form factor (fN) is a measure of an atom’s 

scattering power while it doesn’t depend on the atomic position of the atoms in a unit 

cell and is essentially different for different atoms. Structure factor (F) gives 

information regarding the total scattering power of all the atoms in the crystal. These are 

related through the following relation,64 

 Fhkl  = fN exp[2i(huN + kvN + lwN)]  (4.2) 

In equation (4.2), uN, vN, wN are the atomic positions in a unit cell and N corresponds to 

the total number of atoms in a unit cell. It is observed that the XRD peak intensity of Fe 

doped TiO2 nanocrystals progressively decreases with Fe content compared to that of 

undoped TiO2 nanocrystals.65 By considering equation (4.2), we can represent the XRD  

peak intensity, I of Fe-doped TiO2 nanocrystals as,  

I = [Af1(1 - x) - Bf2x]2   (4.3) 

where f1 and f2 are the Ti and Fe ion’s form factors. A and B are the parameters 

obtained from the fitting of equation (4.3) to experimentally obtained XRD patterns and 

x is the atomic ratio of Fe. Since fN of oxygen is negligible, the contribution to XRD 

peak intensity by oxygen is neglected in equation (4.3). The most intense (101) peak is 

fitted with equation (4.3) and is shown in Fig. 4.19 (a). A large B value implies that the 

x value increases with Fe substitution suggesting that Fe atoms cause out of phase 

scattering of the waves compared to Ti atoms which is the reason for the decreased 

XRD peak intensity. This argument can be validated due to the fact that nanoparticles 

generally will try to drive out the dopant atoms, as a part of the self-purification 

mechanism to achieve the state of minimum energy.66 Under such circumstances, it is 

interesting to note that the amount of dopant atoms would be greater near the surface of 

the nanocrystals than that at the core. In the fitting process, the larger the value of B, the 

higher the concentration of Fe ions present at the TiO2 surface. A systematic decrease in 

the intensity of XRD peaks affirms the incorporation of Fe in to the TiO2 lattice by the 

replacement of Ti ions with Fe and not by occupying the interstitial sites of TiO2.  
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Table 4.6. Refinement parameters obtained for Fe-doped TiO2 nanocrystals 

Compound T3Fe T6Fe T9Fe T12Fe 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7834 (5) 3.7810 (2) 3.7793 (3) 3.7772 (5) 

c(Å) 9.4902 (1) 9.4881 (4) 9.4854 (1) 9.4843 (2) 

Volume (Å)3 135.81 (1) 135.64 (3) 135.45 (1) 135.29 (4) 

Atomic positions 

Ti/Fe x (4a) 0.0000 0.0000 0.0000 0.0000 

Ti/ Fe y (4a) 0.7500 0.7500 0.7500 0.7500 

Ti/ Fe z (4a) 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0846 0.0833 0.0829 0.0857 

B iso (Ti/ Fe) (Å)2 0.0003 0.0007 0.0008 0.0005 

B iso (O) (Å)2 0.0031 0.0014 0.0012 0.0008 

   Residual Parameters  

Rp 4.19 4.16 4.35 4.14 

Rwp 5.23 5.44 5.33 5.39 

χ2 1.47 1.46 1.47 1.47 

The average crystallite size obtained from the Scherrer’s equation from the 

FWHM value of (101) peak of all the synthesized samples are shown in Fig. 4.19 (b) 

and Fig.4.20 which shows a decreasing trend with increasing Fe ions. This observation 

gives an impression that Fe ions in TiO2 lattice can inhibit the TiO2 crystal growth as a 

result of increased Fe atoms leading to subsequent grain size reduction. Earlier reports 

suggest a decrease in size with Fe doping in nanocrystalline TiO2.
67 As mentioned 

earlier, the substitution of Fe3+/ Fe2+ ions with comparatively low ionic radii than Ti4+ 

could be the reason for the decreased crystallite size.68 In the bottom-up approach, a 

two-step mechanism can be suggested for the solution based synthesis of TiO2 

nanocrystals. Initial stage involves the formation of critical nuclei of the material and 

under preferable conditions which could grow considerably and allow the formation of 

nanocrystals in the second stage. In general, nucleation will be homogeneous and a 

poly-nuclear growth mechanism will determine the growth rate of the nanocrystals in 
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the case of mono-sized particles.69 Thus, considering the semi-empirical kinetics 

equation, the rate of crystallization (R) can be represented as,  

 R = kF(g)σ          (4.4) 

where k denotes the crystal growth rate constant, F(g) is a function representing the 

available growth sites and σ is the relative supersaturation which is denoted as (C - 

Cα)/Cα, C and Cα representing the concentration of solute in the solution and at 

equilibrium state respectively.70 In the present case, the function F(g) approaches the 

maximum when Ti atoms provide the maximum growth sites and approaches a 

minimum when Fe ions are maximum at the growth sites. If we assume a poly-nuclear 

process for the growth mechanism, there is a linear relation for the particle radius (r) 

with time (t) such that, 

r = r0 + kpt          (4.5) 

where r0 is the initial nuclear size and kp is a constant dependent on temperature. Using 

the above equations, one can determine the nanocrystallite size and this can be 

represented in terms of Fe ion concentration (x) as, 

r = r0 - kF(g)x          (4.6)  

more appropriately as, 

r = r0 - D          (4.7) 

where D represents the negative growth rate of TiO2 nanocrystals as a result of the 

incorporation of lesser ionic radii Fe atoms that subsequently leads to a considerable 

reduction in the growth centres. Fig. 4.19 (b) shows the reliability of the fit to the 

variation in crystallite size with Fe dopant concentration using equation (4.7). When we 

consider the growth of undoped TiO2 nanocrystals, the binding energies of Ti and O 

ions will approach a maximum when the dopant ions are absent on a growing nucleus, 

while the incorporation of dopant ions effectively reduces their binding energies.71 

During the fitting process, when the D value is higher than unity in equation (6), surface 

concentration of Fe ions can be treated to be of maximum. The different intensity ratios, 

i.e., I101/I004 and I101/I200 corresponding to (101), (004) and (200) peaks are plotted 

against Fe concentration for each samples and are shown in Fig. 4.19 (d). It is clear 

from Fig. 4.19 (d) that an increase in Fe concentration causes a decrease in I101/I004 and  
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Fig.4.19. (a) Variation of XRD intensities with Fe concentration (b) variation of crystallite size 

(c) Peak shift associated with T3Fe, T6Fe, T9Fe and T12Fe (d) Intensity ratio corresponding to 

I101/I004 and I101/I200 with Fe concentration 

 

Fig.4.20. Estimation of FWHM from the most intense (101) peak of (a) T3Fe (b) T6Fe (c) T9Fe 

and (d) T12Fe 
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I101/I200 which suggest the replacement of Ti4+ ions with Fe ions. Apart from the ionic 

radii concept, oxygen vacancies can inhibit the growth kinetics and a decrease in 

particle size can occur. This is specifically due to the Fe2+/Fe3+ ions adsorbed at the 

TiO2 nanoparticles surface during their formation. In the sol-gel process, doping with 

Fe2+/Fe3+ significantly affects the adsorption sites and will retard the growth mechanism 

associated with the TiO2 system. It is reported that samples annealed at higher 

temperatures show a significant reduction in size of nanocrystals with Fe 

concentration.72 In the present investigation, the anatase TiO2 samples are annealed at 

673 K and hence it is possible to exhibit a similar behavior where the presence of slight 

amount of oxygen vacancies cannot be ruled out.  

B. X-ray diffraction studies of Co-doped TiO2  

The XRD patterns of Co-doped TiO2 powder with varying Co concentrations 

(T3Co, T6Co, T9Co and T12Co) are shown in Fig. 4.21 (a). All the diffraction peaks 

are well indexed and correspond to the tetragonal anatase phase of TiO2 (space group 

I41/amd (ICDD 78-2486). The diffraction patterns do not show any secondary phase 

peak related to rutile or Co or CoO showing that anatase phase is not disturbed due to 

Co doping in TiO2. A slight shift in the peak position of the most intense peak (101) 

(shown in Fig. 4.21 (b)) and the change in FWHM for the doped samples indicate the 

incorporation of Co in TiO2.
27 

 
Fig.4.21. (a) XRD patterns of Co-doped TiO2 nanocrystals (b) peak shift associated with T3Co, 

T6Co, T9Co and T12Co 
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Fig.4.22. Refined XRD patterns of Co-TiO2 nanocrystals (a)T3Co,(b)T6Co,(c)T9Co (d) T12Co 

The average particle size of undoped and Co-doped TiO2 powder determined from XRD 

pattern using Scherer's equation taking (101) peak as reference was found out to be 

around 14 nm and 14-20 nm respectively. The Rietveld refinement of the XRD data was 

done using Fullprof software which is shown in Fig. 4.22 (a–d) and the refined 

parameters are given in Table 4.7. The Rietveld refinement confirms that all the Co-

doped TiO2 samples crystallize in the anatase tetragonal structure and no secondary 

phase has been detected. Refined data, shows an increase in lattice parameter as well as 

unit cell volume with increase in Co concentration which is expected as the ionic radius 

of Co2+ (0.65 Å) is larger than that of Ti4+ ions (0.61 Å) 1 whereas the ionic radius of 

Co3+ (0.55 Å) is smaller than that of Ti4+ ions, but still increasing Co2+/Co3+ ratio 

ultimately leads to the increased lattice parameters. Here, the coordination number of 

Ti4+ cation is considered to be 6, which is twice the coordination number of O2- ion. The 

increase in particle size is also attributed to the difference in ionic radius of dopant and 
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Table 4.7. Refinement parameters obtained for Co-doped TiO2 nanocrystals 

Compound T3Co T6Co T9Co T12Co 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7894 (1) 3.7906 (2) 3.7922 (4) 3.7951 (1) 

c(Å) 9.4926 (3) 9.4942 (1) 9.5130 (3) 9.5029 (2) 

Volume (Å)3 136.31 (1) 136.42 (2) 136.81 (1) 136.87 (2) 

Atomic positions 

Ti/Co x (4a) 0.0000 0.0000 0.0000 0.0000 

Ti/ Co y (4a) 0.7500 0.7500 0.7500 0.7500 

Ti/ Co z (4a) 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0848 0.0829 0.0813 0.0867 

B iso (Ti/ Co) (Å)2 0.0006 0.0004 0.0003 0.0008 

B iso (O) (Å)2 0.0043 0.0010 0.0007 0.0009 

   Residual Parameters  

Rp 2.326 2.380 3.183 3.253 

Rwp 3.158 3.307 4.052 4.487 

χ2 1.793 1.994 1.399 2.520 

host ions. The difference between ionic radii of the dopant and host ions is expected to 

cause a small enhancement of the TiO2 unit cell and this increase in volume is 

proportionate with the increase in doping level which is in accordance with the 

Vegard’s law.73 Rietveld refinement data confirms that Co is incorporated into TiO2 

lattice and has substituted the Ti4+ ions and due to the small difference in ionic radii of 

both ions the local structure might have been little disturbed causing a change in 

FWHM.  

C. X-ray diffraction studies of Ni-doped TiO2 

XRD patterns of all the Ni-doped samples are shown in Fig.4.23 (a). All the 

diffraction peaks have been indexed with the tetragonal anatase phase of TiO2 with 

space group I 41/a m d (ICDD card no.78-2486). The presence of any impurity phases 

corresponding to NiO is ruled out within the detection limit of XRD. Fig.4.23 (b) shows 
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the peak shift of the most intense peak (101) in Ni-doped samples. It can be seen that 

there is a broadening of the (101) peak with increase in Ni concentration which suggests 

a decrease in crystallite size with Ni doping. The crystallite size is calculated using 

Scherrer’s formula and the FWHM associated with each sample is also estimated and is 

represented in Fig. 4.23 (c). The change in FWHM with Ni doping indicates that Ni has 

been incorporated into TiO2 lattice.74 The average crystallite size of Ni-doped TiO2 

samples determined from the XRD patterns using Scherer's equation was found to be 

around 10-15 nm respectively. The reduction in the average crystallite size of Ni-doped 

TiO2 nanocrystals could be attributed to the presence of Ni–O–Ti bonds, which inhibits 

the growth of the crystals. This suggests that the Ni2+ ion replaces the Ti4+ ions in the 

TiO2 host lattice, which results in the decrease of the average crystallite size. The size-

strain plot is shown in Fig. 4.23 (d) which follows a similar decreasing trend for 

crystallite size and it is clear that the strain associated with each sample is increasing 

with Ni substitution. This lattice strain could be the reason for peak broadening, 

variation in FWHM and decreasing trend observed for crystallite size with Ni doping.  

 
Fig.4.23. (a) XRD patterns of Ni-doped TiO2 nanocrystals (b) peak shift associated with (101) 

peak in T3Ni, T6 Ni, T9 Ni and T12 Ni (c) The variation of crystallite size calculated from 

Scherrer’s formula and FWHM associated with each sample (d) The variation of crystallite size 

and strain obtained from size-strain plot with Ni concentration. 
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Rietveld refinement of the XRD diffraction patterns has been carried out on all the 

samples using Fullprof software and is shown in Fig. 4.24 (a–d) and the parameters 

obtained from the refinement are given in Table 4.8. Rietveld refinement confirms that 

Ni-doped TiO2 crystallizes in the anatase tetragonal structure. A slight increase in lattice 

parameter, as well as unit cell volume, is observed with increasing Ni concentration 

which is attributed to the large ionic radius of Ni2+ (0.69 Å) than that of Ti4+ ions (0.61 

Å).75 This difference in the ionic radii of Ni2+ and Ti4+ causes the small enhancement of 

the TiO2 unit cell volume.73 The detailed XRD analysis gives an impression that Ni ions 

have substituted the Ti ions and the size-strain plot reveals the possibility of causing a 

change in FWHM due to the lattice strain associated with the doped samples. The 

relative change in lattice parameter over the composition (0-12%) and crystallite size in 

the case of Co, Ni and Fe doped TiO2 is included in the Appendix. A (Fig.A1 (a)-(d)). 

 

Fig.4.24. Refined XRD patterns of (a) T3Ni, (b) T6Ni, (c) T9Ni and (d) T12Ni. 
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Table 4.8. Refinement parameters obtained for Ni-doped TiO2 nanocrystals 

Compound T3Ni T6Ni T9Ni T12Ni 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7934 (2) 3.7936 (4) 3.7956 (5) 3.7981 (1) 

c(Å) 9.4947 (4) 9.5011 (6) 9.5109 (1) 9.5247 (4) 

Volume (Å)3 136.63 (1) 136.73 (3) 137.02 (3) 137.40 (5) 

Atomic positions 

Ti/Ni x (4a) 0.0000 0.0000 0.0000 0.0000 

Ti/ Ni y (4a) 0.7500 0.7500 0.7500 0.7500 

Ti/ Ni z (4a) 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0827 0.0822 0.0838 0.0861 

B iso (Ti/ Ni) (Å)2 0.0011 0.0008 0.0002 0.0004 

B iso (O) (Å)2 0.0032 0.0013 0.0005 0.0007 

   Residual Parameters 

Rp 3.45 3.60 4.11 3.41 

Rwp 4.50 4.84 5.42 4.45 

χ2 1.54 1.61 1.27 1.58 

 

4.3.2.2. Raman analysis 

Raman spectra corresponding to Fe, Co and Ni-doped TiO2 nanocrystals are 

discussed below in detail. 

A. Raman analysis of Fe-doped TiO2 

Fe-doped TiO2 nanocrystals are subjected to micro-Raman analysis, the results 

of which are represented in Fig. 4.25 (a) which shows characteristic Raman active 

modes associated with anatase TiO2. The observed peak at 144 cm-1 represents Eg (1) 

mode and all the other peaks located at 197, 399, 516, and 639 cm-1 corresponds to Eg 

(2), B1g (1), A1g, and Eg (3) modes, respectively. Neither the peaks corresponding to 

oxides of Fe nor other secondary phases is detected from Raman spectra which is well 

in accordance with the XRD results discussed earlier. With an increase in Fe content, Eg 

(1) intensity decreases systematically and signifies the substitution of Fe2+ and Fe3+ ions 

at Ti4+ sites.65 The frequency shift and broadening of the most intense Eg (1) mode of all 
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the samples as a function of Fe concentration is depicted in Fig. 4.26 (b). A blue shift is 

observed with Fe concentration as shown in Fig.4.25 (b) in which the possible 

mechanisms causing this behavior could be the lattice strain, deficiencies and 

confinement effect on particle size. The creation of such deficiencies to maintain the 

charge neutrality of the system and is reported with the substitutional doping of Fe ions 

at the Ti site.65 It is evident from literature that vacancies associated with oxygen sites 

are responsible for peak shift and broadening of Raman modes associated with TiO2 

system.76 The broadening associated with the Raman modes of the doped samples could 

be due to the reduction in particle size of nanoparticles of TiO2 which is well in 

accordance with results obtained from XRD analysis.  

 
Fig.4.25. Raman spectra of T3Fe, T6Fe, T9Fe and T12Fe samples (a) complete spectrum, inset 

shows the enlarged view of higher concentration samples (b) Peak shift representation of T3Fe, 

T6Fe, T9Fe and T12Fe samples: inset shows the enlarged view of the marked region (c) Raman 

intensity versus Fe dopant concentration (d) peak width versus concentration of Fe. 

Raman peak intensity can also be represented in terms of x, similar to XRD 

intensity as 

I = I0(1 - Ex)2    (4.8) 
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here, I0 corresponds to the Raman intensity of the undoped TiO2 nanocrystals and E 

represents the Fe ion concentration close to TiO2 surface. The fitting of equation (4.8) is 

depicted in Fig. 4.25 (c) and the same fitting is possible with the other Raman modes in 

the spectra also. Observation of higher value for the parameter E in equation (4.8) can 

be corroborated with earlier explanations regarding the increase in x value and self-

purification mechanism could be responsible for this as discussed above. A peak shift 

towards higher wave numbers can be justified as the Fe3+ ions are having smaller ionic 

radius than Ti4+ and subsequently the bond length of O-Ti-O is expected to decrease 

followed by the O-Ti-O bond bending vibration due to substitutional doping. 

Broadening of Raman peaks on doping are also evident from the peak shifting as shown 

in Fig.4.25 (d).  

 

Fig.4.26. Deconvoluted Raman spectra of (a) T3Fe (b) T6Fe (c) T9Fe (d) T12Fe. Inset shows 

the enlarged view of the Raman peaks. 

The deconvoluted Raman peaks of the samples have been represented in 

Fig.4.26. When we consider the undoped TiO2, scattering of the TiO6 octahedra 
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polarizes the system’s Ti–O bonds, ultimately leading to a high intensity peak 

corresponding to Eg mode. Interestingly, it is well known that doping of Fe can generate 

more number of oxygen vacancies and as a result, average number of Ti and O bonds 

reduces and leading to a decrease in TiO6 octahedra to TiO6-δ, where δ is the number of 

oxygen vacancies. As a consequence of this reason, the scattering of Raman modes 

from TiO6-δ may be able to polarize only a very few Ti–O bonds, resulting in 

broadening of the Raman peak. The impact of nonstoichiometric composition on Eg (1) 

Raman mode in deficient TiO2 samples is well reported.77  

B. Raman analysis of Co-doped TiO2 

The Raman spectra of Co-doped TiO2 nanocrystals taken at room temperature in 

the range 100-750 cm-1 are shown in Fig. 4.27 (a) and the inset shows the position of 

corresponding Raman modes. According to symmetry group analysis tetragonal anatase 

phase of TiO2 has six active Raman modes and are reported to appear near 144 (Eg (1)), 

197 (Eg (2)), 399 (B1g (1)), 516 (A1g+B1g (2)) and 639 cm-1(Eg (3)).58 When Co2+/Co3+ 

substitutes Ti4+, to balance the charge neutrality, there will be some disorder in the 

lattice which can be in the form of defects like oxygen vacancy or Ti interstitials. With 

the increase of the doping concentration, disorder increases and the ideal symmetry of 

the crystal will be destroyed which results in broadening of Raman bands.76 The Raman 

bands at 144, 197, 399, 516, 639 cm-1 can be assigned as Eg (1), Eg (2), B1g (1), A1g+B1g 

(2) and Eg (3) modes of anatase phase respectively, the presence of these confirm the 

tetragonal anatase phase of TiO2. The deconvoluted Raman spectra of all the doped 

samples are shown in Fig.4.28 and no mode corresponding to any other phase has been 

observed. The absence of any other mode related to Co or CoO or Co-Ti species within 

the detection limit of Raman spectra of doped samples indicates that Co might have 

gone to the substitutional site replacing Ti in TiO2.  The phonon confinement due to 

nanoscale crystallite size and non-stoichiometry due to defect induced disorder in the 

lattice results in shifting and broadening of Raman bands. Defects like oxygen vacancy 

in the material strongly affect the Raman modes. In the present study, the most intense 

Eg (1) Raman mode at 144 cm-1 show blue shifting and broadening with doping (Fig. 

