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Synopsis 

 

Titanium dioxide (TiO2) is a wide band gap semiconductor well-known for its outstanding 

physical and chemical properties. It can exist mainly in one of the four crystalline forms: 

anatase, rutile, brookite and TiO2(B). Rutile is the most stable phase whereas anatase, 

brookite and TiO2(B) are metastable phases and usually convert to rutile upon heating. Each 

of these forms has specific applications.  Among the oxide semiconductors, TiO2 has 

received widespread attention due to its unique properties such as nontoxicity, stability 

against photo and chemical corrosion, strong oxidizing and reducing ability, 

biocompatibility, low cost, excellent optical transmittance, photocatalyst, hydrophilicity etc. 

Further, TiO2 has wide variety of potential applications such as, water purification, 

environmental cleaning, self cleaning, antifogging, cancer treatment, drug delivery, 

optoelectronic devices, hydrogen production and storage, gas sensors, dye sensitized solar 

cell (DSSC) and spintronic devices. 

 The one dimensional (1D) TiO2 nanostructures such as nanotubes (NTs), nanorods 

(NRs), nanoribbons (NRbs) and nanowires (NWs) have a large surface area, with unique 1D 

morphology providing a direct path for electron transport with enhanced carrier collection. 

As a result, 1D nanostructures of TiO2 have gained huge attention for several promising and 

high performance applications. The properties of nanocrystalline TiO2 would be further 

improved if morphologies, size, compositions and texture of the material are modified. 

Considerable efforts have been made to explore novel approaches from vapor-phase 

technique to solution-growth process to grow TiO2 nanostructures with tunable properties by 

controlling their size and morphology. The typical vapor-phase technique requires high 

temperature (> 1000 °C) and the control over morphology is challenging. After the first 

successful synthesis of titanate NTs by Kasuga et al. [Langmuir 14, 3160, 1998], extensive 

research has been carried out on the hydrothermal growth of titanate and TiO2 NRs, NTs and 

NWs by adjusting various growth parameters within the hydrothermal system to determine 

their effects on the nanostructure formation and resultant morphology. These parameters 

include reaction temperature, alkaline concentration, reaction duration, precursor phase, and 

crystallite size. Moreover, systematic study of solvent and temperature controlled growth of 
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nanostructures and the exact growth mechanism of solvothermally synthesized titanate and 

TiO2 NTs and NWs is still a topic debated extensively in the contemporary literature. 

Understanding the formation mechanism and tuning the properties of TiO2 nanostructures by 

manipulation of intrinsic defects and doping remain a challenge for exploiting their 

applications in various fields. In this thesis, we have studied the formation mechanism of 

solvothermally synthesized 1D TiO2 NTs, NRs, NWs and nanoporous NRbs by varying the 

reaction temperatures, solvents and post-growth calcinations. The growth mechanism of the 

as-prepared nanostructures is elucidated from the systematic studies of field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) 

imaging.  

Anatase TiO2 nanostructures having large surface area are used as a promising 

photocatalyst for the degradation of organic pollutants and for water splitting of hydrogen 

production. But due to its large band gap, the industrial application is limited to UV light 

only. Therefore, band gap engineering is essential to tune the band gap of TiO2 into visible 

light so that it could be working using renewable solar light rather than using the cost 

effective, hazardous UV light. For this purpose, attempts have been made to dope metal or 

nonmetal impurities to optimize the band gap of TiO2 to visible light. However, the 

introduction of dopants acts as charge carrier recombination centers, which reduce the chance 

of the carriers to reach the particle surface to participate in the desired reaction and becomes 

a major issue affecting the photocatalytic efficiency. So, there are lots of challenges and 

fundamental issues related to the band gap tuning, electron-hole recombination in undoped 

and doped TiO2 nanostructures and the visible light photocatalytic applications, which need 

to be explored further. Recently, some approaches based on dopant-free, pure TiO2 phase 

were proposed in order to overcome this limitation. The decisive role of surface disorder and 

point defects, such as oxygen vacancy (O�) and Ti interstitial (Ti�) in dictating the band gap 

narrowing and related application of TiO2 has been emphasized in the recent literatures, 

mainly through computational studies. However, experimental understanding on the actual 

nature of defects such as O� and Ti� in reduced TiO2 and its role in the visible light 

photocatalysis are still unclear. The concentration of the native defects typically depends on 

the growth conditions. However, the nature of band gap states induced by the Ti� is yet to be 

identified experimentally. It is therefore imperative to understand the evolution of the native 
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defects in band gap engineered TiO2 nanostructures with different growth/processing 

conditions and identify the defects responsible for extended visible absorption and visible to 

near infrared photoluminescence in such nanostructures. In this work, through careful in-situ 

photoluminescence studies under controlled environment coupled with optical absorption 

measurement, we attempt to identify the specific defect responsible for the red shift in the 

absorption edge, visible and near infrared (NIR) photoluminescence (PL) emission in 

undoped TiO2 NRbs grown by a solvothermal technique. In particular, monitoring the time 

evolution of the visible and NIR PL emissions at low temperature, under high vacuum and 

oxygen environment, allows us to distinguish and unambiguously identify the defect states 

associated with O�, oxygen interstitial (O�) and Ti�. Our studies also reveal that these native 

defects are the microscopic origin of lattice expansion and contraction in undoped rutile TiO2 

nanostructures by employing several structural and optical spectroscopic tools. The control of 

lattice parameters through the intrinsic defects may provide new routes to achieving novel 

functionalities in advanced materials that can be tailored for future technological 

applications. 

In the recent decade, diluted magnetic semiconductors (DMSs), in particular the 

ferromagnetic oxides, have been at the forefront of research for spintronics and magneto-

optic device materials. The discovery of ferromagnetism in Co doped TiO2 with a Curie 

temperature (TC) exceeding 300 K [Matsumoto et al., Science 291, 854, 2001] lead the 

expansion of the field of DMS to oxides, leading to a rapid development of new materials 

and phenomena arising from a synergy of semiconductor physics and strongly correlated 

systems. However, in spite of several studies reported on TiO2-based DMS, there is no clear 

agreement about the nature and origin of the observed ferromagnetism (FM). It is being 

currently debated whether the observed FM in oxide DMS has anything to do with transition 

metal (TM) doping or might be solely related to intrinsic defects. Some reports suggested 

segregation and the formation of TM metal clusters as the origin of FM signal, while most 

recent results strongly support the intrinsic nature of FM mediated by carriers or defects. 

These controversial results among research groups suggest that the magnetic properties of 

DMS materials are critically dependent on fabrication, growth conditions, and doping agents. 

However, unambiguous determination of the nature of defects responsible for the observed 

FM remains a considerable challenge to the researchers. Till date, most of the reported FM in 
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undoped TiO2 was for thin films and nanoparticles (NPs). The observed FM in undoped thin 

films and NPs are usually weak. Compared to thin films and nanoparticles, 1D TiO2 

nanostructures such as NWs, NRs and NRbs with high surface area can possess abundant 

surface defects, thus the intrinsic FM could be enhanced. Our present attempt in this work 

has been to enhance the magnetic moments which are solely due to intrinsic defects and 

explore a better understanding about the origin of observed ferromagnetism in undoped 1D 

TiO2 system through systematic studies of magnetic, structural and optical properties. For 

further enhancement of the FM and to investigate the role of TM in the enhanced FM in TiO2 

system, we studied the optical and magnetic properties of Fe and Cr doped TiO2 NRbs by a 

solvothermal method and Co doped TiO2 NPs by ball milling method, and elucidate the 

mechanism of enhanced FM in TM (Fe, Cr and Co) doped and undoped TiO2 systems. From 

the temperature dependence magnetization (M-T) measurement, we observed a high Curie 

temperature (Tc) of ~793 K, i.e., ferromagnetic to paramagnetic transition, for Co doped TiO2 

NPs and it is an important step for the development of practical commercial devices that can 

operate at and above RT. 

We believe that the comprehensive study in this thesis on the controlled growth and 

tunable optical and magnetic properties of TiO2 nanostructures through intrinsic defects and 

doping would further promote TiO2-based research and development efforts to tackle the 

environmental and energy challenges which we are currently being faced by the humanity, 

and the technological applications of spintronic and magneto-optic devices. The complete 

works for this thesis are presented in nine chapters as described below.  

 

Chapter 1 presents a glimpse of the important features of the TiO2 nanostructures and their 

potential use in different technological applications ranging from the photocatalyst, 

nanoelectronics, spintronics to chemical sensors. The fundamental issues related to growth 

mechanism, understanding of native defects, and intrinsic and extrinsic origin of FM in TiO2 

nanostructures are discussed and the motivation for the present work is presented at the end 

of this chapter. 

 

Chapter 2 provides brief information about the experimental techniques used for the present 

work and their working principles. Brief account of the growth techniques used for the 

preparation of various kinds of samples and the in-house development of the vacuum 

annealing system is presented in this chapter. Since several growth techniques have been 

adopted in this work, details of the growth conditions for each sample are presented in the 
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relevant chapters. The methodology adopted to analyze the data of the undoped and doped 

TiO2 nanostructures is also discussed in brief. 

 

Chapter 3 presents details of the three-step growth process of TiO2 nanostructures and 

overall chemical processes. One dimensional TiO2 and hybrid TiO2/titanate nanostructures 

are synthesized by a simple low temperature solvothermal route followed by the Na
+
/H

+
 ion-

exchange and final calcination process. We investigated the impact of reaction temperature, 

stirring condition and cosolvent on the morphologies of the as-prepared nanostructures. 

Growth mechanism is elucidated from the systematic studies of FESEM and TEM imaging. 

This work will be valuable for controlled growth of TiO2 NTs, NRs, NWs and nanoporous 

NRbs, and understanding the formation mechanism of various nanostructured TiO2 

synthesized under different growth conditions. 

 

Chapter 4 presents the critical role of intrinsic defects in the extended visible absorption, 

and visible and near infrared PL from undoped TiO2 NRbs. TiO2 nanoporous NRbs are 

grown by ethylene glycol mediated solvothermal method at different temperatures, reaction 

durations and calcinations. Through a careful in-situ PL studies under controlled 

environment, we identified the specific defect responsible for the red-shift in the absorption 

edge, visible and NIR PL emission in undoped TiO2 NRbs grown by the solvothermal 

technique. In particular, monitoring the time evolution of the visible and NIR PL emissions at 

low temperature, under high vacuum and oxygen environment, allowed us to distinguish and 

unambiguously identify the associated defect states (e.g., O�, O� and Ti�). Interestingly, we 

observed a wide range of visible absorption from these undoped TiO2 NRbs fabricated under 

different growth conditions, and we demonstrate that Ti� rich samples have higher red-shifts 

in the absorption edge, which is crucial for more efficient visible light photocatalysis in 

TiO2-based materials. Based on our experimental observations, the origin of the tunable NIR 

PL from TiO2 NRbs has been traced to surface Ti interstitials for the first time. The 

identification of Ti� states in the band gap of undoped TiO2 NRbs is considered an important 

step in further exploitation of defect engineered undoped TiO2 nanostructures and is believed 

to be an important milestone in realizing improved visible light photocatalytic and 

photovoltaic applications of this novel material. 
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Chapter 5 presents the intrinsic defects induced room temperature ferromagnetism (RTFM) 

in undoped TiO2 NRbs.  We study the structural, optical and magnetic properties of the 

NRbs, and attempt to prove the origin of RTFM in the undoped TiO2 NRbs grown by a 

solvothermal method.  The samples exhibit strong visible PL associated with O� and a clear 

ferromagnetic hysteresis loop, both of which dramatically enhanced after vacuum annealing. 

Direct evidence of oxygen vacancies and related Ti�� in the as-prepared and vacuum 

annealed TiO2 samples are provided through x-ray photoelectron spectroscopy (XPS) 

analysis. It is believed that a large concentration of oxygen vacancies with high thermal 

stability indeed results in stronger RTFM compared to those previously reported in undoped/ 

doped TiO2 systems. The observed RTFM is explained on the basis of a bound magnetic 

polaron (BMP) model and extracted density of BMP is shown to directly scale with the 

integrated PL intensity that arises from oxygen vacancies. Thus, our results provide 

convincing evidence for oxygen vacancy induced strong FM at and above room temperature 

(RT) in the undoped TiO2 nanoporous nanoribbons. These findings not only help to gain 

better insight into the defect engineering of RTFM in undoped TiO2, but also constitute an 

important step for the development of practical nanospintronic devices which can be operated 

at and above RT. 

 

In Chapter 6, we discuss the microscopic origin of lattice contraction and expansion in rutile 

TiO2 nanostructures. Rutile TiO2 nanostructures with a variety of well-defined morphologies 

such as NRs, nanopillars and nanoflowers, depending upon the growth conditions are 

synthesized by an acid-hydrothermal process. Depending on the growth conditions and post 

growth annealing, lattice contraction and expansion are observed in the nanostructures and it 

is found to correlate with the nature and density of intrinsic defects in rutile TiO2. The 

change in lattice volume is correlated well with the optical band gap energy. We propose that 

the Ti�� interstitial and F� oxygen vacancy defects are primarily responsible for lattice 

expansion, whereas the electrostatic attraction between Ti�� interstitial and O
� interstitial 

defects causes the lattice contraction in the undoped TiO2 nanostructures. The native defects 

in the nanostructures are confirmed from the PL and electron spin resonance (ESR) studies. 

The control of lattice parameters through the intrinsic defects may provide new routes to 
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achieving novel functionalities in advanced materials that can be tailored for future 

technological applications. 

 

Chapter 7 presents structural, optical and magnetic properties of Fe and Cr doped TiO2 

NRbs. Fe (0.1 and 0.2 at.%) doped TiO2 NRbs are grown by ethylene glycol mediated 

solvothermal method. XPS and ESR studies confirm the successful incorporation of Fe
3+

 into 

the TiO2 crystal lattice. In 0.1% Fe doped TiO2 (Fe:TiO2) NRbs, the FM is enhanced by ~4.8 

fold as compared to undoped NRbs grown under similar growth conditions. When TiO2 is 

doped with low concentration of Fe, additional O� defects are expected due to the 

substitution of Ti�� by Fe�� in TiO2 lattice and thus, formation of Fe��-O� defect complex 

resulting in enhanced FM in doped TiO2 NRbs as compared to undoped NRbs. However, we 

observed that higher concentration of Fe doping decreases the FM, may be due to the Fe��-

Fe
�� antiferromagnetic ordering in the absence of O� in between two nearby Fe atoms. This 

result highlights that TM ion in the presence/ absence of O� in host TiO2 play a major role in 

DMS materials. This study brings out the role and impact of O� defects and Fe dopant on the 

observed RTFM in our Fe:TiO2 NRbs, which is supported by structural and optical 

measurements. 

Next, Cr (0.3 and 0.7 at.%) doped TiO2 NRbs are grown by hydrothermal method at 

two different reaction temperatures. We observed RTFM in Cr doped TiO2 (Cr:TiO2) NRbs. 

These samples exhibit O� and Ti� related visible and NIR PL, respectively. ESR and XPS 

studies reveal the presence of Cr in 3+ valence state, thus avoiding the formation of Cr metal 

clusters and CrO2 secondary phases. Among the Cr oxides, CrO2 only shows ferromagnetic 

ordering. ESR study also reveals the presence of oxygen vacancy related F� defect. 

Therefore, the observed FM is believed to arises due to the formations of Cr��-F� defects 

complexes in Cr:TiO2 NRbs. After vacuum annealing, the FM is enhanced, indicating 

oxygen vacancy play a major role in ferromagnetic ordering. FM decreases with increase in 

Cr concentration; this may be due to antiferromagnetic ordering between Cr��-Cr�� in the 

absence of oxygen vacancy. 

 

Chapter 8 presents the results on high temperature ferromagnetism in Co doped TiO2 NPs 

grown by a ball milling method. The structural and optical spectroscopic studies reveal the 
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incorporation of Co into TiO2 crystal lattice. The observed RTFM is explained on the basis of 

BMP model which involves electrons locally trapped by oxygen vacancy, with the trapped 

electron occupying an orbital overlapping with the d shells of TM neighbors. The high 

temperature FM may be partly due to the presence of extended defects such as dislocations in 

TiO2 NPs. In the ball milled NPs, lattice strain is usually caused by dislocations that develop 

during the milling process. Usually the dislocation density first goes up with milling time and 

then it reduces with further milling accompanied by particle size reduction. Thus, it is quite 

likely that strain/dislocations may have reasonable contributions to the observed high 

temperature FM.  

 

Chapter 9 highlights the main contributions of the thesis and important conclusions of the 

work. Open questions and scope for future studies are also presented. 
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Introduction 

    

The exploration of nanoscience and nanotechnology has led to the development of new 

materials with extraordinary enhanced properties, which are completely different from the 

bulk counterpart. In the past decades, different preparation methods have been used to 

synthesize varieties of nanostructures such as nanoparticles, nanotubes, nanowires, nanorods, 

nanoribbons etc. of metals and semiconductors and their properties and related technological 

applications were extensively studied. The reduction in size of crystalline structures primarily 

means that physical principles are more directly related to atoms, but it is normally negligible 

in bulk. High surface-to-volume ratio (which leads to a larger contact area) and quantum 

confinement effect are the two unique features of nanostructured materials that modify the 

characteristic properties, which include structural (unit cell size, network symmetry), 

electrical (electron transport), optical (band gap, absorption and photoluminescence 

emission), physico-chemical (crystalline structure, particles size, surface area, chemical 

reactivity/stability) and magnetic properties. These unique and enhanced properties compared 

to bulk can open opportunities for fabrication of nanoscale devices and find important 

technological and industrial applications, depending upon their specific properties, such as in 

biophysics, biochemistry, biomedicines, environmental purification, sensors, photocatalysts, 

microelectronic circuits and nanoelectronic devices etc. In this chapter a brief introduction to 

important features of the titanium dioxide (TiO2) nanostructures and their potential use in 

different technological applications are presented. The fundamental issues related to growth 

mechanism, understanding of native defects, and intrinsic and extrinsic origin of 

ferromagnetism (FM) in TiO2 nanostructures are discussed and the motivation for the present 

work is presented in this chapter. The outline of the thesis and major contributions of this 

thesis are described at the end of the chapter.  
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1.1. Polymorphs of TiO2 and their crystal structures 

TiO2 is a wide band gap semiconductor well-known for its outstanding physical and chemical 

properties. It can exist mainly in one of the four crystalline forms in nature: tetragonal 

anatase, rutile, orthorhombic brookite and monoclinic TiO2(B). Rutile is the most 

thermodynamically stable phase as compared to anatase, brookite and TiO2(B) phases and 

usually convert to rutile upon heating. The conversion of anatase to rutile occurs in the 

temperature >700 °C, depending upon crystal size and impurity. Each of these forms has 

specific applications. Rutile is more easily formed as single crystals and thus, it has been the 

subject of the majority of previous research. Brookite phase is rarely found in nature, in 

contrast to rutile and anatase. The fourth naturally occurring polymorph is monoclinic 

TiO2(B) and this mineral is more rare than brookite. TiO2(B) is a high pressure phase of 

TiO2, generally synthesized by hydrolysis of potassium-titanate or hydrogen-titanate at high 

temperature and pressure. For example, Marchand et al.
1
 reported the first synthesis of 

TiO2(B) phase by hydrolysis of K2Ti4O9 followed by heating at 500 °C. The    details of 

space group, lattice parameters and densities of various polymorphs are listed in the Table 

1.1. Besides these polymorphs, other high-pressure polymorphs, i.e., columbite (TiO2 II 

phase, space group Pbcn),
2
 baddeleyite (MI, P21/ c),

3
 orthorhombic I (OI, Pbca),

4
 and 

cotunnite (OII, Pnma),
5
 were discovered experimentally. Out of these various polymorphs, 

we observed pure phase rutile, anatase, TiO2(B) and their mixed phases in this thesis work 

under various growth conditions.  

 

 

Table1.1. Different phases of TiO2 and their crystal symmetry, space group, lattice parameters and 

densities are presented. Adapted from Ref.[6]. 

 

Polymorphs Crystal 

structures 

Space 

group 

Lattice constants (Å) Density 

(g cm
-3

) a b c 

Rutile tetragonal P42/mnm 4.595 4.595 2.943 4.27 

Anatase tetragonal I41/amd 3.777 3.777 9.535 3.90 

Brookite orthorhombic Pbca 9.172 5.443 5.129 4.15 

TiO2(B) monoclinic C2/m 12.173 3.732 6.537 3.73 
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Fig. 1.1. Ball and stick presentation of crystal structure of rutile, anatase, brookite and TiO2(B) 

polymorphs; Red ball: O atom, Grey ball: Ti atom. Adopted from Ref. [6]. 

 

 

Fig. 1.2. Octahedral stacking representation of rutile, anatase, brookite and TiO2(B) phases. Adopted 

from Ref. [7]. 

 

 

The crystal structures of anatase and rutile are based on a tetragonal symmetry, in which the 

Ti
4+

 ions are 6-fold coordinated to oxygen ions. Both are constructed from distorted TiO6 

octahedra, with the relative arrangement of these determining the overall structure. The rutile 
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structure is based on slightly distorted hexagonal close packing of oxygen ions, whereas the 

oxygen sublattice in anatase is cubic closed packed. Both structures have edge sharing TiO6 

octahedra, with two and four edges shared in rutile and anatase, respectively. Orthorhombic 

brookite is of lower symmetry due to its short range order being less regular. In brookite 

none of the six nearest-neighbor Ti-O bond lengths are identical. The principal structural 

feature of brookite is a chain of edge-sharing distorted TiO6 octahedra parallel to c-axis of 

the orthorhombic lattice, where each octahedron shares three edges. The structure of TiO2(B) 

is characterized by two edge-sharing TiO6 octahedra which are linked to the neighboring 

doublet of octahedral by corners. The crystalline structures of rutile, anatase, brookite and 

TiO2(B) and their polyhedral representation of TiO6 octahedra are shown in Fig. 1.1 and 1.2, 

respectively. 

 

1.2. TiO2 nanostructures 

Metal oxide semiconductors play a major role in many areas of chemistry, physics and 

materials science due to the suitability of various applications such as photocatalyst,
8-10

 

sensors,
11-14

 waste-water and environmental cleaning,
15-18

 drug delivery,
19

 hydrogen 

production,
20-23

 UV photodetectors,
24

 dye sensitized solar cells,
25-30

 Li ion battery
31-34

 and 

may be applicable for future spintronic and magneto-optic devices
35-37

 etc. Among the metal 

oxide semiconductors, TiO2 has received wide-spread attention due to its following 

advantages: excellent stability against photo and chemical corrosion, non-toxicity and 

biocompatibility, strong oxidizing and reducing ability, low cost on the economical point of 

view and easily available, very efficient photocatalyst and the realization of room 

temperature ferromagnetism. Usually bulk TiO2 is not very efficient for the industrial 

applications due to less surface area and interacting media, since the above mentioned 

properties are suitable for the functioning at surface and interface or atomic level. In case of 

nanostructured TiO2, with the size reduction, the ratio of number of surface to volume 

increased which leads to a larger contact area, the decrease of surface free energy and hence 

a number of physical properties become noticeably pronounced in comparison with those of 

macroscopic systems. The high surface area brought about by the decreased size is beneficial 

to many TiO2-based devices, as it facilitates the reaction/ interaction between the devices and 
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the interacting media, which mainly occurs on the surface or at the interface and strongly 

depends on the surface area of the material. Thus, the performance of TiO2-based technology 

is largely influenced by the sizes of the TiO2 building units, apparently at the nanometer 

scale. The properties also vary with shapes and crystal structures of the shrinking TiO2 

nanomaterials and play important roles for the device performances. The different shapes of 

the nanostructures highly influence the surface area, carrier mobility, transport and 

information processing. In this regard, one dimensional (1D) nanostructures such as 

nanotubes (NTs), nanorods (NRs), nanowires (NWs), nanopillars (NPls) and nanoribbons 

(NRbs) are more advantageous and promising candidates compared to nanoparticles (NPs) 

and thin films. 1D nanostructures have direct path for electron transport which helps in the 

reduction of electron recombination and hence enhance the carrier collections and fast 

information processing. The various shapes of nanostructures (i.e., nanoparticles, nanotubes, 

nanowires and nanorods) are shown in Fig. 1.3. 

 

 

Fig. 1.3. Electron microscopy images of TiO2:  (a) nanoparticles, (b) nanotubes, (c) nanowires and (d) 

vertical aligned nanorods. Adapted from Ref. [38, 39, 40,  27]. 
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1.3. Growth techniques of TiO2 nanostructures 

In a laboratory, TiO2 is manufactured mainly using titanium isopropoxide 

(Ti(OCH(CH3)2)4),
41

 titanium butoxide (Ti(OC4H9)4),
24, 27

 titanium tetrachloride (TiCl4)
42, 43

 

and titanium metal powder 
40, 44

 as precursor. Now-a-days, various shapes and designs of 

TiO2 nanostructures have been prepared using commercial TiO2 powder as precursor
12, 28, 45

 

and anodic oxidation of Ti foils.
39, 46, 47

 TiO2 nanostructures can be prepared in the form of 

powder, crystal and thin film. Various methods of preparation are used for the synthesis of 

different shapes and sizes of TiO2 nanostructures. These include sol-gel,
42, 43, 48

 

hydrothermal,
9, 12, 13, 27

 solvothermal,
33, 34, 41, 49

 electrochemical anodization,
39, 46, 47, 50

 

chemical vapor deposition,
51-53

 physical vapor deposition
40, 44, 54, 55

 etc. These growth 

techniques are briefly discussed below. 

 

1.3.1. Sol- gel method  

In general, sol-gel process involves transformation of a colloidal suspension, or a sol, into a 

gel. A sol is formed from the hydrolysis and polymerization reactions of the precursors 

induced by water (aqueous sol-gel) or organic solvent (non-aqueous sol-gel) such as alcohol 

in the presence/ absence of acidic medium (acids adjust the pH and control the hydrolysis). 

The precursors are usually inorganic metal salts (chloride, nitrate, sulfate etc.) or metal 

organic compounds such as metal alkoxides. Complete polymerization and loss of solvent 

lead to the conversion from liquid sol into a gel phase. Further processing of the gel can 

produce dense thin films, ceramic fibers, ceramic powders and aero-gel.
56

 For example, thin 

films can be prepared on a substrate by spin coating or dip coating using the prepared sol. 

Under proper synthesis conditions nanomaterials can be obtained. In particular, titanium 

tetrachloride, titanium isopropoxide and titanium butoxide are generally used as precursors 

for the typical synthesis of TiO2 nanomaterial by sol-gel method.
42, 43, 57, 58

 The titanium 

precursor is mixed with either water and/ or organic solvent (such as isopropyl alcohol, 

ethanol) under stirring for the preparation of homogeneous solution. The acid such as HNO3 

is also added to the homogeneous solution to adjust the pH value which may control the size 

of the TiO2 NPs.
58

 Then the solution is aged for several hours for hydrolysis and 

polymerization reactions and TiO2 hydrosol is prepared. The hydrosol is gelled by drying 
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and/ or allowed for calcination at different temperatures for removal of residual organic 

impurities and good crystallinity and finally TiO2 nanopowder is obtained.  

The advantages of the sol-gel method are (i) it is low temperature process, usually 

room temperature; (ii) easy and simple process (doesn’t require any specific costly 

instrument). However, it has several demerits such as (i) control of hydrolysis and 

condensation rate is not an easy task; (ii) method of mixing, control of pH, rate of oxidation 

is too difficult which determines the purity, uniformity and size of the nanoparticles and thus 

an open question for reproducibility; (iii) the as-prepared samples are amorphous and need 

annealing for crystallization; (iv) difficult to obtained tunable morphologies such as TiO2 

nanorods, nanowires, nanotubes without using any template. 

 

1.3.2. Hydrothermal method  

Hydrothermal process can be defined as any heterogeneous reaction in the presence of 

aqueous solvent under high pressure and temperature conditions for the dissolution and 

recrystallization of materials that are insoluble under ordinary conditions. The term 

hydrothermal has come from two Greek words “hydros” meaning water and “thermos” 

meaning heat. So, in the broad sense, hydrothermal is the technique that chemical reaction 

took place in water as a solvent and accelerated by the high temperature and pressure. 

Hydrothermal process for advanced material synthesis is a highly inter disciplinary subject 

that the technique is popularly used by chemist, physicists, biologist, hydro-metallurgists, 

material scientists and engineers, because this technique has several advantages over other 

synthesis methods, especially for the processing of nanomaterials.  

Nanomaterials required control over their size, shape, surface morphologies, 

crystallinity and hence control on their physico-chemical properties for the application of 

advanced functional materials. The hydrothermal technique offers special advantages 

because of highly controlled solubility, diffusivity and reactivity in different solvent media in 

a closed system. There are several parameters such as temperature, pressure, stirring, reaction 

duration and pH value of the solution during the reaction which determines the shape, size 

and crystallinity of nanomaterials that in turn give the desired properties to such 

nanomaterials. Thus, hydrothermal technology and nanotechnology have a very close link. 

Usually nanomaterials are synthesized in the form of powder by hydrothermal method. The 
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nanomaterials of tunable architecture can also be grown on various substrates by this 

technique. Wide varieties of nanostructures such as NPs, nanosheets, NTs, NRs, NWs, NRbs 

and nanoflowers are grown by this technique depending upon reaction temperature, reaction 

duration and precursor used etc.
59-62

 For the typical hydrothermal synthesis of TiO2 

nanostructures, titanium isopropoxide, titanium butoxide, titanium tetrachloride and 

commercial TiO2 powders are used as precursors.
9, 12, 24, 27, 28, 63

 One of the precursors is 

mixed in strong acidic or base solvent containing water according to the requirement and 

stirred for 10 - 30 minutes for a uniform mixture of the solution, Then the mixed solution is 

transferred to an Teflon-lined autoclave for the hydrothermal reaction at a particular 

temperature (usually varied in the range 120 - 200 °C depending upon the requirement) for a 

certain reaction duration (generally varied in the range 6 – 24 h). After as usual cooling to 

room temperature, the as-prepared precipitate is taken out from the autoclave and washed 

several times with water. If the solvent used is alkaline, then the aqueous acid is added to the 

precipitate for the ion-exchange reaction between the H
+
 and alkali cation. Then, the 

precipitate is washed several times with water to obtain the pH ~7. Finally TiO2 is obtained 

after calcinations at different temperatures (300 – 900 °C). Depending on the growth and 

calcination temperatures, various phases of TiO2 like TiO2(B), anatase and rutile phases are 

obtained. In particular, it has been reported that the size, morphology and structural 

properties TiO2 nanostructures depend on the TiO2 precursor, reaction temperature, reaction 

duration, pH of the solution which can be achieved by this technique.
59, 64

 

Hydrothermal synthesis is normally conducted in high pressure reactor called 

autoclave. An ideal autoclave should have the following properties: 
65

 

(i) Inertness vessel lined within the autoclave to acid, bases or oxidizing agents.  