4.27 (b)). So, both the phonon confinement and disorder in the host lattice due to the 
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incorporation of Co atoms/ions creating defects like oxygen vacancies in TiO2 have 

caused the shifting of the position and broadening of the Raman bands15-17. 

 

Fig.4.27. (a) Raman spectra of T3Co, T6Co, T9Co and T12Co samples. Inset shows the 

magnified view of Raman spectra of T6Co, T9Co and T12Co samples (b) Expanded region of 

Eg (1) mode in the range 120-170 cm-1of undoped and Co-doped TiO2 nanocrystals. 

 

 

Fig.4.28. Deconvoluted Raman spectra of (a) T3Co, (b) T6Co, (c) T9Co and (d) T12Co. Inset 

shows the enlarged view of the Raman peaks. 
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C. Raman analysis of Ni-doped TiO2 

 Raman spectra of all the Ni-doped samples have been taken at room 

temperature in the range 100-750 cm-1 and are shown in Fig. 4.29 (a). The inset shows 

the Raman spectra of T6Ni, T9Ni and T12Ni. It can be seen from Fig. 4.29 (a) that Ni-

doped TiO2 has six active Raman modes. The most intense peak near 144 cm-1 

correspond to the Eg (1) mode while the Eg (2) and Eg (3) modes are observed at 197 

and 639 cm-1 respectively. No modes corresponding to any other secondary phases like 

NiO have been observed in the Raman spectra within its detection limit. This further 

confirms the incorporation of Ni into the Ti site in TiO2. Defects like Ti interstitials or 

oxygen vacancies can be generated in Ni-doped TiO2 to maintain the charge neutrality 

when Ni2+ partially replaces Ti4+. The broadening of Raman lines with increasing Ni 

concentration is attributed to the increased disorder and destruction of ideal symmetry 

of the crystal.76 More clearly, the shifting and broadening of Raman lines can be 

associated with nanoscale crystallite size and non-stoichiometry created due to the 

formation of defects leading to the phonon confinement. The broadening of the Eg (1) 

Raman with Ni doping has been illustrated in Fig. 4.29(b) and the inset shows the 

variation of Raman intensity with Ni doping. Incorporation of Ni ions into TiO2 host 

lattice is responsible for creating defects like oxygen vacancies that might have caused 

the shifting of the position and broadening of the Raman peak.15,16,74 The deconvoluted 

Raman spectra of all the samples is shown in Fig. 4.30, which confirm the single 

anatase phase formation in all the samples and is corroborated with the XRD results.  

 
Fig.4.29. (a) Raman spectra of Ni-doped TiO2. Inset shows the magnified view of Raman 

spectra of T6Ni, T9Ni and T12Ni (b) Expanded region of Eg(1) peak in the range 100-200 cm-1 

of undoped and Ni-doped TiO2 nanocrystals (inset shows the variation in Raman intensity). 
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Fig.4.30. Deconvoluted Raman spectra of (a) T3Ni, (b) T6Ni, (c) T9Ni and (d) T12Ni. Inset 

shows the enlarged view of the Raman peaks. 

4.3.2.3. Morphological analysis 

Morphological analysis corresponding to Fe, Co and Ni-doped TiO2 are 

discussed in the following sub sections. 

A. Morphological analysis of Fe-doped TiO2   

The morphology of Fe-doped TiO2 nanocrystals was analyzed by TEM. Typical 

TEM micrographs of T3Fe, T6Fe, T9Fe and T12Fe are shown in Fig.4.31 (a) – 4.31 (h). 

TEM has been taken for drop casted samples on C coated Cu grid. The presence of 

organic components in studied samples is clearly observed from TEM images, in which 

the amorphous regions have been shown which suggest the existence of organic 

residues along with crystalline TiO2 nanomaterials. This peak might have arisen as a 

result of the organic radical from Ti-butoxide which is adsorbed in the nanocrystals.  

However, SAED is fine because the same grid with high concentration of drop casted 
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sample is used further to obtain good quality SAED patterns. It is clear from the TEM 

analysis that Fe-doped TiO2 nanocrystals are almost spherical in shape where an 

agglomeration of particles is observed and the average crystallite size are ~12nm for 

T3Fe and ~ 6 nm for T12Fe respectively which corroborates with the result obtained 

from XRD analysis. Fig. 4.31 (i) - 4.31 (l) represents the HR-TEM images of T3Fe, 

T6Fe, T9Fe and T12Fe respectively. The HRTEM micrograph of T3Fe (Fig. 4.31 (i)) 

shows planes (101) and (004) corresponding to anatase TiO2 and the interplanar spacing 

of (101) plane of T3Fe is about 0.36 nm. The lattice planes corresponding to (101), 

(004) of T6Fe, (101), (200) of T9Fe and (101), (004) of T12Fe  

 

Fig.4.31. Fe doped TiO2 (a-h) TEM images (i-l) High resolution images of the Fe-doped 

samples with FFT and (m-p) corresponding SAED patterns of T3Fe, T6Fe, T9Fe and T12Fe 
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shown in Fig. 4.31 (j - l) respectively, suggest that the interplanar spacing of (101) plane 

of all the samples are systematically decreasing in comparison with that of T3Fe and 

undoped sample. The d spacing value of all the samples determined from HR-TEM 

analysis is well matched with the results obtained from XRD measurements. The FFT 

of all the Fe-doped samples is given in the insets of Fig. 4.31 (i-l). Hence, from the HR-

TEM analysis, it can be inferred that the fringe spacing (d) for anatase (101) planes 

systematically decreases from 0.36 nm for T3Fe (Fig. 4.31 (i)) to 0.32 nm for T12Fe 

(Fig. 4.31 (l)). These results can be validated with the fact that Fe3+ ions residing in the 

prepared TiO2 samples substitutionally, creates a lattice contraction where the radius of 

Fe3+ (0.56 nm) is smaller than Ti4+ (0.61 nm). SAED patterns depicted in Fig. 4.31 (m)-

4.31 (p) reveal the polycrystalline nature of the doped samples. The lattice planes were 

estimated from the inter-planar spacing using Image J software. All the planes were 

indexed to the tetragonal anatase phase of TiO2. These results are concordant with the 

Raman results as well, as discussed earlier.  

B. Morphological analysis of Co-doped TiO2 

TEM images of Co-doped TiO2 powders are shown in Fig. 4.32 (a-d). The 

particles observed here are almost spherical in shape and agglomeration of particles can 

be seen in all the samples with an average size in the range 10-20 nm which agrees well 

with the particle size derived from XRD data. 

The HR-TEM images (Fig. 4.32 (i-m)) clearly show the crystalline nature of the 

samples with lattice fringes corresponding to different planes like (101), (200), (004) 

planes of tetragonal anatase phase of TiO2. Insets in Fig 4.32 (i-m) show the FFT 

pattern taken on all the samples which again confirm the crystalline nature of all the 

samples. SAED patterns taken on all the Co-doped samples show clear distinct rings 

corresponding to different planes of tetragonal anatase TiO2 structures were similar to 

the planes obtained in XRD which indicate the formation of polycrystalline anatase 

TiO2.  
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Fig.4.32. Co-doped TiO2 (a-h) TEM images (i-l) HR-TEM images showing lattice fringes with 

FFT shown in the inset and (m-p) SAED patterns of T3Co, T6Co, T9Co and T12Co 

C. Morphological analysis of Ni-doped TiO2 

 TEM micrographs of Ni-doped TiO2 nanocrystals are shown in Fig. 4.33 (a-

h). Agglomeration of particles can be seen in all the samples with an average size of 10-

15 nm which confirms with the crystallite size obtained from the Scherrer equation. The 

high-resolution TEM images (Fig. 4.33 (i-l)) indicate the crystalline nature of the 

samples and the lattice fringes corresponding to different planes has been indexed with  

(101), (004), (200), (101) and (211) planes of tetragonal anatase phase of TiO2. Insets of 

Fig 4.33 (i-l) show the corresponding FFT which again confirm the crystalline nature of 

all the samples. SAED patterns of Ni-doped samples show a polycrystalline nature with 
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distinct rings corresponding to the different planes of tetragonal anatase TiO2 as shown 

in Fig 4.33 (m-p). 

 
Fig.4.33. Ni-doped TiO2 nanocrystals (a-h) TEM images (i-l) HR-TEM images showing lattice 

fringes with FFT shown in the inset and (m-p) SAED patterns of T3Ni, T6Ni, T9Ni and T12Ni. 

4.3.2.4. FT-IR spectroscopy  

FT-IR spectra corresponding to Fe, Co and Ni-doped TiO2 are discussed in sub 

sections A, B and C repectively. 
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A. FT-IR spectroscopy of Fe-doped TiO2 

 FT-IR spectra have been recorded for all the Fe-doped samples at room 

temperature to investigate more on the vibrational bands of Fe: TiO2 system for metal-

oxygen bond and its variation as a result of dopant ion contribution. The additional 

structural information obtained using FT-IR spectra is represented in Fig. 4.34. The less 

intensity peak located near 2360 cm−1 shown in Fig. 4.34 originates from CO2 

molecules present in the air.78 It is well reported that the major bands corresponding to 

400–700 cm−1 are originating from the vibration modes of TiO6 octahedra.21 

 

             Fig.4.34. FT-IR spectra of Fe-doped TiO2 nanocrystals 

Among the different bands present in the spectra, a broad band observed near to 3500 

cm−1 resulted from the stretching vibration of OH groups and could be attributed to the 

OH groups associated with the Ti atoms, i.e., Ti–OH. The characteristic bending 

vibrations of H–O–H can be represented by the narrow band near to 1650 cm−1. The 

peak close to 1400 cm−1 is attributed to the C-O stretching bond present in Ti butoxide 

that contributes to agglomerated morphology as discussed earlier. More clearly, this 

peak can be associated with the organic radical from Ti- butoxide which is adsorbed in 

the synthesized nanocrystals. The band centered at nearly 550 cm-1 are due to bonding 

among metal and oxygen, i.e., metal-oxygen bonds of (Ti-O, Fe-O) for Fe-doped TiO2 

nanocrystals. Again, these results holds good agreement to most of the previous 

reports.79 Furthermore, neither the peak corresponding to any other oxide phases of 

doped elements appeared in the spectra. Hence, the FT-IR spectra further reveal that Fe 
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ions are introduced into the Ti framework. This result corroborates with the results of 

XRD, Raman, TEM, and ED-XRFS as mentioned earlier. 

B. FT-IR spectroscopy of Co-doped TiO2 

Fig. 4.35. shows the FT-IR spectra in transmission mode taken on Co-doped TiO2 

nanopowders. The IR band around 3600 cm-1 corresponds to O-H stretching vibration 

and the band around 1628 cm-1 attributes to H-O-H bending vibration of adsorbed 

atmospheric water on sample surface.80 The band around 847 cm-1 corresponds to 

anatase TiO2 and is attributed to Ti-O-Ti stretching vibration.81 The shifting of band 

position around 847 cm-1 indicates the presence of defects especially oxygen vacancies 

due to Co incorporation in TiO2 lattice.  

 

 
Fig.4.35. FT-IR spectra of Co-doped TiO2 nanocrystals 

C. FT-IR spectroscopy of Ni-doped TiO2 

Fig. 4.36 shows the FT-IR spectra of Ni-doped TiO2 nanocrystals. The spectra of all 

samples are identical which indicates that increasing Ni concentration has no effect on 

nature of bonding present in the host material. The symmetric and antisymmetric 

stretching vibrations of a single-bond OH functional group are represented by the 

broadband around 4000–3200 cm−1.82 It is well reported that bending vibrations 

associated with the hydroxyl functional group appear between 1700 and 1300 cm−1 80 

and this arises as a result of adsorbed atmospheric water on the sample surface. A large 

hump around 847 cm-1 is attributed to the anatase TiO2 and is due to stretching vibration 
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associated with the Ti-O-Ti bonding.81 The shifting and broadening of band position 

corresponding to 847 cm-1 validate the presence of defects which arise as a result of 

oxygen vacancies owing to Ni incorporation in TiO2 lattice. The presence of the 

different functional groups is associated with the organic solvents used in the synthesis 

procedure. 

 
       Fig.4.36. FT-IR spectra of Ni-doped TiO2 nanocrystals  

4.3.2.5. Optical spectroscopy results 

UV-visible spectra and photoluminescence studies of Fe, Co and Ni-doped TiO2 

are discussed in the following sub sections. 

A. UV-Visible and Photoluminescence analysis of Fe-doped TiO2 

UV-visible studies of the prepared samples are shown in Fig. 4.37 (a). All the 

samples are showing a clear red shift and a considerable visible region absorption is 

also observed. By increasing the Fe concentration, a considerable band gap narrowing is 

observed and is depicted in Fig. 4.37 (b). For undoped TiO2, 380 nm absorption was 

attributed mainly due to the electronic transition from O and Ti orbitals, whereas a clear 

red shift of all the doped TiO2 nanocrystals can be attributed to the exchange 

interactions.58 A linear fit is employed to (αh)1/2 and h plot to estimate the band gap 

of all the samples as given in Fig.4.37 (b). The estimated band gap of T-P was found to 
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be 3.30 eV,58 whereas band-gap of T3Fe, T6Fe, T9Fe and T12Fe are 2.30 eV, 1.89 eV, 

1.80 and 1.76 eV respectively. It is reported that the formation of Ti interstitials are 

mainly due to the synthesis conditions and heat treatment in the presence of air.83 The 

Ti interstitial peak intensity is expected to be almost similar for all the samples as the 

calcination temperatures for all remains the same. Since higher calcination temperatures 

could promote the rutile phase formation, there is a high chance of having defect 

contribution as a result of structural transformation. Hence, from the absorption spectra, 

it is understood that the absorption edge of undoped TiO2 material is near 380 nm, 

whereas the red shift associated with the Fe-doped samples may be arising as a result of 

surface trap centres generated by oxygen vacancy defect sites of Ti3+, Fe2+/Fe3+ or sp–d 

exchange interactions of the Fe2+/Fe3+ ions residing at Ti4+ site and the band electrons 

resulting in a significant band gap narrowing. Band gap narrowing is attributed to the 

presence of localised defect states in TiO2 which are responsible for the absorption tail 

in the absorption spectra which extends into the forbidden gap. This absorption tail is 

called Urbach tail and is associated with Urbach energy.84,85 The Urbach energy 

estimation could be carried out by using the following relation;  

                                0 exp( )
u

E

E
                     (4.9) 

Here, α represents the absorption coefficient, E denotes photon energy and can be 

equated to hυ and Eu is considered as the Urbach energy.84, 85 The Ln (α) versus E plot 

can effectively provide the Urbach energy and the reciprocal value of the slope of linear 

fit corresponding to Ln (α) versus E plot, below the optical band gap region, provides 

the Urbach energy, Eu.  

The increase of Fe concentration yields an increase in Urbach energy as shown 

in Fig.4.38 indicating an increase in the number of oxygen vacancies with Fe 

substitution. This could be due to the oxygen vacancy defects present in the TiO2 lattice 

with increased Fe concentration to maintain charge neutrality.86 These localized defect 

states associated with Fe-doped TiO2 is the reason behind lowering of band gap to 1.79 

eV for T12Fe sample. More clearly, more number of defect states is created due to the 
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occurrence of additional oxygen vacancies in the system that perturbs the band 

structure, thus resulting in a significant band gap reduction. 

 

 
Fig.4.37. Fe-doped TiO2: (a) UV spectra and (b) Tauc’s plot 

 
Fig.4.38. Plot for Urbach energy estimation of (a) T3Fe, (b) T6Fe (c) T9Fe and (d) T12Fe 
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To understand more information regarding the defects associated with Fe-doped 

TiO2, emission spectra have been recorded. Fig. 4.39 (a) represents the PL spectra 

obtained at room temperature for all the samples with an excitation wavelength of 325 

nm. A broad peak is noticed for all the samples which could be attributed to the STEs 

and defects associated with oxygen vacancy states in TiO2.
28 To have a detailed 

understanding regarding the origin of broad PL emission, the peaks are deconvoluted 

for all the samples which are depicted in Fig.4.39 (b), (c), (d) and (e) respectively. The 

broad emission peak observed for all the samples is fitted properly with five Gaussian 

bands located at 390 nm,  450 nm, 500 nm, 550 nm and 600 nm as represented in the 

Fig. 4.39 (b) – (e). Near band edge emission of host TiO2 may be responsible for the 

emission peak located near 390 nm. STE, defects associated with oxygen vacancies and 

other surface defects could be the reason for observed emission peaks at 400 nm and 

450 nm.28 The doping of Fe at Ti site results in the formation of Fe2+/Fe3+ leading to the 

creation of oxygen vacancies. Due to the defect sites, F-centre formation will be 

facilitated and further, electrons occupied here will try to interact with the adjacent Ti4+ 

and provides Ti3+-ions and F+-centres which is clearly demonstrated in T3Fe as shown 

in Fig. 4.39 (b).55 Hence, the peak observed at 489 nm may be due to Ti3+ to TiO6
2- 

charge transition, directly related to oxygen vacancies and the 520 nm emission could 

be due to the formation of F+-center. Upon increasing the concentration of Fe ions, the 

incorporation of Fe2+/Fe3+ into the Ti4+ substitutional site generates more number of 

vacancies at oxygen sites. Therefore, oxygen vacancies associated with Fe substitution 

is ultimately reflected in the emission spectra of T6Fe, T9Fe and T12Fe. Fig. 4.39 (f) 

shows the integrated PL intensity which clearly demonstrates a decreasing nature for 

higher Fe dopant concentration which could be due to the formation of more number of 

Fe2+/Fe3+ ions which is to be further validated by the XPS measurement. Introducing Fe 

metal ions in to TiO2 lattice shows a decreasing trend in the PL intensities; specifically 

as a result of shorter distance correspond to the inter-band metal ions that could lead to 

an energy transfer among nearby ions. As a result of which, a concentration quenching 

process is expected to be exhibited by the system which is a non-radiative decay 

process. As in the case of T12Fe, it is observed that PL intensity is much lower in 

comparison to other samples which suggest increased separation rates of photo-induced 
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charges and there is more chance for observing a band-gap narrowing as depicted in 

Fig. 4.37 (b) which is in accordance with the PL results.87 As shown in Fig 4.39 (a), the 

comparison among the PL spectra of the entire doped samples exhibit a significant 

reduction in PL intensity, which is more evident for T12Fe in comparison to that of 

T9Fe. Hence, the PL spectrum of T12Fe is much broader with decreased intensity 

among all the other samples and this could be the reason for slight blue shift in the 390 

nm peak for T12Fe. 

 

Fig.4.39. PL spectra of Fe-doped nanocrystals (a) PL spectra of all the samples (b) T3Fe (c) 

T6Fe (d) T9Fe (e) T12Fe samples and (f) Integrated PL intensity vs Fe concentration 

B. UV-Visible and Photoluminescence analysis of Co-doped TiO2 

The absorption spectra of Co-doped samples are shown in Fig. 4.40 (a). The 

absorption spectra of Co-doped sample show shifting of the absorption edge towards 

visible region. The red shift of absorption edge due to the incorporation of Co ions in 

TiO2 has been reported to be due to sp-d exchange interactions between band electrons 

and localized d electrons of dopant ions. The s-d and p-d exchange interactions result in 

downward shifting of conduction band edge and upward shifting of valence band edge 

due to which narrowing of bandgap occurs1,27, 80. Again, all the Co-doped samples show 
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a decrease in absorption in UV region and an increase in absorption in the visible region 

in comparison to undoped sample. Also, the Co-doped samples show a broad peak in 

the visible region. The broad absorption in the visible region in Co-doped samples is 

due to ligand field transition of Co2+ in octahedral coordination.88 In anatase TiO2, Ti4+ 

is surrounded by six oxygen ion O2- forming TiO6
2- octahedron.  

In Co-doped TiO2, with the substitution of Co2+/Co3+ on Ti4+ site, the Co2+/Co3+ 

will experience strong crystal force due to surrounding oxygen ions. Due to this strong 

crystal field interaction, especially the d-band states of Co2+ will split into ground and 

excited states giving rise to d-d electronic transition which falls in the visible region. 

This is a strong indication of Co2+ substitution for Ti4+ in TiO2 lattice whereas Co3+ will 

not exhibit any d-d electronic transition while splitting into ground and excited states.  

The bandgaps of Co-doped samples were found out from Tauc’s plot given in Fig. 4.40 

(b) from which a reduction of bandgap to 2.24eV in T12Co sample is observed. In the 

case of T9Co and T12Co, the band gap values are close which corroborates with the 

intensity variation in PL spectra which is discussed in the coming section. It is expected 

that beyond certain dopant concentration it is very difficult to induce a drastic reduction 

in band gap and other associated properties and hence the dilute concentration of an 

impurity can tailor the material properties in a better way.  