(ii) Ease of assembly or disassembly. 

(iii) Sufficient length to obtain a desired temperature gradient. 

(iv) Leak-proof with unlimited capabilities of required temperature and pressure 

range. 

(v) Rugged enough to bear high temperature and pressure experiments for long 

duration without any damage to the system. 

(vi) Stirring facility should be maintained for the uniform mixture during the reaction.  
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The advantages of hydrothermal method includes (i) materials which have a high 

vapor pressure near their melting points can be grown; (ii) simple low temperature operation 

(< 200 °C) for large scale production; (iii) a large number of modification can be done during 

growth such as doping, nanocomposite and heterostructures; (iv) better nucleation   control; 

(v) portable equipment; (vi) consume less energy; (vii) closed system processing; (viii) 

pollution free process etc. However, the disadvantages of this method include (i) long 

reaction duration needed; (ii) difficult to reproduce if proper care is not taken such as proper 

maintaining of temperature and pressure inside the chamber, control over solubility and 

hydrolysis rate etc.; (iii) dangerous if the pressure is suddenly raised beyond the limit of the 

autoclave (safety valve is needed); (iv) the reaction solution may come out of the vessel if the 

mouth lid is not properly tight. In this thesis, we have extensively used the hydrothermal 

technique for the growth of different TiO2 nanostructures. 

 

1.3.3. Solvothermal method  

The working principle of solvothermal method is same as that of the hydrothermal method. 

In other words, it is an extension of hydrothermal technique. In this case of hydrothermal 

technique the solvent is restricted to water while in this case the solvent is non-aqueous 

(organic solvent). So, this technique is more flexible and better control in terms of 

morphology control, crystallinity, and chemical compositions. The organic solvent includes 

ethanol, ethylene glycol, poly ethylene glycol etc.
59

 The solvent plays an important role in 

determining the nanomaterial morphology.
59, 66

 Solvents with different physical and chemical 

properties can influence the solubility, reactivity, and diffusion behavior of the reactants; in 

particular, the polarity and coordinating ability of the solvent can influence the morphology 

and the crystallization behavior of the final products. Moreover, in the case of solvothermal 

technique, the temperature can be elevated much higher than that in hydrothermal method, 

since a variety of organic solvents with high boiling points can be chosen. We used the 

solvothermal growth technique for the synthesis of wide varieties of TiO2 nanostructures in 

this thesis work. 
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1.3.4. Electrochemical anodization 

Anodization is a promising method for fabricating immobilized TiO2 NTs on the surface on 

Ti foil. Generally, the formation of TiO2 by anodic oxidation depends on the reactions of 

electrochemical etching and chemical dissolution.
39

 The surface morphologies and structures 

of the anodic TiO2 films are significantly influenced by the interaction between these two 

reactions. By changing the electrolyte, the electrochemical etching and chemical dissolution 

can affect the tunable morphologies of TiO2 NTs.
39, 46, 67, 68

 For example, extremely long and 

larger pore diameter array of NTs can be achieved using nonaqueous organic polar 

electrolyte. For the typical synthesis of NTs by electrochemical anodization method requires 

simple experimental set up which include (i) beaker, (ii) two electrodes (working electrode 

and counter electrode), (iii) electrolyte, (iv) power supply, and (v) connecting wires.  

Pure Ti foil and Pt foil are used as working electrode and counter electrode, 

respectively. Generally, fluorine ion-based electrolyte (HF/ KF/ NH4F + H2O) is used for the 

formation of TiO2 NTs. However, HCl is also used as electrolyte, but the nanotube 

morphology is not so good. The electrolyte can be changed such as using the organic polar 

electrolyte (dimethyl sulfoxide (DMSO), ethylene glycol (EG)) containing HF/ NH4F and 

H2O instead of aqueous HF/NH4F affects the tunable morphologies in terms of length, inner 

diameter, wall thickness, tube-to-tube distances etc.
39, 47, 68

 Moreover, the use of different 

anodization voltage can alter the morphological parameters.
68

  

Advantages of anodization method include (i) easy process, (ii) less energy 

consuming, (iii) growth of well aligned NTs of various lengths up to several microns and 

tube diameter in the range 20-135 nm. Disadvantages of this technique include (i) restricted 

to Ti substrate (can also be grown on FTO substrate, but not so good morphology), (ii) tubes 

are attached to the substrates (not flexible for various applications), (iii)  NTs are amorphous 

in nature and need further annealing for crystallinity (which may affect the morphology), (iv) 

restricted to tube like structure only. 

 

1.3.5. Vapor deposition technique 

Vapor deposition is a technique that requires high temperature and refers to any process in 

which materials in a vapor state are condensed to form a solid-phase material. The process is 

generally carried out in a laboratory quartz tube furnace. One end of the tube is connected to 
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the gas cylinder while the other end is connected to rotary pump (used for evacuating and/ or 

transport of the vapor). In the vapor deposition process, if the chemical reaction occurs, then 

the process is called chemical vapor deposition (CVD), otherwise it is termed as physical 

vapor deposition (PVD). 

CVD is the formation of a non-volatile solid film on a substrate by the reaction of 

vapor phase chemicals (reactants) that contain the desired constituent materials. The reactant 

gases are introduced into a reaction chamber and decomposed and reacted with precursor 

material at an elevated temperature and deposited on a substrate. In a typical procedure,
53

 

titanium acetylacetonate (Ti(C10H14O5)) vaporizing in the low-temperature zone of a furnace 

at 200-230 °C is carried by a N2/O2 gas flow into the high-temperature zone of 500-700 °C, 

and TiO2 nanostructures are grown directly on the substrates. The phase and morphology of 

the TiO2 nanostructures can be tuned with the reaction conditions. For example, at 630 and 

560 °C under a pressure of 5 Torr, single-crystalline rutile and anatase TiO2 nanorods were 

formed, respectively, while at 535 °C under 3.6 Torr, anatase TiO2 nanowalls composed of 

well-aligned nanorods were formed.
53

 The disadvantages of this process are: (i) it includes 

very high temperature reaction, (ii) exhaust of toxic and hazardous gases, (iii) difficult to 

control the growth.  

PVD process is similar to CVD except that raw material/ precursor, i.e., the staring 

material that is going to be deposited is in solid form, while in CVD the precursors are 

introduced to the reaction chamber in gaseous state. The working procedure consists of four 

steps, i.e. evaporation, transportation, reaction and deposition. It requires very high 

temperature for the growth of TiO2 nanostructures. For a typical synthesis of TiO2 NWs 

using Ti powder as a source material,
54

 1050 °C temperatures is needed for vaporization. In 

this system, the source material was in the high-temperature (HT) zone and the Au/Ti/Si 

substrate (Ti and Au are deposited on Si substrate by sputtering, the Au is used as catalyst) 

was in the low-temperature (LT) zone. The vacuum system was firstly evacuated down to 

about 10
-5

 Torr to ensure that the quartz reactor vacuum system was sufficiently clean. The 

heating ramp was set to 200 °C per minute until the HT zone reached 1050 °C and the LT 

zone reached 850 °C. For the first 30 min, the flowing argon was introduced into the vacuum 

system, and maintained at 1 Torr. For the last 30 min, the flow rate of argon and a gaseous 

mixture of 21% oxygen (O2) + 79% nitrogen (N2) were inserted into the vacuum system and 
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maintained at 600 Torr. After cooling to room temperature, the substrate was taken out of the 

furnace. The mechanism of growth is called as vapor-liquid-solid phase, since the precursor 

solid material is first evaporated at an elevated temperature, and transported the vapor to a 

low temperature zone of the furnace. At this stage, the vapor condenses and transforms to 

liquid phase and finally converted to solid phase. The demerit of this process involves the 

very high temperature and vacuum operation. 

 

1.4. Defects in TiO2 nanostructures: deviation from ideal crystal lattice 

Defect engineered TiO2 nanostructures have received unprecedented attention because 

intrinsic as well as extrinsic defects play a very crucial and fundamental role in enhancing the 

material/ device performance. The types, concentration and spatial distribution of intrinsic 

point defects such as vacancies and interstitial atoms influence the performance of metal 

oxides in gas sensing, electronics, photonics, solar-induced photochemistry for fuel 

production and environmental cleanup, and the realization of room temperature 

ferromagnetism. In particular, recent studies revealed that physical and chemical properties 

of TiO2, such as light absorption, photocatalytic activity, gas sensing properties, electrical 

conductivity and magnetic properties etc. can be modulated by the defect/disorder.
8, 69-76

 

 

 

Fig. 1.4. Color centers associated with defects that are formed upon the reduction of rutile TiO2 single 

crystals cause a change in crystal color. Digital images of five rutile crystals with increased amounts 

of bulk defects in the order of cube 2 < cube 5 < cube 1 < cube 4 < cube 3. The lighter crystal 

possesses a lower amount of bulk defects. The different colors due to the different concentration of 

oxygen vacancy defects that resulting the pronounced color change from initially transparent to light 

and eventually dark blue. Adapted from Ref. [76, 77]. 
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 Before going into the details of the defects, let us first introduce the types of defects 

and related modified properties of TiO2 nanostructures. The nature of defects and their 

occurrences inside the nanomaterial are discussed in details in Chapter 4. Any form of 

deviation from perfect crystal can be treated as a defect. Generally, any real metal oxide 

material will not have a perfect crystal structures. Even in a single crystal of TiO2, one finds 

point defects (misplaced lattice atoms/ ions, vacancies, foreign atoms/ ions) and/ or extended 

defects such as dislocations. Any interruption of the perfect crystal lattice will affect the band 

structure of the materials. For example, due to the defects, the single crystal of rutile TiO2 

shows different colors as shown in Fig. 1.4. Point defects are further classified into native 

defects and external impurity defects (dopants) which can be found either on the lattice 

(substitutional site) or at the interstitial positions. Dislocations are the kind of defects that an 

extra line of atoms inserted or removed in/ from the crystal which does not extend throughout 

the crystal. 

 

1.4.1.  Intrinsic (native) detects in TiO2 nanostructures 

Native defects in TiO2 are widely investigated by using density functional theory 

calculations. All the fundamental native defects such as oxygen vacancy (O�), O interstitial 

(O�), Ti vacancy (Ti�), and Ti interstitial (Ti�) have low formation energy, depending upon 

the O-rich or Ti-rich growth environments and easily appear in non-stoichiometric TiO2 

material.
78-80

 While the antisite defects, namely, Ti-antisite and O-antisite, have high 

formation energies and are hence unstable.
78

 Reduced TiO2 with a Ti excess can be 

accommodated as O� and Ti�. Both of these defect species are likely to be present in the 

reduced TiO2 samples, with competition between defect types determined by synthesis 

conditions and sample history. If the electronic state of the defect (i.e., its charge and 

distribution) is different from its host TiO2, it will introduce energy states in the band gap 

(gap between valence band (VB) and conduction band (CB)).  For example, Morgan and 

Watson
79

 reported using GGA+U calculation that the oxygen vacancies and Ti interstitial 

defects give rise to states within the band gap in both anatase and rutile TiO2, corresponding 

to the electrons localized at the Ti
3+

 centers. Both experimental studies and theoretical 

calculations revealed the presence of defect states within the band gap of TiO2 and it is 

identified that the band gap is shifted to visible region due to O� and Ti� defects which is 
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beneficial for visible-light photocatalytic applications.
70, 71, 79-82

 The presence of defects thus 

alters the electronic band structure of the system which influences the operating efficiency of 

photocatalytic and photovoltaic applications.  For examples, recently, Liu et al.
70

 reported the 

enhanced visible-light photocatalysis in Ti
3+

 (originated from O�) self-doped TiO2 materials. 

Moreover, the conductive track in the on-state in resistive switching mechanism (resistive 

switching random access memory device) is believed to be arising from a percolation path of 

oxygen vacancies or similar defects across the thin films of TiO2 material.
73

 Thus, the 

behavior of extra electron and associated defects is critical to the performance of TiO2 as a 

catalyst and electronics. The crystal lattice distortions are expected due to the presence of 

these defects. The lattice relaxation of antase TiO2 due to various native defects was reported 

by Na-Phattalung et al.
78

 The atomic structure of stoichiometric and defective anatase TiO2 is 

shown in Fig. 1.5. Thus, intrinsic defects may also alter the lattice parameters in TiO2, which 

may cause lattice strain and have some effect on the width of the band gap.
83

 The oxygen 

interstitial O� is the O-excess defect and is observed as a surface defect when TiO2 is heat-

treated in O-rich environment.  

 

 

 

Fig. 1.5. Atomic structure of (a) stoichiometric TiO2, (b) Ti�
��, (c) Ti�

��, (d) O�
	� ,  and (e) O�

	� 

defects. Ti atom: purple large sphere, O atom: green small sphere. Relaxation directions of 

neighboring atoms are indicated by arrows. Adapted from Ref. [78]. 
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1.4.2.  Extrinsic (dopant) defects in TiO2 nanostructures 

Doping is a process of adding small amount of a foreign atoms/ ions (dopant) into a parent 

material (host matrix) without forming a second phase. When a large amount of the dopant 

material is added, there is formation of either a mixed oxide or a second phase, which may or 

may not be the mixed oxide, depending on the mutual solubility limit of the two components. 

In this case, one can speak of mixed oxide or cluster formation rather than the doping.  The 

distribution of the dopant in the crystals/ grains of the matrix material can be homogeneous 

or heterogeneous. In latter case, one speaks of dopant segregation or clustering, which is 

usually unwanted. Doping in TiO2 is performed with the aim of the enhancing the properties 

of the parent TiO2 for their potential applications. For example, doping cause the band gap 

narrowing of the TiO2 nanostructure by introducing the defect states (as either donor or 

accepter level, depending on dopants) within the band gap. This helps in two ways to 

improve the photocatalytic reaction, i.e., (i) decrease the band gap energy (i.e. red shift the 

optical absorption edge) enabling photocatalytic activity under visible light illumination 

which makes it possible to use the photocatalyst in sunlight, eliminating the necessity to use 

UV lamps; (ii) increase the quantum efficiency, i.e. increase the number of photons 

effectively used for the catalyzed redox reaction. This can only be done by increasing the 

lifetime of the separated charge carriers (electron and hole) by inducing trap sites. However, 

there are controversies regarding the photocatalytic efficiency, some literatures reported the 

increase in photocatalytic activity with external doping while some other reported the 

decrease in the photocatalytic efficiency due to high doping concentration in TiO2.
84-88

 

Additionally, by introducing a dilute amount of cation (transition metal) doping, TiO2 

host exhibit room temperature ferromagnetic behavior which can be applied for the future 

spintronic and magneto-optic devices. The ferromagnetic properties in transition metal (TM) 

doped TiO2 is due to the orbital overlapping of TM cations with the oxygen vacancy and 

forming a ferromagnetic polaron near the oxygen vacancy.
89, 90

 But there are lots of 

controversy related to the ferromagnetism (FM) in TM doped TiO2 system, whether the FM 

is due to the TM cluster, segregation of secondary magnetic phases 
91, 92

 or solely related to 

the intrinsic nature.
89, 90

 The details of intrinsic and extrinsic nature of the FM will be 

discussed in section 1.5.3.1 and 1.5.3.2.  Moreover, effects of introducing dopants can be an 
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increase in electrical conductivity and the compensation of other defects. These may also 

influence the semiconductor electronic devices. 

Foreign atoms are associated with defect formation in the original crystal lattice. The 

addition of a dopant, i.e., a foreign atom/ion will affect the crystal lattice structure of the 

matrix, forming a defect. In the case of TiO2 there are two possibilities for dopant 

introduction: (i) the dopant is introduced as a metal oxide MOn/2, with the cation M
n+

 

replacing Ti
4+

 or (ii) a dopant anion is introduced to replace O
2-

. The exact nature of the 

defect depends on the position the dopant atom/ion occupying the lattice. To determine 

which lattice position the cation can occupy, one has to look at its size. The following 

discussion can only be an approximation as ion sizes are not constant for a given ion. They 

depend on the coordination environment defined by the site, the ion occupying the crystal 

lattice, the type and number of the ligands surrounding it as well as the nature of the bonding 

between them. The fact is that the ion adjusts its size to the lattice place it occupies. The ion 

sizes quoted in the following are average values for a coordination number of 6 in an 

octahedral site (Table 1.2). The larger (size) dopant cations than that of the parent TiO2 

cation can be expected to occupy the interstitial site while cations smaller than or similar in 

size to Ti
4+

 can occupy the substitutional lattice site. Some cations can take both positions 

due to their intermediate size. According to its valence and its occupation site, vacancies in 

the cation or anion lattice or charge carriers must be created for charge balance, which 

requires that the crystal is electrically neutral. For example, if the valence of the dopant 

cation is less than that of the lattice cation, then oxygen vacancy can be expected for charge 

neutrality. For example, Krol et al.
93

 have revealed that the substitution of Fe
3+

 for Ti
4+

 ions 

in the lattice can result in formation of oxygen vacancies in the lattice of TiO2. In addition, 

Domen et al.
94

 have reported that the doping of a cation with valence lower than that of the 

parent cation (Ti) extrinsically introduces oxygen vacancies, inhibiting the formation of Ti
3+

. 

The doping of the trivalent cation (M
3+

) can occupy the Ti
4+

 sites as a lower valence cation. 

As a result, the formation of oxygen vacancies is facilitated without forming Ti
3+ 

species. In 

contrast, the higher valence cation stabilizes the Ti
3+

 without producing oxygen vacancies. 

The pentavalent cation (M
5+

) dopants occupying Ti
4+

 sites as a higher valence cation would 

result in the formation of Ti
3+

.
74
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Since the nature of the individual dopant as well as its concentration and distribution 

determine the defect structure of the crystal, it will also influence the electronic and optical 

properties of the resulting TiO2 crystal. In this study we have chosen to look at the doping of 

Fe, Cr and Co in TiO2 nanostructures for their influence on the optical and magnetic 

properties. The average cation radii of Ti, Fe, Cr and Co in (Å) unit for the coordination 

number 6 of octahedral coordination system are shown in Table 1.2. 

 

 

Table 1.2. Average cation radii of Ti, Fe, Cr and Co in (Å) unit for the coordination number 6 of 

octahedral coordination system. “NA (not applicable)” denotes this ion does not exist. 

 

Valence  →→→→ 

Element ↓↓↓↓ +6 +5 +4 +3 +2 

Ti NA NA 0.75 0.81 1.0 

Fe NA NA 0.73 
0.69 

0.79 (high spin) 

0.75 

0.92 (high spin) 

Cr 0.58 0.63 0.69 0.76 
0.87 

0.94 (high spin) 

Co NA NA 0.75 (high 

spin) 

0.69 

0.75 (high spin) 

0.79 

0.86 (high spin) 

 

 

1.5. Properties of TiO2 

1.5.1. Electronic band structures  

Band structure is one of the fundamental electronic properties of any semiconductor 

crystalline material. Wang and Lewis
95

 used first principle tight-binding molecular dynamics 

simulation technique (called Fireball), which is based on density-functional theory (DFT) 

with a nonlocal pseudo potential scheme, for the band structure calculation of TiO2 phases. 

From a theoretically predicted equilibrium structure, the self-consistent electronic band 

structure has been calculated for rutile and anatase TiO2. Following the standard practice in 

presenting electronic band structures, band structures are calculated along the high-symmetry 

directions of the irreducible Brillouin zone. For the rutile structure, the calculated direct band 
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gap is 3.05 eV (Γv - Γc).
95

 An indirect band gap of 2.92 eV is also obtained from Γv to Mc.
95

  

Ekuma and Bagayoko
83

  reported similar direct band gap of 3.05 eV (Γv - Γc) and indirect 

band gap of 2.95 eV (Rv - Γc) for rutile TiO2 using Bagayoko – Zhao – Williams (BZW) 

based on self-consistent ab initio calculation. For anatase, the indirect band gap of 3.0 eV (Γv 

- Mc) and direct band gap of 3.26 eV (Γv - Γc) is reported.
95

 Zhang et al.
96

 used hybrid DFT 

based on Dirac-Slater exchange, the HF (Hartree-fock) exchange, and the LDA (local density 

approximation) correlation to calculate the band structure of brookite TiO2. A direct band gap 

of 3.1 eV was reported at Γ point. Yahia et al.
97

 calculated the indirect band gap (M- Γ) of 

2.68 eV for TiO2(B). The band structures of rutile, anatase and brookite are displayed in Fig. 

1.6. 

 

 

Fig. 1.6. Band structures of rutile, anatase, brookite and TiO2(B) phases of TiO2. The arrow in each 

case indicates the band transition from valence band maximum to conduction band minimum. 

Adapted from Ref. [95, 96, 97]. 

 

 

The electronic density of states (DOS) for rutile, anatase and brookite phases 

calculated by Landmann et al.
98

 are shown in Fig. 1.7. The partial density of states feature 

shows predominantly O 2p-like valence band states and Ti 3d-like conduction band states 

around the band edges for all three major phases. As indicated in DOS, the broad Ti 3d-like 

bands show a distinct separation into two sub-bands which are assigned to eg and t2g states. 

Due to the different Ti-O bond lengths, Ti 3d orbitals will split into two sets of t2g and eg 

orbitals. In an octahedral-type crystal field, the five unoccupied d-states of the central Ti ion 

TH-1277_09612109



…………………………………………………………………………………………………………………………………………………………… 
| 19 Introduction 

are split into the twofold-degenerate eg-like states with dx
2

-y
2

 and dz
2
 character and the 

energetically lower lying threefold-degenerate t2g-like dxy, dyz and dxz type states.
98

 

 

 

Fig. 1.7. Electron density of states in rutile, anatase and brookite TiO2. Adapted from Ref. [98].  

 

 

The electronic band structures are modified by the presence of native defects and/ or 

dopants in TiO2 materials. The missing of an oxygen atom in TiO2 from the bulk or surface 

results in one or two electrons localized in an oxygen vacancy state. As a result, the place 

occupied by the O
2-

 anion in the regular lattice is taken by one or two “free” electrons in the 

defective crystal. These electrons located on the oxygen vacancy states have a direct effect 

on the electronic structure of TiO2 by forming a donor level below the conduction band.
74

 

From the ultraviolet photoemission spectroscopy and electron energy loss spectroscopy 

studies, it is known that the energy level of localized donor states originating from oxygen 

vacancies lie at about 0.7 – 1.0 eV below the conduction band of TiO2.
99-101

 Moreover, the 

removal of neutral oxygen atoms to form oxygen vacancies can also cause the redistribution 

of the excess electrons among the nearest neighboring Ti atoms around the oxygen vacancy 

site, and form shallow donor states below the conduction band originating from Ti 3d orbits 

(i.e. Ti
3+

).
102

 The formations of singly ionized oxygen vacancy states is also demonstrated as 

donor states in rutile TiO2.
80

 The electrons in Ti interstitial defects occupy localized states at 

the bottom of the conduction band and act as shallow donors in TiO2.
80

 These localized donor 

states are reported theoretically
78, 80, 81

 and also probed experimentally.
82

 The density of states 

of the defect sites for the neural oxygen vacancy, singly ionized and doubly ionized oxygen 

vacancy, and Ti interstitial defects in rutile TiO2 are calculated by screened-exchange hybrid 
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density functional method, which are shown in Fig. 1.8. It has been demonstrated that for the 

neutral oxygen vacancy the defect state is occupied by two electrons while for the singly 

ionized oxygen vacancy the defect state is occupied by one electron. However, there is no 

gap state for doubly ionized oxygen vacancy because the excess electrons at the vacancy site 

have been ionized.
80

 

 

 

Fig. 1.8. Density of states for oxygen vacancy and Ti interstitial defects in rutile TiO2: (a) neutral, (b) 

singly ionized and (c) doubly ionized oxygen vacancy; (d) Ti interstitial defects. The arrows indicate 

the defect states within the band gap. For singly ionized oxygen vacancy and Ti interstitial the spin-up 

and spin-down states are shown, respectively, above and below the abscissa. The top of the valence 

band is set to be the zero energy and is denoted by the vertical dash line. Adapted from Ref. [80]. 

 

 

1.5.2.  Optical band gap 

The electronic band gap of a semiconductor is the energy spacing between its valence band 

maximum (VBM) and its conduction band minimum (CBM). In all semiconductors the band 

gap transition can be facilitated with light, i.e., these materials are photo-activated. Upon the 
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illumination of light, the electrons are excited from valence band (VB) to conduction band 

(CB), the band gap of a semiconductor results in the resonance absorption of light at a 

particular wavelength λbg which corresponds to at least Ebg (the energy gap between VBM 

and CBM). There are two main types of band gap transition in semiconductors, i.e., (i) direct 

band gap, (ii) indirect band gap transition.  

(i )Direct band gap transition: 

In this case, the electronic transition from the VB to the CB is electrically dipole allowed. In 

some materials direct transitions are forbidden for the wave vector k = 0, but are allowed for 

values of k ≠ 0. Here one speaks about a ‘direct forbidden’ as compared to a ‘direct allowed’ 

transition. 

(ii) Indirect band gap transition: 

In this case, the electronic transition from VB to CB is electrically dipole forbidden and the 

transition is phonon assisted, i.e., both energy and momentum of the electron-hole pair 

created are changed in the transition. Therefore, absorption and emission of light are weaker 

compared to those of direct band gap semiconductors, since they involve a change in 

momentum.  

 

1.5.2.1.  Calculation of the band gap from the optical absorption 

The dependence of the band gap energy (Ebg) and absorption coefficient (α) of optical 

absorption is given by equation (1.3)
103

 

                                             
ℎ� = 
 (ℎ� − ���)�  
                    (1.1) 

where A is a constant, γ a value representing the optical transition mode and hν the photon 

energy (in eV). In other words, α is always proportional to the difference between the photon 

energy and the band gap, to some exponent γ. The exponent γ depends on the optical 

transition mode whose values are listed in Table 1.3. Fitting the experimental absorption data 

for correct choice of γ to this model reveals the band gap and the nature of transition that is 

occurring. From the optical absorption spectra, the band gap can be calculated by 

extrapolating the tangent of (αhν)
1/2

 versus hν plot to (αhν)
1/2

 = 0 for indirect allowed band 

gap and (αhν)
2
 versus hν plot to (αhν)

2
 = 0 for direct allowed band gap which are known as 

Tauc’s plot.
104
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Table 1.3. List of values of the exponent γ with respect to different optical transition modes for the 

equation (1.1).  

 

γ Transition mode 

1/2 Direct allowed 

3/2 Direct forbidden 

2 Indirect allowed 

3 Indirect forbidden 

 

 

 

1.5.2.2.  Band gap transition in TiO2 

The different phases of TiO2 exhibit different nature of band gap transition. According to the 

experimental results and theoretical calculations, rutile TiO2 exhibits both direct and indirect 

band gap.
105, 106

 Kavan et al.
107

 reported that rutile TiO2 has a direct band gap of 3.0 eV, 

while Tang et al.
108

 determined an indirect band gap of 3.0 eV based on their experimental 

results. Most of the experimental studies
107, 108

 suggested that anatase has an indirect band 

gap 3.2 eV. Yang et al.
9
 and Welte et al.

109
 reported the indirect band gap of 3.19 and 3.25 

eV for anatase TiO2, respectively. The experimental studies on band gap energy of brookite 

TiO2 suggested a band gap ranging from 3.1 – 3.4 eV.
110, 111

 The direct band gap transition 

having gap energy of 3.4 eV is reported by Hu et al.,
112

 while Koelsch et al.
113

 suggested an 

indirect band gap nature of 3.4 eV for brookite TiO2. Paola et al.
114

 determined that brookite 

has an indirect band gap of 3.25 eV. The indirect band gap of TiO2(B) is reported to be 3.05 

eV experimentally. Li et al.
10

 reported a band gap of 3.2 eV for TiO2(B) phase. The band 

gaps of all the main polymorphs of TiO2 are in UV region of light irrespective of the nature 

of optical transition. 

The optical absorption properties of TiO2 can be manipulated by the defect 

engineering. The oxygen vacancy and Ti interstitial defect states give rise to localized states 

within the band gap of the TiO2 materials.
70, 82

 So, the light absorption is tuned from UV to 

visible light by introducing the native defects. Moreover, the Ti
3+

 which is formed due to 

oxygen vacancy can form a shallow donor states below the conduction band which 

contributes to visible light response. The anion and cation doping introduce the defect states 
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within the band gap of TiO2. This results in red shift of the optical absorption edge which 

helps to absorb more light over the entire visible light and enable the material to utilize sun 

light more efficiently for photocatalytic applications. 

 

1.5.3.  Magnetic properties 

Over the past decade, intensive research efforts have been made by researchers around the 

globe on exploring the effects of dilute doping of magnetic impurities on the physical 

properties of functional non-magnetic metal oxides such as TiO2, after the discovery of room 

temperature ferromagnetism (RTFM) in Co doped TiO2 material in 1980 by Matsumoto et 

al.
36

 This effort is primarily aimed at exploring spin transport and magneto-optic effects in 

oxide based semiconductor TiO2 nanomaterial for the future spintronic and magneto-optic 

device applications. Despite several studies reported on TiO2-based diluted magnetic 

semiconductor (DMS), there is no clear agreement about the nature and origin of FM. Some 

reports suggested that the FM is originated from the secondary ferromagnetic phases, clusters 

and contaminations
91, 92

 while some other reports supported the intrinsic nature of FM 

mediated by carriers or defects.
89, 90

 The controversial results among different research 

groups suggest the sensitive dependence of magnetism on fabrication, growth and doping 

agents which led to interesting questions regarding the specific role played by defects. 

Indeed, most recent theoretical and experimental studies have led to the rapid development of 

the field of defect induced FM in TiO2 system. Ogale
115

 presented a succinct review article 

on the ferromagnetism of various doped and defective TiO2 system and the interpretation of 

intrinsic and extrinsic FM in the TiO2 DMS in thin films, based on the results of several 

authors. Based on the reported experimental and theoretical results for both undoped and 

doped TiO2 system, the nature of FM in TiO2 DMS can be categorized as: (i) intrinsic FM, 

and (ii) extrinsic FM. 