 To further elucidate the nature of defects, PL studies were performed on all the 

samples and are shown in Fig.4.41 (a). All the PL spectra have been recorded for an 

excitation wavelength of 325 nm. Fig.4.41 (b) shows the deconvolution of PL spectrum 

of T3Co sample. The emission peak around 390 nm, 400-450 nm, 489 nm, 520 nm and 

around 600 nm can be ascribed to the near band edge emission of host TiO2, due to 

STE, due to charge transition from Ti3+ to TiO6
2- linked with oxygen vacancies, F+-

centre and due to OH species respectively as discussed earlier in section 4.3.1.4.28,29 The 

presence of OH species is detected in the FT-IR spectra as shown in Fig.4.35.  
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Fig.4.40. Co-doped TiO2 nanocrystals (a) solid-state UV spectra and (b) Tauc’s plot and         

(c) Observation of narrowed band gap with Co substitution. 

 
Fig.4.41. PL spectra of (a) Co-doped TiO2 nanocrystals (b) Peak fitted PL spectra to T3Co 

C. UV-Visible and Photoluminescence analysis of Ni-doped TiO2 

The UV-Visible absorption spectra of Ni- doped samples are shown in Fig. 4.42 

(a). The absorption spectra of Ni-doped samples show a slight red shift which could be 

due to sp-d exchange interactions between the band electrons and the localized d 
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electrons of Ni2+ ions. The band-gaps of Ni-doped samples were estimated from Tauc’s 

plot and is given in Fig. 4.42 (b). The ligand field transition of transition metal ions can 

cause a broad absorption in the visible region and in the present case the ligand field 

transition is due to Ni2+ in octahedral coordination. In Ni-doped TiO2, when Ni2+ tries to 

occupy on Ti4+ site, a strong crystal force will be experienced by the Ni2+ as a result of 

oxygen ions surrounding it. As a result of this, the d-band states of Ni2+ split into ground 

and excited states by promoting d-d electronic transitions in the visible region. This 

concept strongly suggests the incorporation of Ni2+ in TiO2 lattice and the existence of 

Ni2+ is validated from the XPS analysis which is discussed in the later sections. 

 
Fig.4.42. Ni-doped TiO2 nanocrystals (a) solid-state UV spectra and (b) Tauc’s plot and (c) 

Observation of narrowed band-gap with Ni substitution  

 

The calculated band-gap of Ni-doped TiO2 decreases significantly from 3.16 eV in 

undoped sample to 2.30, 2.24, 2.19 and 2.15 eV upon 3, 6, 9 and 12% Ni doping, 

respectively which could be attributed to the introduction of new electron states in the 

band structure of TiO2 upon Ni doping and is shown in Fig. 4.42 (c). The band-gap 
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narrowing with Ni doping can be explained on the basis of oxygen vacancies produced 

as a result of doping. Both doping and oxygen vacancy together could decrease the 

band-gap where doping can induce a high vacancy concentration which forms a vacancy 

band just below the conduction band and the oxygen vacancy can narrow the band-gap 

by forming a miniband just below the conduction band.89-91 

Fig. 4.43 (a) shows the PL spectra of Ni-doped samples, which have been 

recorded for an excitation wavelength of 325 nm. The deconvoluted PL spectra are 

shown in Fig.4.43 (b)-(e) which corresponds to T3Ni, T6Ni, T9Ni and T12Ni 

respectively. The emission peaks observed for all the Ni-doped samples are in the range 

375 – 600 nm. A clear red shift is observed for all the samples with Ni-doping which is 

evident from the deconvoluted spectra. The first emission peak is considered as Peak 1 

and rest towards higher wavelength is nomenclatured as Peak 2, Peak 3, Peak 4 and 

Peak 5 respectively where Peak 1 and Peak 2 are attributed to the near band edge 

emission of host TiO2 and the formation of STE respectively along with other defects 

associated with the system.28,29 Oxygen vacancies are intrinsic defects present in TiO2 

and Ni doping induces additional oxygen vacancies due to the substitution of Ni2+ at the 

place of Ti4+ may be responsible for the emissions corresponding to Peak 3. With Ni 

substitution, Peak 3 is shifting towards right and falls in the green emission which is a 

clear indication of additional oxygen vacancies created due to higher Ni concentration. 

In general, oxygen vacancy defects in most oxide systems contribute to green 

luminescence as observed in the case of higher Ni concentration and the blue emission 

observed for lower Ni concentration sample may be due to the decreased oxygen 

vacancies and much lower excitation wavelength in comparison to other oxide 

systems.92 The Peak 4 might have appeared due to the F+-centre formation and the OH 

group arising from Ti-butoxide creates an acceptor level near the valence band and 

contributes to the occurrence of Peak 5.55 The variation of integrated PL intensity with 

Ni concentration is shown in Fig. 4.43 (f). Further, addition of transition metal ions in to 

TiO2 lattice could successfully decrease the PL intensities, due to shorter distance of 

inter band metal ions, which is leading to an energy transfer between nearby ions.87 

Therefore, it can be suggested that the defect concentration and associated optical 

properties of samples can be effectively evaluated by means of PL measurements.87,88  
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Fig.4.43. PL spectra of (a) T3Ni, T6Ni, T9Ni and T12Ni (b) deconvoluted PL spectra of T3Ni, 

(c) T6Ni, (d) T9Ni, (e) T12Ni and (f) Variation of integrated PL intensity with Ni doping 

4.3.2.6. Magnetic studies 

Magnetic studies of Fe, Co and Ni-doped TiO2 nanocrystals are discussed in 

detail and is provided in the sub sections given below. 
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A. Magnetic studies of Fe-doped TiO2 

 

 The M-H curves of Fe-doped TiO2 nanocrystals at 300 K are shown in Fig. 4.44 

(a) where a PM behavior is observed for all the samples. The low temperature M-H 

curves of all samples at 2 K is also shown in Fig. 4.44 (b). It is interesting to observe 

weak FM in undoped and T3Fe sample especially at lower field M–H measurements as 

depicted in Fig. 4.44 (c). The inset of Fig. 4.44 (c) shows the comparison of HC and 

retentivity of undoped compound and T3Fe sample which suggests a decrease in HC 

from 320 Oe to 70 Oe and an increase in retentivity from 4 x 10-4 µB/F.U. to 7.2 x 10-4 

µB /F.U. Magnetization is increased with Fe content which is expected due to the 

magnetic contribution from Fe ions. The variation in HC of all the samples is 

represented in Fig. 4.44 (d) which shows an HC of 70 Oe for T3Fe sample.  

 

Fig.4.44. Magnetic response of Fe-doped TiO2 nanocrystals (a) at 300K and (b) at 2 K (c) 

comparison of coercivity and retentivity of undoped TiO2 and T3Fe (d) Variation of Hc and 

magnetic moment at 2 Tesla 
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There is a systematic decrease in the HC value of T6Fe, T9Fe and T12Fe 

samples along with an enhancement in the net magnetic moment which indicates the 

perfect PM behavior in these samples. RTFM is expected in TiO2 system with magnetic 

impurity doping which is due to the FM nature of Fe elements. A lot of reports on the 

origin of FM behavior due to magnetic impurity clusters, exchange coupling among 

magnetic ions and the charge carriers trapped by oxygen vacancies are discussed earlier. 

PM or AFM behavior is also reported42 due to magnetic impurity doping which 

exhibited the suppression of FM in TiO2, originating due to the segregation of elemental 

oxides. In the present case, XRD and Raman measurements reveal the absence of any 

secondary phases associated with Fe or Fe related oxides. The weak FM behavior 

exhibited by undoped TiO2 which was understood to be arising as a result of intrinsic 

defects like oxygen vacancies/Ti3+ ions or Ti interstitials.  The presence of weak RTFM 

in T3Fe similar to the undoped sample with a slight enhancement in magnetization 

reveals that the FM contribution cannot be exclusively from intrinsic factors. It is 

observed that upon increasing Fe ion concentration, the magnetization also shows some 

enhancement in terms of magnetic moment as shown in Fig. 4.44 (d), where a sufficient 

decrease in HC value demonstrate an interaction of oxygen vacancy defects with 

Fe2+/Fe3+ ions in different ways promoting PM interactions and FM ordering has been 

lost as a result of higher concentration of Fe ions. Further, as a representative of the 

series, temperature dependent magnetization data of undoped, 3% and 12% Fe doped 

samples have been recorded at 200 Oe and Curie-Weiss fit have been carried out which 

is provided in Appendix A (Fig.A2 (a) - (f)). There is no PM-FM transition in the 

temperature range 2 K - 300 K. Further, instead of a perfect paramagnetic behavior, 

there could be a mixed magnetic interaction as evident from Curie-Weiss fit. The 3% Fe 

doped sample shows a Weiss temperature of nearly 63 K and weak FM behavior is 

specifically due to the electrons trapped in the defect centers and BMP interactions. 

B. Magnetic studies of Co-doped TiO2 

 The M-H measurements Co-doped TiO2 nanocrystals were carried out at 

300K with field varying from -90 kOe to +90kOe and are shown in Fig. 4.45 (a) from 

which PM behavior of all samples could be seen. However, the M–H curves show weak 
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FM in T3Co sample similar to the undoped sample (Fig. 4.45 (b)) when taken at low 

fields. There is an increase in the magnetic moment with an increase in the 

concentration of Co. The inset in Fig. 4.45 (b) shows the variation in HC with Co 

concentration. Some works suggested the observation of FM due to Co clusters while 

some reported that FM arise due to exchange coupling between substituted Co ions and 

the charge carriers trapped by oxygen vacancies.33-41 Other reports 42 have also shown 

the suppression of FM in TiO2 upon Co- doping resulting in PM or AFM which may 

have originated due to segregation of AFM CoO or Co3O4. But in our study, XRD, 

Raman analysis excludes the presence of any secondary phases like Co or Co related 

oxides. The presence of FM in T3Co indicates that the FM is not only intrinsic, but 

magnetism can be enhanced due to Co-doping which may have created more oxygen 

vacancy/Ti3+ ions. But in higher concentration of Co-doped samples, there is a decrease 

in HC which indicates that FM ordering has been lost in these samples which may be 

due to the interaction of oxygen vacancy/Ti3+ ions with Co ions in different ways 

promoting FM/PM.  

 

Fig.4.45. Magnetic response of Co-doped TiO2 nanocrystals (a) at 300K and (b) Representation 

of weak FM in T3Co and PM in T6Co, T9Co and T12Co, inset shows variation of HC with Co 

concentration. 

C. Magnetic studies of Ni-doped TiO2 

The magnetic behavior of all the Ni-doped TiO2 nanopowders at room 

temperature has been studied with field varying from -90 kOe to +90 kOe as shown in 

Fig. 4.46 (a), which show a PM behavior. In Ni-doped TiO2, an increase in the magnetic 
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moment has been observed with the increase in Ni concentration from 3% to 12%. 

However, the doped samples possess much less HC than undoped TiO2. It can be 

affirmed that at higher Ni doping concentration, more oxygen vacancies are created 

which result in isolated vacancy clusters resulting in PM behavior for higher 

concentration of Ni-doped samples. Fig. 4.46 (b) shows the magnetic response of all the 

samples at lower fields and the inset gives a systematic decreasing trend in HC for Ni-

doped samples. A magnetic phase transition from weak FM to PM behavior has been 

observed at lower fields well below 2000 Oe for 3% Ni-doped samples similar to the 

undoped sample, whereas above 3% Ni-doped samples exhibit a perfect PM. The reason 

for the observed weak FM behavior in undoped and 3% Ni-doped samples could be 

specifically due to the trapped electrons in the defect centers. The presence of defects 

like oxygen vacancies has been observed in the UV-Visible and PL analysis which 

suggests that the presence of oxygen vacancies leading to the formation of one mini 

band closely below the conduction band as discussed earlier. Even though the oxygen 

vacancy defects are there, the formation of F+-centres are effectively inhibited which is 

clear from the significant decrease in integrated PL intensity as discussed earlier. Under 

such a situation, where the F+-centre formation is too low, the chance of Ti3+ formation 

also will be inhibited due to the absence of interaction between one of the electrons of 

F-centre and adjacent Ti4+ ions which is further discussed in the XPS analysis. The 

increasing trend in net magnetization for heavily doped Ni samples may be arising as a 

result of PM moment contributed by the isolated Ni2+ concentration. 

 

Fig.4.46. MH curves of (a) Ni-doped TiO2 nanocrystals at 300K (inset shows the enlarged view 

of MH for T-P and T3Ni) and (b) An enlarged view of MH (inset shows HC Vs Ni doping). 
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4.3.2.7. XPS analysis 

XPS spectra corresponding to Fe, Co and Ni-doped TiO2 are discussed in the 

following sub sections. 

A. XPS analysis of Fe-doped TiO2  

XPS spectra were recorded on 3% and 9% doped Fe concentration as a 

representative of the series to understand the oxidation states of Ti and Fe. Fig.4.47 (a) 

signifies the peak of Fe along with the Ti, O and C peaks which were expected in both 

T3Fe and T9Fe. The high-resolution spectra obtained for Ti2p, Fe2p and O1s of T3Fe 

and T9Fe were recorded and are shown in Fig.4.47 (b-d) along with the deconvolution. 

The Ti2p spectrum of T3Fe sample can be fitted with four peaks corresponding to 

Ti4+2p3/2 at 458.45 eV, Ti4+2p1/2 at 463.92 eV and Ti3+2p3/2 at 456.86 eV, Ti3+2p1/2 at 

460.63 eV which is consistent with the standard binding energy of TiO2.
46 The Ti2p 

spectrum of T9Fe sample can also be fitted with four peaks corresponding to Ti4+2p3/2 at 

458.23 eV, Ti4+2p1/2 at 464.05 eV and Ti3+2p3/2 at 455.81 eV, Ti3+2p1/2 at 461.42 eV.   

It is observed that T9Fe sample exhibits a significantly low content of Ti3+ when 

compared with T3Fe and a clear binding energy shift is observed, which further 

signifies the decrease in band gap with Fe substitution. Furthermore, the Fe2p peak in 

T3Fe and T9Fe (Fig. 4.47 (c) consist of three peaks, a peak at 709.76 eV of Fe2+2p3/2, 

the second peak at 711.24 eV that of Fe3+2p3/2 and a clear satellite peak at 715.10 eV) 

revealing Fe atom in TiO2 has a mixed oxidation state of +2/+3. It is also observed that 

Fe3+ concentration increases with Fe concentration. Broadening of the Raman peaks, a 

red shift in the optical absorption and XPS spectra strongly suggest the Fe ion 

incorporation at Ti site leading to the formation of vacancy related defects and hence, 

confirmation of Ti3+, Fe2+ and Fe3+ from the XPS analysis of all the samples 79 are well 

in accordance with the Raman and PL studies mentioned earlier. There could be a slight 

difference between the number of oxygen vacancies with Fe ion content as T3Fe 

consists of Ti3+, which is diminishing with Fe substitution. It is to be noted that the 

undoped sample also possess Ti3+/Ti4+ and oxygen vacancies.58 The slight shift in the O 
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1s peak could be due to the difference in the oxygen vacancies in the synthesized 

samples as shown in Fig.4.47 (d).  

 

Fig.4.47. XPS spectra of T3Fe and T9Fe (a) wide spectrum (b) Ti 2p (c) Fe 2p and (d) O 1s  
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The deconvoluted O 1s spectra consist of three peaks.72,93 The peak at 529.40 eV 

is attributed to the lattice oxygen (OL) associated with TiO2. The second peak with 

higher binding energy around 530.1 eV is due to the presence of OH groups. The final 

peak could be due to the water adsorbed on the surface as shown in Fig. 4.47 (d). 

Furthermore, it is observed that 2-δ value calculated from the XPS results94 is 1.99 for 

T3Fe and 1.98 for T9Fe which clearly suggests the formation of minute amount of 

oxygen vacancy defects responsible for the magnetic interactions associated with the 

system. The presence of Fe2+ and Fe3+ as mentioned in the XPS analysis can be 

explained based on the residual carbon from organic radicals as evident from FT-IR 

spectra.72 During the annealing process, the residual carbon associated with the system 

could interact with more oxygen, especially in the air annealing process which causes 

the oxidation of Fe2+ oxidation state to Fe3+ oxidation state. Hence both Fe2+ and Fe3+ 

are observed in the XPS spectra of Fe 2p. 

B. XPS analysis of Co-doped TiO2  

The oxidation states of Co and Ti were further analyzed by XPS for T3Co, T9Co and 

T12Co samples as a representative of the series. The survey spectra of all the three 

samples are shown in Fig.4.48, from which the peak of Co can be seen along with the 

Ti, O and C peaks which were expected. The high-resolution spectra of Ti2p, Co2p and 

O1s were recorded and are shown in Fig. 4.49 (a-c) along with the deconvolution. The 

Ti spectrum of T3Co sample can be fitted with four peaks corresponding to Ti4+ 2p3/2 at 

458.19 eV, Ti4+2p1/2 at 463.92 eV and Ti3+2p3/2 at 456.03 eV, Ti3+2p1/2 at 461.67 eV as 

shown in Fig.4.49 (a). The line separation between Ti4+2p1/2 and Ti4+2p3/2 is 5.72 eV 

which is consistent with the standard binding energy of TiO2.
29,46 Interestingly, T9Co 

sample exhibits a single oxidation state of Ti4+ and the peak positions are located at 

Ti4+2p3/2 at 458.54 eV and Ti4+2p1/2 at 464.27 eV respectively. Again in T12Co sample, 

a similar observation as T9Co is noticed with Ti4+ peaks at Ti4+2p3/2 at 458.54 eV and 

Ti4+2p1/2 at 464.27 eV respectively. Furthermore, the Co peak appeared in T3Co, T9Co 

and T12Co (Fig. 4.49 (b)) can be deconvoluted into four peaks, one at 780.66 eV which 

corresponds to Co2+2p3/2, second peak at 782.06 eV corresponds to Co3+2p3/2, other at 

796.25 eV corresponding to Co2+2p1/2 and final peak at 797.64 eV corresponding to 
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Co3+2p1/2 in Co 2p spectra giving the line spacing of 15.8 eV between the two, along 

with two strong shake-up satellite peaks at 786.01 eV and 802.35 eV revealing Co atom 

in TiO2 exist in a mixed oxidation states of +2/+3. The separation of Co 2p peak into 

2p3/2 and 2p1/2 for both Co2+ and Co3+ indicates that the valence state of Co is 2+/3+.  

 

 

Fig.4.48. Wide scan XPS spectra of (a) T3Co, (b) T9Co and (c) T12Co 

Broadening of the Raman modes, shifting of absorption edge to visible region and XPS 

data strongly support the substitution of Co ions for Ti4+ in the TiO2 lattice which 

creates oxygen vacancy. Confirmation of the presence of Ti3+, Co2+ and Co3+ in the XPS 

analysis indicates that Co-doped samples possess a certain amount of oxygen vacancies 

which further corroborates the Raman and optical absorption spectra data. There could 

be a slight difference between the number of oxygen vacancies of T3Co, T9Co and 

T12Co due to the fact that T3Co consists of Ti3+, which is absent in T9Co and T12Co. 
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This difference in oxygen vacancies is ultimately reflected in the slight peak shifting of 

O 1s spectra as shown in Fig.4.49 (c). The deconvoluted O 1s spectra are represented by 

three symmetric Gaussian curves, similar to that of reported in the literature.93 The 

intense peak at about 529.8 eV is arising due to the oxygen in the TiO2 crystal lattice 

(OL), while the other oxygen peaks are the outcome of OH bonds (531.0 eV) and the 

adsorbed water (532.0 eV) respectively as shown in Fig.4.49 (c). The concentration of 

Ti3+, Ti4+, Co2+ and Co3+ has been estimated from the XPS results 94 which are shown in 

Table 4.9. 

 
Fig.4.49. XPS spectra of T3Co, T9Co and T12Co sample (a) Ti 2p (b) Co 2p and (c) O 1s 

Table 4.9. Estimated concentration of Ti3+, Ti4+, Co2+ and Co3+ from XPS spectra (δ represents 

the oxygen deficiency) 

 

 

 

Compound name Ti3+ (%) Ti4+ (%) Co2+ (%) Co3+ (%) O2- (%) 2-δ 

T-P 13.19 20.22 - - 66.59 1.99 

T3Co 11.02 21.34 0.55 0.75 66.34 1.99 

T9Co - 30.52 1.90 1.21 66.38 1.98 

T12Co - 29.35 3.65 0.76 66.24 1.98 
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C. XPS analysis of Ni-doped TiO2  

The wide scan XPS spectrum of T3Ni is shown in Fig. 4.50 (a) as a 

representative of the series. The high-resolution scans of Ti 2p, Ni 2p and O 1s are 

shown in Fig. 4.50 (b)-4.50 (d). The Ti 2p spectrum of T3Ni sample shows the presence 

of Ti4+ 2p3/2 at 458.45 eV, and Ti4+2p1/2 at 464.20 eV. No peaks corresponding to Ti3+ 

was observed in the high-resolution spectra of Ti 2p. The high-resolution scan of Ni 2p 

can be deconvoluted into four peaks: one peak at 855.57 eV corresponding to Ni2+2p3/2 

and the second peak at 873.32 eV corresponding to Ni2+2p1/2.
46  Two strong satellite 

peaks at 861.79 eV and 879.71 eV reveals that Ni atom in TiO2 has an oxidation state of 

+2.  