 

1.5.3.1.  Intrinsic FM in TiO2 

For the case of homogeneous dilute concentration of doping of transition metal into the TiO2 

crystal lattice, the resulting material exhibit ferromagnetic ordering. The most of the reported 

intrinsic FM is explained on the basis of either carrier mediated or bound magnetic polaron 

(BMP) model (F-center model, F is the color center arising due to oxygen vacancy). Yamada 
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et al.
116

 reported a systematic study of the structural, electronic and magneto-optic properties 

of the thin films of anatase TiO2 doped with Co using pulsed laser deposition (PLD). They 

did not observed any evidence of Co segregation by using different in-situ and ex-situ 

characterizations. Their magneto-optic circular dichroism (MCD) study indicated that the 

interaction between the charge carriers and Co impurities is essential to realize 

ferromagnetism in this system. Subsequently, Toyosaki et al.
117

 also performed MCD studies 

on Rutile Ti 1 - x Co x O2 - d as a function of “x” and “d” values to explore the phase diagram 

for the appearance of FM and to examine the connection between O(Optical)-MCD and 

anomalous hall effect (AHE). They correlate the optical absorption data and O-MCD results 

and suggested a carrier induced intrinsic mechanism of ferromagnetism. 

Droubay et al.
118

 studied the case of Cr doped TiO2 for possible intrinsic DMS 

ferromagnetism. Cr was found to be in +3 state throughout the films found from Cr K-shell 

x-ray absorption near-edge spectroscopy and no evidence for either elemental Cr or half-

metallic CrO2 was found. RTFM was aligned in-plane, with a saturation magnetization of 

~0.6 µB /Cr atom for Cr concentration of 9%. The films were found to be insulating as 

grown, which implied that the electrons associated with oxygen vacancies introduced for 

charge balance were localized. This further implied that a magnetic exchange other than 

carrier-mediated type could be operative. The authors suggested that the F-center model 

proposed by Coey
119

 could be consistent with their results. In this model, the F-center 

electrons are suggested to polarize the Cr spins yielding ferromagnetic coupling. 

Recently, RTFM have been observed in undoped TiO2 which help to settle the 

controversies about the issues related to the role of defects in the ferromagnetic ordering.
72, 

120, 121
  The FM in undoped TiO2 is mainly induced by oxygen vacancy. The presence of 

oxygen vacancy in TiO2 locally traps the electrons forming the F center and one of the 

electrons tends to occupy the nearby localized 3d orbit and convert Ti
4+

 ions to Ti
3+

, yielding 

F
+
 center. The electron in F

+
 center localizes and forms BMP by ordering the Ti

3+
 (3d

1
) 

electron spin neighboring the oxygen vacancies, thereby gaining exchange energy. The s-d 

exchange interaction between the 1s
1
 electron spin in the F

+
 center in the vicinity of 3d

1
 

electron spin of Ti
3+

 ions within an orbit around oxygen vacancies favors long range FM.
122

 

The Ti
3+

 and F
+
 defects are identified by x-ray photoelectron spectroscopy, electron spin 

resonance and photoluminescence measurement techniques. 
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1.5.3.2.  Extrinsic FM in TM doped TiO2 

The extrinsic FM can occur in TM doped TiO2 DMS due to the presence of ferromagnetic 

(dopant) clustering or formation of ferromagnetic secondary phases. Kim et al.
123

 prepared 

epitaxial Fe-doped TiO2 rutile films on rutile TiO2 (110) substrates, and studied the 

compositional, structural, morphological and magnetic properties. Clusters of mixed TiO2 

rutile and Fe3O4 were seen to form on the surface of an epitaxial rutile film during the 

growth. The observed RTFM was attributed to the formation of secondary phase Fe3O4. The 

same group
92

 investigated FM in Co-doped anatase TiO2 thin films using magnetic circular 

dichroism (MCD) at the Co L2,3 absorption edges. The magnetic moment was observed to be 

~0.1 µB /Co, but the MCD spectral line shape was found to be nearly identical to that of Co 

metal implying that the ferromagnetism originated from a small amount of clustered Co. 

With thermal treatments at 400 °C, the MCD signal was seen to increase with an increase in 

the moment to ~1.55 µB /Co, close to ~90% of the moment of Co metal. The cluster size in 

the annealed sample was observed to be 20–60 nm. Their result once again emphasized the 

issue of cobalt in homogeneity and clustering in this system. Noh and co-workers
124

 studied 

Co doped anatase films made by Co ion implantation and found clustering effects as reflected 

by the observation of superparamagnetism. Co clustering effects have also been reported by 

Kim and co-workers
125

 in chemical vapor deposited Co doped TiO2 films and nanobelts. 

These works collectively brought out the possibilities of extrinsic effects in the case of this 

TiO2 based DMS system. 

The research discussed in section 1.5.3.1 and 1.5.3.2 leads one to conclude that 

transition element doped TiO2 is a complex DMS system to understand the exact origin of 

FM.  The intrinsic and extrinsic FM depends significantly on the growth methods and 

conditions as well as structural forms and conductivities. At high concentrations of doping, 

possibility of coexistence of intrinsic and extrinsic ferromagnetism exists; the concentration 

at which this would occur depends on the growth details. 

 

1.6. Applications of TiO2 

TiO2 powders have been commonly used as white pigments in sunscreens, paints, ointments, 

and toothpaste from ancient times. Among the other metal oxide semiconductors, TiO2 has 
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been received wide-spread attention due to its unique properties such as stability against 

photo- and chemical corrosion, high oxidizing and reducing ability, excellent photocatalyst, 

hydrophilicity, nontoxicity, biocompatibility and low cost which make it a promising 

candidate for wide variety of potential applications such as water purification and 

environmental cleaning,
15-18

 self cleaning,
126

 antifogging,
126

 lithium ion battery,
31-34

 drug 

delivery,
19

 hydrogen production,
20-23

 gas sensors,
11-14

 dye sensitized solar cell (DSSC)
25-30

 

and spintronic devices.
35, 36

 Some of the potential applications of TiO2 as an advanced 

material are discussed in this section. 

 

1.6.1. Water splitting for hydrogen production  

An enormous research effort has been devoted to the study of the properties and applications 

of TiO2 nanomaterial under light illumination (both UV and visible) since the discovery of 

photocatalytic splitting of water on a TiO2 electrode in 1972 (Fujishima and Honda).
23

 

Photocatalytic splitting of water into H2 and O2 using TiO2 nanomaterials continues to be a 

dream for clean and sustainable energy sources to overcome the future energy crisis which 

are currently being faced by the humanity.  

A schematic diagram of electrochemical photocell designed for the hydrogen and 

oxygen evolution from water splitting is shown in Fig. 1.9, which was exposed to UV light 

and was connected to platinum and TiO2 electrode through an electrical load.
126

  When TiO2 

electrode was irradiated with light consisting of energy larger than its band gap, electrons and 

holes are generated in the conduction and valence bands, respectively. Photocurrent flowed 

from Pt electrode to the TiO2 electrode through the external circuit. The direction of current 

revealed the oxidation reaction (oxygen evolution) occurs at the TiO2 electrode and the 

reduction reaction (hydrogen evolution) at the Pt electrode. This observation is an indication 

that water can be decomposed into oxygen and hydrogen, without application of external 

voltage which is known as “artificial photosynthesis process”. The following equations (1.2) 

- (1.5) represent the chemical decomposition of water into O2 (at TiO2 electrode) and H2 (at 

Pt electrode).
126

  

                                     ���	+ ℎ� → �� + ℎ�                 (1.2) 

       (at the TiO2 electrode) 

                                   2�	� + 4ℎ� → �	 + 4��           (1.3) 
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      (at the Pt electrode) 

                                         2�� + 2�� → �	                   (1.4) 

The overall reaction is  

                                   2�	� + 4ℎ� → �	 + 2�	            (1.5) 

The photo-generated electrons and holes cause redox reactions. Water molecules are reduced 

by the electrons to form H2 and oxidized by the holes to form O2, leading to overall water 

splitting. The width of the band gap and the potentials of the conduction and valence bands 

are important. Surface properties such as surface states, surface chemical groups, surface 

area, and active reaction sites are also important. Other factors such as charge separation, 

mobility, and lifetime of photogenerated electrons and holes affect the photocatalytic 

properties of TiO2. 

 

 

Fig. 1.9. Schematic diagram of electrochemical photocell. (1) n-type TiO2 electrode; (2) platinum 

black counter electrode; (3) ionically conducting separator; (4) gas buret; (5) load resistance; and (6) 

voltmeter. Adapted from Ref. [126]. 

 

 

It has been reported that pure TiO2 could not easily split water into H2 and O2 in the 

simple aqueous suspension system. The main problem is the fast, undesired electron-hole 

recombination reaction. Therefore, it is important to prevent the electron-hole recombination 

process. The Pt-TiO2 system could be illustrated as a “short circuited” photoelectrochemical 
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cell, where a TiO2 semiconductor electrode and a platinum-metal counter electrode are 

brought into contact. However, water splitting of hydrogen production has been done using 

TiO2 powder in aqueous solution in the presence of sacrificial reagent by illuminating both 

UV and visible light. The role of sacrificial reagents is shown in Fig. 1.10.
56

 When the 

photocatalytic reaction is carried out in aqueous solutions including easily oxidizable 

reducing reagents, photogenerated holes irreversibly oxidize the reducing reagents instead of 

water. This makes the photocatalyst electron-rich, and a H2 evolution reaction is enhanced, as 

shown in Fig. 1.10(a). On the other hand, in the presence of electron acceptors such as Ag
+
 

and Fe
3+

, the photogenerated electrons in the conduction band are consumed by them and an 

O2 evolution reaction is enhanced, as shown in Fig. 1.10(b). The photoefficiency of the 

process can be improved by the addition of sacrificial reagents.
127

 The sacrificial reagents 

help separation of the photoexcited electrons and holes. Various compounds such as 

methanol, ethanol, EDTA (an ethylenediaminetetraacetic derivative), Na2S, and Na2SO4 or 

ions such as I
-
, IO

3-
 and CN

-
 have been used as sacrificial reagents.

127-130
 

 

 

Fig. 1.10.  Schematic diagram for photcatalytic (a) H2 and (b) O2 evolutions in the presence of the 

sacrificial reagents. Adapted from Ref. [56]. 
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1.6.2. Degradation of organic pollutants (Water and air purification) 

The photocatalytic activity is applied to the utilization of the strong photoproduced oxidation 

power of TiO2 for the degradation of organic harmful pollutants. In this case, platinization of 

TiO2 or use of scavengers are not necessary, TiO2 powder itself can be used under ambient 

condition for the oxidation reaction of harmful compounds. For the first time, Frank and Brad 

in 1977 described the decomposition of cyanide in the presence of aqueous TiO2 

suspensions.
131

  The detoxications of harmful compounds in both water and air were 

demonstrated using powder TiO2 actively as potential purification methods of waste water 

and polluted air.
15, 16, 18

 

When TiO2 is exposed to light with photon energy equal or larger than the band gap, 

an electron in the VB jumps to the CB. The equations (1.6) - (1.10) describe the formation 

mechanism of hydroxyl radicals (OH
•
).

132
 The highly reactive hole generated in TiO2 in the 

VB can interact with water (H2O) and/ or hydroxyl (OH
-
) adsorbed on the TiO2 surface and 

produce hydroxyl radicals (OH
•
). In addition to holes, electrons excited to the CB can interact 

with oxygen molecules (O2) on the surface, leading to superoxide ions (2O
• −

). The resulting 

superoxide ions (2O
• −

) can further react with an adsorbed water, leading to hydroxyl 

radicals. 

                                             ���	 + hν → ���	 + ���
�

 + ℎ��
�              (1.6) 

                                        ℎ��
�   + �	���  → ��• +

  ��                        (1.7) 

                                           ℎ��
�  + ���� 

�  → ��• 
                                 (1.8) 

                                                  ���
�  + �	 → �	

• �                                  (1.9) 

                                      2�2
• −

 + �	O→ 2��•
  + 2��− + �	              (1.10) 

Thus, both holes in the VB and electrons in the CB can, via different reactions, participate in 

surface reactions that eventually produce hydroxyl radicals. These hydroxyl radicals are 

highly reactive and can rapidly oxidize/ mineralize organic compounds such as 

microorganisms. For example, a hydroxyl radical together with an oxygen molecule can 

decompose an organic compound CnOmH(2n-2m+2), into carbon dioxide molecules (CO2) and 

water (H2O) as described by 

                       O�• + �	 + "#�$�(	#�	$�	) → nC�	 + (n-m+1)�	O            (1.11) 
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Since this redox reaction based mineralization has a power to decompose toxic organic 

pollutants, it has been widely used in waste water and air purification. A schematic diagram 

of principles oxidative decomposition of photocatalyst is shown in Fig. 1.11.  

 

 

Fig. 1.11. Schematic of oxidative decomposition principle of TiO2 photocatalyst. 

 

 

1.6.3. Self-cleaning and antifogging 

The photo-induced hydrophilicity
126

 function of TiO2 widened the application of TiO2-coated 

materials. For example, the stains adsorbed on the TiO2 surface can be easily washed away 

by water, because the soaks between the stains and the highly hydrophilic TiO2 surface. The 

TiO2 coated materials used outdoors (e. g., exterior tiles, glass, aluminum wall) when 

exposed to rain-fall show a very effective self-cleaning function and had already begun to be 

commercialized (Fig. 1.12). 

 

 

Fig. 1.12. Conventional tent material (left) and TiO2-coated tent material (right). Adapted from Ref. 
[126]. 
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Anti-fogging is another function of TiO2 coated materials due to its photo-induced 

hydrophilicity properties.
126

 The fogging on the surface of the mirrors and glasses occurs 

when steam cool down on these surface to form water droplets. On a highly hydrophilic 

surface, no water droplets are formed. Instead, a uniform thin film of water is formed on the 

surface and this prevents the fogging. This technology can be used in various glass products, 

mirrors, eyeglasses for antifogging function (Fig. 1.13). 

 

 

Fig. 1.13. Anti-fogging effect of automobile side-view mirror: conventional mirror (left) and TiO2-

coated mirror (right). Adapted from Ref. [126]. 

 

 

1.6.4. Dye Sensitized Solar Cells 

Dye sensitized solar cell (DSSC) with a high conversion efficiency and low production cost 

has been considered as a promising competitor to the well-developed, but relatively 

expensive, silicon solar cell. After first report of the TiO2 based DSSC by O’Regan and 

Grätzel
30

 in 1991, enormous effort has been made for the development of DSSC with higher 

efficiency and low cost to replace the costly silicon solar cell industry. A typical DSSC is 

assembled with a nanocrystalline TiO2 film covered by a monolayer of dye molecules (N719) 

on fluorine doped tin-oxide (FTO) glass, redox electrolyte (I
-
/I

3-
), and counter electrode 

(Pt/FTO glass).
133

 Due to the short electron diffusion length in TiO2 nanoparticles film based 

DSSC, the recombination probability of the electrons with redox species and an oxidized dye 

increases. Compared with nanoparticles, highly ordered one-dimensional nanoarrays (NWs, 

NRs, and NTs) were found to be superior in chemical and photoelectrochemical performance 

due to their one-dimensional channel for carrier transportation, in which the efficiency of 
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charge collection is improved owing to a more rapid electron transport and slower charge 

recombination.  

Innovative ideas are being continuously developed on the fabrication and design of 

solar cells with back-side and front-side light illumination for the enhancement of 

photovoltaic performance.
133

 Shankar et al.
29

 demonstrated self-assembled polymeric 

sensitized heterojunction solar cells of overall conversion efficiency of 2.1%.  Recently, the 

photovoltaic performance of 8.07% and 7.29% of DSSCs based on 20.8 µm TiO2 nanotube 

arrays on FTO glass with back-side and front-side light illumination, respectively, under 

simulated AM 1.5G illumination (10 mW cm
-2

) was observed by Lei et al.
133

 The schematic 

diagram of DSSC and the corresponding performance characteristics are shown in Fig. 1.14. 

This photovoltaic cell consists of TiO2 nanotube arrays on FTO/glass substrate sensitized 

with N719 dye that serves as photoanode. A second FTO/glass substrate coated with Pt is 

used as photocathode. The space within the two electrodes is filled with electrolyte and the 

cell is illuminated from front-side as well as back-side and the comparison of the 

photovoltaic performances of front- and back-side light illumination is shown in Fig. 1.14(b). 

The photovoltaic performance of the front-side illumination mode (8.07%) is found to be 

higher than that of the back-side illumination mode (7.29%) due to the reduction of incident 

light intensity in the latter case.
133

 

 

 

Fig. 1.14. (a) Schematic of TiO2 nanotube arrays/ FTO-based DSSC and (b) comparison of the 

photovoltaic performance of the front-side and the back-side illumination modes under AM 1.5G 

illumination (100 mW cm
-2

). Adapted from Ref. [133]. 
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1.6.5. Gas sensors 

The working principle of the TiO2 gas sensors is based on the fact that the electrical 

conductivity changes when the TiO2 nanomaterials are exposed to the tested gas due to the 

chemisorptions process of the reactive gas on the surface of the nanomaterials. The dominant 

electrical behavior due to the chemisorptions of hydrogen gas on the TiO2 NTs surface make 

a partial charge transfer to TiO2, thereby creating an electron accumulation layer that 

enhances the electrical conductance.
134

 Fig. 1.15(a) shows a typical change in electrical 

resistance of TiO2 nanotubes array when exposed to different hydrogen concentration at 290 

°C.
134

 

Ethanol gas sensing properties were studied by Wang et al.
135

 The mechanisms of 

ethanol gas sensing on the surface of hierarchical TiO2 nanostructures were demonstrated as 

follows: 
136

 

                                                 �	 (gas) ↔ �	 (adsorption)                (1.12) 

                            �	  (adsorption) + �� ↔ �	
�  (adsorption)              (1.13) 

                           �	
�  (adsorption) + �� ↔ 2�� (adsorption)              (1.14) 

                           ��  (adsorption) + �� ↔ �	� (adsorption)               (1.15) 

When TiO2 sensor is exposed to air, the oxygen species can be adsorbed on the surface of the 

sensor and ionized into O
-
 (adsorption) and O

2-
 (adsorption) by capturing free electrons from 

the conduction band of TiO2 and increase the resistance. 

"	 �%OH (gas) + �	� (adsorption) → "	�%�� (adsorption) + ��� (adsorption)        (1.16) 

"	�%�� (adsorption) → ("	�%��)2O  (adsorption) + ��(adsorption) + ��                (1.17) 

When the sensor is exposed to ethanol gas, ethanol would react with O
-
, O

2-
 and release 

electrons. This process lowers the resistance of the sensor [Fig. 1.15(b)]. 

The performance of the TiO2 sensors with respect to the sensitivity, selectivity, 

stability, and reproducibility is generally determined by several factors, including the nature 

of the reactions occurring on the oxide surface, temperature, catalytic properties of the 

surface, defects and electronic structure of TiO2 nanostructures. 

 

TH-1277_09612109



…………………………………………………………………………………………………………………………………………………………… 
34 | Chapter 1 

 

Fig. 1.15. Electrical response curve of (a) H2 sensor for different hydrogen concentration at operating 

temperature 290 °C and (b) ethanol with increasing concentrations at 350 °C. Adapted from Ref. 

[134, 135]. 

 

 

1.7. Current challenges in TiO2 nanostructures and focus of the present 

thesis 

 

A. Understanding the formation mechanism of hydrothermally/ solvothermally 

synthesized different TiO2 nanostructures:  

After the first successful synthesis of titanate NTs by Kasuga et al.,
137

 extensive research has 

been carried out on the hydrothermal growth of titanate and TiO2 NRs, NTs and NWs by 

adjusting various growth parameters within the hydrothermal system to determine their 

effects on the nanostructure formation and resultant morphology. These parameters include 

reaction temperature, alkaline concentration, reaction duration, precursor phase, and 

crystallite size. Moreover, systematic study of solvent and temperature controlled growth of 

nanostructures and the exact growth mechanism of solvothermally synthesized titanate and 

TiO2 NTs and NWs are still topics debated extensively in the contemporary literature. 

Understanding the formation mechanism and tuning the properties of TiO2 nanostructures by 

manipulation of intrinsic defects and doping remain a challenge for exploiting their 

applications in various fields. In this thesis, we have studied the formation mechanism of 

solvothermally synthesized 1D TiO2 NTs, NRs, NWs and nanoporous NRbs by varying the 

reaction temperatures, solvents and post-growth calcinations. The growth mechanism
138

 of 
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the as-prepared nanostructures is elucidated from the systematic studies of field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) 

imaging. 

 

B. Band gap tuning, visible light photocatalyst and identification of the native defects in 

TiO2: 

Anatase TiO2 nanostructures having large surface area are used as a promising photocatalyst 

for the degradation of organic pollutants and in water splitting for hydrogen production. The 

band gaps of all TiO2 polymorphs are in UV region which limits the industrial application to 

UV light only. Therefore, band gap engineering is essential to tune the band gap of TiO2 into 

visible light so that it could be working using renewable solar light rather than using the 

costly, hazardous UV light. There are lots of challenges and fundamental issues related to the 

band gap tuning, electron-hole recombination in undoped and doped TiO2 nanostructures and 

the visible light photocatalytic performance, which need to be explored further. Recently, 

some approaches based on dopant-free, pure TiO2 phase were proposed to tune the band gap 

of TiO2 to visible light region which showed enhanced photocatalytic efficiency. The 

decisive role of surface disorder and point defects, such as oxygen vacancy (O�) and Ti 

interstitial (Ti�) in dictating the band gap narrowing and related application of TiO2 has been 

emphasized in the recent literatures, mainly through computational studies. However, 

experimental understanding on the actual nature of defects such as O� and Ti� in reduced 

TiO2 and its role in the visible light photocatalysis are still unclear. The concentration of the 

native defects typically depends on the growth conditions. However, the nature of band gap 

states induced by the Ti� is yet to be identified experimentally. It is therefore imperative to 

understand the evolution of the native defects in band gap engineered TiO2 nanostructures 

with different growth/ processing conditions and identify the defects responsible for extended 

visible absorption and visible to near infrared photoluminescence in such nanostructures. In 

this work, through careful in-situ photoluminescence studies under controlled environment 

coupled with optical absorption measurement, we attempt to identify the specific defect 

responsible for the red shift in the absorption edge, visible and near infrared (NIR) 

photoluminescence (PL) emission in undoped TiO2 NRbs grown by a solvothermal 

technique.
139

 In particular, monitoring the time evolution of the visible and NIR PL 
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emissions at low temperature, under high vacuum and oxygen environment, allows us to 

distinguish and unambiguously identify the defect states associated with O�, oxygen 

interstitial (O�) and Ti�. Our studies also reveal that these native defects are the microscopic 

origin of lattice expansion and contraction in undoped rutile TiO2 nanostructures
140

 by 

employing several structural and optical spectroscopic tools. The control of lattice parameters 

through the intrinsic defects may provide new routes to achieving novel functionalities in 

advanced materials that can be tailored for future technological applications. 

 

C. Origin of ferromagnetism in TiO2-based diluted magnetic semiconductors: 

In the recent times, diluted magnetic semiconductors (DMS), in particular the ferromagnetic 

oxides, have been at the forefront of research for spintronics and magneto-optic device 

applications.
35, 36

 The discovery of ferromagnetism in Co-doped TiO2 with a Curie 

temperature (TC) exceeding 300 K
36

 lead the expansion of the field of DMS to oxides, 

leading to a rapid development of new materials and phenomena arising from a synergy of 

semiconductor physics and strongly correlated systems. However, in spite of several studies 

reported on TiO2-based DMS, there is no clear agreement about the nature and origin of the 

observed ferromagnetism (FM). It is being currently debated whether the observed FM in 

oxide DMS has anything to do with transition metal (TM) doping or might be solely related 

to intrinsic defects. Some reports suggested segregation and the formation of TM metal 

clusters as the origin of FM signal, while most recent results strongly support the intrinsic 

nature of FM mediated by carriers or defects. These controversial results among research 

groups suggest that the magnetic properties of DMS materials are critically dependent on 

fabrication, growth conditions, and doping agents. However, unambiguous determination of 

the nature of defects responsible for the observed FM remains a considerable challenge to the 

researchers. Till date, most of the reported FM in undoped TiO2 was for thin films and 

nanoparticles (NPs). The observed FM in undoped thin films and NPs are usually weak. 

Compared to thin films and nanoparticles, 1D TiO2 nanostructures such as NWs, NRs and 

NRbs with high surface area can possess abundant surface defects, thus the intrinsic FM 

could be enhanced. Our present attempt in this work has been to enhance the magnetic 

moments which are solely due to intrinsic defects and explore a better understanding about 

the origin of observed ferromagnetism in undoped 1D TiO2 system through systematic 
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studies of magnetic, structural and optical properties.
122

 For further enhancement of the FM 

and to investigate the role of TM in the enhanced FM in TiO2 system, we studied the optical 

and magnetic properties of Fe doped and Cr doped TiO2 NRbs by a solvothermal method and 

Co doped TiO2 NPs by a ball milling method, and elucidate the mechanism of enhanced FM 

in TM (Fe, Cr and Co) doped and undoped TiO2 systems. From the temperature dependence 

magnetization (M-T) measurement, we observed a high Curie temperature (Tc) of ~793 K, 

i.e, ferromagnetic to paramagnetic transition, for Co doped TiO2 NPs
141

 and it is an important 

step for the development of practical commercial devices that can operate at and above RT. 

 

1.8.  Organization of the Thesis 

The work reported in this thesis is presented in nine chapters. An introduction to the studies 

on the various growth processes, important features and technological applications of TiO2 

nanostructures and the motivation of the present work have been presented in Chapter 1. The 

Chapter 2 presents a brief information about the experimental techniques used for the growth 

and characterization of the TiO2 nanostructures. In the Chapter 3, details of the three-step 

growth and overall chemical processes of TiO2 nanostructures are discussed and the 

formation mechanism of different nanostructures was elucidated. Chapter 4 provides the 

critical role of native defects in the extended visible absorption and, visible and near infrared 

PL from undoped TiO2 nanoribbons. The intrinsic defect induced room temperature 

ferromagnetism in undoped TiO2 nanoribbons is presented in Chapter 5. In Chapter 6, we 

discuss the microscopic origin of lattice expansion and contraction in rutile TiO2 

nanostructures. Chapter 7 and 8 present the optical and magnetic properties of Fe, Cr and Co 

doped TiO2 nanostructures and discuss the origin of room temperature and high temperature 

ferromagnetism in these DMS systems. The highlights of the major contributions of the 

thesis, important conclusions of the work and scope for future studies on TiO2 nanostructures 

are presented in the last chapter (Chapter 9). 
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Experimental techniques 

 

 

In this chapter, a brief account of the growth techniques used for the preparation of various 

samples and the in–house development of the vacuum annealing system is presented. For the 

characterization of the both undoped and doped nanostructures, several standard analytical, 

spectroscopic and magnetic measurement tools are used, which are presented in details. The 

methodology adopted to analyze the data from various spectroscopic tools is also discussed 

in brief. 

 

2.1. Growth techniques for the synthesis of TiO2 nanostructures 

We have used two different growth techniques for the fabrication of undoped and doped TiO2 

nanostructures. One dimensional (1D) nanostructures, i.e., NTs, NRs, NWs and NRbs are 

grown using hydrothermal/ solvothermal techniques. For the hydrothermal/ solvothermal 

techniques, we used a stainless steel high pressure reactor, known as autoclave with Teflon-

liner (Bergof-100, Germany). Several growth parameters such as solvents, reaction 

temperatures and reaction durations were varied for the growth of wide variety of 

nanostructures and their formation mechanisms are described in Chapter 3. Planetary ball-

milling machine (Retsch, PM 100) is used for the growth of Co doped TiO2 NPs.  

 

2.1.1. High pressure reactor for the Hydrothermal/ Solvothermal growth  

The hydrothermal set-up used in our laboratory consists of three parts, i.e., Teflon-lined 

stainless steel autoclave (reaction vessel), rectangular hot box (prevent for heat radiation) and 

hot plate (provide heat for a particular set temperature) with stirring facility. The photograph 

of the complete hydrothermal set-up used in this study is shown in Fig. 2.1. The autoclave 

consists of a stainless steel vessel (outer) with stainless steel cap and clamp. A Teflon inner 
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vessel (capacity 100 ml) is lined inside the stainless steel vessel and this is used as the 

container for the precursor solutions to avoid the unwanted mixing of impurities during 

reaction. An O-ring is placed on the mouth of the Teflon vessel. The stainless steel cap 

mounted with Teflon in the inner part is used as lid to close the vessels. The autoclave has a 

thermal sensor with immersion tube inside the Teflon vessel, which is connected to a PID 

controller to measure the exact internal temperature of the reaction solution. A monometer is 

in-built with the autoclave to measure the pressure inside the autoclave during the reaction. 

The autoclave has also gas feeding and liquid samples extraction facility during the reaction. 

The rectangular hot box is placed on the top of the hot plate with stirring facility which is 

placed on a table. The hot plate has two knobs, one for setting the required temperatures and 

the other for stirring. The hot box is used to prevent the heat radiation to the outside of the 

autoclave. After filling the precursor mixed solutions inside the autoclave, the system is 

closed with the stainless steel clamp. Then the autoclave is placed inside the rectangular hot 

box which is placed on the top of the hot plate. The thermal sensor is connected with a PID 

controller through a connecting wire which display the inside temperature of the autoclave. 

This allows a precise measurement of the reaction temperature. Finally, the hot plate is 

connected to the main power supply to heat the hot plate and carry out the hydrothermal 

reaction at a particular set temperature and stirring condition. 

 

 

 

Fig. 2.1. Photograph of high pressure reactor (autoclave) (Berghof, BR-100; Germany). 
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2.1.2. High temperature furnace for calcinations and vacuum annealing 

A High temperature split type furnace (Indfurr, India) is used for the calcinations of the 

samples obtained from hydrothermal method. It consists of a horizontal muffle furnace, a 

cylindrical quartz/ alumina tube (placed inside the muffle furnace). The furnace is connected 

to programmable controller to control the set temperature, the heating rate and tune duration 

of heating at a particular temperature.  For vacuum annealing, we designed the vacuum 

system in our laboratory. The photograph of vacuum annealing system is shown in Fig. 2.2. 

The one end of the alumina tube is closed. The other end of the alumina tube is connected to 

a rotary pump for evacuation of the tube chamber. The pressure inside the tube is monitored 

by a pirani gauge connected to the exhaust side of the rotary pump. We achieved a pressure 

of 1.2 × 10
-2

 mbar inside the tube, which was displayed in the pirani gauge.  