 
Fig.4.50. (a) Wide scan XPS spectra of T3Ni sample, High-resolution scan of (b) Ti 2p (c) Co 

2p and (d) O 1s 

 

Confirmation of the presence of Ni2+ in the XPS analysis indicates that Ni-doped 

samples possess a certain amount of oxygen vacancies which is in conformity with the 
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Raman spectra and shifting of absorption edge to visible region in the UV-Visible 

spectra. The O 1s spectrum shown in Fig. 4.50 (d) has been deconvoluted into three 

peaks observed at about 529.55 eV is attributed to the oxygen in the TiO2 crystal lattice, 

while the other two peaks at 529.85 eV and 531.22 eV are due to the presence of OH 

bonds and the adsorbed water. It can be seen from the XPS analysis that no contribution 

from Ti3+ is observed even in 3% Ni-doped sample and there is a drastic decrease in HC 

of 3% Ni-doped sample when compared with the undoped sample as discussed earlier in 

the M-H measurements. 

4.3.2.8. Explanation for the magnetic behavior in Fe, Co, Ni-doped TiO2 

The oxygen vacancy defects associated with TiO2 nanocrystals has a strong 

influence on the magnetic properties. In order to have an idea about the vacancy defects 

the Urbach energy estimation has been carried out on Fe-doped samples (Fig.4.38) and 

the presence of defects are validated which are in corroboration with the PL results as 

discussed in section 4.3.2.5.1. The origin of RTFM in the undoped sample has already 

been discussed in section 4.3.1.7. which was mainly attributed to the defect 

concentration and Ti oxidation states. While considering the Fe-doped or Co-doped 

TiO2 nanocrystals, disorder in the host lattice arising as a result of incorporation of 

Fe/Co ions introduces oxygen vacancies as defects in TiO2 and subsequent formation of 

BMPs could be the reason behind variation observed in both magnetic and optical 

properties.56 BMP fitting has been carried out on Fe-doped TiO2 samples to investigate 

the impact of oxygen vacancy and Fe ion substitution in the TiO2 system. According to 

the previous reports, the fitting has been carried out on the recorded M versus H data 

represented in Fig.4.44.60,61 The data fitted to the experimental curve are represented in 

Fig. 4.51 (a) and the parameters derived from the fitting process are represented in Fig. 

4.51(b). 

As per the earlier discussions, the presence of Ti3+ is confirmed in the Fe-doped 

samples along with Ti4+. The ratio of Ti3+ to Ti4+ is decreasing which is evident from 

Fig.4.47 (b). Still, this minute fraction of Ti3+ along with Fe2+/Fe3+ could have unpaired 

electrons in the 3d state and it can interact with the oxygen vacancy centres associated 
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with these sample as discussed previously. The trapped electrons in the defect sites 

energize the formation of F-centres and F+-centres. The F+-centre formation ultimately 

leads to the formation of BMPs, which may favor the weak FM interaction (Fig.4.51 

(c)). The room temperature M-H loop at lower fields shows a weak RTFM for T3Fe 

where maximum HC is observed which further corroborates the PL results and the 

formation of defect centres and 3d1 interaction of Ti3+/Fe2+/Fe3+ plays a crucial role in 

generating the magnetic response in the Fe-doped sample. Similar behavior is expected 

for Fe-doped samples with higher concentration also, but the extrinsic PM contribution 

of Fe2+/Fe3+ dominates over intrinsic defect-assisted FM behavior which is ultimately 

reflected in the decrease of HC and enhanced PM behavior. The previous discussions 

suggest the absence of expected perfect FM in T9Fe and T12Fe which is due to 

extrinsic factors even though defects are associated with the system and the XPS results 

illustrate the presence of Ti3+, Ti4+ and Fe2+/Fe3+ in the Fe-doped TiO2 system, where 

both intrinsic and extrinsic factors are ultimately deciding the magnetic behavior. From 

the M-H curve of Fe-doped TiO2, it is observed that the net magnetic moment shows an 

increasing trend with Fe concentration and a systematic decrease in HC is observed, that 

suggest a weak FM to PM transition at higher Fe concentration. The BMP concentration 

decreases with Fe substitution and at the same time paramagnetic susceptibility 

increases with increasing Fe concentration.  

Now let us consider the decreased BMP concentration in T6Fe, T9Fe and T12Fe 

in comparison to T3Fe. It is interesting to observe that even with the increased number 

of Fe ions present in T6Fe, T9Fe and T12Fe, there is a decrease in HC in comparison to 

T3Fe and the increased number of Fe2+ and Fe3+ sites may be generated to maintain the 

charge neutrality. Hence, when the Fe concentration increases, more number of Fe2+/ 

Fe3+ ions will be generated and the charge neutrality will be maintained by Fe sites and 

Ti4+ sites are less disturbed and less Ti3+ ions will get generated which is evident from 

the XPS results. More clearly, BMP formation at higher Fe concentration samples is 

solely due to the interaction of F+-centres with 3d states of Fe ions and obviously will 

result in a decreased concentration of BMPs as the s-d exchange interaction among F+-

centre and Ti3+ is almost negligible in the T6Fe, T9Fe and T12Fe  samples. The BMP 
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fitting of all the Fe-doped samples corroborates well with the above mentioned results 

where T12Fe is having the least number of BMPs among the Fe-doped samples and is 

found to be least FM with increased PM susceptibility. Along with this interesting 

magnetic behavior exhibited by the system, a significant band gap narrowing is also 

observed on these samples which are represented in Fig.4.51 (d).  

 

Fig.4.51. Fe-doped TiO2 samples (a) BMP fit (b) Variation of BMP concentration, meff and χm 

with Fe-doping concentration obtained from Langevin-fitting (c) Schematic diagram 

representing the BMP model and (d) Schematic diagram of band-gap narrowing with Fe 

concentration 

Now, let us consider the origin of RTFM observed for the lower doped T3Co 

sample. A similar interaction to that of Fe-doped samples is possible between the F+-

centre and Co2+ ions to develop further BMPs, hence another possible interaction in 

lightly Co-doped T3Co is between the F+-centres and 3d7 electron spin of Co2+ ions 

leading to FM ordering. Hence the BMP formation due to Ti3+ and Co2+ ions with the 

F+-centre, in which the electrons are locally trapped by oxygen site vacancies, where an 

orbital overlapping with the unpaired 3d1 electron of Ti3+ ions or the unpaired 3d7 
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electron of Co2+ ions is explored in detail to investigate the observed RTFM at lower 

fields in the present case, i.e., in T3Co sample. It is clear from Table 4.8 that Ti3+/ Ti4+ 

ratio is 0.65 for the undoped sample and 0.52 for T3Co. Again Co2+/Co3+ ratio is 

observed to be 0.73 for T3Co, at the same time slight amount of oxygen vacancy is also 

evident from Table 4.8 and these results indicate the s–d exchange interaction 

associated with the 1s1 electron spin of trapped state, 3d1 electron spin of Ti3+ ions and 

3d7 electron spin of Co2+ ions have induced magnetism in T3Co. The BMP fitting has 

been carried out on the observed M versus H data to get the BMP concentration as 

discussed in equation (4.1).60,61 The experimental and fitted data to estimate the BMP 

concentration is represented in Fig. 4.52(a) for all the Co-doped samples and it can be 

observed that the fitted data is very well in accordance with the experimental data and 

the obtained parameters are tabulated in Table 4.10. 

 

Fig.4.52. Langevin-fit to estimate the BMP concentration for (a) Co-doped samples, Schematic 

diagram showing the possible BMP formation involved in (b) T3Co and (c) T12Co for 

explaining the magnetic behavior of the Co-doped TiO2 nanocrystals (d) The variation of BMP 

concentration and Co2+/Co3+ ratio with Co substitution 
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The number of BMPs required to induce a long-range FM is reported to be of 

the order of 1020/cm3, whereas the undoped sample contains 1016 BMPs and T3Co 

sample contains nearly 1017 BMPs and ultimately RTFM is observed only at lower 

fields. The low concentration of oxygen site deficiency due to air annealing is evident 

from the approximate low 2-δ value as shown in Table 4.8. When a less concentration 

of Co exists in T3Co, the system is bound to interact with Ti4+ defect sites to induce the 

formation of Ti3+ in order to maintain the charge neutrality. Here, a very few Co2+ ions 

from Co(NO3)2 will be converted to Co3+ ions which is the most stable state (but 

diamagnetic) among different Co ions due to d-orbital splitting into lower energy t2g 

state and high energy eg state. The results are well in agreement with the XPS results. 

Hence it is clear that BMPs formed as a result of both Co2+ ions and Ti3+ ions are 

responsible for the weak FM exhibited by T3Co. 

The underlying mechanism of FM in heavily Co-doped TiO2 samples is rather 

complicated due to the fact that doubly occupied F-centres and the formation of 1s2 state 

can adversely affect the FM interactions and a few mechanisms are put forward, which 

includes RKKY 95 model, FM double exchange and AFM superexchange coupling,96 

and coupling of BMPs formed at the F+-centre and the Co2+ surrounding of doped 

nanocrystals,97 etc. The inherent tendency of defect formation in TiO2 nanocrystals 

increases the possibility of interactions among defects and carriers along with their 

coupling that could lead to a variety of magnetic interactions depending upon the defect 

concentration and dopant ion concentration. Considering the M-H curve represented in 

Fig.4.45, it is observed that the net magnetic moment increases with Co substitution and 

at the same time HC decreases considerably leading to a weak FM to PM transition with 

the increased Co2+ concentration. The BMP concentration, total BMP magnetization and 

PM susceptibility obtained for T6Co are within the permissible limit and its BMP 

concentration considerably decreases with Co substitution whereas PM susceptibility 

increases systematically. Now let us consider the reason for the decreased BMP 

concentration in T6Co in comparison to T3Co. Obviously, more number of Co2+ ions is 

present in T6Co when compared with T3Co; hence, the system tend to interact with the 

increased number of Co2+ sites and again some amount of Co3+ generation occurs to 
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maintain the charge neutrality. The interaction with the Ti4+ site is hindered here due to 

the fact that the stability of Ti4+ (having noble gas configuration) is more in comparison 

to Co2+ (can easily oxidize to Co3+). Hence, when more Co2+ ions is present, the charge 

neutrality concept is bound to Co2+ site and Ti4+ site get undisturbed as shown in 

Fig.4.49 (b). The BMP formation in T6Co case is only due to the interaction of F+-

centres with 3d states of Co2+ ions and obviously will result in a decreased 

concentration of BMPs as the s-d exchange interaction among F+-centre and Ti3+ is 

absent in the T6Co sample. The BMP fitting of T9Co and T12Co is represented in 

Fig.4.52 (a), where a similar observation is noticed. Hence, T12Co is having the least 

number of BMPs among the Co-doped samples and is found to be least FM. It is evident 

from the XPS results that the ratio of Co2+/ Co3+ is increasing with Co substitution 

which is represented in Table 4.9. The increasing trend in net magnetization results 

from the PM moment contributed by this hiking Co2+ concentration where the isolated 

Co spins in the trapped centres are responsible for the PM behavior of T6Co, T9Co and 

T12Co. Interestingly, the presence of Ti3+ ions have almost disappeared in these heavily 

doped samples. The Fig.4.52 (b, c) shows a schematic representation explaining the 

possible BMP formation involved in the Co-doped TiO2 nanocrystals. The different 

possible mechanisms involved here can be explained in detail as discussed below. The 

higher concentration of Co yields the decreased FM behavior and a similar observation 

can be found in most of the recently reported systems.96,98 It could be due to the fact that 

large concentration of Co2+ doping (as evident from the XPS analysis) can result in the 

following possibilities, (i) the AFM ordering between two nearby Ti4+/Co2+ ions in the 

absence of oxygen vacancy sites by superexchange interaction, (ii) most of the Co2+ 

spins exist in the isolated PM spin system or (iii) may interact ferromagnetically by F+-

centre – Ti3+ ions/ F+-centre – Co2+ ions. Even though (i) and (iii) is present in our 

system, (ii) is dominated by higher concentration of Co2+ resulting in an increased PM 

moment.  

As discussed earlier in the PL results, the concentration of oxygen vacancies is 

considerably lower in T12Co in comparison to T3Co. Hence, a lower oxygen vacancy 

concentration is partly responsible for the decreasing FM behavior in T12Co. It is 
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observed that BMP concentration is the maximum for T3Co and there is a linear 

correlation between the increased Co-doping and BMP concentration, as shown in 

Fig.4.52 (d). It is extremely challenging to quantitatively estimate the defect 

concentration from the PL analysis, the observed correlation is in good agreement with 

the recent report 55 and it is reported that the correlation between BMP concentration 

and oxygen vacancies are rarely observed. These observations impart an expression that 

the observed RTFM is contributed significantly by oxygen vacancies created in the Co-

doped samples. It is observed that the T3Co samples have numerous oxygen vacancies 

due to Ti3+ and Co2+, leading to the formation of even small clusters of vacancies which 

could increase the chance of localization of the charges associated with the exchange 

interaction due to overlapping of BMPs. Hence it is understood that in the present 

samples, contribution of magnetization is due to the simultaneous occurrence of oxygen 

vacancies and BMP formation resulting in FM and PM behavior respectively. The 

oxygen vacancies and BMP formation are becoming weaker with the increase of Co 

ions, resulting in the weakening of FM behavior and the enhancement in magnetization 

occurs due to the increase in isolated Co2+ spins with the increase of Co substitution.  

BMP fitting has been carried out on Ni-doped TiO2 samples also to explore 

more on the role of oxygen vacancy and the impact of dopant ion concentrations. The 

measured magnetization has been fitted using equation (4.1). A plausible model for 

BMP formation in 3% Ni-doped TiO2 is shown in Fig 4.53 (a). Fig 4.53 (b) shows the 

BMP fit for Ni-doped samples and it can be seen that the fitted data agrees well with the 

experimental data. The parameters obtained from the fitting are tabulated in Table 4.10. 

It is interesting to note that T3Ni sample contains nearly 1016 BMPs and a very low HC 

is observed at lower fields. The HC decreases with Ni doping and the maximum HC is 

observed for T3Ni. Hence it is clear that BMPs formed as a result of Ni2+ ions are 

determining the HC of the sample. Hence, it can be presumed that oxygen vacancies and 

Ti interstitials are responsible for the very weak FM exhibited by T3Ni. The increasing 

trend in net magnetization for heavily doped Ni samples result from the increased PM 

moment contributed by the increasing Ni2+ concentration. 
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When Ni2+ substitutes Ti4+, to balance the charge neutrality, there will be some 

disorder in the lattice which can be in the form of defects like oxygen vacancies. When 

the Ni2+ concentration is present in a dilute manner the Ni–O, Ti–Ti, and Ti–O bond 

distances may change significantly and could contribute towards magnetism through 

different exchange interactions. The F-centre formation and interplay of spins 

associated with different elements present in the system are responsible for the magnetic 

behavior exhibited by transition metal oxides. Hence, it is desirable that the different 

elements present in doped TiO2 should possess unpaired electrons so that the interaction 

will be strong enough to make the sample magnetic. It is also important to note that the 

transformation of F-centres to F+-centres becomes so crucial in creating the 

magnetically active sites. In the case of Ni-doped TiO2, different possibilities are there 

to determine the magnetic behavior of the sample. 

 

Fig.4.53. (a) BMP formation in T3Ni (b) BMP fitting in Ni-doped samples 

From the XPS spectra of T3Ni, it is observed that only Ti4+ is present in the 

system along with a few Ni2+ substituting for Ti4+ ions. The electronic configuration for 

Ni2+ can be written as [Ar] 3d8 4s0 which gives rise to two unpaired d-electrons in Ni-

doped TiO2 system. Even though this electronic configuration reveals the FM behavior 

of the dopant ion, it decreases the HC in comparison to the undoped sample. This 

interesting observation is due to the fact that FM behavior in doped TiO2 samples is 

difficult due to doubly occupied F-centres and the formation of 1s2 state in the trapped 

sites. From the different mechanisms discussed earlier, the BMP model holds good for 

the very weak FM in 3% Ni-doped TiO2 at lower fields.56 The BMP formation in T3Ni 
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is schematically represented in Fig 4.58 (a). With Ni substitution in TiO2, especially in 

T3Ni, the simultaneous occurrence of oxygen vacancies and BMPs can be accounted for 

the very weak FM behavior at lower fields since Ni is a magnetic ion. Still, due to the 

absence of Ti3+ as revealed from the XPS spectra of T3Ni, a well accounted s-d 

interaction may not be present in these samples and due to this reason T3Ni exhibits a 

clear paramagnetic behavior at higher fields. Also, even with the existence of oxygen 

vacancies, BMP formation becomes weaker at higher Ni concentrations, leading to the 

PM behavior and the enhancement in magnetic moment is reflected from the increase in 

isolated Ni2+ spins which is evident from the M-H curves of T6Ni, T9Ni and T12Ni 

respectively.  

Table 4.10. The parameters obtained from BMP fitting for Fe, Co, Ni-doped TiO2 nanocrystals 

Compound 
M

0
(x10

-4

emu/g) M
eff

(x10
3

μ
B
) χ

m
(x10

-6 

emu/g-Oe) 

N(x 10
17

/cm
3

) 

T-P 6.81 7.21 0.37 0.11 

T3Fe 20.91 8.06 3.88 0.28 

T6Fe 15.11 8.1 6.585 0.18 

T9Fe 13.52 18.1 8.824 0.09 

T12Fe 6.23 22.38 11.64 0.03 

T3Co 148.22 5.94 2.50 2.70 

T6Co 17.23 4.01 5.40 0.46 

T9Co 6.49 7.16 7.89 0.09 

T12Co 3.97 7.13 10.48 0.06 

T3Ni 12.11 10.32 1.63 0.12 

T6Ni 7.88 11.33 2.96 0.08 

T9Ni 4.39 7.18 4.27 0.07 

T12Ni 2.34 8.47 5.72 0.01 
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4.3.3. Cr and Mn-doped TiO2 nanocrystals  

Here, we have carried out a detailed study of the morphological, structural, 

optical and magnetic properties of Cr and Mn-doped TiO2 nanocrystals with doping 

concentrations varying from 3 to 12 atomic weight%. 

4.3.3.1. Structural analysis 

X-ray diffraction studies corresponding to Cr and Mn-doped TiO2 are discussed 

in the following sub sections 

A. XRD analysis of Cr-doped TiO2 

The XRD patterns of Cr-doped TiO2 nanocrystals are shown in Fig. 4.54 (a). All 

the diffraction peaks have been indexed with the tetragonal anatase phase of TiO2 with 

space group I 41/a m d (ICDD card no.78-2486). A slight left shift has been observed 

with the increase of Cr content, indicating an increase in d spacing and hence the unit 

cell volume. The broadening of the (101) peak suggests a decrease in particle size with 

increase in Cr content. The peak shift and broadening of the (101) peak is shown in Fig. 

4.54(b). The Rietveld refinement patterns of all the samples are plotted in Fig. 4.55 and 

are tabulated in Table 4.11. The agreement between the observed and calculated 

intensities ensures the conformity of the XRD patterns with the tetragonal anatase phase 

of TiO2. The lower values of the residual parameters indicate the goodness of fit.  

 
Fig.4.54. (a) XRD patterns of Cr-doped TiO2 nanocrystals. (b) Peak shift associated with T3Cr, 

T6Cr, T9Cr, and T12Cr. 
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Fig.4.55. Refined XRD patterns of Cr-doped TiO2 nanocrystals: (a) T3Cr, (b) T6Cr, (c) T9Cr, 

and (d) T12Cr. 

It is observed from the detailed XRD refinement that incorporation of Cr doesn’t 

affect the anatase phase of TiO2 which remained the same for up to T12Cr. All the Cr-

doped samples exhibit an intensity variation of the most intense (101) diffraction peak 

with a slight shift suggesting an expansion in the cell volume along with a slight 

decrease in the crystallite size. The observed expansion in the cell volume could be 

attributed to the difference in ionic radii between Cr dopant ion and the Ti ions 

occupying the host lattice.99 The ionic radii corresponding to Cr3+ and Ti4+ ions are too 

close which is considered as 0.62 Å and 0.61 Å and as a result Cr3+ ion can cause a 

slight expansion of the unit cell, suggesting the substitutional doping of Cr in to the Ti 

site.62  

The entire Cr-doped samples exhibit decreased intensity and increased FWHM 

of the most intense peak. This interesting behavior of decreased intensity could be due 

to the decreased nanoparticle size with Cr substitution, however at higher Cr 
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concentration all the dopant ions need not occupy the octahedral position in the present 

case. 