 

 

Fig. 2.2. Photograph of high temperature furnace with vacuum system. 

 

 

2.1.3. Hydrothermal/ Solvothermal technique for the growth of TiO2 nanostructures 

For the hydrothermal/ solvothermal growth of TiO2 nanostructures, four parameters are 

usually controlled i.e., precursors, solvents, reaction temperatures and reaction durations. We 

used commercial TiO2 anatase powders (Merck), titanium butoxide, Ti(OC4H9)4 (Sigma 

Aldrich) as precursors and alkaline water, alkaline water-ethanol, water-ethylene glycol as 

base solvents and water-HCl as acid solvent. The reaction temperatures are maintained at 
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130, 155, 180, 205 °C with autogeneous pressure inside the autoclave throughout the reaction 

and   reaction durations are varied as 12, 16, 24, and 48 hours.  At first, we prepared the 

precursor solution by mixing the TiO2 precursor (anatase TiO2 powder/ titanium butoxide) in 

alkaline (10M NaOH) aqueous or non-aqueous solvent for the base-mediated growth and 

water-HCl mixed solvent for the acid-mediated growth. The mixed solution is stirred for 30 

minutes in a conical flax and then transferred to the autoclave for hydrothermal/ solvothermal 

reactions. Next the precipitates are taken out of the autoclave and further processed such as 

ion-exchange reaction and calcinations (for base-mediated preparation only) to obtain the 

final samples. The as-obtained precipitate from the base-mediated reaction after washing 

several times with de-ionized (DI) water is allowed to react with 0.1M HCl for ion exchange 

between Na
+
 and H

+
. After ion-exchange reaction and several times washing is hydrogen-

titanate, the product is calcined at different temperatures (500, 700 and 900 °C) for 

dehydration and to remove the residual organic impurities. Finally, depending upon the 

calcinations temperatures, TiO2 nanostructure samples with different phases are obtained. 

The ion exchange reaction was not needed for acid-mediated precipitates; several times 

washing with DI water and heat treatment were needed for better crystallinity.  

 

2.1.4. Ball milling method for Co doped TiO2 nanoparticles 

Planetary Ball milling is used to grow Co doped TiO2 nanoparticles. In our laboratory, we 

have a programmable ball milling machine (Retsch, PM 100) that is shown in Fig. 2.3. It 

consists of vial, balls and a planetary platform with a certain rotation speed. The important 

precaution is the use of non-corrosive vial and balls and their cleanliness. For example, to 

study the magnetic properties, one should avoid the use of metal vial and balls because these 

may add impurity to the sample that may cause a change in magnetic property of the sample. 

For the present study, we used contamination free zirconia (ZrO2) balls and vial for 

the growth of Co doped TiO2 nanoparticles. At first, the required amount of Co powder and 

TiO2 powder are mixed in a ceramic mortar and ground for 10 minutes. Then the mixed 

powder is put inside the vial with required amount of balls (powder: ball = 1:10) and set at 

350 rpm for 5 h duration. 
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Fig. 2.3. Photographs of the p

Zirconia balls.  

 

2.2. Characterization techniques

Several experimental tools are used to study the characteristic properties

samples. Morphological and structural characterization

emission scanning electron microsco

high resolution TEM (HRTEM)

us to learn about the surface morphologies, crystal structure and phases. For optical 

characterizations, we used micr

absorption, steady state photoluminescence

x-ray photoelectron spectroscopy (XPS), and 

spectroscopy. We used vibrating sample magnetometer (VSM) and electron spin resonance 

(ESR) measurements to study the magnetic properties of 

 

2.2.1. Morphological and structural characterization

A. Field emission scanning electron microscopy (FESEM)

The FESEM is a very power

The FESEM use a beam of electrons to probe objects on a very fine scale. The use of 

electrons has two main advantages over o
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planetary ball-mill machine (Retsch, PM 100), grinding station and 

Characterization techniques 

everal experimental tools are used to study the characteristic properties

. Morphological and structural characterizations were performed

emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), 

high resolution TEM (HRTEM) and x-ray diffraction (XRD) techniques. These studies help 

about the surface morphologies, crystal structure and phases. For optical 

characterizations, we used micro-Raman, UV-visible-near infrared (UV-

photoluminescence (PL), time-resolved photoluminescence

ray photoelectron spectroscopy (XPS), and Fourier transform infrared 

We used vibrating sample magnetometer (VSM) and electron spin resonance 

(ESR) measurements to study the magnetic properties of the samples. 

Morphological and structural characterization 

Field emission scanning electron microscopy (FESEM)  

powerful tool for high resolution surface imaging of nanomaterials. 

of electrons to probe objects on a very fine scale. The use of 

has two main advantages over optical microscopes: much larger magnifications are
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rinding station and 

everal experimental tools are used to study the characteristic properties of the different 

performed by the field 

, transmission electron microscopy (TEM), 

These studies help 

about the surface morphologies, crystal structure and phases. For optical 

-vis-NIR) optical 

resolved photoluminescence (TRPL), 

transform infrared (FTIR) 

We used vibrating sample magnetometer (VSM) and electron spin resonance 

for high resolution surface imaging of nanomaterials. 

of electrons to probe objects on a very fine scale. The use of 

magnifications are 
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possible since electron wavelengths are much smaller than photon wavelengths and the depth 

of field is much higher. The electron wavelength ��  depends on the electron velocity � or the 

accelerating voltage � as 

�� = 
�

��
 = 

�

�	
��
 = 

�.		

√�
 nm                             (2.1) 

Thus, for a 30 kV acceleration voltage, the resolution is extremely high. 

 

 

Fig. 2.4. Photograph of the Field Emission Scanning Electron Microscope (Sigma Zeiss, Germany). 

 

 

A photograph of the FESEM (Sigma Zeiss, Germany) used in the present study is shown in 

Fig. 2.4. In the FESEM, electrons are emitted from a field emission source under extreme 

vacuum. The vacuum allows the electrons movement along a column without scattering 

which helps to prevent discharges inside the instrument. The field emission source is 

tungsten filament (cathode) with sharp tip which is placed in a huge electrical potential 

gradient. The significance of extremely thin and sharp tip (diameter 10-100 nm) is that an 

electric field can be concentrated to an extreme level so that the work function of the material 

is lowered and electrons can leave the cathode. After emission, the electrons are accelerated 

by the two anodes. An accelerating voltage (0.5- 30 kV) between the cathode and anode is 

commonly used. This voltage combined with beam diameters determines the resolution of 

the image. As the voltage increases, better point-to-point resolution can be obtained. Because 
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of the smaller size of the electron source, the beam produced by this emitter is about 1000 

times smaller than that in a standard scanning electron microscope (SEM), which markedly 

improves the image. The beam is collimated by electromagnetic condenser lenses, focused by 

an objective lens, and scanned across the surface of the sample by electromagnetic deflection 

coils. The primary imaging method is by collecting emitted secondary electrons that are 

released by the sample. A secondary electron detector is placed near to the specimen. By 

correlating the sample scan position with the resulting signal, an image is formed on the 

screen that is strikingly similar to what would be seen through an optical microscope. The 

FESEM is equipped with a special objective or focusing lens that projects the magnetic field 

below the lens. Very high resolution is obtained by shortening the specimen–lens distance 

and using a specially designed in–lens. The distance is shortened by placing the specimen in 

the lens magnetic field. In this case, secondary electron detector is placed above the objective 

in–lens (called as in–lens detector), which makes difference in the image compared to the 

conventional image of the secondary electron detector. Very high resolution and contrast can 

be obtained by using in–lens detector. The type of electron source is the main difference 

between SEM and FESEM. In SEM, electrical current is used to heat up the filament and 

when the heat is enough to overcome the work function of the filament, electron escape from 

the material. 

For the sample preparation of the FESEM imaging, as-synthesized TiO2 powder was 

directly mounted on the FESEM stub using a carbon tape. Here the carbon tape is used as 

adhesive to stick the powder and also provides an electrical conduction path to the sample. 

 

B. Transmission Electron Microscopy (TEM)  

TEM is one of the best characterization techniques of nanomaterials in which structural 

information can be acquired by high resolution imaging close to the atomic level (0.2 nm) as 

well as by electron diffraction. The high resolution TEM (HRTEM) known as lattice 

imaging, gives the structural informations and presence of defects or dislocations. The 

growth orientation and lattice spacing can be studied from the lattice fringe image. The 

crystallographic information about the nanomaterials such as crystal structure (cubic, 

tetragonal, hexagonal or monoclinic etc.), crystallinity (single crystalline, poly-crystalline or 

amorphous) can be drawn from the selected area electron diffraction (SAED) patterns. In 
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case of a crystalline material, electron diffraction will only occur at specific angles which are 

the characteristic features for the crystal structures present. Moreover, elemental and 

chemical composition analysis down to sub-nanometer scale can be acquired with additional 

detector such x-ray detector which is known as energy dispersive x-ray (EDX) analysis. Fig. 

2.5 shows the schematic diagram of a TEM. It works on the principle of optical projection; 

when an object is placed in front of a light source, its image is enlarged and shadow is 

created on the screen placed far distance behind this object. Electrons emitted from an 

electron gun are accelerated to high voltages (typically 100 to 400 kV) and focused on the 

sample by a number of condenser lenses.
1
 We used a lanthanum hexaboride (LaB6) crystal 

for thermionic electron emission. The emitted electrons pass through a series of lenses to be 

focused and scanned across the sample. The sample is placed on a small copper grid a few 

mm (~3 mm) in diameter. The static beam has a diameter of a few microns. The sample must 

be sufficiently thin (a few tens to a few hundred nm) to be transparent to electrons. The 

transmitted and forward scattered electrons form a diffraction pattern in the back focal plane 

and a magnified image in the image plane. With additional lenses, either the image or the 

diffraction pattern is projected onto a fluorescent screen for viewing or photographic 

recording. 

 

 

Fig. 2.5. Schematic diagram of Transmission Electron Microscope. 
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In our present study, a TEM (JEM2100, JEOL, Japan) operating at 200 kV with high 

resolution CCD camera (Gatan, USA) is used for the normal TEM and HRTEM imaging. 

Sample for the TEM imaging was prepared by well dispersing the nanostructured samples in 

an ethanol solvent. A transparent dispersion of nanostructures was prepared by long time 

high frequency sonication and then drop casted on the carbon coated copper grid containing 

few hundreds of square shaped hollow meshes with dimension of ~1 µm. After normal dry 

for prolong time this grid is used for TEM imaging. Improved resolution of the lattice image 

is obtained after processing of fast Fourier transformation (FFT) using 'Digital Micrograph 

(Gatan, USA)' image analysis software. In addition, we used SAED pattern to get 

crystallographic information about the TiO2 nanostructures. 

 

C. Powder x-ray diffraction (XRD)  

Powder XRD is the most widely used non–destructive technique for general crystalline 

material characterization. The XRD patterns provide information on crystal phases, lattice 

parameters, crystallite size and strain in the material. In XRD, a collimated beam of x–rays, 

with wavelength λ = 0.5–2.0 Å, is incident on a sample and is diffracted by the atoms of the 

crystalline phases in the sample according to 'Bragg's law', 

2����� = ��                         (2.2) 

where d is the spacing between atomic planes in the crystalline phase, θ is the angle of 

incidence of the x–ray beam with the atomic plane, n represents the order of diffraction (we 

consider only the first order diffraction, n =1, because the second order peaks are mostly 

difficult to detect experimentally). The intensity of the diffracted x–rays is measured as a 

function of the diffraction angle 2θ. In powder samples, the crystallites are oriented in 

various possible orientations, giving reflections from all possible planes. However, the 

preferred orientation of the crystallites can occur. In an x-ray diffraction pattern, the position 

and intensity of the diffraction peaks are characteristic for the crystallographic structure and 

the atomic composition of the material. In case of a multi-phase composition, the resulting 

pattern is a combination of the patterns of all structures present. Phase identification can be 

done by matching the XRD pattern with reference patterns of pure substances. Owing to the 

huge data bank available from JCPDS Powder Diffraction Files covering practically every 

phase of every known material, crystal phase of the sample is identified from the peak 
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positions of the diffractogram. Homogeneous or uniform elastic strain in the (hkl) direction 

can also be calculated from the shift in the diffraction peak positions, and the dhkl spacing of 

the unstrained crystal. From the peak shapes and width of the diffraction peak, average 

crystallite size can be calculated. 

 

 

Fig. 2.6. Photograph of the X-ray Diffractometer ( Rigaku RINT  2500, TTRAX III). 

 

 

X–ray diffraction patters of the synthesized nanostructure samples were obtained 

using a commercial XRD (TTRAX III, Rigaku 2500) using a Cu Kα1 (λ = 1.5406 Å) 

radiation. A photograph of the XRD instrument in our laboratory is shown in Fig. 2.6. All 

measurements were carried out at an accelerated voltage of 50 kV and tube current of 200 

mA. The scanning step size was 0.01°. The exact peak position and full width half maxima 

(FWHM) of the XRD peak is obtained from the Lorentzian fitting to the experimental data, 

using following expression 

� = ��+ 
	�
�

 
�

�(����)! # �!                       (2.3) 

Where �� is the offset constant, $%, & and ' are the peak position, FWHM and area, 

respectively. FWHM gives the crystallite size (using Scherrer formula
2
) and lattice strain is 

calculated from the shift in $% using Williamsons-Hall method.
3, 4
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2.2.2. Optical characterization 

A. Micro-Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique generally used to study 

properties such as crystalline phases, strain, phonon confinement effect and defects present in 

the material.  It is based on the Raman scattering process that corresponds to the interaction 

between the incident photons and optical phonon of the material. For the micro-Raman 

spectroscopy measurement, an intense laser beam is incident on the sample through a 

commercial microscope with spot size about few microns. The weak back-scattered light or 

signal is passed through a double monochromator to reject the Raleigh scattered signal and 

the Raman shifted wavelengths are detected by a photodetector or CCD detector. The 

distinction between crystalline and amorphous phases can be made by observing the 

sharpness or broadness of the various vibrational modes of materials, respectively. The 

nature of stress can be determined by observing the upward shift for compressive stress and 

downward shift for tensile stress compared to the peak position of the vibrational modes of 

unstrained crystal. 

 

 

Fig. 2.7. Photograph of the micro-Raman spectrometer (LabRAM HR-800, Jobin Yvon, USA). 

 

 

A high resolution micro-Raman (LabRAM HR-800, Jobin Yvon, USA) instrument 

with liquid nitrogen cooled CCD detector is used for the characterization of TiO2 
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nanostructure samples. Fig. 2.7 is the photograph of micro-Raman set up used to observe the 

Raman spectrum for the present study. This instrument is used to study the identification of 

various phases of TiO2 nanostructures, oxygen vacancy defects and stress present in our 

samples. All the measurements are carried out at room temperature. Some of the samples are 

characterized using 488 nm and others using 514 nm Ar
+
 laser with source laser power fixed 

at 22 mW.   

 

 

Fig. 2.8. Schematic diagram, illustrating the displacements of each atom for Raman active lattice 

vibrations of rutile TiO2. Red ball: Ti atom, Blue ball: O atom. Adapted from Ref. [5]. 

 

 

Rutile TiO2 is tetragonal structure having space group P42/mnm and has 6 atoms in the 

primitive cells. Thus there should be 15 optical and 3 acoustic modes. From the group 

analysis, the optical modes at Γ point belong to the following irreducible presentations:
5, 6

 

Γopt = 1A1g + 1A2g + 1A2u + 2B1u + 1B1g + 1B2g + 1Eg + 3Eu, 

where symbol “g” represents Raman active, “u” infrared (IR) active and “E” degenerate 

modes. The vibrational modes B1g, Eg, A1g and B2g are Raman active and A2g and B1u modes, 

however, are Raman and infrared silent modes.
6
 The Raman active modes consists of 

motions of anions with respect to central cations either perpendicular to c axis (modes A1g, 

B1g and B2g) or along the c axis (mode Eg). The illustration of the displacements of each atom 

for the Raman active lattice vibration in rutile TiO2 is shown in Fig. 2.8.
5
 Anatase is 

tetragonal structure with space group I41/amd and has 15 optical modes at the Γ point of 
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Brillouin zone are expected on the basis of factor group analysis with the following 

irreducible representation of the normal vibrational modes:
7
 

Γopt = 1A1g + 1A2u + 2B1g + 1B2u + 3Eg + 3Eu, 

Six Raman modes, i.e., the A1g, 2B1g, and 3Eg are Raman active, whereas the three modes 

A2u and 2Eu are IR active. The mode B2u is silent. TiO2(B) is monoclinic structure having 

space group C2/m and its primitive cell contains four formula unit, i.e., 12 atoms with 

following irreducible representation:
8
 

Γopt = 12Ag + 6Bg + 6Au + 12Bu, 

Among these modes, the selection rules give 18 Ag and Bg Raman active modes and 15 IR 

active Au and Bu modes whereas one Au and two Bu correspond to cell translations.
8
 

 

B. Diffuse reflectance spectroscopy (DRS) 

DRS is a technique generally used to study the reflectance or absorbance properties and to 

measure the band gap energy, i.e., the energy gap between the valence band maximum 

(VBM) and conduction band minimum (CBM) of semiconductor materials. The energy gap 

(()*) is an important feature of semiconductors which determines their applications in 

optoelectronics, photocatalysts and photovoltaics. The optical reflectance or absorbance is a 

result of interaction of light with the material. The basic principle is that UV, visible or near 

infrared (NIR) light is used to excite electrons from VB to empty CB. A sharp increase in 

absorption (or reflection) at energy close to the band gap that manifests the absorption edge 

(or reflectance threshold) in the UV-visible-NIR absorbance (or reflectance) spectra. This 

technique is mostly applicable to powder samples and thin films. For powder samples, 

usually UV-visible absorption spectroscopy is carried out by dispersing the sample in a liquid 

medium like water, ethanol or methanol. If the particle size of the sample is not small enough 

or not well dispersed in the solvent media, it precipitates and the absorption spectrum is more 

difficult to interpret. In order to avoid these complications, it is desirable to use DRS, which 

enables to obtain absorbance as well as the band gap energy (()*) of un-supported materials 

with more accuracy.
9
 Reflectance of samples can be measured using either an integrating 

sphere or a specular reflectance accessory. Integrating spheres are used for samples with a 

significant diffuse reflectance component such as powders and other ‘rough’ materials. 

Samples are placed at the back of the sphere and the light is reflected back off the sample and 
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collected by the sphere. Measurements typically provide the total reflectance but if required 

the diffuse reflectance (specular excluded) portion can be measured independently. The latter 

measurement is achieved by allowing the specular component to exit the sphere through the 

open specular port. The theory which makes possible to use diffuse reflectance spectra was 

proposed by Kubelka and Munk.
10

 The absorbance can be calculated using Kubelka-Munk 

formula as  

+(,-) = 
(��./)!

	.
 = 

0
1
                             (2.4) 

+(,-) is called the Kubelka-Munk (K-M) function, where ,- = 
.234567

.2839:3;:
 , < = K-M 

absorption coefficient and � = K-M scattering coefficient. 

In the parabolic band structure, the band gap (()*), and absorption coefficient (α) of a direct 

band gap and indirect band gap semiconductor are related through the well known equation 

(2.5) and (2.6), respectively:
11, 12

 

(=ℎν)	 = ?� (ℎν −  ()*)                         (2.5) 

(=ℎν)�/	 = ?	 (ℎν −  ()*)                       (2.6) 

Where = is the linear absorption coefficient of the material, ℎν is the photon energy and ?�, 

?	  are the proportionality constant. When the material scatters in a perfectly diffuse manner, 

the scattering coefficient is considered as constant with respect to wavelength. So, by 

comparing equation (2.4) with equations (2.5) and (2.6), one can obtain expressions for 

relation between the K-M function and band gap of the material as 

(+(,-)ℎν)	 = ?B(ℎν −  ()*), direct band gap              (2.7) 

(+(,-)ℎν)�/	 = ?�(ℎν −  ()*), indirect band gap         (2.8) 

Here ?B, ?� are the proportionality constant. 

 

 

Fig. 2.9. Photograph of the Diffuse Reflectance Spectrometer (Perkin Elmer, LAMBDA 750).  
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We used a Perkin Elmer (LAMBDA 750) spectrophotometer for the DRS 

measurements. Fig. 2.9 shows a photograph of the DRS spectrophotometer used in this 

study. It performs the measurement in the UV/visible/ NIR (i.e., 200 – 2500 nm wavelength 

range) region. The deuterium and tungsten halogen light sources are provided to perform the 

measurements in the UV/Visible/NIR region. An integrating sphere along with PMT 

(photomultiplier), InGaAs and PbS detectors is used to collect the diffuse reflectance light 

being reflected from the sample in all direction. Calibrated spectralon diffuse reflectance 

standard is used as reference. A sample holder kit with a quartz piece on the front is used to 

hold the powder sample. A schematic diagram of diffuse reflectance mechanism is shown in 

Fig. 2.10. We measured the diffuse reflectance in absorbance mode, i.e., using K-M function. 

The band gap is calculated from the linear fit of linear portion of  (+(,-)ℎν)	 vs ℎν plot 

with (+(,-)ℎν)	 = 0 for direct band gap and (+(,-)ℎν)�/	 vs ℎν plot with (+(,-)ℎν)�/	 

= 0 for indirect band gap. 

 

 

Fig. 2.10. Schematic diagram illustrating diffuse reflectance mechanism, excluding the specular 

reflectance. 

 

 

C. Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) is the emission of light from a material under optical excitation. 

Excitation energy is required to excite the electron from lower energy level (ground state/ 

equilibrium state) to higher energy level (excited state). Light of suitable energy is directed 
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onto a sample, where it is absorbed and imparts excess energy into the material in a process 

called photo-excitation. This causes electron-hole pair generations within the material and 

those electrons move into permissible excited states. The excess energy can be released by 

the sample through the emission of light or luminescence, when these electrons return to their 

equilibrium states and the whole process is called photoluminescence. The energy of the 

emitted light (photoluminescence) relates to the difference in energy levels between the two 

electron states involved in the transition between the excited state and the equilibrium state. 

The quantity of the emitted light is related to the relative contribution of the radiative process 

between the various excited states (as defect states near the conduction act as a luminescence 

centers) and the equilibrium states. Features of the emission spectrum provide the 

information about the band gap energy, impurity level/ defect level detection, and electron-

hole recombination mechanism. The intensity of the PL signal can be used to extract the 

qualitative information about the contribution of various defect states. The most common 

radiative transition in semiconductors is between the states in the conduction and valence 

bands, with the energy difference being known as the band gap. Radiative transitions in 

semiconductors also involve localized defect levels within the band gap of the 

semiconductor. The photoluminescence energy associated with these levels can be used to 

identify specific defects, and the amount of photoluminescence can be used to determine 

their relative concentration. The return of the excited electrons to equilibrium state to 

recombine with holes, also known as "recombination," can involve both radiative and non-

radiative processes. The amount of photoluminescence and its dependence on the level of 

photo-excitation and temperature are directly related to the dominant recombination process. 

Analysis of photoluminescence helps to understand the underlying physics of the 

recombination mechanism. The fundamental limitation of PL analysis is its reliance on 

radiative events. Materials with poor radiative efficiency, such as low-quality indirect band 

gap semiconductors, are difficult to study via ordinary PL. Similarly, identification of 

impurity and defect states depends on their optical activity. More intense laser PL is 

generally preferred to study the defect/ impurity states such as oxygen vacancy as compared 

to ordinary Xenon-lamp based PL system. 

We used 325 nm He-Cd laser and 405 nm diode laser (Coherent, Cube) excitation 

with the help of a spectrometer (focal length: 15 cm; blaze wavelength: 500 nm; groove 
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density: 150 g mm
-1

) equipped with a cooled charge-coupled device (Princeton Instruments, 

PIXIS 100B) detector. Extended NIR PL measurements were carried out using a liquid N2 

cooled InGaAs detector (OMA-V-SE, Roper Scientific). Fig. 2.11 shows a photograph of the 

PL instrument which is used in the present study. The PL measurements were carried at room 

temperature for most of the samples. We have also performed low temperature (10 K- 280 K) 

PL measurement and room temperature PL under high vacuum (5 × 10
-5

 torr), and with 

oxygen gas into the vacuum chamber for some of the samples. We put the powder samples 

on a conductive black carbon tape for PL measurements. Each spectrum was corrected for 

the detector response as a function of wavelength after background subtraction. The steady 

state PL peaks are usually of Gaussian shape expressed by 

� = �� + ' E$F [−((�� ��)!

	�! )]                           (2.9) 

Where �� is the offset constant, $%, & and ' are the peak position, width and peak 

amplitude, respectively. The measured spectral profile of the PL spectrum is analyzed by 

fitting with Gaussian line-shape function or multiple Gaussian functions using a PeakFit 

software. 

 

 

Fig. 2.11. Photograph of the Photoluminescence spectrometer with CCD detector and Cryostat. 
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D. Time-resolved photoluminescence (TRPL) spectroscopy 

Time resolved photo-luminescence (TRPL) is a useful characterization technique that 

provides the spectral and temporal evolution of the emission of a sample following its 

illumination by a short pulse of light. More precisely, the short pulse of light generates 

electron-hole pairs (excitons) that decay to lower energy levels of the sample. These electron-

hole pairs can subsequently recombine and emit light. The emitted light is composed of a set 

of wavelengths corresponding to transition energies of the sample and, as a result, the 

measurement of the optical spectrum as a function of time provides a means to measure the 

transition energies and their lifetimes. The measurement basically counts the number of 

photons of fixed wavelength with time. The emitted photon is analyzed by a spectrometer 

and detected by a micro-channel-plate photomultiplier tube (MCP-PMT) detector. A Multi 

Channel Analyzer (MCA) board in the computer analyzes the output pulse voltages into 

various channels, which correspond to different times. In this way, the MCA can record each 

photon arriving at the MCP–PMT at a particular time. The number of output pulses from the 

MCP–PMT is directly proportional to the number of incident photons. Averaging over 

millions of photons, the measurement creates a histogram which shows how long excitons 

“live” after being created by the laser pulse. Thus, the carrier dynamics occurring during 

these processes provides not only information about the position of the peak emission, as in a 

normal steady state PL experiment, but also the lifetime of the excitons involved in the 

recombination. 

 

 

Fig. 2.12. Photograph of the Time-Resolved Photoluminescence spectrometer (LifeSpec II, 

Edinburgh Inst., UK). 
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The photograph of the TRPL spectroscopy (LifeSpec II, Edinburgh Inst., UK) 

instrument used in the present study is shown in Fig. 2.12. We used adjustable nanosecond 

pulsed pump laser (EPL series, Edinburgh Inst., UK) of wavelength 405 nm to measure the 

PL decay of the defects related visible emission in the TiO2 nanostructures. This instrument 

has a time resolution of ~50 ps. The TRPL data usually follow an exponential decay behavior 

or combination of such function depending upon the number of decay channels available in 

the sample. The PL decay equation is expressed as 

      I(J) = I� E$F (J̅/L�) + I	 E$F (J̅/L	) +IB E$F (J̅/LB) + …. …. …. + I�               (2.10) 

Where I(J) is the PL count, I�, I	, IB …. …. are decay channel amplitudes and L�, L	 ,LB …. 

…. are the decay time constants and I� accounts for the background noise. Measurement of τ 

provides information on the mechanism of recombination. 

 

E. X-ray photoelectron spectroscopy (XPS) 

XPS is a key surface characterization tool which combines surface sensitivity with the ability 

to quantitatively obtain both elemental and chemical state information for each element 

detected, through the chemical shift. It is widely used for studies of surface defects and 

chemical environment, because of its high sensitivity to surface (i.e., up to 10 nm from the 

sample surface). It also provides useful information about the depth profile (i.e., an 

evaluation of the variation of composition with depth) and the surface impurities present in 

the sample. The principle of XPS is based on the photoelectric effect outlined by Einstein in 

1905 was developed by Siegbahn and his research group,
13

 where the concept of the photon 

was used to describe the ejection of electrons from a sample surface when photons impinge 

upon it. This process can be expressed by the following equation: 

M( = ℎν - N( - ∅,                             (2.11) 

where BE is the binding energy of the electron in the atom, hν is the photon energy of x-ray 

source, KE is the kinetic energy of the emitted electron that is measured in the XPS 

spectrometer and ∅ is the spectrometer work function. For XPS, Al Kα (1486.6 eV) or Mg 

Kα (1253.6 eV) is generally used as the source of x-rays. The photon is absorbed by an atom 

of the sample, leading to emission of a core (inner shell) electron. The energy of the 

photoelectrons leaving the sample is determined using an appropriate electron energy 

analyzer and this gives a spectrum with a series of photoelectron peaks. For each and every 
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element, there will be a characteristic binding energy associated with each core atomic 

orbital, i.e., each element will give rise to a characteristic set of peaks in the photoelectron 

spectrum at kinetic energies determined by the photon energy and the respective binding 

energies. The peak intensities measure how much of a material is at the surface, while the 

peak positions indicate the elemental and chemical composition. Other values, such as the 

full width at half maximum (FWHM) are useful indicators of chemical state changes and 

physical influences. 

In this study, XPS measurements were carried out with a PHI X-Tool automated 

photoelectron spectrometer (ULVAC-PHI, Inc.) using Al Kα X-ray beam (1486.6 eV) with a 

beam current of 20 mA. Some of the samples were characterized with ESCALAB 3400 

(Shimadzu, Japan) instrument using Mg Kα X-ray beam (1253.6 eV). Carbon 1s spectrum 

was used for the calibration of the XPS spectra recorded for various samples. Fig. 2.13 shows 

the photograph of XPS instrument used for this study. The broad peaks with shoulder are 

fitted with Gaussian line-shape using a PeakFit software followed by the expression 

� = �� + ' E$F [−((�� ��)!

	�! )]                              (2.12) 

Where �� is the offset constant, $%, & and ' are the peak position, width and peak 

amplitude, respectively. 

 

 

Fig. 2.13. Photograph of the X-ray photoelectron spectrometer (ULVAC-PHI, Inc.). 
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F. Fourier transform infrared (FTIR) spectroscopy 

FTIR is one of the powerful spectroscopic tools generally used to determine the structural 

bonding information, impurities and chemical functional groups in the sample. The FTIR is 

based on the phenomena “Michelson interference” combined with Fourier transformation of 

the source spectrum.
14

 FTIR interferogram consists of spectral information of the source 

along with the transmittance characteristic of the sample. We used FTIR spectroscopy in 

transmittance mode of operation for our few samples to confirm the formation of pure TiO2 

phases and shifting of Ti-O related vibration modes due to oxygen vacancy defects in TiO2 

nanostructures. In this study, we used a commercial FTIR spectrometer (Perkin Elmer, 

Spectrum BX) to obtain the transmission spectrum of the TiO2 nanostructures at room 

temperature in the range 400- 4000 cm
-1

 at a resolution of 2 cm
-1

. All the spectra were taken 

after background corrections. For the sample preparation, TiO2 powder of very small quantity 

is mixed with KBr and ground in ceramic mortar, then prepared pellets using KBr press and 

die.  