Table 4.11. Refinement parameters obtained for Cr-doped TiO2 nanocrystals 

Compound T3Cr T6Cr T9Cr T12Cr 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7902 (2) 3.7906 (4) 3.7915 (2) 3.7926 (4) 

c(Å) 9.4926 (3) 9.4934 (1) 9.4948 (5) 9.4961 (3) 

Volume (Å)3 136.37 (1) 136.41 (4) 136.49 (1) 136.59 (1) 

Atomic positions 

Ti/Cr x (4a) 0.0000 0.0000 0.0000 0.0000 

Ti/ Cr y (4a) 0.7500 0.7500 0.7500 0.7500 

Ti/ Cr z (4a) 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0827 0.0833 0.0839 0.0855 

B iso (Ti/ Cr) (Å)2 0.0007 0.0002 0.0006 0.0009 

B iso (O) (Å)2 0.0036 0.0016 0.0005 0.0007 

   Residual Parameters 

Rp 3.18 2.80 3.43 2.47 

Rwp 4.23 3.55 4.33 3.13 

χ2 1.82 1.06 1.16 1.03 

A very few dopant ions could be expelled on to the surface due to self-

purification mechanism  or may occupy near the grain boundaries.65 Due to this reason, 

the lattice periodicity may get disturbed leading to the inhibition of crystal growth that 

effectively decreases the crystallite size. Furthermore, there is no evidence for the 

occurrence of any other characteristic peaks corresponding to secondary phases or 

impurity ions in the prepared samples due to Cr incorporation.  

The variation in the lattice parameters and unit cell volume could be also due to 

the development lattice strain with Cr doping. The value of interplanar spacing may 

increase or decrease depending on the strain present in the doped samples. The increase 

in d- spacing results in the shifting of 2θ-value towards lower angles which may be due 

to tensile strain while uniform compressive strain may be responsible for the decreased 

d-value corresponding to a shifting of 2θ toward higher values.100 The size strain 
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parameters have been evaluated from the size strain plot (SSP) which has the advantage 

that it is reliable in case of isotropic line broadening and is shown in Fig. 4.56. In this 

plot, the data points from high angle reflections are given less weightage. In the SSP 

plots, it is assumed that Lorentzian function describes the ‘‘crystallite size” profile 

while Gaussian function describes the ‘‘strain profile” and is governed by the 

equation.101 

   ( 4.10) 

 

where dhkl is the interplanar spacing between the (hkl) planes, βhkl is the FWHM, λ is the 

wavelength of X-rays used, θhkl is the diffraction angle, k is the shape factor having 

values in between 0.9 and 1 and D is the apparent volume weighted average size and ε 

is the apparent strain related as101 

                                               
2 2

rms





                                      (4.11) 

where εrms is the root mean square (rms) strain. Therefore, it can be seen that the 

incorporation of Cr produces a small lattice distortion giving rise a compressive strain 

which favor the reduction in d-value and shifting of Bragg angle toward higher angles. 

The average size and microstrain obtained from the SSP is plotted against Cr 

concentration in Fig. 4.57. It can be seen that with decrease in crystallite size, the 

microstrain increases suggesting the possible reduction in crystallite size which can be 

seen from the broadening of the diffraction peaks as shown in Fig. 4.54 (b). The 

crystallite size has also been evaluated from the Debye Scherrer equation on (101), 

(004), (200) and (105) peaks and the variation of crystallite size with Cr content is 

shown in Fig. 4.57. The reduction in the average crystallite size with Cr doping could be 

due to the presence of Cr–O–Ti bonds, which inhibits the growth of the crystals. This 

indicates that Cr ion replaces the Ti4+ ions in the TiO2 host lattice, which results in the 

decrease of the average crystallite size.  

 



   Undoped and Transition Metal Elements doped TiO2 nanocrystals 

 

 P a g e  | 235 

 

 

Fig.4.56. SSP of Cr-doped TiO2 nanocrystals (a) T3Cr, (b) T6Cr, (c) T9Cr, and (d) T12Cr. 

 

Fig.4.57. Variation of crystallite size and microstrain with Cr concentration 

B. XRD analysis of Mn-doped TiO2 

Fig. 4.58 (a) shows the XRD patterns of all Mn-doped TiO2 nanocrystals 

recorded in the range 20° to 80°. All the samples could be well indexed with the 
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tetragonal anatase phase of TiO2 [JCPDS card No: 89-4921]. No diffraction peaks 

corresponding to MnO, Mn2O3 or Mn3O4 were observed in the XRD patterns indicating 

the phase purity of the synthesised samples. The peak shift associated with the most 

intense (101) peak shown in Fig. 4.58 (b) indicate the successful incorporation of Mn at 

the place of Ti in TiO2. The FWHM has been estimated from the fitting of the (101) 

peak and is shown in Fig. 4.59. Rietveld refinement was carried out on all the samples 

using Fullprof software as shown in Fig. 4.60(a) - (d) and the parameters extracted from 

Rietveld refinement are tabulated in Table 4.12. The ionic radii of Mn2+ (0.67 Å) is 

slightly larger than Ti4+ (0.61 Å), while the ionic radii of and Mn3+ (0.58 Å) is slightly 

smaller than Ti4+.63 Hence, the slight increase in the lattice parameters could be due to 

the presence of Mn2+ ions in the system.100  

 

Fig.4.58. (a) XRD patterns of Mn-doped TiO2 nanocrystals (b) peak shift associated with (101) 

peak for all the Mn-doped samples 

The size strain parameters of the Mn-doped samples have been determined from 

the SSP and are shown in Fig. 4.61. In this plot, the data points from low angle 

reflections are given more weightage while the high angle reflections are given less 

weightage. In the SSP plots, it is assumed that Lorentzian function describes the 

‘‘crystallite size” profile while Gaussian function describes the ‘‘strain profile” 101 and 

is governed by the equatios (4.10) and (4.11). From the SSP, the crystallite size and the 

micro strain were evaluated using the equations 4.10 and 4.11. The variation of 

crystallite size and micro strain with Mn concentration is shown in Fig. 4.62. The 

crystallite size has also been estimated from the Debye Scherrer equation and its 



   Undoped and Transition Metal Elements doped TiO2 nanocrystals 

 

 P a g e  | 237 

 

variation with Mn content is plotted in Fig. 4.62, which is in good agreement with the 

crystallite size derived from SSP.  

 
Fig.4.59. Estimation of FWHM from the most intense (101) peak of all the Mn-doped samples 

(a) T3Mn, (b) T6Mn, (c) T9Mn and (d) T12Mn 

 

Fig.4.60. Refined XRD patterns of (a) T3Mn, (b) T6Mn, (c) T9Mn and (d) T12Mn 
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Table 4.12. Refinement parameters obtained for Mn-doped TiO2 nanocrystals 

Compound T3Mn T6Mn T9Mn T12Mn 

Phase Anatase 

Crystal Structure Tetragonal 

Space Group I 41/a m d 

   Lattice Parameters 

a(Å) 3.7907 (4) 3.7911 (1) 3.7923 (4) 3.7953 (5) 

c(Å) 9.4926 (2) 9.4928 (1) 9.5136 (3) 9.5035 (4) 

Volume (Å)3 136.40 (3) 136.43 (2) 136.82 (6) 136.89 (1) 

Atomic positions 

Ti/Mn x (4a) 0.0000 0.0000 0.0000 0.0000 

Ti/Mn y (4a) 0.7500 0.7500 0.7500 0.7500 

Ti/Mn z (4a) 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0854 0.0862 0.0838 0.0861 

B iso (Ti/ Mn) (Å)2 0.0004 0.0003 0.0007 0.0005 

B iso (O) (Å)2 0.0041 0.0018 0.0011 0.0008 

   Residual Parameters 

Rp 3.68 3.51 3.55 2.98 

Rwp 5.15 4.79 4.85 3.90 

χ2 1.49 1.22 1.15 1.55 

 

Fig.4.61. Size strain plots of (a) T3Mn, (b) T6Mn, (c) T9Mn and (d) T12Mn 
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Fig.4.62. Variation of crystallite size and microstrain with Mn concentration 

4.3.3.2. Raman Analysis 

Raman spectra corresponding to Cr and Mn-doped TiO2 are discussed in the 

following sub sections 

A. Raman Analysis of Cr-doped TiO2 

Fig 4.63(a) shows the Raman spectra of all the Cr-doped samples. All the major 

peaks corresponding to anatase TiO2 has been indexed in the Raman spectra. Anatase 

TiO2 has six Raman active modes (A1g + 2B1g + 3Eg) and three IR active modes.102 The 

irreducible representation of optical phonon mode at the G-point of the Brilliouin zones 

can be represented as: Γopt = A1g (R) + 2B1g (R) + 3Eg (R) + B2u (IR) + A2u (IR) + 2Eu 

(IR). The peaks Eg at 144, 197 and 639 cm-1 corresponds to the symmetric stretching 

vibration of O-Ti-O bond while the Ag and Bg bands at 516 and 399 cm-1 indicates the 

symmetric and anti-symmetric bending vibrations of O-Ti-O bonds respectively.14 No 

characteristic peaks of CrO2 or Cr2O3 have been observed. The red shift and broadening 

of the major Eg(1) peak suggests the incorporation of Cr ions into the TiO2 lattice and is 

attributed to the increased disorder and destruction of ideal symmetry of the crystal and 

is plotted in Fig 4.63(b).15,16,76 With increase in Cr concentration, it can be seen that 

there are no phases corresponding to Cr or related oxides suggesting that all the Cr 

atoms have been substituted into the lattice rather than occupying the interstitial sites 

associated with Ti. The deconvoluted Raman spectra of T3Cr is shown as a 
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representative of the series and all the modes corresponding to anatase TiO2 has been 

deconvoluted in Fig 4.63 (c). Fig 4.63(d) shows the variation of Raman intensity with 

Cr content. It can be seen that the Raman intensity decreases with increase in Cr content 

indicates the breakdown of crystal symmetry arising as a result of the distortion of the  

 
Fig.4.63. (a) Raman spectra of T3Cr, T6Cr, T9Cr, and T12Cr. Inset shows the magnified view 

of Raman spectra of T6Cr, T9Cr, and T12Cr (b) Expanded region of the Eg(1) mode showing 

peak shifting and broadening (c) Deconvoluted Raman spectra of T3Cr (d) Variation of Raman 

intensity with Cr concentration 

O-Ti-O bond due to the incorporation of Cr ions at the Ti site. It can be seen that with 

increase in Cr content, the oxygen vacancies increases resulting in the decrease of Cr-O 

bonds and hence a decrease in unit cell volume is observed in conformity with the XRD 

refinement results. The shifting and broadening of the Eg mode is due the increase in the 

concentration of oxygen vacancies.77 

B. Raman Analysis of Mn-doped TiO2 

The room temperature Raman spectra Mn-doped TiO2 nanocrystals are shown in 

Fig. 4.64 (a). It is well reported in literature that anatase TiO2 has six Raman active 
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modes and three infra-red (IR) active modes.103,104 The absence of modes corresponding 

to any other impurities are further validated by deconvoluting the Raman spectra and as 

a representative of the series deconvoluted spectra of T3Mn is shown in Fig. 4.65. As 

discussed earlier in section 4.3.1.1. and 4.3.2.2, the most intense Raman mode (Eg (1)) 

appears at 145 cm-1 and is very sensitive to the local oxygen surrounding the metal 

ion.105 The other two Eg modes at 197 and 640 cm-1 corresponding to Eg (2) and Eg (3) 

respectively are less intense Raman modes. The B1g peak and A1g+B1g peak appear at 

397 cm-1 and 516 cm-1 respectively.106 The expanded view of the mode is shown in the 

Fig. 4.64 (b), which demonstrates that the broadening and red shifting of Eg(1) mode 

with the incorporation of Mn in TiO2. This broadening and Eg(1) mode shifting is due to 

the disruption of lattice symmetry and generation of defects such as oxygen vacancies to 

maintain charge neutrality due to the substitution of Mn at the Ti site. As a result of the 

 
Fig.4.64. (a) Raman spectra of T3Mn, T6Mn, T9Mn and T12Mn at room temperature. Inset 

shows the magnified view of Raman spectra of T6Mn, T9Mn and T12Mn (b) Expanded region 

of Eg (1) peak in the range 100-200 cm-1 of undoped and Mn-doped TiO2 nanocrystals  

formation of oxygen vacancies, there would be a decrease in the number of Ti-O and 

Mn-O bonds, which would result in the contraction of the lattice as seen from the 

refinement table. This decrease in the number of Ti-O and Mn-O bonds is also 

responsible for the shifting of the Eg (1) mode to higher wave numbers.77,107,108 Thus, it 

could be presumed that oxygen vacancies are key component contributing to the 

shifting and broadening of the Raman peaks. 
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Fig.4.65. Deconvoluted Raman spectra of 3% Mn-doped TiO2 

4.3.3.3. Morphological analysis 

 TEM analysis have been carried out on Cr and Mn-doped TiO2 nanocrystals and 

are discussed in the following sub sections 

A. Morphological analysis of Cr-doped TiO2 

Fig.4.66 shows the high resolution TEM images of Cr-doped TiO2 nanoparticles. 

The particles seem to be aggregated as seen from the TEM micrographs 4.66(a)-4.66(d). 

The high resolution TEM images show the presence of lattice fringes. The planes (101), 

(004), (211), (200) and (105) correspond to the tetragonal anatase phase of TiO2 and 

have been indexed in Fig 4.66(i-l). The insets of Fig 4.66(i-l) show the corresponding 

FFT which indicate the high crystalline nature of the samples. SAED patterns 

corresponding to T3Cr, T6Cr, T9Cr and T12Cr are shown in Fig 4.66(m-p). 
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Fig.4.66. Cr-doped TiO2 nanocrystals. (a−h) TEM images showing the nanocrystal formation. 

(i−l) HR-TEM images showing lattice fringes with FFT shown in the inset. (m−p) SAED 

patterns of Cr-doped TiO2 nanocrystals 

B. Morphological analysis of Mn-doped TiO2 

The morphological features of Mn-doped TiO2 nanocrystals are shown in Fig. 

4.67(a)-(h). All the samples have an average size ranging from 5-12 nm which is well in 

agreement with the particle size derived from the XRD data. The high-resolution TEM 

images shown in Fig. 4.67 (i)- (l) show the presence of lattice fringes corresponding to 

different planes of tetragonal anatase phase of TiO2 like (101), (103) and (004) which 

indicate the high crystalline nature of the samples. The corresponding FFTs are shown 

in the insets in Fig. 4.67 (i) – (l). SAED patterns show the presence of distinct rings 
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corresponding to different planes of anatase TiO2 and they have been indexed using 

Image J software for all the samples as shown in Fig. 4.67 (m - p). 

 

Fig.4.67. TEM images of Mn-doped TiO2 nanocrystals (a-h) TEM images showing the 

nanocrystal formation, (i-l) HR-TEM images showing lattice fringes with FFT shown in the 

inset and (m-p) SAED patterns of Mn-doped samples. 

4.3.3.4. FT-IR analysis 

FT-IR analysis corresponding to Cr and Mn-doped TiO2 are discussed below. 

A. FT-IR analysis of Cr-doped TiO2 

Fig. 4.68 shows the FT-IR spectra of all the samples with increasing Cr content. A 

large hump around 847 cm-1 is attributed to the stretching vibration associated with the 

Ti-O-Ti bonding.81 The shifting and broadening of band position at 847 cm-1 confirm 

the presence of defects arising due to oxygen vacancies existing in the system due to Cr 
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incorporation in TiO2 lattice. The symmetric and anti-symmetric stretching vibrations of 

the OH functional group was represented by the broadband around 4000–3200 cm−1.82 

Bending vibrations corresponding to the OH groups appear between 1700 and 1300 

cm−1 and this arises as a result of the adsorbed atmospheric water on the sample 

surface.80 

 
Fig.4.68. FT-IR spectra of Cr-doped TiO2 nanocrystals 

B. FT-IR analysis of Mn-doped TiO2 

Fig 4.69 shows the FT-IR spectra of all the samples with increasing Mn content. As 

discussed in section 4.3.3.4.1., the hump around 847 cm-1 is attributed to the O-Ti-O 

stretching vibration.81 The stretching vibrations of the OH functional groups (symmetric 

and anti-symmetric) were represented by the broadband around 3200–4000 cm−1.82  

       
Fig.4.69. FT-IR spectra of Mn-doped TiO2 nanocrystals 
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Bending vibrations corresponding to the OH groups appear between 1300 and 1700 

cm−1 and this could be occurring as the adsorbed atmospheric water is present on the 

sample surface.80 

4.3.3.5. Optical Studies 

UV- Visible spectra and Photoluminescence studies corresponding to Cr and 

Mn-doped TiO2 are discussed in the sub sections given below. 

A. UV- Visible and Photoluminescence Studies of Cr-doped TiO2 

The changes in the optical absorption property with increasing Cr content can be 

studied with the help of UV-visible spectroscopy. The absorbance spectra of all the 

samples has been calculated using the Kubelka Munk equation and are shown in Fig 

4.70 (a). However with Cr doping, the absorption spectra broadens and two peaks can 

be observed, one between 400 and 600 nm and the other at around 700 nm. These peaks 

are a result of the d-d transitions which arise under the influence of the octahedral 

crystal field when Cr ions are introduced into the lattice. The first absorption peak 

between 400 and 600 nm is due to 4A2 (F) to 4T1(F) transition and the second peak is 

due to the spin forbidden 4A2(F) to 2E, 2T1 transition.104,109,110 When Cr ions are 

introduced into the TiO2 lattice, it exists as Cr3+ ions forming a CrO6 octahedra and the 

repulsion between these Cr3+ and oxygen ions results in the splitting of d orbitals into 

ground state (4A2) and excited states (4T1, 2E, etc.) The band gaps have been estimated 

from the Tauc’s plot and are represented in Fig 4.70 (b). It can be seen that the band gap 

decreases abruptly with increase in Cr content suggesting the incorporation of Cr ions 

into the TiO2 lattice. A red shift is observed for all the Cr-doped TiO2 samples and this 

shift in absorption edge is attributed to the acceptor tendency exhibited by Cr and due to 

this reason the red shifting tendency is increased with Cr doping concentration as 

evident from Fig 4.70 (a). When Cr concentration increases, the shifting of conduction 

band edge can happen due to the acceptor tendency of Cr as discussed above which 

ultimately causes the red shift and endorses a decreased band gap in comparison to the 

undoped compound which is discussed below. At higher wavelengths, well above 600 

nm, another low intensity absorption peak is evident and a similar result has been 
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reported recently111 which is reported to be due to the d-d transition arising from Cr3+ 

ions as discussed earlier which can could effectively cause shifting of conduction band 

depending on the doping levels of Cr3+ ions.111
 

A significant narrowing of band-gap is observed with increasing Cr 

concentration and the estimated optical band-gap of all the samples with doping 

concentrations 3, 6, 9 and 12 at wt % are 1.90, 1.63, 1.57 and 1.43 eV respectively. 

 

Fig.4.70. Cr-doped TiO2 nanocrystals: (a) solid-state UV spectra and (b) Tauc’s plot. Inset 

shows the variation of band gap with Cr substitution 

It can also be seen that there is a significant lowering of band gap from 3.16 eV in 

undoped compound to 1.43 eV in T12Cr, which is clearly attributed to the presence of 

localised defect states in TiO2 in comparison to the undoped TiO2. These defect states 

are responsible for the absorption tail in the absorption spectra which extends into the 

forbidden gap. This absorption tail is called Urbach tail and is associated with Urbach 

energy.84,85 The equation for calculating the Urbach energy is (4.9) and the Urbach 

energy is calculated by plotting Ln (α) against E. Since the absorption coefficient α is 

proportional to absorbance F(R), we have plotted Ln (F(R)) against the photon energy, 

E and is shown in Fig 4.71 for all the Cr-doped samples. The reciprocal of the slope of 

linear fit, below the optical band gap region, gives the value of Urbach energy, Eu and 

the values of Urbach energy is tabulated in Table 4.19. 

It is observed that an increase in Cr dopant concentration causes Urbach energy 

enhancement indicating the formation of more number of oxygen vacancies with Cr 
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incorporation. The creation of more number of oxygen vacancy defects can be 

explained on the basis of charge neutrality concept which is essential to be maintained 

in the TiO2 lattice when Cr concentration increases from 3% to 12%.101 These localised 

defect states can effectively influence the valence and conduction band edges which 

could also be treated as another reason for triggering a decreased band gap in Cr-doped 

TiO2.  

 
Fig.4.71. Plot of Urbach energy for (a) T3Cr, (b) T6Cr, (c) T9Cr, and (d) T12Cr. 

PL spectra have been taken at an excitation wavelength of 325 nm and the 

emission spectra have been recorded for all the Cr-doped samples as shown in Fig 

4.72(a). The spectra show a broad emission in the visible 350 - 600 nm range. The 

deconvoluted PL spectra shows five peaks at around 400, 460, 500, 540 and 580 nm as 

discussed earlier in sections 4.3.1.4, 4.3.2.5 and is represented in Fig 4.72(b). A 

schematic diagram showing the possible PL emissions in Cr-doped TiO2 system is 

depicted in Fig.4.72 (c). The variation in PL intensity with Cr substitution shows a 
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decreasing trend as shown in Fig 4.72(d) and could ascertain the Cr incorporation into 

TiO2 lattice based on the recent reports that explains the emission spectra of transition 

metal ion incorporated TiO2 material.112  Furthermore, this decrease in PL intensity can 

be well corroborated with optical absorption data and band-gap associated with the Cr-

doped samples in such a way that when the doping concentration is heavy there will be 

higher separation rates associated with the photo-induced charges leading to a 

considerable decrease in the band-gap of the material and facilitate the broad range 

optical absorption. 