 

2.2.3. Magnetic characterization  

A. Vibrating sample magnetometer (VSM) 

VSM is a scientific instrument used to measure magnetic properties of materials. A VSM 

uses an induction technique to measure magnetic moment of a sample. In a VSM the sample 

is mounted at one end of a rigid rod which is driven by a vibrator. The sample is then 

oscillating in a vertical direction at a fixed frequency. The sample can be magnetized by a 

horizontal magnetic field generated by an electromagnet. Surrounding the sample is a set of 

sensing coils (pick-up coils). As the sample moves, its magnetic moment alters the magnetic 

flux through these coils. The alternating magnetic field will cause an electric field in the 

pick-up coils according to Faraday's law of induction. This current will be proportional to the 

magnetization of the sample and can be detected using a lock-in amplifier.  The various 

components are hooked up to a computer interface. Using controlling and monitoring 

software, the system can tell us how much the sample is magnetized and how its 

magnetization depends on the strength of the constant magnetic field. 

The magnetic properties of the undoped and doped TiO2 nanostructures were 

measured using a Lakeshore (Model 7410) VSM. Fig. 2.14 shows the photograph of the 
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VSM instrument used in this study. It mainly consists of water cooled electromagnet, power 

supply, vibration exciter, sample holder, sensors coil, lock in amplifier and computer 

interface. The sample is mounted at the end of a quartz rigid rod using Teflon tape. Before 

sample placement inside the electromagnet, the magnetic moment is calibrated using the 

standard Ni sample. A certain amount of TiO

and weighed using a digital micro

Teflon tape. We measured both field

dependent magnetization for our samples.

 

Fig. 2.14. Photograph of the Vibrating 

supply, electromagnet and VSM controller.

 

B. Electron spin resonance (ESR) spectroscopy

ESR spectroscopy is a very powerful, 

characterization of the electronic structures of materials with unpaired electrons.

based on the fact that the electron interacts with the external static magnetic

magnetic moment  

PQ = −

……………………………………………………………………………………………………………………………………………………………

VSM instrument used in this study. It mainly consists of water cooled electromagnet, power 

er, sample holder, sensors coil, lock in amplifier and computer 

The sample is mounted at the end of a quartz rigid rod using Teflon tape. Before 

sample placement inside the electromagnet, the magnetic moment is calibrated using the 

certain amount of TiO2 nanostructures powder is put on a Teflon tape 

and weighed using a digital micro-balance. Then the sample is wrapped tightly with

We measured both field-dependent and temperature (high temperature)

magnetization for our samples. 

ibrating Sample Magnetometer (Lakeshore, Model 7410) with 

supply, electromagnet and VSM controller. 

 

in resonance (ESR) spectroscopy 

ESR spectroscopy is a very powerful, sensitive and informative technique for the 

characterization of the electronic structures of materials with unpaired electrons.

based on the fact that the electron interacts with the external static magnetic fi

−g PRS                                    (2.13) 
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VSM instrument used in this study. It mainly consists of water cooled electromagnet, power 

er, sample holder, sensors coil, lock in amplifier and computer 

The sample is mounted at the end of a quartz rigid rod using Teflon tape. Before 

sample placement inside the electromagnet, the magnetic moment is calibrated using the 

put on a Teflon tape 

tightly with the 

dependent and temperature (high temperature)-

 

tometer (Lakeshore, Model 7410) with power 

sensitive and informative technique for the 

characterization of the electronic structures of materials with unpaired electrons. ESR is 

field H via its 
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Here PR is the dipole moment of a electron (Bohr magneton) equal to 9.274 × 10
-24

 JT
-1

, S is 

the electron spin, and g is dimensionless constant called electron g-factor, which is equal to 

2.0023 for the free electron. 

The spin Hamiltonian is read as  

ℋ = − PQ⋅UVVQ = g PR WU                      (2.14) 

Taking W = ± 
�
	
  for up spin and down spin, the energy Eigen values becomes 

( = ± 
�
	
 g PR U                                  (2.15) 

Thus, the energy levels are quantized in an external magnetic field and the transitions are 

induced between these levels (energy difference, ∆( = g PR U) by the oscillating magnetic 

field of suitable frequency. In ESR spectroscopy, the magnetic component of a microwave 

energy, which is perpendicular to the magnetic field U, induces microwave energy 

absorption subject to the resonance condition (∆( = ℎZ). The g-value for the observed 

resonance peak can be calculated as 

g =  
�[

\]^
 ,                                 (2.16) 

where ν is microwave frequency, U is the magnetic field and ℎ is plank’s constant equal to 

6.626 × 10
-34

 J⋅s.  

 

 

Fig. 2.15. Photograph of the Electron Spin Resonance spectrometer (JEOL, JES-FA200). 
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In this work, ESR measurements have been done using a JEOL (JES-FA200) 

instrument operating in the X-band. Fig. 2.15 shows the photograph of the ESR instrument 

used for the present study. The microwave source is a Gunn oscillator operating at a 

frequency of 9.4 GHz (X-band).  We used this technique for detection of unpaired electron 

spin associated with Cr
3+

, Fe
3+

, Ti
3+

, F
+
 center in our defective undoped and Fe, Cr-doped 

TiO2 nanostructures. 
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Controlled Growth of TiO
2
 Nanostructures: 

Elucidating the Growth Mechanism  

 

The one-dimensional (1D) TiO2 nanostructures such as nanotubes (NTs), nanorods (NRs), 

nanoribbons (NRbs) and nanowires (NWs) have a large surface area, with a unique 1D 

morphology providing a direct path for electron transport with enhanced carrier collection. 

As a result, 1D nanostructures of TiO2 have gained huge attention for several promising and 

high performance applications. In this study, TiO2 1D nanostructures are grown by a simple 

low temperature solvothermal route followed by the Na
+
/H

+
 ion-exchange and final 

calcinations process. We investigated the impact of reaction temperature, stirring condition 

and cosolvent on the morphologies of the as-prepared nanostructures. Growth mechanism is 

elucidated from the systematic studies of FESEM and TEM imaging. The structural 

characterizations of as-synthesized nanostructures are studied by using XRD and micro-

Raman spectroscopy. This work will be valuable for controlled growth of TiO2 NTs, NRs, 

NWs and nanoporous NRbs, and understanding the formation mechanism of various 

nanostructured TiO2 synthesized under different growth conditions. 

 

3.1. Introduction 

The design and fabrication of 1D TiO2 NRs, NTs and NWs have attracted intensive interest 

due to their unique architectures, extraordinary physical and chemical properties and 

potential applications such as gas sensor, water and environmental purification, lithium ion 

battery, water splitting of hydrogen production and dye-sensitized solar cells. To realize these 

promising high performance applications, the control of the highly desirable properties upon 

their inherent crystal structure, morphology, surface area, and porosity through their 

nanostructures and understanding the formation mechanism are challenging today. 

Considerable effort has been made to explore novel approaches from vapor-phase 

technique to solution-growth process to grow TiO2 nanostructures with various properties by 
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controlling their size and morphology. The typical vapor-phase technique requires high 

temperature and the control over morphology is not an easy task. Moreover, growth of 

anatase TiO2 nanostructures that has more photocatalytic activity than the rutile is not 

possible through this technique. On the other hand, hydrothermal method is an effective 

technique to synthesize TiO2 nanostructures at relatively low temperature with optimal 

control over morphology, structure and phase composition without the requirement of 

templating. This approach requires neither expensive equipments nor specific chemicals, 

hence provide a more promising approach in terms of cost. In particular, it has been reported 

that the size, morphology and structural properties of TiO2 nanostructures depend on the 

TiO2 precursors and reaction parameters such as reaction temperature, reaction time and pH 

of the solution during the reaction,
1, 2

 which can be achieved by this technique. After the first 

successful synthesis of titanate nanotubes by Kasuga et al.,
3
 extensive research has been 

carried out on the hydrothermal growth of titanate and TiO2 NTs, NRs and NWs by adjusting 

various parameters within the hydrothermal system to determine their effects on the 

nanostructure formation and resultant morphology.
4
 These parameters include reaction 

temperature, alkaline concentration, reaction duration, precursor phase, and crystallite size. 

Lan et al.
5
 reported that NTs are formed after hydrothermal treatment of TiO2 particles in 10 

M NaOH solution at 150 °C for 24 h, whereas NRbs appeared at higher temperature (180 

°C). Morgan et al.
6
 reported that NTs are formed at lower temperature and at 200 °C, NTs 

transformed to NRbs using anatase TiO2 powder as precursor. It is accepted by several 

authors
7, 8

 that NTs are formed at mild hydrothermal temperatures in the range of 130 - 150 

°C, while only NWs or NRbs are observed at higher temperature (>180 °C). Additionally, 

titanate NTs can further transform into NWs with prolonged reaction duration.
9
 However, 

two additional important parameters such as cosolvent and stirring effect during the 

hydrothermal process have rarely been reported to achieve 1D titanate and TiO2 

nanostructures. More recently, Shen et al.
10

 reported the effect of cosolvent, temperature and 

NaOH concentration on the morphology of titanate nanostructures. However, systematic 

study of solvent controlled nanostructures and the exact growth mechanism of 

solvothermally synthesized titanate and TiO2 NTs and NWs is still a topic debated 

extensively in the contemporary literature. 
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In this Chapter, we study the temperature and solvent controlled hydrothermal growth 

of hybrid TiO2/titanate NTs, NRs and NWs and pure phase TiO2(B) nanoporous NRbs, NRs. 

The growth mechanism of the as-prepared nanostructures is elucidated from the systematic 

studies of structure and morphology through FESEM and TEM imaging. One of the merits of 

our synthesis process is the knowledge of the actual internal growth temperature of the 

solvent during the reaction process. In most of the earlier reports on the hydrothermal 

method, the autoclave is placed on a heated base set at an elevated temperature; this set 

temperature may not be the actual temperature of the solvent during the reaction. Moreover, 

growth temperature inside the autoclave depend on the solvent used in the reaction, as we 

have set a particular temperature on the hot plate, though the observed temperature on the 

PID controller is different for different solvents of the same amount. Hence, the exact growth 

temperatures usually reported in the literature for the solvent controlled synthesis of TiO2 

nanostructures are not precisely known. Note that the high-pressure reactor set up (autoclave) 

in our laboratory has a thermal sensor with immersion tube inside the Teflon vessel, which is 

connected to a PID temperature controller. Here we studied the actual internal growth 

temperature of the solvent during the reaction, which is displayed on the PID temperature 

controller. 

 

3.2. Growth of TiO2 nanostructures  

I. Solvothermal reaction 

All the chemicals were used as-received without further purification. Anatase TiO2 powders 

(average particle size ~80 nm), sodium hydroxide (NaOH) pellets, ethanol and ethylene 

glycol were purchased from Merck. Doubly distilled deionized (DI) water was used during 

all the experiments. In a typical synthesis, 0.275 g of anatase TiO2 powder was mixed with 

60 ml of aqueous 10 M NaOH under stirring for 1 h, a milky solution is obtained. Then the 

mixed solution was transferred into a Teflon-lined autoclave (Berghof, BR- 100) of 100 ml 

capacity. The temperatures inside the autoclave were maintained at 130, 155, 180 °C under 

autogenous pressure and constant magnetic stirring at 250 rpm for 16 h. The formed 

precipitates were obtained by centrifugation and washed several times with DI water. To 

investigate the growth mechanism, some additional experiments were carried out using 

different mixed cosolvents (DI water:ethanol = 1:1, DI water:ethylene glycol = 1:1).  
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II. Ion-exchange reaction 

The products obtained after solvothermal synthesis was Na-titanate. Next, to allow ion-

exchange reaction between Na
+
 and H

+
, the product Na-titanate underwent an ultrasonic 

treatment with 0.1 M HCl till the pH ~7. After HCl treatment, the precipitates were washed 

several times with DI water to remove the residual impurities. The product after HCl 

treatment became H-titanate.  

 

III. Calcinations 

Finally the precipitates (H-titanate) were calcined at 500 °C for 5 h in air for dehydration 

using a high temperature furnace. During this process, the organic impurities were removed 

due to high temperature heat treatment. The product obtained after calcinations were pure 

TiO2(B) and anatase phase, mixed anatase-ruile phase and TiO2/titanate nanostructures, as 

confirmed from XRD and micro-Raman studies. 

 

3.3. Structural studies 

The XRD patterns of precursor anatase TiO2 powder and solvothermal products synthesized 

at 130 °C using different solvents are shown in Fig. 3.1(a). Commercial anatase TiO2 

precursor was used as a reference to identify the anatase peak unambiguously. All the peaks 

except the peaks at 2θ = 31.7° and 45.45° correspond to anatase TiO2 structure for the 

nanostructures synthesized in alkaline water and alkaline water-ethanol mixed solvent. These 

additional peaks are attributed to hydrated hydrogen pentatitanate (H2Ti5O11⋅H2O) 

nanostructures (JCPDS # 44-0131), indicating the presence of TiO2/titanate hybrid structure 

in the 1D nanostructures synthesized at 130 °C reaction temperature. Fig. 3.1(b) shows the 

XRD patterns of the samples synthesized at 180 °C using different solvents. All the 

diffraction peaks correspond to TiO2(B) phase for the samples grown under alkaline DI water 

solvent and ethylene glycol cosolvent. While mixed anatase-rutile phase is observed for the 

sample grown under ethanol cosolvent. We also observed pure anatase TiO2 phase in the 

samples synthesized at 130, 155 °C using ethylene glycol solvent in the XRD patterns (not 

shown). The XRD patterns of the samples (grown under ethylene glycol cosolvent) before 

HCl treatment and after HCl treatment prior to calcinations are shown in Fig. 3.1(c). The 
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diffraction peaks of the sample prior to HCl treatment correspond to Na2Ti4O9 (JCPDS # 33-

1294) structure and after HCl treatment , Na
+
 ion is replaced by H

+
 ion and formed 

H2Ti5O11⋅H2O (JCPDS # 44-0131). The calcinations process helps in dehydration of 

H2Ti5O11⋅H2O to form TiO2 structures. 

 

 

Fig. 3.1. XRD pattern of (a) precursor TiO2 and the samples synthesized at 130 °C using alkaline DI 

water solvent, ethanol cosolvent, (b) samples synthesized at 180 °C using different solvents, (c) 

samples synthesized using alkaline ethylene glycol cosolvent before HCl treatment and after HCl 

treatment prior to calcination. (d) Raman spectra of precursor TiO2 and the samples synthesized at 

130 °C using alkaline DI water solvent and ethanol cosolvent.  

 

 

Raman scattering is one of the most effective tool for the study of crystallinity, phase 

composition, phonon confinement effect and defect structures associated with the materials. 

More importantly, the XRD peaks are very similar for sodium titanates, hydrogen titanates 
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and among the polymorph of TiO2 such as anatase, rutile, brookite and TiO2(B). So, XRD 

results do not give a conclusive idea about the structure and phase composition. The as-

synthesized samples are further characterized by Raman spectroscopy to clarify about the 

structure and phase composition associated with the materials. All the Raman peaks of as-

grown nanostructures corresponds to tetragonal anatase TiO2 phase except the broad peak at 

~278 cm
-1

 for the sample grown by using highly alkaline water and alkaline ethanol 

cosolvents, as shown in Fig. 3.1(d). This additional peak corresponds to hydrogen titanate, 

which indicates the presence of hybrid anatase TiO2/titanate nanostructures in the sample 

grown at 130 °C. This is consistent with the XRD analyses. Further, the most intense Eg(1) 

Raman mode of anatase at 142 cm
-1

 shows a considerable blue shift as compared to anatase 

TiO2 precursor shown in inset of Fig. 3.1(d). This blue shift of the main Eg(1) Raman mode 

was interpreted as arising from different competing mechanism such as the non-

stoichiometry due to oxygen vacancies or disorder induced defects and phonon confinement 

effects.
11, 12

 From the FESEM and TEM images, we observed that the size of the 1D 

nanostructures is often orders of magnitude larger than the size of the precursor TiO2 

nanoparticles. So, the phonon confinement effect is easily discarded. We believe that the blue 

shift of as-synthesized nanostructures may be due to vacancies and/or defects created during 

the successive transformation from 2D nanosheets to 1D NTs, NRs/NWs and NRbs.
13

 

Moreover, the presence of defects is necessary to release the stress as the TiO6 octahedral 

layers, the basic unit of the crystalline structure of TiO2 polymorphs, along with the 

intercalated Na
+
 are subsequently rolled up into NTs and/or splitting into NRs. Further 

studies may shed more light on the actual growth mechanism. 

 

3.4. Morphology studies: FESEM imaging 

The morphologies of the synthesized samples as obtained by FESEM are shown in Figs. 3.2, 

3.3 and 3.4. Fig. 3.2(a) shows the early growth stage of 1D nanostructures at 130 °C reaction 

temperature using alkaline water solvent. The layered nanosheets coexisting with some 

partially developed NTs are observed at 130 °C, which confirms that the 1D nanostructures 

are formed from the intermediate layered nanosheets. At 155 °C reaction temperature, we 

observed both NTs and NRs in the sample synthesized from alkaline water solvent as shown 
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in Fig. 3.2(b) and (c), respectively. The length and the diameter of the NTs are observed to 

be ~7 µm and 20 - 40 nm, respectively. The NTs are form a bunch and are oriented in a 

particular direction. The bunching of adjacent parallel NTs into larger bundles can be 

explained by the oriented attachment (OA) theory. According to the OA theory,
14

 when 

structurally similar surfaces approach, atoms of opposing surfaces may combine chemically 

with each other. The chemical coordination results in NTs bundles bunching along identical 

crystal faces. In the present case, when the reaction temperature is increased to 180 °C, 

comparatively longer (613 - 3000 nm) and thicker (35 - 159 nm) NRs are formed using the 

same alkaline water as a solvent, which is shown in Fig. 3.2(d). It has been argued that the 

higher temperature favors the formation of NRs by virtue of its enhanced thermal stability as 

compared that of NTs.
15

 Other possible explanation for such transformation is explored 

further in the ‘growth mechanism’ section discussed later.  

 

 

Fig. 3.2. FESEM images of morphology of the TiO2 nanostructures synthesized in alkaline water 

solvent at reaction temperatures: (a) 130 °C, (b)-(c) 155 °C and (d) 180 °C. 
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The morphologies of nanostructures synthesized using alkaline ethanol cosolvent are 

shown in Fig. 3.3. Fig. 3.3(a) shows the layered nanosheets as well as splitting of the 

nanosheets formed at 130 °C reaction temperature, which further confirmed that 1D 

nanostructures are actually obtained from the layered nanosheets irrespective of the solvents 

used. The growth of NRs at 155 °C reaction temperature using ethanol cosolvent is shown in 

Fig. 3.3(b). The NRs have diameter ranging from 28 nm to 95 nm and length up to ~ 3000 

nm. However, we observed NRs of diameter 38 - 144 nm and length up to 4500 nm 

coexisting with some NWs having diameter in the range 7 - 20 nm as the reaction 

temperature increased to 180 °C, shown in Fig. 3.3(c). The NRs are thick and straight due to 

their rigidness while NWs are thin and flexible and are found to be curved, as shown in Fig. 

3.3(c). 

 

 

Fig. 3.3. FESEM images of the morphology of the TiO2 nanostructures synthesized in alkaline 

ethanol cosolvent at the reaction temperatures: (a) 130 °C, (b) 155 °C and (c) 180 °C. 

 

 

The morphology of the synthesized samples under alkaline ethylene glycol cosolvent 

is shown in Fig. 3.4. The sample grown at 130 °C exhibits thick nanosheet like morphology, 

while the sample grown at 155 °C exhibits small NRs like structures. Fig. 3.4(c) shows long 

and straight NRbs of TiO2 grown at 180 °C. Thus, from the Fig. 3.4(a-c), we found that 

nanosheets are formed at low temperature (130 °C), then small NRs are formed at 155 °C and 

finally NRbs are obtained at 180 °C from the TiO2 NPs. 
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Fig. 3.4. FESEM images of the morphology of the TiO2 nanostructures synthesized in alkaline 

ethylene glycol cosolvent at the reaction temperatures: (a) 130 °C, (b) 155 °C and (c) 180 °C. 

 

 

3.5. Morphology studies: TEM imaging 

In order to develop a better understanding of the growth mechanism and the structure, more 

detailed studies were conducted by means of TEM and HRTEM. The growth of the different 

TiO2 nanostructures at different temperatures using various solvents is clearly monitored by 

TEM. Figs. 3.5(a) - (c) show the TEM images of the as-prepared nanostructures in alkaline 

water solvent. A mixture of both NTs and NRs is grown at 155 °C reaction temperature as 

shown in Fig. 3.5(a) and (b), which is consistent with the FESEM images. The inner and 

outer diameters of the NTs are measured to be 5 nm and 9 nm, respectively. Note that the 

diameter of the NTs measured by TEM is considerably less than the diameter measured from 

FESEM images. This may be due to the shrinkage of the NTs due to the high operating 

electron gun voltage of the TEM. When the solvothermal reaction temperature was increased 

to 180 °C, we observe the formation of NRs only, as shown in Fig. 3.5(c). The NTs that are 

formed at 155 °C are not found at 180 °C, which clearly reveals that the transformation of 

NTs to NRs occurs at higher temperature. We also noticed that the diameter and length of the 

NRs increase considerably with increase in reaction temperature. The higher temperature 

may accelerate the solvothermal reaction and consequently the growth rate is increased. Fig. 

3.5(d) and (f) shows the TEM images of TiO2 NRs grown at 155 °C and 180 °C, 

respectively, using ethanol cosolvent. Fig. 3.5(d) shows a single NR of diameter ~45 nm 

grown at 155 °C. The lattice fringes and EDX result of the corresponding NR are shown in 

inset of Fig. 3.5(d) and (e), respectively. The d-spacing of 3.3 Å corresponds to (101) plane 

of anatase TiO2, while the d-spacing of 2.61 Å corresponds to (311) plane of H2Ti5O11⋅H2O. 
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This reveals the presence of some amount of unconverted titanate with the anatase TiO2 

nanostructures. The chemical composition is confirmed using the EDX spectra which 

detected Ti, O, Cu and C elements, as shown in Fig. 3.5(e). The Cu and C signals are due to 

the TEM grid used for the imaging. The absence of Na in the EDX spectra may suggest that 

Na
+
 ion is successfully replaced by H

+
 during the ion-exchange reaction when treated with 

HCl. The hydrogen element is unlikely to be detected in the EDX spectra. Thus, hybrid 

anatase TiO2/hydrogen titanate NRs are successfully synthesized at 155 °C in highly alkaline 

ethanol cosolvent. A high magnification TEM image of a single NR grown at 180 °C is 

shown in Fig. 3.5(f). Note that a unique nanostructure is obtained at 180 °C when ethylene 

glycol was used as cosolvent. We observed TiO2 NRbs of length up to ~2.6 µm and width in 

 

 

Fig. 3.5. TEM images of the as-synthesized TiO2 nanostructures. Using alkaline water solvents (a) 

and (b) at 155 °C, (c) at 180 °C reaction temperature; using alkaline ethanol cosolvent (d) at 155 °C, 

(f) at 180 °C reaction temperature; using alkaline ethylene glycol cosolvent (g) and (h) at 180 °C 

reaction temperature. The inset of (h) shows the corresponding SAED pattern, and (i) shows the 

HRTEM lattice fringes of the NRbs. The inset in (d) shows the corresponding HRTEM lattice fringes 

of the nanorod and (e) shows the EDX spectrum of the NRs. 
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Table. 3.1. The effect of solvent and reaction temperature on the morphologies, sizes and structures 

of the 1D TiO2 nanostructures. 

 

Solvent 

Reaction 

temperature 

(°C) 

 

Morphology 

Diameter 

(nm) from 

FESEM 

Diameter 

(nm) from 

HRTEM 

 

Structure 

 

 

DI water 

130 Nanosheets, 

Nanotubes 

….. ….. Anatase 

TiO2/titanate 

155 Nanotubes, 

Nanorods 

15 – 20 

39 – 59 

9 

37 

….. 

180 Nanorods 35 – 159 35 - 79 TiO2(B) 

 

 

DI water: 

ethanol 

130 Splitted 

nanosheets 

….. ….. Anatase 

TiO2/titanate 

155 Nanorods 28 - 95 ~45 ….. 

180 Nanorods, 

Nanowires 

38 – 144 

….. 

40 – 65 

20 - 25 

Anatase/rutile 

TiO2 

 

 

DI water: 

ethylene 

glycol 

130 Thick 

nanosheets 

….. ….. Anatase TiO2 

155 Small 

nanorods 

….. ….. Anatase TiO2 

180 Nanoribbons 64 - 260 75 - 125 TiO2(B) 

 

 

the range 75 - 125 nm having well-resolved uniform nanopores of 8 nm diameter as shown in 

Fig. 3.5(g) and (h). This indicates that solvent also plays an important role for the formation 

of various nanostructures, because the solvent has a strong effect on the solubility, reactivity, 

and diffusion behavior of the reactants and ultimately influencing the structural and 

morphological features. Fig. 3.5(h) shows the high magnification TEM images of a single 

nanoribbon having nanopores of uniform shape and sizes. The SAED pattern of the 

corresponding nanoporous nanoribbon is shown in the inset of Fig. 3.5(h), which indicates 

the single crystalline nature of TiO2(B). A typical HRTEM image of the nanoporous 

nanoribbon is shown in Fig. 3.5(i), the clear lattice fringes indicating the as-synthesized 

products are well-crystalline. The d-spacing of 3.55 Å corresponds to (110) crystal plane of 

TiO2(B) phase, which is also the highest intensity peak observed in the XRD pattern. Note 

that no lattice fringe corresponding to the d-spacing of any titanate phase is found. Thus the 

pure phase TiO2(B) nanostructures are obtained using ethylene glycol cosolvent, which is 

consistent with the XRD result. The nanoporous NRbs might possess very high surface area 

and can be suitably applied in photocatalysis,
16

 environmental cleaning
17

 and Li ion battery,
18
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etc. The diameters of the different nanostructures measured from the FESEM and TEM 

images are shown in Table 3.1. 

 

3.6. Growth mechanism 

Presently there is an incomplete understanding on the formation mechanism of 

solvothermally synthesized different TiO2 nanostructures. It is unclear whether it is due to the 

rolling of nanosheets exfoliated from crystalline TiO2 precursors or rolling and/or splitting of 

layered titanate nanosheets that gives rise to different morphologies. To understand the 

growth mechanism of different 1D nanostructures, controlled experiments were carried out at 

different temperatures under continuous stirring during the reaction and the products using 

different cosolvents were also examined. A systematic study on the mechanism of formation 

of the as-prepared nanostructures is explored on the basis of our experimental findings.
13

 

Wu et al.
7
 argued that titanate nanosheets were first splitted and then rolling of the 

splitted sheets formed the nanotubes. They also claimed that the thickening of thin 

nanosheets is accelerated by increasing the reaction temperature and finally splitted into 

nanowires instead of rolling. Huang et al.
19

 proposed that the transformation from NTs to 

NWs is due to an oriented attachment (OA)
14

 and Ostwald ripening (OR)
2
 cooperative 

mechanism based on their TEM observations. With these backgrounds information, we 

carried out the experiments at different reaction temperatures under constant stirring to 

clarify the possible formation mechanism. It was earlier proposed that sodium titanate NTs 

were formed by rolling crystalline nanosheets exfoliated from crystalline TiO2 materials 

(anatase/rutile). If this is one of the possible formation mechanisms, then the length of the 

NTs should be restricted by the size of the raw TiO2 materials. However, we observed that 

the NTs and NRs are often orders of magnitude larger than the size of the raw anatase TiO2 

particles (~80 nm particle size). The similar results were reported by several authors.
15, 20, 21

 

For example Huang et al.
19

 reported titanate NTs of several hundreds of nanometer in length 

derived from the anatase TiO2 powder with particle size of about 10 nm. Moreover, it is 

postulated that crystalline TiO2 either anatase or rutile, does not possess any layered structure 

that can form the final nanotubes.
22-24

 So this assumption could not be a possible growth 

mechanism for the 1D NTs and NRs observed in this work.  
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When anatase TiO2 powder precursor reacts with concentrated alkaline NaOH 

solution, Ti-O-Ti bonds are broken and the Na
+
 ions intercalated within the TiO6 octahedral 

units and then recrystallized into layered Na2Ti5O11⋅H2O nanosheets. After ultrasonic HCl 

treatment and washing, hydrated hydrogen pentatitanate (H2Ti5O11⋅H2O) is formed by the ion 

exchange of Na
+
 with H

+
 and the by-product NaCl is formed. The final anatase TiO2 products 

are obtained by dehydration process during the calcinations at 500 °C for 5 h. For 

simplification, the overall chemical processes of the as-prepared samples are as follows. 

                                         4����  + 2�	�
 → �	�����
 + 
� �                    (3.1) 

                              5�	�����
 + 10
�� → 4
������� ∙ 
��  + 10�	��        (3.2) 

                                            
������� ∙ 
��  → 5����  + 2
��                        (3.3) 

Thus, the final anatase TiO2 nanostructured products are obtained by the three steps reaction 

process: (i) the reaction of TiO2 precursor with alkaline NaOH solution, (ii) the ion exchange 

between Na
+
 and H

+
 and (iii) the final calcination. The early growth stage of 1D 

nanostructure at 130 °C in alkaline water solvent shows the coexistence of nanosheets and 

partially developed NTs, indicating that NTs are formed from the layered titanate nanosheets. 

At comparatively higher temperature (155 °C) and pressure, the nanosheets completely roll 

up to form a bunch of NTs well oriented in a particular directions as shown in Fig. 3.2(b). 