 

Fig.4.72. PL spectra: (a) Cr-doped TiO2 nanocrystals. (b) Peak-fitted PL spectra corresponding 

to T3Cr. (c) Schematic diagram showing possible PL emissions in Cr-doped TiO2 (d) variation 

of PL intensity with Cr substitution 

B. UV- Visible and Photoluminescence Studies of Mn-doped TiO2 

The optical absorption spectra of all the Mn-doped samples are obtained from 

reflectance spectra in the range 300-800 nm and are shown in Fig. 4.73(a). The 
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introduction of Mn ions into the host lattice introduces intermediate states in the visible 

region. The peak at around 600 nm is attributed to 4T1g (G)  6A1g (S) transition arising 

as a result of the d-d transitions.113 When Mn ions substitutes for Ti, Mn-O bonds are 

also formed in addition to Ti-O bonds. Hence, according to the crystal field theory, 

electrons in the d orbital of Mn ions will experience repulsive forces from the electrons 

of the surrounding oxygen atoms, which results in the splitting of the d orbital to ground 

state and several excited states. In Mn substituted TiO2, the band structure is perturbed 

by the presence of Mn ions which creates additional states within the band gap in the 

form of absorption tails called Urbach tail and the corresponding energy is called 

Urbach energy.86 The Urbach energy is calculated using equation (4.9). Then, we have 

plotted Ln (α) versus E and the plots are shown in Fig. 4.74(a)-4.74(d). The reciprocal 

of the slopes of the linear portion below the optical band gap gives the Urbach energy. 

The presence of these localized defect states results in the lowering of band gap in Mn-

doped TiO2. It can also be seen that the estimated band gaps of Mn-doped TiO2 

nanocrystals are significantly lower than that of the recent report.101  

  

 

Fig.4.73. Mn-doped TiO2 nanocrystals (a) solid-state UV spectra and (b) Tauc’s plot 

 

Fig. 4.75 depicts the PL spectra of Mn-doped TiO2 nanoparticles taken at an excitation 

wavelength of 325 nm. The PL spectra of all the samples have been deconvoluted into 

five peaks. We have fitted the emission peaks with Gaussian and observed that five 

different emission peaks are present in the spectra. The deconvoluted PL spectra shows 

five peaks at around 400, 460, 500, 540 and 580 nm as discussed earlier in sections 
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4.3.1.4, 4.3.2.5 and is represented in Fig 4.75 (b)-(e).  It can be seen that there are no 

peaks corresponding to Mn oxides in the PL spectra of the doped samples. 

 

Fig.4.74. Urbach energy estimated for (a) T3Mn, (b) T6Mn, (c) T9Mn and (d) T12Mn 

A decrease in PL intensity has been observed with increasing Mn concentration 

and is shown in Fig. 4.75(f). However upon doping TiO2 with Mn disturbs the 

symmetry of the lattice resulting in the generation of oxygen vacancies as a result of the 

decrease in the number of Ti-O bonds as explained earlier in the Raman analysis. With 

increase in Mn doping, there would be an increase in the concentration of non-radiative 

oxygen vacancy centers. As the oxygen vacancy defects increases electrons get trapped 

and localized in these oxygen vacancies. Hence, electron hole recombination also 

decreases. As a result, the emission intensity also decreases with increase in Mn 

concentration. Another factor affecting the decrease in PL intensity is the reduction in 

mobility of the charge carriers due to the presence of defects or dopants on the grain 

boundaries, at the surface of the nanocrystals and in the interior.  The mobile charge 

carriers get scattered when they approach charged dopants or oxygen defects resulting 
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in the decrease of their mobility which increases the separation of the charge carriers 

and hence reduces the PL intensity.113 

 

Fig.4.75. (a) PL spectra of Mn: TiO2 nanocrystals (b) – (e) deconvoluted PL spectra of the 

individual compound and (f) Variation of integrated PL intensity with Mn doping 
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4.3.3.6. XPS analysis 

XPS wide scan and high resolution spectra have been carried out on Cr and Mn-

doped TiO2 nanocrystals and the results are summarised in sub sections given below. 

A. XPS analysis of Cr-doped TiO2 

In order to confirm the oxidation states of Cr and Ti in the doped samples, we 

have carried out the XPS analysis. The wide scan XPS spectra of T3Cr is shown in Fig 

4.76(a). The high resolution scans of Ti, Cr and Oxygen is shown in Fig 4.76(b)-4.76(d) 

respectively. In the wide scan, only peaks corresponding to Ti, Cr and O are present 

which indicates that no foreign elements are present on the sample surface. The high 

resolution scan of Ti2p show the presence of Ti4+ and that of Cr2p indicate the presence 

of Cr3+ only. The Ti 2p spectrum of T3Cr shows the presence of Ti4+ 2p3/2 at 458.35 eV, 

and Ti4+2p1/2 at 464.09 eV.46   

 

Fig.4.76. (a) Wide scan XPS spectra of T3Cr, High resolution scans of (b) Ti 2p, (c) Cr 2p, 

and (d) O 1s. 
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Fig.4.77. High resolution spectra of (a) Ti 2p3/2, (b) Ti 2p1/2 (c) Cr 2p, and (d) O 1s of 

T12Cr. 

No peaks corresponding to Ti3+ was observed in the high-resolution spectra of Ti 2p. 

The high-resolution scan of Cr 2p can be deconvoluted into two main peaks: one peak at 

576.74 eV corresponding to Cr 2p3/2 and the second peak at 586.47 eV corresponding to 

Cr 2p1/2.
46 Two strong satellite peaks at 579.50 eV and 588.09 eV reveals that Cr atom 

in TiO2 exists in +3 oxidation state. A similar result has been observed for T12Cr which 

is shown in Fig. 4.77(a)-4.77(d). Confirmation of the presence of Cr3+ in the XPS 

analysis indicates that Cr-doped samples possess a certain amount of oxygen vacancies 

which corroborates the broadening of the Raman spectra and shifting of absorption edge 

to visible region in the UV-Visible spectra. Hence, it can be presumed that Cr ions 

substituted into the TiO2 lattice exists in the form of Cr3+ and replaces Ti4+ ions. As a 

result of this, oxygen vacancies may be created in order to maintain charge neutrality in 

the TiO2 lattice. The high resolution spectra of oxygen can be fitted with three distinct 

peaks corresponding to lattice oxygen, OH bonds and adsorbed water at 529.5, 530.3 

and 531.8 eV respectively.114 
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B. XPS analysis of Mn-doped TiO2 

XPS analysis was carried out to investigate into the local chemical environments 

and oxidation states of all the Mn-doped samples. All the spectra were corrected for the 

reference energy C 1s peak at 284.6 eV. As a representative of the series, wide scan 

XPS spectrum of T3Mn is shown in Fig. 4.78 (a). The XPS spectra of Ti 2p core 

electron has a binding energy of 458.8 eV for Ti 2p3/2 and a binding energy of Ti 2p1/2, 

which are typically the binding energy values of Ti4+ in anatase TiO2 which is shown in 

Fig. 4.78 (b).  

 

Fig.4.78. XPS spectra of T3Mn sample (a) Survey spectra, (b) High-resolution scan of Ti 2p (c) 

Mn 2p and (d) O 1s 

 

The binding energy of Mn can be fitted into a combination of Mn2+ and Mn3+ peaks. 

The binding energies of Mn2+ for Mn 2p3/2 is and for Mn 2p1/2 is 641.48 eV and 653.53 

eV respectively. Similarly, the corresponding binding energies of Mn3+ for Mn 2p3/2 and 

Mn 2p1/2 is 642.86 eV and 654.70 eV respectively.46 Also, two satellite peaks are 

observed at 647.95 eV and 657.94 eV corresponding to the presence of Mn in the doped 

system are shown in Fig. 4.78(c). The O 1s spectra was fitted into three peaks 
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corresponding to OL at 530.26 eV, OH  bond at  531.85 eV and the adsorbed water at 

533.07 eV as shown in Fig. 4.78 (d). Hence, the XPS spectra confirm the presence of 

Ti4+ without any evidence of the formation of Ti3+ and a mixed valence state of Mn2+/ 

Mn3+ ions in T3Mn sample. 

4.3.3.7. Magnetic studies 

Magnetic studies have been carried out and all the Cr, Mn-doped samples 

exhibit a clear PM behavior at 300 K and the PM contribution increases as the Cr, Mn 

concentration is increased from 3% to 12%, significant results of which are discussed 

below. 

A. Magnetic studies of Cr-doped TiO2 

In order to probe the magnetic behaviour of Cr-doped TiO2, magnetic 

measurements were taken at room temperature in the field ranging from 90 kOe to -90 

kOe. The M-H curve shows a PM behaviour for all the Cr-doped samples as seen in Fig 

4.79(a). However, there is an increase in PM moment with increase in Cr concentration 

which could be due to the presence of isolated ions of Cr3+ existing in the doped system. 

Hence, a decrease in HC with increase in Cr content is found. Oxygen vacancies play an 

important role in the observation of PM behaviour in Cr-doped samples.33,35,38,39,115 It 

can be affirmed that at higher Cr doping concentration, more oxygen vacancies are 

created which result in isolated vacancy clusters resulting in PM behavior for higher 

concentration of Cr-doped samples. 

 
Fig.4.79. (a) Magnetic response of Cr-doped TiO2 nanocrystals at 300 K (b) Variation of HC and 

PM moment with Cr substitution 
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B. Magnetic studies of Mn-doped TiO2 

In order to understand the magnetic nature of the Mn-doped TiO2, M-H 

measurements were carried out between 90 kOe and -90 kOe. The Mn-doped samples 

show PM behaviour as shown in Fig. 4.80(a). The inset of Fig. 4.80(a) shows the 

enlarged region of M-H curves of the Mn-doped samples. The decrease in HC with Mn 

doping is shown in the inset of Fig. 4.80(b). However, it can be seen that the PM 

moment increases with increase in Mn doping which is attributed to the increase in the 

number of isolated Mn2+ and Mn3+ ions with Mn doping.  

 

Fig.4.80. Magnetic behavior of (a) Mn-doped TiO2 nanocrystals at 300K (inset shows the 

variation in coercivity of undoped and T3Mn sample) and (b) An enlarged view of the variation 

in HC at lower fields (inset shows the decreasing trend in HC with Mn doping). 

 

 

C. Explanation of magnetic behavior in Cr, Mn-doped TiO2 nanocrystals 
 

The role of oxygen vacancy defects on the PM behavior exhibited by Cr-doped 

TiO2 can be analysed by using the BMP fit. The measured magnetization has been fitted 

using equation (4.1). A BMP fit corresponding to Cr-doped TiO2 samples is shown in 

Fig 4.81 (a) which is well in accordance with experimental data obtained from the 

magnetic measurements. Table 4.13 represents the BMP parameters derived out of 

fitting process. It is observed that all the samples contain BMP concentration in the 

range of 1016 and it is well reported that such a lower BMP concentration will not be 

sufficient to induce a long range RTFM. In the present case, significantly lower HC are 

exhibited by all the doped samples and more specifically, a decreasing trend in HC is 

observed with Cr doping as shown in Fig.4.81 (b). A systematic decrease in HC with 

higher Cr concentration gives an impression that RTFM behavior is hindered in heavily 
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doped samples and hence defect concentration and BMP formation by incorporating 

Cr3+ ions in to Ti4+ site is not aiding the FM behavior due to some extrinsic factors 

rather it is increasing the PM moment of the doped samples. Hence, it is expected that 

along with the defect concentration associated with the DMS oxide system, the nature 

of dopant ions and their interaction with Ti ions deciding the RTFM behavior up to a 

certain extent.  

 

Fig.4.81. (a) BMP fit of Cr-doped samples (b) Schematic diagram showing the PM moment 

alignment with Cr doping in TiO2 

The BMP concentration, total BMP magnetization, and PM susceptibility shown 

by the Cr-doped TiO2 samples are estimated to be within the permissible limit. The 

BMP concentration considerably decreases with increase in Cr concentration, while PM 

susceptibility increases systematically. From the above-mentioned observations, one 

could assume that some extrinsic PM contribution to the host lattice increases the 

magnetization value while suppressing the FM behavior. Let us consider the electronic 

configuration of Cr3+ which is [Ar] 3d3 and these d electrons is the key factor which 

interacts with the defect centres or d electrons of any other metal ions present in the 

system. Here, when Cr3+ ions are partially replacing Ti4+ in the nanocrystals of TiO2, 

disorders in the form of oxygen vacancies may arise that helps in maintaining the charge 

neutrality. A decreasing trend in FM at higher Cr concentration is also reported which is 

attributed to the AFM ordering of Cr ions and observed RTFM is explained on the basis of 

BMPs. Similarly, with the help of theoretical studies, it is well reported that depending on 

the annealing condition such as oxygen poor or oxygen rich, Cr-doped TiO2 system 

contribute towards PM or FM behavior.  
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However, the observed magnetic behavior can be well explained using the BMP 

theory, which is applicable in an insulating system with localized carriers. According to 

the theory, F centres are formed when a defect centre traps two electrons resulting in 1s2 

hydrogenic type orbital. When one electron from the F centre interacts with the Ti/Cr 

site, F+ centres are formed and it behaves like a 1s1 hydrogenic type orbital. In Cr-doped 

TiO2, Ti3+ is absent as evident from the XPS measurements (Fig.4.76 8(b) and Fig. 4.77 

(a and b)). When Ti3+ is absent, the chances of formation of F+ centers are greatly 

minimized and hence FM is suppressed due to the absence of s-d interaction. In Cr-

doped TiO2, Ti3+ ions are absent and Cr exists in a single oxidation state. As a result, s-d 

interaction is absent and the formation of overlapping BMPs which contribute to FM is 

suppressed and hence a PM is observed in Cr-doped samples. The PM moment is due to 

the d electrons trapped in the defect centres and this increases with increase in Cr 

concentration. The above mentioned mechanism is responsible for observing an 

effective magnetic moment of 7.21 x 10
3 

μ
B
 and a BMP concentration of 1.1 x 10

16 

/cm
3

 

respectively. Similarly, Cr-doped TiO2 can exhibit weak FM if unpaired d electrons and 

defect mediated 1S1 configuration is present in the system. Even though there is a slight 

increase in BMP concentration of 1.38 x 10
16 

/cm
3  

and effective magnetic moment of 

14.05 x 10
3 

μ
B
 in 3% Cr-doped sample, which exhibit a PM behavior with decreased HC 

and increased magnetic moment.  Hence, 1s configuration resembling hydrogenic like 

orbital due to the formation of F+ center is one of the key factor in the BMP theory 

which can be equated to an oxygen vacancy having single trapped electron. The 

coupling of these 1s1 like orbital with 3d orbitals of Ti or Cr can form BMPs. When 

there is an overlapping of these BMPs, a long range FM behavior is expected in the 

system and hence, phonon confinement due to nanocrystal formation and defects arising 

due to Cr ions are responsible for the generation of BMPs that determine the magnetic 

and optical bahavior.  

The BMP concentration for all the Mn-doped samples are calculated based on 

the previous reports and is shown in Fig. 4.82 (a). Again, in Mn-doped TiO2, with the 

substitution of Mn ions, it is observed that there is no Ti3+ formation as validated from 



Undoped and Transition Metal Elements doped TiO2 nanocrystals 

  

P a g e  | 260 

 

the XPS analysis discussed earlier and we can assume that even though F-center 

formation is occurring with Mn-doping, it is not significantly generate the F+-centers 

which could lead to less number of BMPs to form and may not contribute towards 

RTFM behavior. In turn, it is observed a clear PM response for all the samples with 

Mn-doping. To explain the PM behavior exhibited by the present system, let us first 

consider and explore more on the oxidation states shown by the Mn ions here. As 

explained earlier, the XPS analysis and magnetic studies suggest the occurrence of Mn2+ 

and Mn3+ in these samples with an electronic configuration of Ar[3d5] and Ar[3d4] 

respectively. When 3% Mn is loaded at Ti site, there is a possibility of majority of Mn2+ 

or Mn3+ ions occupy the Ti site substitutionally and there is a rare chance for a very few 

Mn ions to get oxidized to deliver Mn3O4. Depending on the BMP concentration formed 

as a result of this Mn substitution can impart FM and the formation of Mn3O4 may 

contribute towards a PM moment.6,56,116-118 In the present case, the possibility of 

formation of Mn3O4 is completely ruled out through detailed XRD refinement analysis 

(Fig.4.60) and deconvoluted Raman spectra (Fig.4.65), hence it is assumed that 

whatever magnetic behavior exhibited by the present system is solely arising as result of 

Mn ions substitutionally replacing the Ti ions. As there is no significant s-d interaction, 

the d electrons present in the doped samples can respond to the magnetic field in 

different ways to exhibit the PM behavior. Especially, when we deal with nanocrystals 

of Mn-doped TiO2 a strange phenomenon can occur in such a way that the Mn ion 

concentration towards the interior of the host system could be considerably low in 

comparison to Mn ions present near the grain boundary due to self-purification 

mechanism. In general, it is expected that such a huge number of Mn ions present near 

the grain boundary can oxidized to form corresponding oxides during the annealing 

process and these oxides can ultimately impart PM. However, in this case, as the oxide 

formation is not accounted significantly and we can suggest that there is a different 

mechanism for determining the PM behavior.  
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Fig.4.82. (a) Langevin-fitting of Mn-doped TiO2 samples (b) Schematic diagram showing the 

PM moment alignment with Mn doping in TiO2 and (c) alignment of trapped electron spin with 

magnetic field 

 

Table 4.13. Parameters extracted from Langevin fitting for Cr and Mn-doped TiO2 nanocrystals 

Compound M
0 

(x 10
-4

 

emu/g) 

M
eff  

(x 10
3 

μ
B
) 

χ
m

 (x 10
-6 

emu/g-Oe) 

N (x 10
15 

/cm
3

) 

T3Cr 4.93 14.05 1.27 13.8 

T6Cr 13.40 9.64 3.06 7.4 

T9Cr 26.20 7.56 3.94 5.0 

T12Cr 1.04 2.18 4.94 1.6 

T3Mn 0.11 64.15 0.03 0.06 

T6Mn 0.08 18.11 0.06 0.05 

T9Mn 0.07 18.07 0.09 0.04 

T12Mn 0.06 19.54 0.12 0.01 

Among the different reports on Mn-doped TiO2 systems, Sharma et al. recently 

reported that increasing Mn concentration can induce Mn3O4 impurity phase which 
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could contribute towards PM ordering.119 Another report by Hong et al. suggest the 

effect of Mn doping on an inherently FM system and it is observed that Mn alone is not 

contributing towards the enhancing the FM and increasing the dopant concentration 

decreases the FM behavior.120 Again, there are reports Li et al. suggesting the 

incapability of oxygen vacancies alone for introducing the FM pointing towards the 

need for a dopant in the host system.121 Thus, we considered the situation where there is 

very less number of overlapped BMP concentration with Mn substitution as the s-d 

interaction has been suppressed then the PM contribution by the Mn ions is dominated 

over the exchange interaction present among these ions and oxygen vacancies leading to 

a perfect PM behavior. Hence, it is the isolated BMPs formed with higher Mn 

concentration that can align with the magnetic field to yield a PM response to the 

present Mn-doped TiO2 system even without the formation of any secondary phases 

such as Mn3O4 as previously reported.6 The free electrons associated with the Mn ions, 

the formation of isolated BMPs and aligning of isolated BMPs with applied magnetic 

field is schematically shown in Fig. 4.82(b) and the parameters extracted from the 

Langevin fitting are tabulated in Table 4.13. Even with the formation of oxygen 

vacancies with higher Mn concentration, it is the nature of the BMPs that determines 

whether to promote long range RTFM, weak RTFM or a PM behavior as suggested in 

the present study. Thus, it is suggested that oxygen vacancy concentration, 

concentration of the dopant Mn ions and the nature BMPs whether isolated or 

overlapped are the key factors determining the magnetic behavior of Mn-doped TiO2 

nanocrystals. Very few concentration of Mn may aid the weak RTFM and doping with 

extremely high concentration of Mn ions may suppress the RTFM behavior and may aid 

the PM behavior along with the formation of isolated BMPs. 

4.4. Summary 

 A detailed investigation on the crystal structure, optical properties and magnetic 

behavior of undoped and TM-doped TiO2 nanocrystals (TM=Cu, Zn, Fe, Co, Ni, 

Cr and Mn) synthesized by a simple sol-gel route has been carried out.  

 All the studied nanocrystals are crystallized into a tetragonal anatase structure 
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with space group I41/amd. Reitveld refinement of XRD patterns and Raman 

studies reveal that successful incorporation of TM ions (even upto 12 at. wt. %) 

into Ti site in TiO2 lattice.  