The driving force for the rolling may be asymmetric due to the hydrogen deficiency in 

surface layers
23

 together with unsymmetrical surface forces due to locally high surface 

energy. Another reason for the rolling of nanosheets at high temperature and pressure may be 

due to the mechanical tension that arises during the process of dissolution/crystallization in 

nanosheets.
8
 When structurally similar surfaces approach, atoms of opposing surfaces may 

combine chemically with each other. The chemical coordination results in NTs bundles 

bunching along identical crystal faces.
14, 25

 Interestingly, note that NRs are also observed in 

the same product shown in Fig. 3.2(c) and 3.5(b). This reveals that some of the NTs 

detached from the bundles of NTs and transformed into NRs. At comparatively higher 

temperature (180 °C), we observed only NRs instead of any intermediate NTs. This is 

expected because during the stirring, the bunch of NTs may split and simultaneous shrinkage 

and growth may occur due to high temperature and pressure to form condensed NRs. The 

main advantage of the stirring is the splitting of the NTs and nanosheets. At the same time, 

the constant motion due to stirring prevents sedimentation and forces the intimate mixing of 
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the system. After splitting of the bunch of NTs, the NTs are detached from the bundles and 

the pressure acts on the individual nanotube and hence the effect is more as compared to the 

pressure acting on the bunch of the NTs. That is why the NTs transform to condensed NRs. 

The observed pressure is 8 bar showing in manometer which is in-built with the high 

pressure reactor set up, when the temperature is 180 °C under stirring condition for the 

alkaline water solvent. In addition, constant motion fields created by internal stirring are 

probably effective in continuously breaking up freshly formed nanotube assemblies, so 

bundling is prevented again. The thickening and splitting nature of the nanosheets are clearly 

shown in Fig. 3.3(a) for the early growth stage at 130 °C in alkaline ethanol cosolvent. 

However, no such NTs are observed at 155 °C as observed in case of alkaline water solvent, 

when ethanol was used as a cosolvent under similar conditions.  

Note that the length of the NRs is more than that of the NRs grown in alkaline water 

solvent at the same reaction temperature, indicating the fast growth rate of the samples in 

ethanol cosolvent. The rapid growth rate in alkaline ethanol mixed solvent accelerates the 

formation of thick nanosheets and further splitting of the thick nanosheets results in the 

formation of NRs at higher temperature and pressure. When the reaction temperature 

increased to 180 °C, only NRs and NRs/NWs are observed in alkaline water solvent and 

alkaline ethanol cosolvents, respectively. The possible reasons are (i) the thickening of 

nanosheets unable to fold and split into NRs/NWs. The high temperature as well as stirring 

may help to accelerate the reaction for the nucleation of thicker nanosheets and subsequently 

splitting of the thick nanosheets; (ii) the very fast growth rate and stirring promoted 

detachment of the NTs from the bunch of NTs which results in rapid shrinkage of the NTs to 

ultimately form NRs at higher temperature and pressure. The observed pressures at 180 °C 

reaction temperature under stirring condition are 8 and 16 bar for the alkaline water solvent 

and alkaline ethanol cosolvent, respectively. In case of ethylene glycol cosolvent, the TiO2 

nanoparticles react with NaOH to form thick layered nanosheets at low growth temperature 

(130 °C) and then the nanosheets are splitted to form small NRs at comparatively high 

temperature (155 °C) and further growth of small nanorods turns to NRbs at 180 °C.  

Note that a quite unique morphology is formed at 180 °C in ethylene glycol 

cosolvent, i.e., uniform nanoporous TiO2 NRbs which are observed from the TEM images as 

shown in Fig. 3.5(g) and (h).  At low growth temperature, the growth/ reaction rate is low 
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compared to alkaline water solvent and ethanol cosolvent by comparing the FESEM images. 

However, at 180 °C, the growth rate is more in case of ethylene glycol cosolvent compared to 

water solvent and ethanol cosolvent.  These results indicate that the solvent plays an 

important role to control the morphology of the products. A possible reason for this type of 

morphology may be due to the polarity and coordinating ability of a cosolvent have a strong 

effect on the solubility, reactivity and diffusion behavior of the reactants, thus ultimately 

influencing the structure and morphological features of the resulting products.
26

 The parent 

TiO6 octahedra of TiO2 materials may coordinate with glycol to form chain-like structure,
27

 

whereas the NaOH may form titanate nanosheets by sharing the vertices edges of the 

octahedra and resulting NRbs with nanopores are formed at high temperature and pressure. 

The growth mechanism and evolution of different 1D nanostructures are better elucidated in 

the schematic diagram shown in Fig. 3.6. The crossed dashed-line in the diagram indicates 

that the NRs/NTs are not formed directly from the TiO2 NPs and it essentially involves the 

formation of the nanosheets followed by splitting and/or rolling to form NRs/ NTs of TiO2. 

 

 

Fig. 3.6. Schematic of the growth mechanism of different 1D nanostructures of TiO2 formed at 

different temperatures using various solvents. 
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3.7. Conclusions 

One-dimensional nanostructured TiO2 of different morphologies, including NTs, NWs, NRs 

and nanoporous NRbs were successfully synthesized by a simple solvothermal route. The 

impact of reaction temperature, stirring during the reaction and different cosolvents on the 

morphology of the products was studied systematically. It is found that the NTs and/or NRs 

are formed in highly alkaline water solvent, while NRs/NWs are formed in highly alkaline 

ethanol cosolvent. When ethylene glycol was used as cosolvent, nanoporous NRbs are 

obtained at 180 °C. We observed that the maximum temperature limit for the transformation 

of NTs to NRs starts at ~155 °C in case of alkaline water solvent. However, the NRs grown 

in alkaline ethanol cosolvent is directly from the splitting of nanosheets at 155 °C. The 

growth rate and morphologies of the 1D nanostructures are shown to be dependent on the 

growth temperature and the solvent used. The growth rate is faster in alkaline ethylene glycol 

and ethanol cosolvent as compared to the alkaline water solvent at higher growth temperature 

(180 °C). XRD and micro-Raman scattering studies confirm the pure phase TiO2(B), anatase, 

mixed anatase-rutile TiO2 phase and anatase/titanate hybrid structures of the as-synthesized 

products. Based on the FESEM and TEM analyses, we have explained the mechanism of 

growth of different nanostructures through a schematic diagram. This study will enable more 

controlled growth of TiO2 NTs, NRs and nanoporous NRbs with tunable properties for 

practical applications such as energy conversion and storage. 
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Despite decades of research on the role of intrinsic defects in enhancing the performance of 

reduced TiO2 based materials, unambiguous identification of defects responsible for visible 

light absorption, and near-infrared (NIR) photoluminescence from undoped TiO2 has 

remained challenging. The decisive role of surface disorder and point defects such as oxygen 

vacancies (��), Ti interstitial (���) in dictating the band gap narrowing and related 

application of TiO2 has been emphasized in the recent literature, mainly through 

computational studies. However, experimental understanding on the actual nature of defects 

such as �� and ��� in reduced TiO2 and its role in the visible light photocatalysis are still 

unclear. In this work, through careful in-situ photoluminescence (PL) studies under a 

controlled environment coupled with optical absorption measurement, we investigated the 

origin of an extended visible absorption, visible and NIR PL emission from undoped TiO2 

nanoribbons (NRbs) grown by a solvothermal route. Based on our experimental observations, 

the origin of the tunable NIR PL from TiO2 NRbs has been traced to surface Ti interstitials 

for the first time. 

 

4.1. Introduction 

Defect engineered TiO2 nanostructures have received unprecedented attention because 

intrinsic as well as extrinsic defects play a very crucial and fundamental role in enhancing the 

material/device performance. In particular, understanding the origin of red-shifts of the 

absorption edge of undoped reduced TiO2 and the visible-light photoactivity of undoped and 

doped TiO2 remains a hot topic of discussion.1-4 Despite numerous studies, some of which 
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have recognized that intrinsic defects such as oxygen vacancies (��) and associated defects 

contribute to the absorption of light in the visible spectral region,1 a detailed understanding 

on the optical properties of such defects and the conditions needed for the formation of such 

defects remain experimentally somewhat elusive. C hen et al.5 reported that mid-gap states 

above the valence band maximum, instead of Ti3 + ions associated with ��, are responsible 

for the visible and infrared absorption in disordered engineered black TiO2. Numerous 

theoretical as well as experimental investigations though favor the �� model to explain the 

band gap states and band gap narrowing in TiO2, the crucial role of Ti interstitials (���) in the 

near surface region for the band gap states was elucidated by W endt et al.6 E arlier, through 

an elegant set of experiments, Henderson7 demonstrated that the major diffusing species in 

the bulk-assisted reoxidation of ion-sputtered TiO2 are ��� rather than ��. However, optical 

spectroscopic evidence of Ti interstitials and identification of the electronic states associated 

with them are not established yet. 

A ttempts have been made to dope metal8, 9  or nonmetal4, 10  impurities to optimize the 

band gap of TiO2 to visible light. However, there are controversies regarding the 

photocatalytic efficiency, since some literatures reported the increase in photocatalytic 

activity with external doping, while some others reported the decrease in the photocatalytic 

efficiency due to high doping concentration in TiO2.
11-15 The introduction of dopants acts as 

charge carrier recombination centers, which reduce the chance of the carriers to reach the 

particle surface to participate in the desired reaction and becomes a major issue affecting the 

photocatalytic efficiency.16 S tudies on the reduction of TiO2 during the doping process have 

indicated the dominant role of F -type color centers in the visible-light-activity of TiO2 

photocatalysts. Recently, some approaches based on dopant-free, pure TiO2 phase were 

proposed in order to overcome this limitation.2, 17 The decisive role of surface disorder and 

point defects, such as �� and ��� in dictating the band gap narrowing and related application 

of TiO2 has been emphasized in the recent literatures. However, the actual nature of defects 

such as �� and ��� in reduced TiO2 and its role in the visible light photocatalysis are still 

under intense debate. Interestingly, both ��� and �� may coexist in the reduced TiO2 though 

in different concentration, depending on the chemical synthesis and post-growth thermal 

treatments under different environments. Therefore, it is important to provide a detailed 

description and understand the specific role of each native defect in reduced TiO2. Native 

TH-1277_09612109



������������������������������������������������������������
�������
������������
�����������
�������������������	
������������������� ���

defects could influence both visible light absorption and may reduce the electron-hole 

recombination, which results in enhancement of highly promising photocatalytic effect in this 

novel material. Recently, Liu et al.3 reported the enhanced visible light photocatalysis in Ti3 + 

self-doped TiO2 materials. The concentration of the native defects typically depends on the 

growth conditions. However, the nature of band gap states induced by the ��� is yet to be 

identified experimentally. It is therefore imperative to understand the evolution of the native 

defects in band gap engineered TiO2 nanostructures with different growth/processing 

conditions and identify the defects responsible for enhanced photocatalytic and photovoltaic 

performance. 

The recent growth in theoretical interest in the electronic structure of point defects in 

TiO2 has yielded powerful calculation approaches that predict more precise energy levels in 

the band gap caused by �� and ���.
18, 19  Though there have been some experimental 

confirmations of these native defects by various groups,2, 6, 17, 20  experimental confirmation of 

predicted energy levels of ��� have remained challenging. The diffusion of ��� defects from 

surface to bulk during heating in reduced atmosphere and opposite effect that occurs in 

oxygen atmosphere have been addressed by some groups.6, 7 However, the assignment of the 

point defects to specific photoluminescence (PL) emission in TiO2 polymorphs (mainly 

anatase and rutile) remains unclear and is highly debated. Though visible PL emission is 

common in defective TiO2, which has been attributed to oxygen vacancies,21-23 there is no 

systematic understanding on the near-infrared (NIR) PL emission in TiO2. S ome reports 

suggested that it is the intrinsic defects in rutile TiO2
21, 24 that gives rise to NIR PL. 

M ontoncello et al.25 reported the NIR PL at 1 .5 1  eV  for both phases (anatase and rutile) at 

low temperature (1 1  K ), and the spectra were interpreted as the phonon replica effect, 

originating from ionization of oxygen vacancies. A  recent report on the NIR PL emission 

from large band gap Z nO was explained on the basis of donor-acceptor transition between �� 

and Z n vacancies and the radiative recombination of shallowly trapped electrons with deeply 

trapped holes at interstitial ��.
26 However, there is no in-situ study, to the best of our 

knowledge, on the evolution and origin of NIR PL emission and its relation, if any, to the 

enhanced visible absorption in TiO2 nanostructures in pure TiO2(B), anatase, rutile, and its 

mixed phases. 

TH-1277_09612109



������������������������������������������������������������
�
��� ���	
���
�

Herein, through careful in-situ photoluminescence studies under controlled 

environment, we attempt to identify the specific defect responsible for the red shift in the 

absorption edge, visible and NIR PL emission in undoped TiO2 NRbs grown by a 

solvothermal techniq ue. In particular, monitoring the time evolution of the visible and NIR 

PL emissions at low temperature, under high vacuum and oxygen environment, allows us to 

distinguish and unambiguously identify the defect states associated with �� and ���.
27

 

Interestingly, we observed a wide range of visible absorption from these undoped TiO2 NRbs 

fabricated under various growth conditions, and we demonstrate that ��� rich samples have 

higher red shifts in the absorption edge, which is crucial for more efficient visible light 

photocatalysis in TiO2-based materials. Based on our experimental observations, the origin of 

the tunable NIR PL from TiO2 NRbs has been traced to surface Ti interstitials for the first 

time.27 The identification of ��� states in the band gap of undoped TiO2 NRbs is considered 

an important step in further exploitation of defect engineered undoped TiO2 nanostructures 

and is believed to be an important milestone in realizing improved visible light photocatalytic 

and photovoltaic applications of this novel material. 

 

4.2. G row th  of T iO 2 na norib b ons  

A natase TiO2 powders (average particle size ~ 8 0  nm), sodium hydroxide (NaOH) pellets, 

and ethylene glycol were used as received from M erck. In a typical synthesis, 0 .27 5  g of 

anatase TiO2 powder was mixed with 60  ml of 1 0  M  NaOH in mixed solvent (DI 

water/ethylene glycol =  1 :1 ) under stirring for 1  h, a milky solution was obtained. A fterward, 

the mixed solution was transferred into a Teflon-lined autoclave. During the growth process, 

the temperature inside the autoclave was monitored and maintained at 1 8 0 , 20 5 , and 23 5  ° C  

under autogenous pressure and constant magnetic stirring at 25 0  rpm for 1 6−24  h. The 

formed precipitates were obtained by centrifugation and washed several times with DI water. 

S ubseq uently, the products underwent an ultrasonic treatment with 0 .1  M  HC l until the pH 

~ 7  and finally the precipitates were calcined at different temperatures in the range 5 0 0 −9 0 0  

° C  for 5  h in air. The vacuum annealing of the sample grown for 1 6 h followed by 5 0 0  ° C  

calcinations was performed at 3 0 0  ° C  under 1 .2 ×  1 0 −2 mbar pressures for 2 h. F or 

convenience of discussion, the TiO2 NRbs samples are categorized according to different 

growth temperature, reaction duration and calcinations temperatures. S amples grown at fixed 
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reaction temperature of 1 8 0  ° C , 1 6 h are categorized as “ A ”  series and after calcination at 

5 0 0 , 7 0 0 , and 9 0 0  ° C  are named as A 5 0 0 , A 7 0 0 , and A 9 0 0 , respectively. The A 5 0 0  after 

vacuum annealing is named as A 5 0 0 V . The samples grown at 23 5  ° C , 1 6 h reaction are 

termed as ‘B’ series and after calcinations at 5 0 0 , 7 0 0 , and 9 0 0  ° C  are named as B5 0 0 , B7 0 0 , 

B9 0 0 , respectively. S ample grown at 20 5  ° C  for 1 6 h reaction and calcined at 5 0 0  ° C  is 

named as C 5 0 0 . S amples grown at 1 8 0  ° C  after reaction time 24  h followed by calcinations 

at 5 0 0  and 9 0 0  ° C  are termed as D5 0 0  and D9 0 0 , respectively. S amples grown at 1 3 0  and 

1 5 5  °C  for 1 6 h reaction duration and calcined at 5 0 0  °C  are named as E 5 0 0  and F 5 0 0 , 

respectively. The details of the sample nomenclature and growth conditions are presented in 

T a b le  4.1.  

 

T a b le  4.1. Details of the samples: C rystal structure obtained from X RD and micro-Raman studies, 
M orphology obtained from F E S E M  and TE M  analyses, Band gap calculated from DRS  absorption 
spectra, and NIR PL peak position in PL spectra. 

 

S a m p le  

na m e  

G row th  

te m p e ra ture , 

dura tion, 

ca lcina tions  

 

C ry s ta l 

s tructure  

 

M orp h olog y  

N a norib b on 

s urfa ce  

f e a ture s  

 

B a nd 

g a p  

( e V )  

C e nte r of  N IR  

P L  p e a k s  ( e V )  

P e a k   

P 1 

P e a k   

P 2 

 
A 5 0 0  

 
1 8 0  °C , 1 6 h, 5 0 0  °C  

 
TiO2(B) 

 
Nanoribbons 

 
Nanopits 

 
2.3 4  

 
1 .21  

 
1 .4 7  

A 7 0 0  1 8 0  °C , 1 6 h, 7 0 0  °C  TiO2(B)-
anatase 

Nanoribbons Nanobricks 2.4 8  … .. … .. 

A 9 0 0  1 8 0  °C , 1 6 h, 9 0 0  °C  A natase-
rutile 

Nanoribbons … .. 2.29  1 .3 5  1 .4 7  

A 5 0 0 V  A 5 0 0  vac. annealed TiO2(B) … .. … .. … .. … .. … .. 

B5 0 0  23 5  °C , 1 6 h, 5 0 0  °C  A natase Nanoribbons Nanopits, 
nanostones 

2.64  1 .3 0  1 .4 7  

B7 0 0  23 5  °C , 1 6 h, 7 0 0  °C  A natase-
rutile 

Nanoribbons Nanostones 2.0 9  1 .3 4  1 .4 7  

B9 0 0  23 5  °C , 1 6 h, 9 0 0  °C  Rutile Nanoribbons Nanostones, 
nanobricks 

1 .9 8  1 .23  1 .4 7  

C 5 0 0  20 5  °C , 1 6 h, 5 0 0  °C  A natase Nanoribbons … .. 2.7 7  1 .27  1 .4 7  

D5 0 0  1 8 0  °C , 24  h, 5 0 0  °C  TiO2(B) Nanoribbons Nanobricks … .. … .. … .. 

D9 0 0  1 8 0  °C , 24  h, 9 0 0  °C  A natase-
rutile 

Nanoribbons Nanostones, 
nanobricks 

2.1 7  … .. … .. 

E 5 0 0  1 3 0  °C , 1 6 h, 5 0 0  °C  A natase Nanosheets … .. … .. … .. … .. 

F 5 0 0  1 5 5  °C , 1 6 h, 5 0 0  °C  A natase Nanorods … .. … .. … .. … .. 
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4.3. S tructura l s tudie s  

X-ray diffraction: The X RD patterns of solvothermal products synthesized at two different 

growth temperatures (i.e., 1 8 0  and 23 5  ° C ) after a 1 6 h reaction and different calcinations 

temperatures are shown in F ig . 4.1(a )  a nd (b ) , respectively. A ll the peaks correspond to 

TiO2(B) phase for A 5 0 0 ; however, for A 7 0 0  and A 9 0 0 , mixed phase TiO2(B)-anatase and 

anatase-rutile TiO2 with little signature of TiO2(B) are observed, respectively (F ig . 4.1(a )). 

W e observed pure anatase phase for B5 0 0 , mixed phase anatase-rutile for B7 0 0 , and pure 

rutile TiO2 for B9 0 0 . A t low growth temperature (1 8 0  ° C ) and calcinations temperature (5 0 0  

° C ), pure TiO2(B) phase is formed irrespective of reaction duration (F ig . 4.1(c)). On the other 

hand, at higher growth temperature of 23 5  ° C , anatase, mixed anatase-rutile and pure rutile 

phases were formed after 5 0 0 , 7 0 0 , and 9 0 0  ° C  calcinations, respectively (F ig . 4.1(b )). The 

X RD patterns of the samples grown at 1 3 0  and 1 5 5  °C  correspond to anatase phase, which 

are shown in F ig . 4.1(c) . 

 

 
F ig . 4.1. X RD patterns of: (a) A 5 0 0 , A 7 0 0 , A 9 0 0 ; (b) B5 0 0 , B7 0 0 , B9 0 0 ; (c) A 5 0 0 , D5 0 0 ; (d) E 5 0 0 , 
F 5 0 0 . Besides the pure TiO2(B), anatase and rutile phases, mixed phase TiO2(B)-anatase and anatase-
rutile are obtained for A 7 0 0 , A 9 0 0 , B7 0 0 . 
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F ig . 4.2. Raman spectra for TiO2 NRbs: (a) samples A 5 0 0 , A 5 0 0 V , D5 0 0 ; (b) A 7 0 0 , A 9 0 0 , D9 0 0 ; 
inset shows the relative shifts for E g(1 ) mode; (c) samples B5 0 0 , B7 0 0 , B9 0 0 , C 5 0 0 ; inset shows the 
relative peak shift of E g(1 ) mode (left panel) and magnified view with characteristic Raman modes of 
rutile TiO2 of sample B9 0 0  (right panel); (d) precursor TiO2 NPs. The peak positions are marked with 
corresponding to the wavenumber (cm-1 ). 

 

 

M icro-R am an s tu die s : V arious phases of the as-prepared NRbs were further confirmed from 

micro-Raman analysis. Raman modes in A 5 0 0 , A 5 0 0 V , and D5 0 0  correspond to pure 

TiO2(B) phase, as shown in F ig . 4.2(a ) . The intensity of A g mode at 1 4 7  cm−1  is decreased 

considerably for the A 5 0 0 V  and D5 0 0  compared to A 5 0 0 . Because A 5 0 0 V  is vacuum 

annealed, the reduction in intensity of the A g mode is attributed to the higher concentration of 

oxygen vacancies. A 9 0 0  and D9 0 0  show (F ig . 4.2(b )) the Raman modes of mixed phase 

anatase-rutile, while A 7 0 0  shows mixed phase TiO2(B)-anatase, consistent with the X RD 

analysis. A n up shift of E g(1 ) mode for the as-synthesized NRbs compared to the precursor 

TiO2 powder is shown in the inset of F ig . 4.2(b ) . Note that the Raman mode of precursor 

TiO2 powder is at 1 4 2 cm−1  (F ig . 4.2(d)). The blue shift of as-synthesized NRbs is primarily 

due to the oxygen vacancies in TiO2.
28-30  B5 0 0  and C 5 0 0  show the characteristic Raman 

TH-1277_09612109



������������������������������������������������������������
�$��� ���	
���
�

modes of anatase TiO2, while B9 0 0  shows the Raman modes of rutile TiO2 (F ig . 4.2(c)). 

B7 0 0  shows a mixed phase anatase-rutile TiO2. The inset of F ig . 4.2(c) , shows the blue 

shifting of the E g(1 ) Raman mode of the as-grown samples compared to precursor TiO2. Note 

that the larger blue shift is observed for the B5 0 0  and B7 0 0  compared to C 5 0 0 . F rom the PL 

study discussed later, we found that C 5 0 0  contains a high concentration of oxygen vacancies 

as compared to B5 0 0  and B7 0 0 . Hence, it is likely that the blue shift of the E g(1 ) mode in 

anatase TiO2 is not only associated with ��, but also related to other defects, for example, ��� 

in the NRbs. The Raman spectra are fully consistent with the X RD patterns for phase 

confirmation among different TiO2 polymorphs. 

 

4.4. F E S E M  a nd T E M  s tudie s  

F E S E M  im ag ing : The morphologies of the as-synthesized nanostructures as observed by 

F E S E M  are shown in F ig . 4.3. The low magnification image of sample A 5 0 0  (F ig . 4.3(a )) 

shows long and straight NRbs of TiO2 having length ~ 3 0 0  to ~ 3 0 0 0  nm and width ~ 64  to 

~ 260  nm. The corresponding high magnification image of the sample shows well resolved 

nanopits on the surface of the NRbs, as shown in inset of F ig . 4.3(a ) . The low magnification 

of sample A 7 0 0  shows NRbs of length ~ 8 7 0  to ~ 3 3 0 0  nm and width ~ 4 5  to ~ 1 8 0  nm (F ig . 

4.3(b )). The inset in F ig . 4.3(b )  shows the magnified image of sample A 7 0 0 , where NRbs 

with nanobrick-like structure on the surface are observed. The energy dispersive x-ray (E DX ) 

spectrum of A 9 0 0  is shown in F ig . 4.3(c) , which shows only Ti and O elements, indicating 

there is no impurity element. The atomic ratio of O/Ti is 1 .7 2, which is less than 2, indicating 

oxygen deficiency and thus, oxygen vacancies are present. F ig . 4.3(d)  shows the F E S E M  

image of B5 0 0 . Nanostones and nanopits like structure on the surface of NRbs are clearly 

seen for B5 0 0  sample. The F E S E M  image of B7 0 0  is shown in F ig . 4.3(e ) , which shows the 

nanostones of comparative larger size and are closely packed on the surface of NRbs. This 

indicates that the growth of the nanostones is increased as the calcination temperature is 

increased to 7 0 0  °C . F urther increase of calcination temperature to 9 0 0  °C  leads to large size 

nanobricks and nanostones like structures on the surface. The nanostones and nanobricks are 

arranged in a nice pattern that builds a micro-bridge like structures shown in F ig . 4.3(f ) . Thus 

the calcination temperature plays a vital role for the formation of different surface 

morphologies on the NRbs. The NRbs with moderate to high �� and diffusion of ��� exhibits 
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a wide variety of restructuring surface morphologies which includes nanopits and nanostones 

during various calcinations temperatures. These surface structures result from various 

�������	
− O and ���− O bond rearrangement due to the Ti interstitials that diffuse from the 

bulk to the surface during calcinations. Thus, the diffusion of ��� in TiO2 plays a major role 

in surface and interface-related phenomena when high temperature calcinations are involved. 

This may be similar to the TiOx (where x =  ~ 2) islands found by W endt et al.6 due to the 

diffusion of ��� in their scanning tunneling microscopy (S TM ) images during annealing. 

 

 
F ig . 4.3. F E S E M  image of the morphology of TiO2 nanostructures: (a) A 5 0 0  and (b) A 7 0 0  grown at 
1 8 0  °C ; (d) B5 0 0 , (e) B7 0 0  and (f) B9 0 0  grown at 23 5  °C . (c) E DX  spectrum of A 9 0 0 . 

 

 
T E M  im ag ing : F ig . 4.4(a )  shows a typical TE M  image of the sample A 5 0 0  showing 

nanoribbon like structure. F ig . 4.4(b )  shows the high magnification TE M  image of a single 

nanoribbon having well resolved nanopits of uniform shapes and sizes (diameter ~ 8  nm) on 

the surface of the nanoribbon. The selected area electron diffraction (S A E D) pattern of the 
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corresponding nanoporous nanoribbon is shown in the inset of F ig . 4.4(a ) , which indicates 

the single crystalline nature of TiO2(B) phase. The (1 1 0 ) crystal plane of TiO2(B) is indexed 

in the figure. A  typical HRTE M  lattice image of the nanoribbon is shown in F ig . 4.4(c) , the 

clear lattice fringe indicates that the as-synthesized products are well crystalline. The d-

spacing of 3 .5 5  Å  corresponds to the (1 1 0 ) crystal plane of TiO2(B) phase, which is also the 

highest intensity peak observed in the X RD pattern.  The TE M  images of A 7 0 0  are shown in 

F ig . 4.4(d)  –  ( f ) . Here again, NRbs with nanobrick and nanopit-like structures on the surface 

are clearly observed in high magnification image in F ig . 4.4( e ) . The nanopits of diameter 5 –

1 3  nm and nanobricks of width ~ 1 3  nm are formed on the surface of NRbs making them 

porous like structures, with highly active surface. The inset of F ig . 4.4(d)  shows the 

corresponding S A E D pattern.     It clearly dictates the tetragonal pattern of anatase TiO2 and  

 

 
F ig . 4.4. TE M  images: (a) A 5 0 0 ; (b) A 5 0 0  at higher magnification showing nanopits; (c) A 5 0 0 , 
lattice fringe; (d) A 7 0 0 ; (e) A 7 0 0  at higher magnification showing nanobricks; (f) A 7 0 0 , lattice 
fringe; (g) B5 0 0  showing nanostones and nanopits; (h) D5 0 0 , NRbs with nanobricks; (i) D5 0 0 , lattice 
fringe. The inset in (a) and (d) shows the corresponding S A E D patterns. 
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monoclinic pattern of TiO2(B) phase indicating mixed phase TiO2(B)-anatase is formed. The 

electron diffraction spots of monoclinic nature are joined by lines shown in the inset of F ig . 

4.4(d) . F ig . 4.4(f )  shows the HRTE M  lattice fringe with a d-spacing of 5 .28  Å  and 2.5 9  Å  

corresponding to (20 0 ) and (3 1 0 ) plane of TiO2(B) phase, respectively. The d-spacing of 3 .5 3  

Å  corresponds to (1 0 1 ) plane of anatase TiO2. F ig . 4.4(g )  shows the TE M  image of the 

sample B5 0 0 . Nanostones and nanopits-like surface morphology is observed on the NRbs 

surface. The TE M  images are fully consistent with the F E S E M  images. F ig . 4.4(h )  shows the 

TE M  image of sample D5 0 0 . Nanoporous NRbs with nanobricks on the surface are observed 

with no nanopits. The lattice fringe of a nanoribbon of sample D5 0 0  is shown in F ig . 4.4(i) . 

The d-spacing of 3 .5 5  Å  corresponds to (1 1 0 ) plane of TiO2(B) phase. Thus, growth 

temperature, reaction duration and calcination temperature strongly influence the surface 

morphology and resulting defects, for example, ���, ��� etc. in TiO2 and this plays a crucial 

role in tuning the electronic, optical and magnetic properties of the nanostructures. 