 Optical studies reveal that the band gap of TiO2 (3.2 eV) significantly narrows 

down with the substitution of all TM elements (except Zn).  

 XPS studies reveal the mixed valence states of Ti (Ti3+/Ti4+) are present in case 

of undoped and Cu,Fe,Co-doped TiO2 whereas a single valance state of Ti (Ti4+) 

is found in Cr,Mn,Ni and Zn-doped TiO2 nanocrystals. Again, mixed valence 

states of Cu (Cu+/Cu2+), Fe (Fe2+/Fe3+), Co(Co2+/Co3+) and Mn (Mn3+/Mn4+) are 

found for Cu, Fe, Co and Mn-doped TiO2 nanocrystals respectively. But, a 

single valance state of Zn (Zn2+), Cr (Cr3+) and Ni (Ni2+) are found for Zn, Cr, 

and Ni doped TiO2 nanocrystals respectively. However, presence of oxygen 

vacancies are witnessed in all the undoped and doped TiO2  nanocrystals 

suggests the formation of BMPs 

 The PL spectra confirm the formation of F+ centres in all the synthesised 

nanocrystals leading to the formation of BMPs  

 A very weak RTFM at lower magnetic fields has been observed for undoped and 

3% Cu, Fe and Co-doped TiO2 nanocrystals because impurity (dopant) ions 

associated with oxygen vacancies enables coupling between them to enhance 

BMPs overlapping and FM exchange interaction. But, a perfect PM behavior is 

witnessed for the higher dopant concentrations of Fe and Co, due to the 

individual magnetic contributions from the dopant ions. Again, all the Cr, Mn 

and Ni-doped samples exhibited a PM behavior with less coercivity due to the 

formation of isolated BMPs while 3% Zn-doped sample shows a diamagnetic 

tail. 

 Magnetic behavior of undoped and doped TiO2 nanocrystals is decided by either 

intrinsic contributions i.e, the nature of BMPs (isolated or overlapped) or 

extrinsic contributions (i.e the magnetic contributions of dopant ions) or both. 
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 A significant reduction in band gap is observed in all the TiO2 naocrystals 

(except Zn-doped) and together with its interesting magnetic properties makes 

TM-doped TiO2 a potential candidate for spintronics applications and magneto 

optic devices.  
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                                                Chapter 5 

 Defect Modulation by Varying Annealing Atmosphere on 

TiO2 Nanocrystals to Tailor the NIR Range Optical 

Absorption, Band gap Narrowing and Ferromagnetic 

Response  
  

 

 

 

 

 

 

This chapter demonstrates the impact of annealing conditions 

to tailor the optical and magnetic properties of TiO2 

nanocrystals. Optical and magnetic response of TiO2 

nanostructures are reported by varying the annealing 

atmospheres, i.e., under air, oxygen, argon, hydrogen and 

vacuum. Optimization of annealing conditions enables or 

hinders the Ti3+ formation which ultimately decides the 

optical band gap and room temperature ferromagnetism. A 

deep insight into the bound magnetic polaron approach that 

could decide the long range room temperature 

ferromagnetism is also demonstrated in this chapter. 
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5.1. Introduction 

Recently, lot of attention has been given to produce dopant free pure TiO2 phase 

to tailor both optical band gap and long-range RTFM. It has also been found that 

without doping, band gap can be reduced by using proper synthesis techniques like 

reduction or oxidation of TiO2 in proper environment through which defects (oxygen 

vacancies and Ti3+) can be enhanced/reduced which largely modify the optical and 

magnetic properties. Recently black TiO2 obtained through hydrogenation has attracted 

great attention, which has been used as an effective technique to increase the visible and 

infrared light absorption under different conditions.1 Therefore the black colour of 

anatase TiO2 along with much reduced band gap have been attributed to multiple origins 

which invites great attention.    

The concentration of intrinsic defects mostly depends on the growth conditions. 

Various techniques have been used to produce surface oxygen vacancies and Ti3+ such 

as UV irradiation, annealing TiO2 in vacuum or in reducing atmosphere, ion sputtering 

and high energy particle bombardment, etc. Surface disorder and point defects such as 

Ov and Tii not only play the role in reducing the band gap and enhancing the optical 

absorption, these also largely affect the magnetic behavior of the materials. To the best 

of our knowledge, rare work has been reported on controlling simultaneously the optical 

and magnetic behavior of defective TiO2-δ. In this chapter, we have done calcinations of 

pure TiO2 in five different atmosphere like air, argon, oxygen, vacuum and 

argon/hydrogen mixture and a detailed study is done on the structural, optical, 

electronic and magnetic properties. This study involves the interplay of defects like 

oxygen vacancies and Ti3+ ions on optical and magnetic behavior of TiO2 exhibiting 

extended absorption in visible and IR region and much reduced band gap with RTFM.     

5.2. Experimental section 

Initially, a simple sol-gel technique using titanium butoxide as the precursor 

material and ethanol as the reaction medium was employed to prepare TiO2 

nanocrystals. Room temperature reaction was followed by the gel formation, which was 

further dried at 323 K. These samples have been prepared in five batches and have 

preheated at 423 K for 5 h in a muffle furnace under ambient air atmosphere enables the 
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removal of organic residues since the flash point of titanium butoxide is 350 K. The first 

batch of dried sample was calcined at 673 K in a muffle furnace under air atmosphere 

for 8 h (TPA). The second batch was calcined under O2 gas at 673 K in a tube furnace 

for 8 h (TPO) to study the effect of oxygen vacancies. The third batch of sample was 

calcined by keeping the same conditions under Ar atmosphere (TPAr) and the fourth 

batch of sample was calcined under simple rotary vacuum at 673 K in a tube furnace for 

8 h (TPV). In order to investigate more on the oxygen vacancies, hydrogenation has 

been carried out on final batch of TiO2 nanocrystals using a gas mixture of 95% Ar and 

5% Hydrogen (TPH). The structure and phase purity of all the samples were 

characterized by XRD at room temperature using PANalytical X’Pert Pro diffractometer 

using Cu-K radiation. The morphological analysis of all the samples were studied 

using HR-TEM, FEI Tecnai F20, operated at 300 kV. FT-IR spectra were taken to 

identify the functional groups present in the nanocrystals using a Bruker FT-IR 

spectrometer. The UV-Visible spectra of the prepared samples were obtained by a 

Shimadzu UV 2401 PC spectrophotometer and the emission spectra of the samples were 

recorded from a spectrofluorometer (Cary Eclipse, Varian). The XPS measurement was 

carried out on powder samples using a PHY 5000 Versa Probe II, ULVAC-PHI, Inc 

instrument with Al K X-ray source at room temperature. Field and temperature 

variation of magnetic measurements were performed using a vibrating sample 

magnetometer attached to the physical property measurement system, Quantum Design 

Inc., (USA). 

5.3. Results and Discussion 

5.3.1. Structural Analysis 

Fig. 5.1(a) shows the XRD patterns taken on TiO2 nanocrystals annealed under 

different atmospheres and the obtained Rietveld refinement of all the patterns are given 

in Fig.  5.1(b)-5.1(f). All the peaks were well indexed and identified as tetragonal 

anatase phase of TiO2 (space group I41/amd (ICDD 78-2486)) without the presence of 

any other phases.  
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Fig.5.1. (a) XRD patterns of TiO2 nanostructures, (b-f) Refined XRD patterns 
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Fig.5.2. Peak shift and broadening associated with TPA, TPO, TPAr, TPV and TPH 

The broadening and shifting of most intense (101) peak can be seen from the 

expanded plot (given in Fig. 5.2) taken from 20° to 30°. The broadening is more in argon 

and vacuum annealed TiO2 nanocrystals which may have arisen due to reduced particle 

size. The particle size was calculated from Scherrer’s formula by taking into account the 

most intense diffraction peak (101) as the reference peak and the particle size was found 

out to be around 9 nm for TPAr and TPV samples and around 12 nm for TPA, TPO and 

TPH samples which closely agrees with the particle size obtained from TEM images 

(discussed later). The shifting of the (101) peak towards lower and higher angles 

suggests slight change in lattice constant which can be seen from the refinement 

parameters given in Table 5.1.  

Although there is little change in both lattice parameters (a and c), it is 

interesting to observe that the axial ratio c/a which represents the lattice symmetry is 

nearly the same (2.50, except very small change in third decimal) for all the samples 

except in argon annealed TiO2 nanocrystal. Due to the change in lattice parameter there 

is a little change in lattice volume but again this change (lattice expansion) is more in 

TPAr sample which is due to reduced particle size.2 Although TPV has nearly same 

particle size, but it has slightly less lattice volume in comparison to TPAr sample. This 

may be due to the contradictory results of size dependence of lattice 

expansion/contraction in TiO2, the mechanism of which is not understood clearly. Li et 
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al.3 reported the size dependence of lattice expansion/contraction for extremely small 

nanocrystals i.e. less than 15 nm in anatase TiO2. Again, within this small size many 

other factors such as quantum confinement effect, strain, intrinsic defects like oxygen 

vacancy, Ti interstitial, Ti vacancy etc. also play an important role, so it is not easy to 

determine the exact cause of lattice parameter variation in TiO2 nanocrystals.   

Annealing in different gases have different impact on the samples, for eg., vacuum even 

has the advantage that the heating and cooling can be better controlled, which is 

favourable with regards to the dimensions of the products. Furthermore, after annealing 

in vacuum, it is possible to cool with overpressure nitrogen or argon so that a faster 

cooling compared to the annealing under Argon can be realized. In this way, particle 

size can be affected when sample is subjected to different conditions and this is the 

reason for varying peak width. 

Raman spectra are recorded at room temperature for all the samples. The six 

active Raman modes Eg(1), Eg(2), B1g(1), A1g, B1g(2) and Eg(3) are assigned to anatase 

TiO2. Fig. 5.3(a) shows the Raman spectra of samples TPA, TPO, TPAr, TPH and TPV 

and the inset shows the magnified spectra of TPA and TPO samples, the peaks of which 

were not clearly visible due to the much reduced intensity in comparison to TPAr, TPH 

and TPV samples. It is quite interesting to observe the presence of five characteristics 

modes of anatase TiO2  (Eg(1) ⁓ 143 cm-1, Eg(2) ⁓ 196 cm-1, B1g ⁓ 394 cm-1, A1g+B1g ⁓ 

512 cm-1 and Eg(3) ⁓ 630 cm-1)  in all the samples which confirm the anatase phase of 

TiO2. But a large blue shift to 152 cm-1 accompanied by broadening of the most intense 

Eg(1) mode is observed in TPAr, TPH and TPV samples (Fig. 5.3(b)). The Eg(1) mode 

generally results from the vibration of Ti-O bonds and the Raman signal is very 

sensitive to the vibrational modes of O2- ions in Ti-O bond. So the blue shift and peak 

broadening of anatase TiO2 is attributed to the nonstochiometry in TiO2 i.e. due to the 

presence of oxygen vacancy4 which in turn affect the intensity, position and width of 

Raman signal. Thus the Raman spectra indicate the presence of large oxygen vacancies 

which in turn could be associated with the formation of Ti3+.     
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Table 5.1. Refinement parameters obtained for TiO2 nanocrystals prepared under different 

atmosphere 

Compound Air 

annealed 

(TPA) 

Oxygen 

annealed 

(TPO) 

Argon 

annealed 

(TPAr) 

Vacuum 

annealed 

(TPV) 

Hydrogen 

annealed 

(TPH) 

Phase Anatase 

Crystal 

Structure 

Tetragonal 

Space 

Group 

I 41/a m d 

Lattice Parameters 

a(Å) 3.7887 (1) 3.7927 (4) 3.8086 (6) 3.7923 (2) 3.7938 (4) 

c(Å) 9.4996 (4) 9.4878 (3) 9.4657 (3) 9.5124 (5) 9.5070 (2) 

Volume (Å)3 136.36 (5) 136.48 (1) 137.31 (2) 136.80 (1) 136.83 (5) 

Atomic positions 

Ti x (4a) 0.0000 0.0000 0.0000 0.0000 0.0000 

Ti y (4a) 0.7500 0.7500 0.7500 0.7500 0.7500 

Ti z (4a) 0.1250 0.1250 0.1250 0.1250 0.1250 

O x (8e) 0.0000 0.0000 0.0000 0.0000 0.0000 

O y (8e) 0.2500 0.2500 0.2500 0.2500 0.2500 

O z (8e) 0.0853 0.0857 0.0851 0.0848 0.0854 

B iso (Ti) (Å)2 0.0005 0.0002 0.0007 0.0006 0.0002 

B iso (O) (Å)2 0.0028 0.0016 0.0013 0.0007 0.0021 

Residual Parameters 

Rp 
4.18 3.25 3.51 3.70 5.17 

Rwp 
5.40 4.08 4.43 4.64 6.56 

χ2 
1.62 1.12 1.01 1.13 1.62 
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Fig. 5.3.(a). Raman spectra of TPA, TPO, TPAr, TPH and TPV, Inset shows the well resolved 

peaks of TPA and TPO samples, (b) Peak shift and broadening of Eg(1) peak associated with 

TPA, TPO, TPAr, TPV and TPH 

5.3.2. Morphological Analysis 

The TEM images shown in Fig. 5.4(a-e) are almost spherical in shape with some 

agglomeration. The average particle size is found to be in the range 9-12 nm which well 

agrees with the particle size obtained from XRD analysis. The high resolution TEM 

images (Fig. 5.4(f-j)) show the highly crystalline nature of TiO2 nanocrystals in all the 

samples with lattice fringes corresponding to different planes like (101), (103), and 

(004) planes corresponding to the tetragonal anatase phase of TiO2. Insets of Fig. 5.4(f-

j) show the Fast Fourier Transform (FFT) patterns taken on all the samples, which again 

confirm the crystalline nature of all the samples. SAED patterns taken on all the 

samples (Fig. 5.4 (k-o)) show clear distinct rings corresponding to different planes of 

tetragonal anatase TiO2. The rings obtained in the SAED pattern are well indexed to 

different planes of anatase TiO2, which were found out from the  d spacing using Image 

J software. The planes obtained from SAED pattern were similar to the planes obtained 

in XRD which further confirms the tetragonal anatase phase of TiO2. 

5.3.3. FT-IR Analysis 

FT-IR spectra of TiO2 nanocrystals annealed in different atmosphere were taken 

to study the functional groups present in the samples. All the TiO2 nanocrystals 

annealed at different environments displayed similar features. 
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Fig.5.4. TiO2 nanocrystals prepared under different atmosphere (a-e) TEM images showing the 

nanocrystal formation, (f-j) HR-TEM images showing lattice fringes with FFT shown in the 

inset and (k-o) SAED patterns. 
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Fig.5.5. FT-IR spectra of TPA, TPO, TPAr, TPV and TPH samples 

As seen from the Fig. 5.5, all the spectra have a broad band in the region 2900-

3600 cm-1 which is attributed to O-H stretching vibrations of OH group present in the 

sample and the band around 1615 cm-1 is due to O-H-O bending mode of the adsorbed 

water molecule. The band around 1505 cm-1 corresponds to C-O stretching vibration 

indicating the presence of C=O group which is ascribed to acetate present in the 

precursor material and the band located around 1364 cm-1 corresponds to a vibration of 

T-Ligand bond. The band in the region below 1000   cm-1 is ascribed to the absorption 

band of TiO, Ti-O-Ti stretching and O-Ti-O bending vibrations.  

5.3.4. Optical Studies 

To investigate the influence of different annealing atmospheres on the absorbance of 

TiO2, UV-Visible absorbance spectra were recorded from which the band gap of the 

TiO2 nanocrystals was determined. All the samples show a steep increase in absorption 

at wavelengths shorter than 400 nm (Fig.5.6(a) and 5.6(b)) which can be attributed to 

the intrinsic band gap absorption of anatase TiO2. TP-Ar, TP-H, TP-V samples exhibit 

broad absorption in visible and infrared region in contrast to TP-A and TP-O samples. 

This result is in good agreement with the colour change of the samples from grey to 

black TiO2 (inset of Fig. 5. 6 (a)). The light grey (TPA) and white (TPO) samples 
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exhibit strong absorption in UV region while the dark brown (TPAr), black (TPV) and 

strong black (TPH) samples display absorption in the UV-VIS-NIR region. 

 

Fig.5.6. UV spectra corresponding to (a) TPA and TPO (inset shows the colour change 

associated with different samples) and (b) TPAr, TPV and TPH, Tauc’s plot corresponding to 

(c) TPA and TPO and (d) TPAr, TPV and TPH 

Assuming TiO2 to be an indirect semiconductor and using Tauc plot (i.e. the 

Kubelka– Munk function versus the energy of the light absorbed) (Fig. 5.6(c) and 

5.6(d)), the band gap of the TPA and TPO was extrapolated to be 3.06 and 3.12 eV, 

respectively while the band gap of TPAr, TPH, TPV was found to be 0.34, 0.47 and 

0.65 eV respectively.  It is known that in TiO2, the formation of oxygen vacancies leads 

to the creation of unpaired electrons or Ti3+ centers, which could form donor levels in 

the electronic structure of TiO2.
5 Under oxygen-rich conditions, oxygen vacancies are 

the favored defect type.6 Oxygen vacancies Vo’s (TiO2-x) and Ti interstitials (Ti1+xO2) 

appear in TiO2 due to reduction of TiO2.
7 Here oxygen and air atmosphere are provided 

as oxygen rich while vacuum, hydrogen and argon are used as reducing atmosphere. 
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The narrowed band gap of TPAr, TPH, TPV are due to the introduction of oxygen 

vacancies and Ti3+ states. A new energy level must have introduced below the 

conduction band due to the introduction of oxygen vacancies and Ti3+. Reports suggest 

that Ti3+ and/or oxygen vacancy can generate new energy level below the conduction 

band. Mostly black TiO2 nanoparticles having crystalline core/disordered shell 

morphology, obtained by hydrogenation of TiO2 studied by Chen et al.8 and Naldoni et 

al.7 exhibit visible-IR absorption and hence much reduced band gap was observed due 

to the presence of VO and surface disorder. Chen et al. reported a substantial shift of 

valence band position in hydrogenated black TiO2 nanoparticles due to surface disorder 

giving rise to a much reduced band gap of 1 eV. Wang et al.9 and Naldoni et al. also 

reported remarkable band gap narrowing due to surface disorder. It is observed that 

highly reduced black anatase TiO2 introduce localized defect states at 0.7-1.18 eV 

below the conduction band minimum and an optical band gap of 1.0 eV has been 

obtained in hydrogenated TiO2. This value can also be reduced if we consider 

conduction band (CB)/valence band (VB) tailing. Therefore, in our case electronic 

transition from tailed VB and oxygen vacancy localized state to CB or from tailed VB 

to VO localized state may have occurred giving rise to VIS-IR absorption and much 

reduced band gap in TPAr, TPV and TPH nanocrystals. Generally, hydrogen and 

vacuum environments have been used for creating reducing atmosphere in which 

anatase TiO2 greatly reduces, giving black color and hence extended absorption in IR 

region. But in our case it is quite surprising that annealing in argon atmosphere exhibits 

enhanced absorption in visible and IR region giving rise to much reduced (lowest in this 

series) band gap of 0.34 eV and a very clear hysteresis behavior at room temperature 

(discussed later). Raman study shows large shift and broadening of Eg(1) mode of TPAr 

sample which indicates presence of disorder and non-stoichiometry in the lattice. So, 

along with the disorder, a larger concentration of lattice defects like oxygen vacancy 

and titanium interstitials in comparison to other samples might have contributed largely 

to the enhanced absorption and much reduced band gap in argon annealed nanocrystals 

which are discussed in detail in coming section.  

 In order to understand the nature of defects PL spectra were recorded at room 

temperature on all the samples in the wavelength range 340-640 nm with excitation 
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wavelength of 325 nm. A strong broad visible PL emission (see Fig. 5.7) was observed 

for TPAr, TPV, TPH and a weak broad visible peak for TPA and TPO samples. Near 

band-edge emission around 377 nm can be seen in the PL spectra of air annealed sample 

which is shifted to 414 nm in TPO. The broad visible PL for all samples is mostly 

related to STE and oxygen vacancy related defect states.10,11 Deconvolution of broad 

emission peaks was done on all the samples using Gaussian fittings. The emission 

spectra of air annealed sample shows UV emission peak around 375 nm which is shifted 

to 415 nm in all other samples. Along with violet emission peak around 429 nm, two 

blue emission peaks around 467 nm and 497 nm and one green emission peak around 

535 nm can be seen in all the samples, the position of the peaks has shifted due to the 

interplay of defects. Oxygen vacancy-induced visible PL is well known in TiO2 

nanocrystals. However, there are very few reports on the PL signature of Tii defects in 

TiO2. The 429 nm peak can be ascribed to STE localized on TiO6 octahedra.  The STE 

originates when a trapped electron captures a hole in TiO2. In an STE emission, the 

recombination occurs through oxygen vacancies. The peaks at 467 and 535 nm are 

attributed due to the defects associated with oxygen vacancies where one or two 

electrons can be trapped with the oxygen vacancies producing F+ center. The 497 nm 

emission is due to charge transition from Ti3+ to TiO6
2− linked with oxygen vacancies. 