 

4.5. O p tica l a b s orp tion a nd P h otolum ine s ce nce  s tudie s  

U V -V is -N I R  ab s orp tion s tu die s : Light absorption characteristics of the solvothermally 

synthesized TiO2 nanostructures are shown in F ig . 4.5(a )  a nd (b ) . A ll the as-synthesized 

samples exhibit a red shift of the absorption edge and considerable absorption in the visible 

region (> 4 4 7  nm) compared to precursor TiO2 (3 8 0  nm). The absorption spectra for B5 0 0 , 

B7 0 0 , B9 0 0  and precursor TiO2 (PTiO2) NPs are shown in F ig . 4.5(a ) . Note that with higher 

calcinations temperature, the absorption edge extends up to yellow region of the visible 

spectrum. In F ig . 4.5(a ) , three steps of absorptions (i.e., 3 8 0 −4 20 , 4 20 −5 8 0 , and 660 −8 4 0  

nm) can be distinguished. The absorption in the 3 8 0 −4 20  nm range (violet region) arises due 

to the self-trapped states and shallow trap states �������	

�
  centers, while absorption in the 

range 4 20 −5 8 0  nm (blue, green, and yellow region) arises due to the deep trap states �
 

centers associated with the oxygen vacancies. However, the absorption in the range 660 −8 4 0  

nm (red region and extended up to NIR region) is prominent for samples calcined at higher 

temperature and it may be originated from the ��� defects that migrate to the near surface 

region during calcination. Note that B5 0 0 , B7 0 0  and B9 0 0  grown at higher reaction 

temperature show systematic red shift in the band gap to pure visible region, enabling strong 
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visible absorption in the undoped TiO2 and this is expected to exhibit strong visible light 

photocatalytic activity for hydrogen generation. The presence of regular lattice �������	

�
  trap 

center, �
 center, and interstitial ���
�
 are confirmed from our electron spin resonance (E S R) 

measurement discussed later.  

F ig . 4.5(b )  shows the absorption spectra of the samples grown with different reaction 

durations (i.e., 1 6 and 24  h) and calcined at 9 0 0  ° C . W ith an increase in reaction duration, 

visible absorption is clearly increased and this is caused by higher concentration of defects. 

The band gap is calculated from the linear fit to the linear portion of (�h�)
1 /2

 v e r sus h� plot 

and the data are presented in T a b le  4.1. Note that the band gaps of pure anatase phase of 

TiO2 NRbs (C 5 0 0  and B5 0 0 ) are relatively large (2.7 7  and 2.64  eV , respectively) compared 

to the other as-grown samples. However, we noticed that within the same phase, the band gap 

of B5 0 0  is narrower than that of C 5 0 0  grown at lower temperature. This indicates that 

samples grown at higher temperature followed by calcination at high temperature possess 

higher concentration of a particular defect that is largely responsible for reduction in the band 

gap. This is consistent with the theoretical predictions made by various groups.18, 19 , 31 

Interestingly, experimental evidence of band gap narrowing due to ���  defects is reported by 

W endt et al.6 M organ et al.31 reported a larger red-shift of absorption edge due to ���  defects 

as compared to that due to ��defects.  

Theoretical calculations suggested that a high vacancy concentration could induce a 

band of electronic states just below the conduction band.32 Z uo et al.33 reported the presence 

of a mini-band closely below the conduction band minimum, which is related to the oxygen 

vacancy, associated with Ti3 + and is responsible for the band gap narrowing in TiO2. S imilar 

observation related to oxygen vacancy induced band gap narrowing has been reported in Z nO 

system.34 M ore recently, Liu et al.3 reported the band gap narrowing of undoped TiO2 due to 

oxygen vacancies and Ti3 + species which showed enhanced visible light-driven 

photocatalytic oxidation on methylene blue and water splitting. F inazzi et al.19  reported that 

the presence of both �������	

�
  and ���

�
 species resulted in new states in the band gap (about 

1 −1 .5  eV  below the conduction band) of TiO2 materials. It will be shown that our results are 

more consistent with the Ti interstitial mediated red-shift of the band gap to visible region.27 

Note that the absorption edge of precursor TiO2 powder is at ~ 3 8 0  nm (3 .26 eV ), although 

PL studies show high concentration of oxygen vacancies present in it. Thus, oxygen 
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vacancies alone do not give rise to visible absorption. On the other hand, high temperature 

calcined NRbs shows considerable decrease in band gap from 2.7 7  to 1 .9 8  eV  (shown in 

T a b le  4.1) under different growth conditions as compared to precursor TiO2 powder (3 .2 

eV ). Our PL data presented below is consistent with the fact that these samples contain very 

low vacancy concentration. Thus, the control of Ti interstitials in TiO2 nanostructures hold 

the key to enhanced visible absorption and enhanced photocatalytic performance without 

introducing any external doping/impurities. 

 

 
F ig . 4.5. U V -visible-NIR absorption spectra: (a) B5 0 0 , B7 0 0 , and B9 0 0  grown at 23 5  ° C  and 
different calcinations along with precursor TiO2 NPs (PTiO2); (b) A 9 0 0  and D9 0 0  grown at different 
reaction duration and 9 0 0  ° C  calcinations; The insets in each case show the (�h�)

1 /2
 v s h� plot, 

indicating the indirect band gap for the corresponding absorption spectrum of each sample. Band gap 
energy is calculated from the extrapolated line (dashed) fitted to respective linear portions. Room 
temperature PL spectra for (c) A 5 0 0 , A 7 0 0 , A 9 0 0 , and A 5 0 0 V ; inset is the comparison of A 5 0 0  and 
D5 0 0 ; S pectrum for A 5 0 0 V  is vertically shifted for clarity. (d) B5 0 0 , B7 0 0 , and C 5 0 0 ; inset shows 
the magnified view of the visible PL in A 5 0 0 V  with G aussian peak fitting. 
 

 

 R oom  te m p e ratu re  p h otolu m ine s ce nce  s tu die s : To enable a more precise understanding on 

the nature of defects and related trap states within the band gap in TiO2 NRbs, PL studies are 
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performed on different samples. F ig . 4.5(c)  shows the room temperature and atmospheric 

pressure PL spectra of the samples grown at 1 8 0  ° C , 1 6 h. A ll the samples show broadly two 

peaks, one peak in the NIR range at ~ 1 .4  eV  and the other peak in the visible range at ~ 2.2 

eV . The broad visible PL is usually ascribed to oxygen vacancies in TiO2.
21, 23 The vacuum 

annealed sample A 5 0 0 V  shows highly enhanced visible PL emission as compared to as-

synthesized A 5 0 0 , indicating that the concentration of oxygen vacancies are dramatically 

increased after vacuum annealing, as expected. However, as calcination temperature is 

increased from 5 0 0  to 9 0 0  ° C , the intensity of NIR PL is clearly increased and the peak is 

blue-shifted. S imilar features are observed for the samples grown at 23 5  ° C  (F ig . 4.5(d)), 

where the PL intensity is about one order of magnitude higher. On the other hand, the 

intensity of visible PL is very low and does not change significantly with calcination 

temperatures. F urther, comparison of PL intensity for B5 0 0  and C 5 0 0  shows that NIR PL 

intensity is higher for growth at higher temperature (F ig . 4.5(d)). Thus, it is evident that 

higher the growth temperature and/ or higher the calcinations temperature, higher the NIR PL 

intensity. F urther, no correlation is found between the visible PL and NIR PL intensity in 

each sample, which indicates that the origin of these PL emissions is associated with 

distinctly different defects species (e.g., �� and ���). The inset in F ig . 4.5(c)  shows the 

comparison of PL spectra for A 5 0 0  and D5 0 0  that are grown/ calcined at low temperature. It 

is clear that at low growth temperature, NIR PL intensity is very low compared to higher 

growth temperature and both NIR and visible PL intensity increase with reaction durations. 

The broad visible PL could be fitted properly with four G aussian bands centered at 2.0 1 , 

2.29 , 2.60 , and 2.7 7  eV  for A 5 0 0 V  (inset of F ig . 4.5(d)). Note that the higher energy tail of 

the PL spectra is truncated due to the use of a 4 3 5  nm filter during the PL measurement. Peak 

1  is ascribed to self-trapped excitons located at TiO6 octahedra, while peaks 2 and 3  are 

ascribed to oxygen vacancy related trap states.21 The peak 4  is attributed to the presence of 

hydroxyl (OH) species which may form an acceptor level just above the valence band.23 

M oreover, upon the loss of an O atom in the TiO2 lattice, the electron pair that remains 

trapped in the vacancy cavity give rise to an F  center and one of the electrons in the F  center 

tends to occupy the neighboring Ti4 + ion and yield �������	

�
  center and �
 center states within 

the band gap of the material. M ore details of the formation mechanism will be discussed in 
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C ha p te r  5 . Here, we focus our attention to understand the evolution of visible and NIR PL 

emission and their origin. 

 

4.6. T e m p ora l de ca y  of v is ib le  p h otolum ine s ce nce  

The temporal decay of visible PL intensity with respect to increasing laser exposure time in 

air medium for the sample E 5 0 0  and F 5 0 0  are shown in F ig . 4.6(a )  a nd (b ) , respectively. W e 

observed that the PL intensity decays tri-exponentially with increase in laser exposure time 

after each 3  second intervals, as shown in the inset of F ig . 4.6(a )  (top panel) for the sample 

E 5 0 0 . The deconvolution of the visible emission is fitted by four G aussian peaks as in the 

previous graph for A 5 0 0 V  sample, which is shown in the inset of F ig . 4.6(a )  (bottom panel). 

The three oxygen vacancy related trap states (major peaks 2, 3  and 4 ) may be the reason for 

the tri-exponential PL decay with time. This indicates that after laser heating in air, the 

samples got oxidised and thus the defect concentrations due to oxygen vacancy are 

considerably reduced which results in the reduction of PL intensity in the visible region. A  

similar behaviour is observed for the sample F 5 0 0  (F ig . 4.6(b )). 

 

 

F ig . 4.6. Temporal decay of visible PL with laser on: (a) E 5 0 0 , (b) F 5 0 0 . The inset in (a), top panel 
shows the plot of integrated PL intensity vs time and tri-exponential decay fitting, indicating the tri-
exponential decay of visible PL with time. The inset in (a), bottom panel is the G aussian fitting of the 
visible PL. Note that the spectra in case were taken for a 3  sec interval, some of the spectra for E 5 0 0  
are not shown. 
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F ig . 4.7 shows the splitting of PL emission of sample E 5 0 0  after long time laser 

exposure in air with different laser power (mW ). A fter long time laser exposure in air, we 

observed that the oxygen vacancy concentration is reduced considerably due to laser induced 

oxidation. S ince the oxygen vacancies are more in these samples (E 5 0 0  and F 5 0 0 ), it is 

expected that the atmospheric O2 adsorbed on the surface of the sample and may inject 

rapidly into the TiO2 to occupy the oxygen vacancy positions with laser exposure in air 

which is similar to air annealing and occupy the vacancy site; as a result the oxygen vacancy 

concentration decreased considerably after laser exposure, which is reflected in our PL 

spectra (reduction of broad visible PL).  A fter long time laser exposure with higher laser 

power, it is observed that the broad visible PL is splitted into two peaks, i.e., an additional 

peak at 1 .9  eV  (visible red) besides the broad visible peak. However, the increase of both the 

splitted visible red peak and broad visible peak with increasing laser power may be due to 

more intense laser light. A  linear relationship between the integrated PL intensity and laser 

power is observed and is shown in the inset of F ig . 4.7. Note that before long time laser 

exposure in air, the PL emission shows high oxygen vacancy concentration having single 

peak, i.e., fresh spot with initial high vacancy concentration, which is shown in F ig . 4.7. It 

was recently reported that adsorbed isotopic oxygen is injected into the bulk rutile TiO2 as 

��
��  which underwent drift towards the surface due to space charge layers and retarded the 

diffusion of interstitials, promoting the exchange with lattice oxygen.35, 36 Presuming most of 

the �� near the surface in the sample E 5 0 0  are annihilated due to diffusion of atmospheric O2 

and shut down the path for further diffusing �� and creating separate ��
��  ions which 

facilitates creation of surface electronic bands. S o, the PL emission at 1 .9  eV  may be 

attributed to the surface electronic bands created by ��
��  ions within the band gap. Note that 

K amisaka et al.37 and Bjø rheim et al.38 reported occupied states of �����
� with q  =  -1 , -2 

within the band gap of anatase and rutile TiO2, respectively, using theoretical calculations. 

A n interstitial oxide ion ��
� binds with lattice oxygen and forming the most stable 

configuration of peroxide defects as �����
�.38-40

  Lee et al.18 reported that �� exhibits all three 

charge states, i.e., q  =  0 , -1  and -2 using screen-exchanged hybrid density functional 

calculations. They observed that neutral O interstitial and its -1  configuration form a 

dumbbell O-O bonded with a lattice oxygen while in -2 configuration, the O interstitial forms 

a separate ions, ��
�� . 
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F ig . 4.7. Laser power dependence visible PL for E 5 0 0  sample, showing the splitting of visible PL. 
The inset shows the linear relationship between integrated PL intensity and laser power. 
 

 

4.7. E S R  s tudie s  

E S R is an exceptionally powerful techniq ue in detecting the spin polarized charge state of 

defective TiO2 nanostructures. E S R spectra shown in F ig . 4.8 reveals that g =  1 .9 7 2 and 

1 .9 4 2 for B5 0 0  and g =  1 .9 7 0  and 1 .9 4 4  for B7 0 0 , indicating the presence of Ti3 + at regular 

lattice position and interstitial position, respectively.33, 41, 42 Note that C hester41 and 

K ingsbury et al.42 assigned E S R signal at g =  1 .9 4  to Ti3 + interstitial. M ore recently, Z uo et 

al.33 reported the E S R signals at g =  1 .9 7 5  and 1 .9 4 4  to Ti3 + species which were observed 

from experimental and simulation studies. These results are in close agreement with our E S R 

results. The g-value at 1 .9 9 4 , 1 .9 9 3 , and 2.0 0 1  are attributed to singly ionized oxygen 

vacancy F + center in B5 0 0 , B7 0 0  and C 5 0 0 , respectively. It is also believed that surface Ti3 + 

would react with adsorbed O2 which reduced to O− species and show an E S R signal at g =  

2.0 2.43 It may be noted that E S R is insensitive to Ti4 + species and hence no signal is expected 

from these species. This observation is very useful to identify the ���
�
 defects as well oxygen 

vacancy related �������	

�
  and F + centers. 
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F ig . 4.8. Room temperature E S R spectra for B5 0 0 , B7 0 0 , and C 5 0 0 . The respective g-values are 
indicated in each case. 

 

 

4.8. In-s itu p h otolum ine s ce nce  unde r controlle d e nv ironm e nt 

To ascertain further the origin of visible and NIR PL emission from TiO2 nanostructures, we 

performed in-situ PL measurements under controlled environments. The enhancement of 

visible PL after vacuum annealing strongly supports the fact that the visible PL in the TiO2 

NRbs is due to oxygen vacancy induced states. F or monitoring the NIR PL under controlled 

environment, the Ti interstitial rich A 9 0 0  was mounted inside a high vacuum chamber and 

the chamber was evacuated to a pressure of 5  ×  1 0 −5  mbar and PL measurements were 

performed with 4 0 5  nm laser at room temperature (RT) with 1 0  mW  power (at source). 

Interestingly, the RT PL spectrum under vacuum shows both visible and NIR emission bands 

(with two peaks at 1 .4 7  and 1 .4 0  eV ), as shown in F ig . 4.9 ( a ) . On the other hand, with the 

controlled introduction of air (oxygen) into the vacuum chamber, the PL spectrum evolves to 

a very weak visible emission and a strong NIR emission with a single peak at 1 .4 7  eV . The 

disappearance of visible emission with air/oxygen exposure is consistent with the fact that 

oxygen vacancy concentration is dramatically reduced due to the laser induced heating in 

oxygen environment. This is also accompanied by the disappearance of one of the NIR peak 

at 1 .4 0  eV . Note that A 9 0 0  underwent calcinations at 9 0 0  ° C  in air before the PL 

measurement. During PL measurement under vacuum, the laser exposure causes local 
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heating of the sample and introduces oxygen vacancies, and some of the lattice Ti3 + migrates 

to the interstitial sites, since the process is eq uivalent to vacuum annealing. Thus, the strong 

visible band and the lower energy NIR PL band (at ~ 1 .4 0  eV ) observed under high vacuum 

arise from the oxygen vacancy and Ti3 + interstitial defects, respectively. The strong NIR PL 

at ~ 1 .4 7  eV  remains unchanged in intensity and center position when oxygen is introduced in 

the vacuum chamber. Thus, the NIR PL originates from a defect that is independent of the 

oxygen vacancy and Ti3 + defects in reduced TiO2. Our results strongly indicate that Ti4 + 

interstitials that migrate to the surface during the high temperature calcinations are indeed 

responsible for the NIR PL at 1 .4 7  eV . Thus, the in-situ PL under vacuum and oxygen 

environment enables us to clearly distinguish between the defect states caused by Ti3 +, Ti4 + 

and �� defects.27 

S ince the laser exposure during the PL measurement at RT causes dynamic change in 

defect population in reduced TiO2 owing to the local heating and oxidation effects, we 

undertook low temperature PL measurements under high vacuum to ascertain further the 

origin of NIR PL at ~ 1 .4 7  eV . F or this experiment, Ti interstitial rich A 9 0 0  was again chosen 

that shows strong NIR PL at room temperature and atmospheric pressure (F ig . 4.5(c)) and the 

sample was cooled down to a temperature of 1 1  K  under high vacuum. In-situ temperature-

dependent PL spectra for A 9 0 0  are shown in F ig . 4.9 ( b ) . W e noticed that at very low 

temperatures (21 -61  K ), there is no remarkable change in NIR PL intensity with temperature 

indicating that laser-induced local heating is not efficient at such low temperatures. F urther, 

the temperature q uenching of PL is not significant since PL intensity at low temperature and 

room temperature was eq ually high. However, a marked reduction of PL intensity is 

observed when the sample temperature increased beyond 61  K  up to 28 1  K  (see inset of F ig . 

4.9 ( b )). Note that the intensity of NIR PL at RT and atmospheric pressure for A 9 0 0  was very 

high prior to the cooling for low temperature PL measurement under high vacuum. S ince the 

measurement was carried out under high vacuum, it may be possible that the oxygen 

vacancies are increased with the increasing laser heating at higher temperature. If the 

evolution of NIR PL has any relation to the oxygen vacancy, then the intensity should be 

enhanced with increasing the temperature. However, since we observed a systematic 

reduction in NIR PL intensity with increasing sample temperature, the NIR PL cannot be 

related to oxygen vacancy as well as �������	

�
  defects. W e believe that the gradual decrease of 
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NIR PL by the laser annealing in vacuum is due to the ��� migration from the near surface 

region to the bulk in A 9 0 0 , which occupy the regular Ti lattice site so that there is a reduction 

of ��� defects. Note that laser induced local heating is effective when the sample temperature 

is near room temperature, while for the sample maintained at low temperature the local 

heating is less efficient due to heat dissipation to the sample holder, despite tight focusing of 

the laser beam on the sample.  

Interestingly, direct evidence for ��� migration from surface to bulk of rutile TiO2 

under similar experimental conditions were provided by Henderson44 through temperature 

programmed static secondary ion mass spectrometry (S S IM S ) measurements. It was 

demonstrated that when a rutile reduced TiO2 is vacuum heated above 7 0 0  K , the diffusion of 

Ti interstitial from the surface to bulk takes place, instead of out diffusion of bulk oxygen 

atoms. M ore recently, this was demonstrated for anatase TiO2 as well.45 Therefore, our 

results provide clinching evidence that due to the migration of Ti interstitials from surface to 

the bulk region, the NIR PL at ~ 1 .4 7  eV  gradually diminishes and these surface Ti4 + 

interstitials are unambiguously the origin of the NIR PL at ~ 1 .4 7  eV  in undoped TiO2 NRbs. 

Note that in the present case Ti interstitial migration may be taking place at a temperature 

much lower than 7 0 0  K , because local heating may not be as high as 7 0 0  K  with 1 0  mW  (at 

source) laser excitation. W e believe that due to lower sensitivity of the S S IM S  that the 

sensitivity of PL techniq ue, the Ti migration was detected at a higher temperature than the 

actual temperature req uired to initiate the process of Ti migration under high vacuum. W e 

anticipate that during laser exposure of the TiO2 NRbs near room temperature, the local 

temperature rise may be as high as 5 0 0  K  in TiO2 nanopowders that may have relatively 

weak thermal contact with the S i substrate used for the PL measurements and around this 

temperature ��� migration starts taking place that could be monitored through PL due to its 

extremely high sensitivity. In the case of S i nanocrystal film on q uartz substrate, the local 

temperature rise was found to be as high as ~ 1 0 0 0  K  for a laser power density of 5  kW cm−2 

during laser Raman measurements with continuous wave 4 8 8  nm laser.46 U nfortunately, no 

such data is available for TiO2 nanostructures. Though the incident laser power density is 

estimated to be about 1  kW cm−2 in our case, accurate estimate of the local temperature rise is 

not feasible here due to nonavailability of thermal conductivity data for TiO2 NRbs. 
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F ig . 4.9 . (a) In-situ PL spectra for A 9 0 0  under vacuum and after oxygen exposure with laser ON. The 
visible emission and lower energy NIR peak drastically goes down, while the other NIR peak at ~ 1 .4 7  
eV  remains unchanged. (b) Low temperature PL spectra under high vacuum for A 9 0 0  at different 
temperatures. The inset shows change in integrated PL intensity as a function of temperature. 

 

 

In order to gain a better insight into the entire range of band gap states responsible for 

the NIR PL peaks, we measured extended NIR PL at RT using an InG aA s detector and 

results are shown in F ig . 4.10 (a ) . The NIR peaks are found to be broad and the mean position 

shows a blue-shift as the calcinations temperature is increased. The broad peak consists of 

two G aussian peaks centered at 1 .27  and 1 .4 7  eV  for C 5 0 0 , as shown in F ig . 4.10 (b ) . The 

broad peak may be due to the size distribution of the NRbs and broad distribution of 

electronic sates in the band gap causes band gap reduction, as observed from absorption 

studies. A s discussed before, these peaks are attributed to Ti3 + and Ti4 + interstitials. The peak 

position for Ti3 + slightly varies in different samples and the extracted peak positions (peaks 

P1  and P2) are presented in T a b le  4.1. The time-resolved PL (TRPL) studies on C 5 0 0  at 

emission energy 1 .3 0  eV  show PL decay in microsecond time scale (F ig . 4.10 (c)). The TRPL 

spectra can be fitted by a bi-exponential decay curve with time constant �� =  1 .1  �S  and �� =  

3 2.8  �S . This result reveals that two defect states contribute to the broad NIR PL, consistent 

with the steady state PL spectrum. The fast decay and slow decay correspond to contributions 

from peaks at 1 .27  eV  (P1 ) and 1 .4 7  eV  (P2), respectively.  It is observed that peak P2 at 

1 .4 7  eV  remains unchanged in energy for all samples, while the peak P1  at lower energy side  
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F ig . 4.10 . (a) E xtended range NIR PL spectra of A 9 0 0 , B5 0 0 , B7 0 0 , and C 5 0 0  using an InG aA s 
detector. The spectra are vertically shifted for clarity of presentation. V ertical dotted lines indicate the 
respective peak positions for two groups of samples. (b) G aussian fit to the NIR PL for C 5 0 0  showing 
two symmetric peaks centered at 1 .27  and 1 .4 7  eV . (c) TRPL spectrum of C 5 0 0  at 1 .3 0  eV  emission, 
the symbols represent experimental data and the solid line represents fitted curve with double 
exponential decay. The time constants of decay are indicated in each case. (d) S chematic band 
diagram illustrating the physical origin of the visible and NIR PL emissions. S ee text for details. 

 

 

varies from 1 .21  to 1 .3 4  eV  depending upon the samples growth and calcinations 

temperatures. Hence, the peak P2 at 1 .4 7  eV  is attributed to ���
�
, while the peak P1  is 

assigned to ���
�
 defects. The relative intensities of these two peaks depend on the history of 

PL measurements environment. Note that E S R spectra confirmed the presence of ���
�
 

defects. Therefore, our results are consistent with the fact that the migrated ���
�
 at the 

surface interact with O2 in air during high temperature calcinations and a majority of these 

species are converted to Ti4 + oxidation states.27 S o, the peak P1  is shifted toward higher 

energy as the calcinations temperature increases. Note that a very weak and broad NIR PL is 

also observed for oxygen vacancy rich A 5 0 0 V  compared to other as-synthesized samples, 
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with the InG aA s detector, indicating the presence of low concentration of ��� defects in 

A 5 0 0 V . F urther, we noticed that as the growth temperature increases from 1 8 0 −23 5  ° C , 

visible PL band decreases systematically and NIR PL band successively evolves and 

intensity increases. S o, the evolution of NIR PL is dominant at higher temperature heat 

treatment, that is, both higher growth and calcinations temperatures in air. The samples with 

strong NIR PL have stronger and extended range visible absorption, as shown in F ig . 4.5. 

These results strongly suggest that strong visible absorption and NIR PL emission are caused 

primarily by the Ti interstitial defects. F inally, the effect of various surface morphologies that 

evolve during calcinations on the visible and NIR PL cannot be fully ignored. F urther studies 

combined with in-situ S TM  and photoelectron spectroscopy may shed more light on the local 

structure of these defects and distribution of band gap states in undoped TiO2 nanostructures. 

 

4.9 . D is cus s ion 

Lauer47 reported a 1 .7 0  eV  NIR PL emission for high temperature annealed (9 0 0 −1 0 0 0  ° C ) 

Z nO in O2 ambient and suggested that the PL results from electron transition from the 

conduction band edge to a hole trapped in the bulk at 1 .60  eV  above the valence band edge. 

Recently, W ang et al.26 reported splitting of broad visible-NIR PL to separate green (2.3 1  

eV ) and NIR (1 .64  eV ) emissions for 8 0 0  ° C  air-annealed Z nO microstructure and finally the 

NIR band dominated at 1 0 0 0  ° C . They suggested that the NIR emission is due to donor-

acceptor transition between oxygen vacancy and zinc vacancy and/or radiative recombination 

of shallowly trapped electrons with deeply trapped hole at interstitial �� defect. S hi et al.21 

reported the NIR PL emission at ~ 1 .4 9  eV  when the TiO2 was calcined at > 5 0 0  ° C  and the 

peak was more intense after 9 0 0  ° C  calcinations. The authors carried out in-situ PL 

measurement with O2 and H2 treatment as an oxidation and reduction atmosphere for the 9 0 0  

° C  calcined sample and observed that the NIR PL bands are increased after oxidation 

treatment in O2 and decreased after reduction treatment in H2. It was suggested that NIR 

luminescence is due to intrinsic defects in rutile TiO2. Note that here the B5 0 0  is purely of 

anatase phase, as confirmed from the X RD and Raman analyses. W e observed strong NIR PL 

signal in B5 0 0  and A 9 0 0 . F urther, we observed the NIR PL emission in pure TiO2(B), mixed 

phase TiO2(B)-anatase and anatase-rutile besides the broad visible PL emission. Our results 

suggest that NIR PL in TiO2 is not the intrinsic property of rutile phase only, contrary to the 
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earlier report.21 Therefore, it appears that the high temperature heat treatment actually results 

in the migration of intrinsic defects from the bulk to the surface and evolution of NIR PL 

emissions in both TiO2 and Z nO systems.  

W e noticed that A 5 0 0 , A 7 0 0 , and A 9 0 0  show the visible PL band intensity in the 

order A 7 0 0  >  A 9 0 0  >  A 5 0 0 , whereas the NIR PL in the order A 9 0 0  >  A 7 0 0  >  A 5 0 0 . Our 

experimental results reveal that the calcinations of as-grown solvothermal product at various 

temperatures in air is a more complex than a simple vacancy filling process as is usually 

believed, owing to the peculiar behavior of NIR and visible bands observed here. A t a typical 

calcinations temperature, the samples with moderate to high oxygen vacancies and ��� 

defects exhibit a wide variety of restructuring surface morphologies that includes the 

formation of nanopits, nanobricks and nanostones on the surface of TiO2 NRbs. These 

surface structures result from the various �������	
-O and ���-O bond rearrangements due to 

the Ti interstitials that diffuse from the bulk to the surface during calcinations. There has 

been evidence for diffusing native point defects in bulk rutile playing a major role in surface 

and interface related phenomena when high temperature annealing is involved.48, 49  W hen a 

reduced rutile TiO2 (1 1 0 ) crystal is exposed to O2 at elevated temperatures, diffusion of Ti 

interstitial to the surface has been reported6, 50 , 51 and the opposite effect occurs during 

vacuum annealing.7, 52 Iddir et al.53 reported that the Ti interstitials with small migration 

barriers are the major diffusive species compared to oxygen vacancies by using a b  initio  

calculation. S ince the behavior of two PL bands (NIR and visible) are different, it is ascribed 

to a difference in trapping probability and expected to originate from different sources of 

point defects in TiO2 NRbs. Therefore, besides the ��, ��� must be also considered as an 

active defects in reduced TiO2 and it may strongly influence various properties of the 

material, such as band gap narrowing and photocatalytic activity. A t moderate calcinations 

temperature of 7 0 0  ° C , the dehydration of as-grown solvothermal products takes place and 

the oxygen vacancies are increased for the A 7 0 0  as compared to A 5 0 0  and the molecular O2 

may not interact with the material at this stage. A t higher temperature 9 0 0  ° C , the molecular 

O2 interacts with surface of the materials and start filling oxygen vacancies and the near 

surface ��� diffuse to the upper surface layer, where reaction with O2 molecules is more 

likely. The Ti interstitial diffusion proceeds via an exchange mechanism53 in which a Ti atom 

on a regular lattice site is released to an interstitial site toward the surface and subseq uently 
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the lattice site is occupied by the original Ti interstitial atom from a deeper layer. S o, we 

believe that the gradual increase of NIR PL with calcinations temperature may be due to the 

creation of more ��� defects in the near surface layers.  

Therefore, our experimental finding provide convincing evidence that visible PL 

primarily originates from oxygen vacancies, while the extended visible absorption as well as 

NIR PL emission are due to the interstitial ��� defects in reduced TiO2. The native defects 

such as �� and ��� create deep trap states within the band gap of TiO2 which act as 

luminescence centers for visible and NIR PL, respectively. Note that the ��� defect trap states 

are deeper than the �� trap states below the conduction band as theoretically predicted by 

Lee et al.18 and F inazzi et al.19  Interestingly, the measured energies for the ��� states are close 

to the theoretically predicted energy levels of 1 .3  eV  above the valence band54 or 1 .3  eV  

below the conduction band.18 S ince the measured band gap in the Ti interstitial rich TiO2 

NRbs lies in the range 1 .9 8  to 2.64  eV  (see T a b le  4.1), the predicted results matches 

remarkably well with our experimental data. The location of these trap states which are 

responsible for the evolution of strong visible and NIR PL emissions is summarized in the 

schematic band diagram shown in F ig . 4.10 (d) . The photogenerated electrons are initially 

excited to the conduction band of TiO2 on irradiating laser light (4 0 5  nm) and then relaxed to 

the defect states. The visible PL is due to the transition of electrons from self-trap exciton, 

���
�
 center, F + center trap states to the valence band and F + center state to acceptor level due 

to OH− species.23 The NIR PL emissions are due to the transition of electron from ���
�
 and 

���
�
 defect trap states to the valence band. 