The emission around 580 nm may be due to the electron transition from F+ center to the 

acceptor level just above the valence band. It can be seen from PL spectra that the 

intensity as well as the broadening of Argon annealed nanocrystal is more in 

comparison to other samples which indicates that the concentration of oxygen vacancy 

in TPAr sample is more. When an oxygen vacancy is created in TiO2 lattice due to loss 

of oxygen, two electrons remain trapped in vacancy cavity giving rise to F centre and if 

one electron in F centre goes to occupy the neighboring Ti4+ ion giving rise to Ti3+ ion 

then F+ (i.e. one electron trapped in oxygen vacancy site) centre states form within the 

band gap. It is reported that the NIR PL is attributed due to Ti interstitial defects in 

TiO2.
12 Due to our experimental limitation we could not observe NIR PL. But the UV-

Vis spectra indicate IR absorption. So, at this point we can say that both Ov and Tii play 

dominant role in IR absorption as well as reduced band gap which will be more clear 

from XPS analysis.  
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Fig.5.7. PL spectra of TiO2 nanocrystals (a) PL spectra of all the samples, (b)-(f) deconvoluted 

spectra of TPA, TPO, TPAr, TPV and TPH 

5.3.5. XPS Analysis 

XPS being a surface sensitive technique provides information about the 

chemical environment of ion species present on the surface. The survey spectra of all 

samples are shown in Fig. 5.8. The high resolution spectra of Ti 2p and O1s were 

recorded and are shown in Fig. 5.9(a) − 5.9 (j) along with the deconvolution. The Ti 
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spectrum of TPAr, TPV and TPH samples can be fitted with four peaks corresponding 

to Ti4+ 2p3/2 at 457.51 eV, Ti4+ 2p1/2 at 463.26 eV, Ti3+ 2p3/2 at 457.11 eV and Ti3+ 2p1/2 

at 462.47 eV as shown in Fig. 5.9 (c), (d) and (e) for TPAr, TPV and TPH sample with 

slight shift in TPH sample. The line separation between Ti4+ 2p1/2 and Ti4+ 2p3/2 is 5.74 

eV, which is consistent with the standard binding energy of TiO2.
13 Interestingly, TPA 

and TPO samples exhibit a single oxidation state of Ti4+ i.e. Ti4+2p3/2 and Ti4+2p1/2.  

Further, the high resolution O1s XPS spectra obtained for all samples are shown 

in Fig. 5.9(f)–5.9(j). Each spectrum is fitted with three peaks i.e. 528.4 eV, 529.6 eV 

and 530.7 eV (for TPAr sample) that correspond to lattice oxygen of TiO2, hydroxyl 

groups and adsorbed water, respectively. Now we can say the probable reason of band 

gap narrowing in TiO2 due to different annealing environments. Due to annealing at 

higher temperature oxygen vacancies were formed which have created intermediate 

energy levels in the band gap. In our case, as discussed above Ti3+ is also formed which 

also creates energy level in the band gap, contributing to the reduction of band gap. 

Mostly, in TPAr, TPV and TPH samples both oxygen vacancies and Ti3+ are created 

which creates additional energy level in the band gap contributing to large reduction in 

the band gap.  

 

Fig.5.8. XPS wide scan spectra of TiO2 nanocrystals (a) TPA, (b) TPO, (c) TPAr, (d) TPV and 

(e) TPH 
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Fig.5.9. XPS spectra of TiO2 samples (a)-(e) Ti 2p spectrum of TPA, TPO, TPAr, TPV and 

TPH (f)-(j) O 1s spectrum of TPA, TPO, TPAr, TPV and TPH 
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But in case of TPA and TPO samples, as there is no Ti3+ peak in XPS spectra, so 

only oxygen vacancies have played the major role in reducing the band gap due to 

which it is less in these samples. Hence, it can be seen that TPAr, TPV and TPH 

samples have much reduced band gap in comparison to TPA and TPO samples, so here 

it can be inferred that Ar, vacuum and hydrogen atmosphere annealing creates more 

number of oxygen vacancies contributing to significant reduction in band gap in 

comparison to air and oxygen annealed samples.  

5.3.6. Magnetic studies 

The effect of defects on the magnetic behavior due to the annealing of TiO2 

nanocrystals in different environment was investigated using a VSM. The M−H 

measurements were carried out at three different temperatures (300 K, 100 K, 2 K) with 

field varying from −90 to +90 kOe. The M−H curves of all samples at 300 K are shown 

in Fig. 5.10(a), from which a well-defined square shaped hysteresis loop can be 

observed for the TiO2 nanocrystals annealed in argon atmosphere indicating that TPAr 

sample is FM at room temperature (Fig. 5.10(d)). From the M-T curve taken in a field 

of 200 Oe, the large difference between Zero Field Cooled (ZFC) and Field Cooled 

(FC) curve indicate the existence of ferromagnetism above room temperature i.e. the 

Curie temperature is above 300K as shown in Fig. 5.13 (a). Further, high temperature 

M-T curve clearly indicates a perfect ferromagnetic behavior as shown in Fig. 5.13 (b). 

The Curie-Weiss fit is also presented in Appendix.B and Fig.B1 (a) clearly 

demonstrates a Tc of 840 K. The spontaneous magnetic moment (from saturation 

magnetization) is found to be 1.77 x   10-4 µB/F.U. and the HC is about 30 Oe which are 

significantly higher than the reported magnetization obtained in Co-doped TiO2 

nanocrystals.14 It can be observed that the TiO2 nanocrystals annealed in hydrogen 

atmosphere (TPH) shows PM behavior at 2 K (Fig. 5.12 (f)), at 100 K and 300 K 

(Fig.5.11 (f) and 5.10(f)). But M-T curve (Fig. 5.13(c)) indicates coexistence of PM and 

very weak FM behavior upto 150 K and PM behavior at room temperature (with a very 

weak RTFM behavior at lower fields). This is further verified using Curie-Weiss fit and 

is shown in Fig.B1 (b).  
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Fig.5.10. Magnetic response of TiO2 samples (a) M-H curve from -90 kOe to 90 kOe of all the 

samples measured at 300 K and (b)-(f) M-H curve from -10 kOe to 10 kOe of TPA, TPO, TPAr, 

TPV and TPH at 300 K 
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Fig.5.11. Low temperature magnetic response of TiO2 samples (a) M-H curve from -90 kOe to 

90 kOe of all the samples at 100 K and (b)-(f) M-H curve from -10 kOe to 10 kOe of TPA, 

TPO, TPAr, TPV and TPH at 100 K 
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Fig.5.12. Low temperature magnetic response of TiO2 samples (a) M-H curve from -90 kOe to 

90 kOe of all the samples at 2 K and (b)-(f) M-H curve from -10 kOe to 10 kOe of TPA, TPO, 

TPAr, TPV and TPH at 2 K  
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Fig.5.13. Temperature variation of magnetic moment corresponding to (a) TPAr at 200 Oe upto 

385 K, (b) TPAr at 200 Oe upto 900 K (c) TPH at 200 Oe 

Similar behavior is exhibited by TPV as well, as shown in Fig. 5.10 (e), Fig. 5. 11 (e) 

and Fig. 5. 12 (e) respectively. It can be seen from Fig. 5.10 (a) that TPA and TPO 

samples show PM behavior at room temperature and coexistence of FM and PM 

behavior at 100 K and 2 K. Even at 300 K we cannot say pure PM behavior of TPA and 

TPO samples if we consider lower fields. Although very weak hysteresis exists in TPA 

and TPO samples at 300 K and 100 K but the behavior is very different from pure FM 

and pure PM due to non-saturating behavior of M-H curve at higher field. So, mixed 

magnetic behavior of FM and PM exist in TPA and TPO sample. As for spintronics 

device application, RTFM is the practical requirement and thus it can be said that argon 

annealed TiO2 is the best material for both optoelectronic and spintronics device 

applications. 
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5.3.7. Explanation of magnetic behaviour in TiO2 nanocrystals annealed at 

different atmospheres 

Here we have tried to explain the mechanism of clear hysteresis loop in TPAr 

sample at room temperature through the formation of BMP which is associated with 

oxygen vacancy and Ti3+ ions formed in the material.  The BMP fit and the variation in 

BMP concentration for all the samples is represented in Fig. 5.14(a) and 5.14(b) 

respectively. BMP involves the overlapping of the orbital occupied by the locally 

trapped electron by an oxygen vacancy with the unpaired electron (3d1) of Ti3+ ion. The 

estimated BMP concentration is 6.73 x 1019, 8.09 x 1018, 2.25 x 1016, 1.38 x 1016 and 

4.44 x 1014 for TPAr, TPH, TPV, TPA and TPO respectively. From the PL analysis, the 

presence of a significant number of oxygen vacancy defects (Vo) in the TiO2 

nanocrystals annealed in different atmospheres is evident. The Vo is a positively 

charged center, and when it traps an electron it forms a bound state VO
+. Studies 15-19 

have shown that such oxygen vacancy with single electron trap (Vo
+) can induce a local 

magnetic moment and when the concentration of such vacancies reaches a threshold 

limit, ferromagnetic exchange interaction between such Vo 
+ defects can be stabilized to 

mediate the RTFM. Due to annealing in the air and O2 atmosphere, the Vo concentration 

is very less, due to which very weak FM (negligible) is observed in TPA and TPO 

samples. In TPV sample, although vacuum is a reducing atmosphere and possibility of 

formation of oxygen vacancies is more in this case but the concentration of such 

vacancies is not enough to mediate FM interaction between the Vo 
+ defects and at the 

same time XPS indicates the very less amount of Ti3+ peak which precludes the BMP 

involvement in inducing FM in TPV. In TPH sample, it can be observed from PL as 

well as XPS study that both oxygen vacancies and Ti3+ are much higher. So, the 

possibility of FM due to BMP is evident but the M-H and M-T measurement rules out 

the FM at room temperature. Here it can be assumed that BMP overlapping is not 

fulfilled, although an enhancement in magnetic moment is observed in comparison to 

TPV samples but it is not so strong to give ferromagnetic signal at room temperature. 

Also due to the very small (12 nm) particle size, the possibility of formation of clusters 

cannot be avoided which could have created different magnetic phases.  
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Fig.5.14. (a) BMP fit and (b) Number of BMP concentration at 300 K for all the TP samples. 

Inset shows the enlarged region. 

 

Fig. 5. 15 (a) shows the variation of magnetic moment (at 2 Tesla) and band gap 

of all the samples. The magnetic moment shows a decreasing trend in magnetic moment 

in the sample order TPAr, TPH, TPV, TPA and TPO with a maximum value of                

1.77 x 10-4 µB/F.U. for TPAr sample. Again, TPAr shows the least bandgap of 0.34 eV 

which is the least band gap ever reported in TiO2. Fig. 5. 15 (b) shows the ratio of Ti3+ 

to Ti4+ in the case of TPAr, TPH and TPV which are in the order of 0.66, 0.63 and 0.48 

respectively. This ratio is justified by the decreasing trend of FWHM values of Ti2p3/2. 

Interestingly, in TPAr sample, both oxygen vacancies and Ti3+ ions are present 

producing large number of BMPs as shown in Fig. 5. 15 (c) and the overlapping among 

the BMPs is so strong to give enhanced magnetic moment and clear hysteresis loop at 

room temperature as shown in the figure. The FM in argon annealed sample is favoured 

due to the s–d exchange interaction between the 1s1 electron spin of trapped electron in 

the F+ center and the 3d1 electron spin of Ti3+ ions within the orbital around oxygen 

vacancies. But if the electrons in oxygen vacancies form 1s2 state (F centre) then there is 

no possibility of FM but isolated BMP formation may have occurred which might be 

the case in TPA and TPO as in these samples. XPS indicate absence of Ti3+ ions and the 

formation of isolated BMPs are shown in Fig. 5. 15 (d). But in TPH and TPV samples 

although XPS shows the presence of Ti3+ ions and PL, Raman study indicate presence 

of oxygen vacancies but it seems that there is either very weak interaction between F+ 

centre and Ti3+ ions because of F centre formation. Banerjee et al.20 explained that 

oxygen vacancy clusters can induce FM while isolated oxygen vacancy or their clusters 
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can result in PM behavior at higher fields and very weak FM behavior at lower fields.  

So, it can be inferred here that oxygen vacancies in TPH and TPV samples have formed 

isolated clusters giving rise to PM behavior at higher fields. Thus the formation of 

BMPs, with the trapped electron in the F+ center occupying an orbital overlapping with 

the unpaired electron (3d1) of Ti3+ is proposed to explain the origin of FM observed in 

TPAr sample. It can be noticed that the samples exhibiting a high intensity of visible PL 

show a clear FM hysteresis loop. Shifting and broadening  of  Eg (1) Raman mode at 

142 cm-1, oxygen vacancy related strong visible PL emission, oxygen vacancy and Ti3+ 

concentrations observed from XPS spectra of Argon annealed samples confirm the fact 

that the FM in TPAr samples is due to oxygen vacancy mediated FM interaction.      

 

Fig.5.15. (a) Variation of magnetic moment and band gap (b) Ratio of Ti3+ to Ti4+ for TPAr, 

TPH and TPV with variation of FWHM for all the samples (c) Schematic showing the 

formation of overlapping BMPs in TPAr/TPH/TPV and (d) Isolated BMP formation in TPA and 

TPV samples 
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5.4. Summary 

 Detailed structural, optical and magnetic study of TiO2 nanocrystals prepared by 

sol-gel technique annealed in air, oxygen, argon, vacuum and hydrogen 

atmospheres for 8 h is done.  

 Large absorption in Visible and IR region along with much reduced band gap, 

i.e. 0.34 eV, 0.47 eV and 0.65 eV is observed for argon, hydrogen and vacuum 

annealed samples respectively. These samples exhibit strong visible 

photoluminescence associated mostly with oxygen vacancies.  

 XPS study reveals the formation of oxygen vacancies and mixed states of Ti 

(Ti3+/Ti4+) in argon, hydrogen and vacuum annealed samples.  

 Magnetic measurements show a clear hysteresis loop with FM above room 

temperature in argon annealed sample while other samples show coexistence of 

paramagnetic and ferromagnetic behavior.  

 RTFM observed in argon annealed TiO2 nanocrystals is explained by taking into 

consideration of BMP which involves the overlapping of locally trapped 

electron orbital on the oxygen vacancy (1s1) site with unpaired electron (3d1) of 

Ti3+ ions.  

 It is reported that without using any hazardous gases as well as without use of 

high temperature annealing conditions, TiO2 nanocrystals with extended 

absorption in visible as well as in IR region with well-defined hysteresis loop at 

room temperature has been produced which can have wide applications in 

environmental remediation, photocatalysis and spintronics.  
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 Summary and scope for future work 
  

 

 

 

 

 

 

 

 

 

 

 

 

This chapter provides a brief summary of the observations 

made during the investigation on functional semiconductors 

for thermoelectrics and spintronics applications. The 

significant results of the investigation are also outlined in this 

chapter followed by scope for the future work.  
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6.1. Summary 

 The thesis is a detailed investigation on the development of nanocrystals of narrow 

band-gap Bi2Te3 based materials and wide band-gap TiO2 based materials as functional 

semiconductors for TEs and spintronics applications. The primary interest for choosing 

these materials for the present investigation is to utilize the possibilities lying with charge 

of an electron pointing towards the TE applications and utilization of spin of an electron 

pointing towards the spintronics industry. From the existing literature on both the class of 

materials, it was understood that nanostructuring could provide improvement in both TE 

properties (due to phonon scattering) and optical/magnetic properties (due to defect induced 

mechanism). In this regard, efforts were made to develop Bi and Sb based chalcogenide 

materials with significant reduction in κ and improvement in the room temperature ZT 

value. Again, efforts for achieving optical band gap narrowing and RTFM in transition 

metal ion doped TiO2 nanocrystals were carried out. Defect induced TiO2 nanocrystals 

under different annealing atmospheres were also made a subject of study and long range 

RTFM with a significant narrowing of band gap is also investigated.  

6.1.1. Bi and Sb based chalcogenide nanostructures 

 Bismuth telluride nanostructures were successfully synthesised using a low-

temperature reflux method with deionized water as the reaction medium. Both 

structural and morphological changes were obtained by varying the reaction time 

and EDTA concentration where reaction time of 24 h and EDTA concentration of 

100 mmol shows the hexagonal stacking and exhibits the best TE properties among 

the synthesised samples.  

 It is witnessed that the EDTA aids the formation of desired Bi2Te3 phase and 

behaves as both capping agent and soft template for lowering the surface energy to 

facilitate the formation of intercalated rod and sheet-like structures.  

 A detailed reaction mechanism for Bi2Te3, Sb2Te3, SnTe and Sb-doped Bi2Te3 is 

investigated and understood that the aqueous based reflux reaction is a tedious job 
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for the synthesis of SnTe whereas partial formation of Sb2Te3 could be possible. 

However, hot pressed Sb-doped Bi2Te3 samples prepared by reflux method 

crystallizes in to mixed phases and exhibit an n- to p-type transition with 

improvement in thermopower value.  

6.1.2. Transition metal elements doped TiO2 nanocrystals 

 Undoped and TM-doped TiO2 nanocrystals (TM=Cu, Zn, Fe, Co, Ni, Cr and Mn) 

derived by sol-gel techniques are crystallized into a tetragonal anatase structure with 

space group I41/amd. Detailed structural studies reveal that successful incorporation 

of TM ions (even upto 12 at. wt. %) into Ti site in TiO2 lattice.  

 Optical studies reveal that the band gap of TiO2 (3.2 eV) significantly narrows down 

with the substitution of all TM elements (except Zn). PL and XPS studies reveal the 

formation of BMPs in all the studied TiO2 nanocrystals. 

 A very weak RTFM is observed for undoped and 3% Cu, Fe and Co doped TiO2 

nanocrystals. But, a perfect PM behavior is witnessed for the higher dopant 

concentrations of Fe and Co, and all the Cr, Mn and Ni doped samples exhibited a 

PM behavior while 3% Zn doped sample shows a diamagnetic tail. 

 Nature of magnetism in undoped and doped TiO2 nanocrystals is decided by either 

intrinsic contributions i.e, the nature of BMPs (isolated or overlapped) or extrinsic 

contributions (i.e the magnetic contributions of dopant ions) or both. 

 A significant reduction in band gap is observed in all the TiO2 naocrystals (except 

Zn-doped) associated with its interesting magnetic properties make them a potential 

for spintronics applications and magneto optic devices.  

6.1.3. Defect modulation by varying annealing atmosphere on TiO2 nanocrystals  

 TiO2 nanocrystals are prepared by sol-gel technique and annealed for 8 h under 

different atmospheres, i.e, in air, oxygen, argon, vacuum and hydrogen. All the 
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samples are crystallized into a tetragonal anatase structure with space group 

I41/amd. 

 Large absorption in Visible and IR region along with much reduced bandgap is 

observed in argon, hydrogen and vacuum annealed samples. The bandgap observed 

in theses samples are least ever reported so far in TiO2 bases nanocrystals. These 

samples exhibit strong visible photoluminescence associated mostly with oxygen 

vacancies.  

 XPS and PL studies reveal the formation of overlapped BMPs in Argon, hydrogen 

and vacuum annealed TiO2 nanocrystals. 

  RTFM is witnessed in argon annealed sample while other samples show 

coexistence of paramagnetic and ferromagnetic behavior.  

 This study revealed that the RTFM with band gap of 0.34 eV is achieved in 

undoped TiO2 nanocrystals which can have wide applications in environmental 

remediation, photocatalysis and spintronics.  

6.2. Scope for future work 

 Using the developed n and p-type TE materials, a device prototype can be 

fabricated. 

 Detailed neutron diffraction and Mossbauer spectroscopy would give an insight in 

to the magnetic state of the TiO2 DMS materials.   

 For future applications, one could develop chalcogenide and TiO2 DMS thin films 

which can actively control and manipulate charge, spin and heat flows in materials 

on the nanometer scale.  



 

                                                                                                                         Appendix A 

  

    P a g e  | 303 

 

 

Relative change in lattice parameters and crystallite size in Fe, Co, Ni-

doped TiO2 nanocrystals 

 

 

 

Fig. A1. (a) Relative change in lattice parameter a, (b) Relative change in lattice parameter c, (c) 

Relative change in cell volume V, (a) Relative change in crystallite size. 
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Temperature variation of magnetization and Curie-Weiss fit of undoped, 

3% and 12% Fe doped TiO2 nanocrystals 

 

 

Fig. A2. (a) MT curves and (b) Curie Weiss Fit of T-P, (c) MT curves and (d) Curie Weiss Fit of 

T3Fe (e) MT curves and (f) Curie Weiss Fit of T12Fe. 
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Curie Weiss Fit corresponding to TiO2 samples annealed in Argon and 

Hydrogen atmosphere 

 

 

 

Fig. B1. Curie Weiss Fit of (a) TPAr, (b) TPH 
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