 

4.10 . C onclus ions  

U ndoped TiO2 NRbs with nanopits, nanobricks, and nanostones like surface morphologies 

were successfully synthesized by a simple solvothermal method followed by calcinations. 

W ith higher calcination temperatures, absorption edge systematically red-shift up to visible 

(yellow-red) region for these undoped NRbs, which is very important for enhanced visible 

light photocatalysis. Our in-situ PL studies under controlled environment provide conclusive 

evidence that visible PL band originate from oxygen vacancy states that can be manipulated 

easily. Low temperature in-situ PL studies provide clinching evidence for the Ti surface 
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interstitials being responsible for the NIR PL emission at 1 .27  and 1 .4 7  eV , identified for the 

first time. The U V -visible-NIR absorption spectroscopy shows reduced band gap due to the 

presence of �� and ��� defect states within the band gap of TiO2 NRbs. F urthermore, E S R 

studies confirmed the presence of �� and ��� defects in the NRbs in different samples, 

depending upon different growth conditions and post growth processing. The highly porous 

TiO2 NRbs developed in this work accompanied by identification of the defects responsible 

for strong visible absorption and NIR PL emission is considered as an important milestone 

for engineering the efficient visible light photocatalytic and photovoltaic applications of 

undoped TiO2-based materials. 
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Spintronic is an emerging technology where both charge and spin are used to transport, store, 

and process information in novel ways, providing enhanced performance and new 

functionalities in order to increase both speed and storage capacity in traditional 

microelectronic devices. In the recent decade, diluted magnetic semiconductors (DMS), in 

particular the ferromagnetic oxides have been at the forefront of research for spintronics and 

magneto-optic device materials.1-3
 More importantly, it was reported that transition metal 

(T M) doped as well as undoped T iO2 nanostructures exhibits room temperature 

ferromagnetism (R T F M).  H owever, in spite of several studies reported on T iO2-based DMS 

there is no clear agreement about the nature and origin of observed ferromagnetism (F M). In 

this study, we report on the intrinsic defects, i.e., oxygen vacancy induced F M at and above 

room temperature (R T ) in undoped T iO2 nanoporous nanoribbons (N R bs) synthesiz ed by a 

solvothermal method. T he origin of F M in as-synthesiz ed and vacuum annealed undoped 

N R bs grown for different reaction durations followed by calcinations was investigated by 

several experimental tools. It will be demonstrated that a large concentration of oxygen 

vacancies with high thermal stability indeed results in stronger R T F M compared to those 

previously reported in undoped/ doped T iO2 systems. 

 

5.1. I n t r o d u c t io n  

T he discovery of ferromagnetism in Co-doped T iO2 with a Curie temperature (T C) exceeding 

30 0  K  3 was crucial in expanding the field of DMS to oxides, leading to a rapid development 

of new materials and phenomena arising from a synergy of semiconductor physics and 
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strongly correlated systems. A s a result, intensive attention has been focused on DMS such as 

transition metals (T M) doped Z nO,4 SnO2,
5 In2O3

6 and T iO2
7 due to realiz ation of room 

temperature ferromagnetism (R T F M) in these systems. A mong various oxide based DMS, 

T iO2 has drawn extensive research interest because it is an excellent photo-catalyst for water 

splitting and it possesses good optical transmission in the visible and near infrared region 

mak ing it a suitable candidate for magneto-optic devices as well. H owever, in spite of several 

studies reported on T iO2-based DMS, there is no clear agreement about the nature and origin 

of the observed ferromagnetism (F M). Some reports suggested segregation and the formation 

of T M clusters as the origin of F M signal,8 , 9  while most recent results strongly hints at the 

intrinsic nature of F M mediated by carriers or defects.7, 10 , 11 T hese controversial results 

among research groups suggest that the magnetic properties of DMS materials are critically 

dependent on fabrication, growth conditions, and doping agents. Compared to other methods 

of preparation, solvothermal method is very simple, low cost, and one can easily tune the 

surface defects by controlling the growth temperature, reaction duration etc. Interestingly, 

some of the outstanding work s revealed no evidence of ferromagnetic ordering of the active 

doped metal in Co, Mn doped Z nO systems.12-14 U sing ab initio electronic structure 

calculation, P andey and Choudhary15 argued that an oxygen vacancy leads to electron doping 

in T iO2 system, but does not induce an appreciable magnetic moment. More recently, H oa 

and H uyen16 reported enhanced F M in undoped T iO2 nanowire as compared to N i doped 

T iO2 nanowire. F urther, R T F M have been observed in a wide range of undoped oxides such 

as T iO2,
17 H fO2,

18  In2O3,
17 SnO2

19  and Z nO.20  T hese help to settle the controversies about the 

issues related to the role of defects in the ferromagnetic ordering. In fact, Sundaresan and 

R ao21 suggested F M as a universal feature of inorganic nanoparticles where the F M was 

confined to the surface of the nanoparticles. H owever, unambiguous determination of the 

nature of defects responsible for the observed F M remains a considerable challenge to the 

researchers. It is unclear whether oxygen vacancy or T i vacancy defects contribute to the 

magnetic moments, since both titanium and oxygen vacancies were proposed to be 

responsible for the F M in undoped T iO2. On the other hand, theoretical22 studies indicated 

that cation vacancies and divacancies are ferromagnetically coupled. Interestingly, more and 

more theoretical and experimental23, 24 evidences show that the magnetic ordering of undoped 
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T iO2 is strongly related to oxygen vacancy and thus it was thought to be source of R T F M in 

undoped semiconducting oxides. 

T ill date, most of the reported F M in undoped T iO2 was for thin films11, 17, 23, 24 and 

nanoparticles.21, 25 T he observed F M in undoped thin films and nanoparticles are usually 

weak  and might originate from surface defects such as oxygen vacancies and/or interface 

defects. Compared to thin films and nanoparticles, one dimensional (1 D) T iO2 nanostructures 

such as nanowires, nanorods and nanoribbons (N R bs) with high surface area can possess 

abundant surface defects, thus the intrinsic F M could be enhanced. Moreover, 1 D 

nanostructures are favored over nanoparticles in terms of electron transport, storage and 

information processing that can enhance the performance of spintronic devices at the 

nanoscale for practical applications. A lthough little information about the magnetic 

properties of 1 D anatase T iO2 nanowire,26 rutile T iO2 nanowire16 and vanadium doped 

T iO2(B)27 nanotubes are available in the literature, to the best of our k nowledge, there is no 

report on the intrinsic R T F M in undoped T iO2(B) nanoporous N R bs.  

Our present attempt in this study is to control the magnetic moments which are solely 

due to intrinsic defects and explore a better understanding about the origin of observed F M in 

undoped 1 D T iO2 system. H ere, we grow T iO2 nanoporous N R bs by an ethylene glycol 

mediated solvothermal method. W e investigate the optical and magnetic properties and the 

origin of R T F M in the undoped T iO2 N R bs. T he high surface area and higher concentration 

of surface defects, such as oxygen vacancies, expected in these nanoporous N R bs could 

ultimately lead to enhanced ferromagnetic ordering and strong ferromagnetism even at room 

temperature.28   

�

5.2. G r o w t h  o f  T iO 2 n a n o p o r o u s  n a n o r ib b o n s  

T he growth of undoped T iO2 N R bs was already described in the previous chapter (C hap te r  

4). H ere one more sample, which is grown at 1 8 0  °C for 4 8  h reaction and calcined at 5 0 0  °C 

is included in this study. T he sample is named as G 5 0 0 . T he nomenclatures of the other 

samples are same as those in the C hap te r  4 (see T a b le  4.1). T he samples A 5 0 0 , A 7 0 0 , A 9 0 0 , 

A 5 0 0 V , B5 0 0 , B7 0 0 , B9 0 0 , D5 0 0  and D9 0 0  are considered for the study of structural, 

optical and magnetic properties in this chapter. 
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5.3. S t r u c t u r a l a n d  m o r p h o lo g ic a l s t u d ie s  

XRD patterns: T he X R D patterns of the samples are shown in the previous chapter, F ig . 4.1 

except the sample G 5 0 0 . F or the ease of discussion and understanding, the X R D patterns of 

some of the samples are shown in F ig . 5.1, which are important in this study. F ig . 5.1(a )  

shows the X R D patterns of samples of “ A ”  series, i.e., the samples grown at 1 8 0  °C after 1 6 

h reaction and different calcinations (5 0 0 , 7 0 0  and 9 0 0  °C). Samples A 5 0 0 , A 7 0 0  and A 9 0 0  

show the diffraction peak s corresponded to pure T iO2(B), mixed T iO2(B)-anatase and mixed 

anatase-rutile phase, respectively. F ig . 5.1(b )  shows the X R D patterns of A 5 0 0 , D5 0 0  and 

G 5 0 0 , and all the diffractions indicate the T iO2(B) phase. T hus, the T iO2(B) phase is formed 

after 5 0 0  °C calcinations irrespective of the growth durations. 

 

F ig . 5.1. X R D patterns: (a) A 5 0 0 , A 7 0 0  and A 9 0 0 , grown at 1 8 0  °C after 1 6 h reaction and different 
calcinations; (b) A 5 0 0 , D5 0 0  and G 5 0 0 , grown at 1 8 0  °C for the different reaction durations and 
calcined at 5 0 0  °C. 

 

Micro-Raman studies: T he R aman spectra of the samples A 7 0 0 , A 9 0 0  and D9 0 0  were 

shown in C hap te r  4 (F ig . 4.2), which are considered here for the magnetic property studies. 

T he R aman modes for the samples A 7 0 0 , A 9 0 0  and D9 0 0  shows the mixed phase T iO2(B)-

anatase and anatase-rutile, respectively (see F ig . 4.2(b ) , C hap te r  4). T he most intense R aman 

mode of anatase at 1 4 2 cm-1  in precursor T iO2 (F ig . 4.2(d ) , C hap te r  4) is found to be blue 

shifted for the as-synthesiz ed samples. Such a blue shift of the E g(1 ) R aman mode was 

interpreted as arising from different competing mechanism such as non-stoichiometry due to 
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oxygen vacancies or disorder induced defects and phonon confinement effects.29 , 30  F rom 

F E SE M and T E M images, we observed that the siz e of the N R bs is too large to induce 

phonon confinement effect and it is often orders of magnitude larger than the siz e of the 

precursor T iO2 nanoparticles. So, the phonon confinement effect is easily discarded. 

T herefore, we believe that the blue-shift in as-synthesiz ed N R bs is due to the reduced oxygen 

stoichiometry. T he R aman spectra for A 5 0 0 , A 5 0 0 V  and D5 0 0  are shown in F ig . 5.2. W e 

notice a relative reduction in intensity of the A g mode at 1 4 7  cm-1  after vacuum annealing of 

A 5 0 0 , while the intensities of other R aman modes remain almost unchanged. Moreover, the 

Bg mode of A 5 0 0  at 1 9 4  cm-1  is red shifted to 1 9 2 cm-1  after vacuum annealing (sample 

A 5 0 0 V ) indicating the introduction of additional defects, i.e., oxygen vacancies, by annealing 

in reduced atmosphere. T hus, R aman studies revealed that nonstoichiometric defects are 

present in the as-grown N R bs and additional defects are created by annealing the sample in 

reduced atmosphere, as expected. T he intensity of A g mode at 1 4 7  cm-1  is decreased 

considerably for sample D5 0 0  while other modes are more intense as compared to A 5 0 0 . 

T his result indicates that higher concentration of oxygen vacancy may be present in sample 

D5 0 0  as compared to A 5 0 0 .  

 

 
F ig . 5.2. R aman spectra for A 5 0 0 , A 5 0 0 V  and D5 0 0  showing various R aman modes of T iO2(B) 

phase. 
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F E S E M and T E M imag ing : T he morphologies of the precursor T iO2 (P T iO2), A 5 0 0 , D5 0 0  

and G 5 0 0  are shown in F ig . 5.3. T he F E SE M image of P T iO2 (F ig . 5.3(a )) shows the average 

particle siz e of ~ 8 0  nm. T he high magnification F E SE M image of sample A 5 0 0  in F ig . 

5.3(b )  shows the nanopits on the surface of N R bs grown at 1 8 0  °C using the P T iO2 

nanoparticles as precursor. T E M images of D5 0 0  and G 5 0 0  in F ig . 5.3(b )  a n d  ( c )  show the 

nanobrick s-lik e structures on the surface of N R bs. T he selected area electron diffraction 

(SA E D) pattern of the sample D5 0 0  in inset of F ig . 5.3(c )  shows the single crystalline nature 

of T iO2(B) phase. 

 

 
F ig . 5.3. F E SE M image: (a) P recursor T iO2 N P s, (b) A 5 0 0 ; T E M images: (c) D5 0 0 , (d) G 5 0 0 . T he 
inset in (c) shows the SA E D pattern of the corresponding N R bs. 
 
 

5.4. O p t ic a l a b s o r p t io n  s t u d ie s  

L ight absorption characteristics of the solvothermally synthesiz ed 1 D T iO2 nanostructures 

and the precursor T iO2 (P T iO2) are shown in F ig . 5.4(a ) . A ll the as-synthesiz ed samples 

exhibit a red shift of the absorption edge and considerable absorption in the visible region 

(> 4 20  nm). W ith the increase in calcination temperature from 5 0 0  to 7 0 0  °C, the absorption 
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edge shows slight blue shift whereas it is again red shifted for the sample calcined at 9 0 0  °C. 

It is reported that the band gap of T iO2(B), anatase and rutile T iO2 are 3.1 , 3.2 and 3 eV ,31 

respectively. Since there is a phase transition from T iO2(B) to mixed phase T iO2(B)– anatase 

and mixed phase anatase– rutile with calcination temperatures from 5 0 0 – 9 0 0  °C, respectively, 

the blue shift and red shift of absorption edges are expected. Interestingly, a clear absorption 

band at ~ 4 8 4  nm for the samples A 5 0 0  and A 7 0 0  indicates the transition involving oxygen 

vacancy-related intermediate deep trap states, which is shown in the inset of F ig . 5.4(a ) . T he 

indirect band gap of the samples are calculated from the (�h�)
1 /2

 v e r s u s  h� plot (F ig . 5.4(b )). 

T he band gaps are 2.34 , 2.4 8  and 2.29  eV  for the samples A 5 0 0 , A 7 0 0  and A 9 0 0 , 

respectively.  

 

 
F ig . 5.4. (a) U V -visible absorption spectra for P T iO2, A 5 0 0 , A 7 0 0 , A 9 0 0 ; (b) (�h�)

1 /2
 v e r s u s  h� plot, 

band gap is calculated from the extrapolated line (dashed) fitted to the respective linear portions. 
 

 

T heoretical calculations suggested that a high vacancy concentration could induce a 

vacancy band of electronic states just below the conduction band.32 Z uo et al.33 reported that 

the presence of a mini-band closely below the conduction band minimum which is related to 

the oxygen vacancy associated with T i3+  and is responsible for the band gap narrowing in 

T iO2. A  similar observation related to oxygen vacancy induced band gap narrowing has been 

reported in the Z nO system.34 R ecently, H oang et al.35 reported that interaction between T i3+  

and N  modified the band structure of T iO2 and are responsible for the enhancement in the 

water oxidation performance under visible light illumination. N ote that the absorption edge 

of precursor T iO2 powder is at 38 0  nm, the large red shift of the as-synthesiz ed N R bs may be 
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due to the shallow trap states created by oxygen vacancies associated with T i3+ , leading to a 

band gap narrowing. 

 

5.5. P h o t o lu m in e s c e n c e  s t u d ie s  

In order to confirm the nature of defects, photoluminescence (P L ) studies are performed on 

different samples. F ig . 5.5(a )  shows the room temperature P L  spectra of samples A 5 0 0 , 

A 7 0 0 , A 9 0 0 , A 5 0 0 V , D5 0 0  and G 5 0 0  under identical conditions of measurement with 

excitation of a 325  nm laser wavelength. T he observed broad visible luminescence is 

primarily related to self trapped excitons and oxygen vacancy related defect states in T iO2. 

N ote that the P L  intensity is lowest for the sample A 5 0 0 , while it is highest for A 5 0 0 V , about 

two orders of magnitude higher in intensity than that of A 5 0 0 , as shown in F ig . 5.5(b )  a n d  

( c ) . T he inset of F ig . 5.5(a )  shows the integrated P L  intensity for various samples. F or a 

clearer understanding on the origin of the broad P L  emission, the deconvolution of the peak  

was necessary. T he broad emission peak  could be fitted properly with four G aussian bands 

centered at 4 25 .0  (peak  1 ), 4 67 .7  (peak  2), 5 1 6.8  (peak  3), 61 1 .7  (peak  4 ) nm for A 5 0 0  and at 

4 32.6 (peak  1 ), 4 7 0 .1  (peak  2), 5 30 .5  (peak  3), 61 8 .3 (peak  4 ) for A 5 0 0 V , respectively as 

shown by the solid lines (blue curves). A ccording to the literature, peak  1  may be ascribed to 

self trapped excitons located at T iO6 octahedra, while peak  2 and 3 are ascribed to oxygen 

vacancy related trap states.36 P eak  4  is attributed to the presence of hydroxyl (OH -) species 

which may form an accepter level just above the valence band.28  

It is reported that the visible luminescence band originates from the oxygen vacancies 

associated with T i3+  in anatase T iO2.
36 More importantly, the P L  emission is enhanced by 

about two orders of magnitude in the vacuum annealed sample A 5 0 0 V  as compared to A 5 0 0 , 

strongly indicating that concentration of oxygen vacancies are dramatically high in vacuum 

annealed samples, as expected. Similarly, the P L  intensity is high for D5 0 0 . F rom the X P S 

analyses, it will be evident that the T iO2 N R bs are primarily oxygen deficient. U pon the loss 

of an O atom in T iO2 lattice, the electron pair that remains trapped in the vacancy cavity �� 

left behind a pair of electrons which give rise to an F center (eqn (5.1)).37 The basic 

assumption is that one of the electron in F centre tends to occupy the neighboring Ti4+ ion 

and yield Ti3+ center and F+ center (eqn (5.2)) forming a shallow and deep trap states, 

respectively which is explained in the following equations. 
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F ig . 5.5. R oom temperature P L spectra in the visible region: (a) A 50 0 , A 7 0 0 , A 9 0 0 , A 50 0 V , D 50 0 , 
and G 50 0 , inset shows the integrated P L intensity for different samples; (b) and (c) comparison of P L 
intensity for A 50 0  and A 50 0 V . E ach spectrum was fitted with four G aussian peak s (1, 2, 3 and 4). 
The deconvoluted spectra are shown with solid lines and experimental data are shown with symbols. 
(d) S chematic diagram illustrating the physical origin of visible P L emissions. S ee text for details. 

 

 

�� � ��� � �                                 (5.1) 

� � 	
�� � �� � 	

�                  (5.2) 

�� + �� � ��                                  (5.3) 

	

��+ �� � 	

�                            (5.4) 

Thus, Ti3+ center and F+ center (single electron associated with oxygen vacancies) are formed 

due to the absence of an oxygen atom. S hallow trap states identified with oxygen vacancies 

were reported at 0 .51eV 38  and 0 .8  eV 39  below the conduction band. The P L peak  at 467 .7  nm 

is coincident with shallow trap which can be assigned to Ti3+ states just below the conduction 

band, while P L emission at 516.8  nm is due to deep trap state which is associated with the F+ 
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center.40  The location of these trap centers responsible for the strong visible P L from TiO 2 

N R bs can be understood from the schematic band diagram shown in F ig . 5.5(d ) . The 

photogenerated electrons are initially excited to the conduction band of TiO 2 on irradiating 

the U V -light (325 nm) and then relaxed to the defect states. The defect states in TiO 2 are 

attributed to three different physical origins: self trapped exciton, oxygen vacancies and 

surface states. The emission at 425.0  nm originates from the self trapped excitons (S TE ) 

localiz ed in TiO 6 octahedra.40  The emission at 467 .7  nm is attributed to shallow trap states 

originated from oxygen vacancies associated with Ti3+, while the emission at 516.8  nm is 

attributed to deep trap states originated from oxygen vacancy associated with F+ center. 

P hotoluminescence is mostly a surface phenomenon, and a change in the surface 

environment would have a significant effect on the photoluminescence process. D ue to a 

large surface area and strong presence of defects in the N R bs, defect related P L emission is 

found to be strong. The emission at 611.7  nm may be assigned to electron transition from the 

F+ center to the acceptor level just above the valence band. The presence of hydroxyl (O H) 

species is detected in the X P S  and FTIR  spectra, discussed later in this chapter, which may 

form an acceptor level just above the valence band and may be responsible for the observed 

611.7  nm P L emission. R ecently, Y ang et al.41  assigned   the P L bands at 520  nm (2.38  eV ) 

and 568  nm (2.18  eV ) to the oxygen vacancies in TiO 2 nanotubes. N ote that out of the 

integrated P L intensity, 8 2%  of P L in A 50 0  and 9 0 %  of P L in A 50 0 V  are related to oxygen 

vacancies with two orders of magnitude increase in overall intensity of oxygen vacancy (��) 

peak s after vacuum annealing. From our X P S  studies, we observed that Ti3+ and �� 

concentrations are significantly increased in sample A 50 0 V . This strongly suggests that the 

concentration of oxygen vacancies is increased considerably in the vacuum annealed sample 

consistent with the P L analysis. N ote that all the P L peak s are red shifted for vacuum 

annealed sample A 50 0 V  indicating that the number of defects states increases and 

overlapping of this large number of defect states broadens the Ti3+ center states as well as F+ 

center states leading to a narrow band gap. It was found that the width of the band related to 

the concentration of Ti3+ or oxygen vacancies increased as the concentration of oxygen 

vacancies increased from 1 per 32 to 1 per 16 oxygen atoms.33 G uillemot et al.42  reported that 

the low temperature vacuum annealing could create a controlled number of defects ranging 

from low concentration (< 3%  Ti3+/Ti4+) to high concentration (~ 21%  Ti3+/Ti4+) at 323 and 
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57 3 K , respectively. Liu et al.43 reported that concentration of both Ti3+ and oxygen 

vacancies are increased with H2 treatment temperature up to 50 0  °C. This literature is 

consistent with our observation of the vacuum annealed sample and provides convincing 

evidence that different concentrations of oxygen vacancies are present in these TiO 2 N R bs.  

 

5.6 . X P S  s t u d ie s  

X P S  is a unique tool to investigate surface defects and chemical environment, because of its 

high sensitivity to surface. E vidence of oxygen vacancy related surface defect states in 

samples A 50 0  and A 50 0 V  is further confirmed from the X P S  measurements. To investigate 

the surface defect states such as Ti3+ and F+, Ti 2p and O  1s core levels were measured. F ig . 

5.6 ( a )  a n d  ( b )  show the Ti 2p core level spectra of samples A 50 0  and A 50 0 V , respectively. 

For the sample A 50 0 , the deconvolution of Ti 2p core level yields two major characteristic 

doublets for Ti 2p3/2 and 2p1/2, encompassing a set of two 2p3/2 peak s at 456.5 eV  and 458 .6 

eV . The 456.5 eV  peak  is attributed to 3+, while the 458 .6 eV  peak  is assigned to 4+ valence 

states of Ti, respectively. This result demonstrates that Ti4+ ions near oxygen vacancies 

occupy an electron from the oxygen vacancy cavity �� and transform to Ti3+ ions yielding an 

F+ center. S imilarly for the sample A 50 0 V , the deconvolution of Ti 2p core level yields two 

major characteristic doublets (2p3/2, 2p1/2), encompassing a set of two 2p3/2 (456.2, 458 .8  eV ) 

and two 2p1/2 (461.1, 464.8  eV ) peak s. The peak s at 458 .8  eV  and 464.8  eV  are attributed to 

4+ valence state for Ti 2p3/2 and 2p1/2, respectively, while 456.2 eV  and 461.1 eV  are 

assigned to 3+ valence state for Ti 2p3/2 and 2p1/2, respectively. This additional 3+ valence 

state of Ti 2p1/2 and the increased intensity of Ti3+ 2p3/2 for the sample A 50 0 V  strongly 

indicates that high concentration of oxygen vacancies are created in the reduced atmosphere 

that results in the increase of Ti3+ states.2 8  W e noticed that after vacuum annealing, the Ti3+ 

concentration is nearly doubled and the intensity of Ti3+ band increases along with significant 

increase in intensity of O H (hydroxyl group) and O C (C-O  bonds) peak s (shown in F ig . 

5.6 ( d )) due to the dramatic increase in defects in A 50 0 V .  
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F ig . 5.6 . X P S  spectra: (a) and (b) show the Ti 2p core level spectra of samples A 50 0  and A 50 0 V , 
respectively. (c) and (d) show the O  1s core level spectra of samples A 50 0  and A 50 0 V , respectively. 
S ymbols are for experimental data and the solid lines are fits with G aussian peak  shapes.  

 

 

F ig . 5.6 ( c )  a n d  ( d )  show the O  1s spectra of samples A 50 0  and A 50 0 V , respectively. 

B oth the O  1s spectra exhibit an asymmetric curve and a broad shoulder to the higher binding 

energy side, indicating that several oxygen species are present in the near surface region.44 

The O  1s spectra can be deconvoluted by four symmetric G aussian curves, similar to that 

reported in the literature.44 The intense peak  at about 530 .1 eV  is attributed to the oxygen in 

the TiO 2 crystal lattice (O L), while the other three oxygen peak s can be assigned to the Ti– O  

bonds (����� , 531.0  eV ), the hydroxyl group (O H, 532.0  eV ), and the C– O  bonds (O C, 532.9  

eV ), respectively.44, 45 B y comparing the contribution of each type of the oxygen species in 

the samples A 50 0  and A 50 0 V , it is observed that the intensity of �����  increases along with 

increase in O H and O C peak s for the sample A 50 0 V  compared to A 50 0 . This result reveals 

that the �����  defect concentration dramatically increases after vacuum annealing of A 50 0 , 

which increases the reactivity and binds more hydrogen and carbon as impurities. The Ti3+%  

in Ti 2p spectra for A 50 0  and A 50 0 V  are 9 %  and 15% , respectively. The ��%  in O  1s 

spectra are 7 0 %  and 8 3%  for A 50 0  and A 50 0 V , respectively. B oth A 50 0  and A 50 0 V  show 
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high concentration of oxygen vacancies. These results are fully consistent with the P L 

analysis and provide rather direct evidence that oxygen vacancies accompanied by Ti3+ are 

the dominant defects in the as-grown and vacuum annealed TiO 2 N R bs. 

 

5.7. F T I R  s t u d ie s  

FTIR  spectroscopy has been employed to investigate the vibration modes of the TiO 2 crystal 

lattice, which are considerably affected by the presence of oxygen vacancies. F ig . 5.7(a )  

shows the FTIR  spectra in transmission mode of as-synthesiz ed nanostructures. The 

absorption peak s around 160 0  and 340 0  cm-1 are due to the adsorption of atmospheric water 

on the surface of the samples.46  The vibration modes at 47 6, 7 7 4, and 9 8 0  cm-1 are assigned 

to TiO 2(B ) phase2 7, 47 and the vibration modes at 57 4 and 7 0 8  cm-1 are assigned to anatase 

TiO 2. The vibration mode at 47 6 cm-1 of TiO 2(B ) slightly shifted to higher wave number is 

due to the phase transition from TiO 2(B ) to mixed phase TiO 2(B )-anatase and anatase-rutile, 

as shown in the inset of F ig . 5.7(a ) . F ig . 5.7(b )  shows the FTIR  spectra of as-synthesiz ed 

sample A 50 0  and vacuum annealed sample A 50 0 V . The characteristic vibration modes of 

TiO 2(B ) phase is observed in vacuum annealed sample indicating that the sample retains its 

phase after vacuum annealing and it is consistent with the R aman analysis. However, an 

obvious red shift of vibration modes at 47 6 cm-1 to 47 0  cm-1 is observed after vacuum 

annealing and it is attributed to the higher concentration of oxygen vacancies induced by 

vacuum annealing. A  similar shift is reported in Co doped TiO 2 system and it was suggested 

that the shift was due to the oxygen vacancy.48  Further, we noticed that the vibration mode at 

7 7 4 cm-1 is blue shifted and 9 8 0  cm-1 is red shifted in the vacuum annealed sample. N ote that 

the vibration modes at 47 6 and 9 8 0  cm-1 are due to the O -Ti-O  bending and Ti-O  stretching 

vibrations, respectively, while the 7 7 4 cm-1 mode is due to O -Ti-O  bending and Ti-O  

stretching vibrations in TiO 2(B ).49  The shifting of the vibration bands is expected due to the 

presence of oxygen vacancies. W e also observed the shift of vibration modes at 57 4 and 7 0 8  

cm-1 towards a lower frequency in the as-synthesiz ed anatase sample D 9 0 0  compared to the 

precursor anatase TiO 2 powder, as shown in F ig . 5.7(a ) . S uch a shift is expected due to 

oxygen vacancies in our as-synthesiz ed samples, which manifest in interesting room 

temperature ferromagnetism discussed below. 
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F ig . 5.7. FTIR  spectra: (a) samples A 50 0 , A 7 0 0 , A 9 0 0 , D 9 0 0 , and precursor TiO 2; (b) samples A 50 0  
and A 50 0 V . The inset in (a) and (b) show the shifting of the vibration modes. 
 

 

5.8 . M a g n e t iz a t io n  s t u d ie s  

The magnetic properties of as-synthesiz ed samples were investigated using V S M . The field 

dependent magnetic (M – H) measurements are shown in F ig . 5.8 . F ig . 5.8 ( a )  shows a clear 

ferromagnetic hysteresis loops for samples D 50 0 , D 9 0 0 , and G 50 0 . The samples D 50 0  and 

D 9 0 0  show large magnetic moments compared to sample G 50 0 . M oreover, D 9 0 0  shows a 

higher magnetic moment than that of D 50 0 . F ig . 5.8 ( b )  shows the M – H loops of the samples 

A 50 0 , A 7 0 0  and A 9 0 0 . These samples show hysteresis loops at low field, but lack s the 

saturation magnetiz ation, perhaps due to paramagnetic contribution from the conduction 

electron.50  N ote that the magnetic moment is relatively high for A 7 0 0  and this may be due to 

the relatively large concentration of �� or may be related to nanobrick -lik e surface 

morphology of A 7 0 0  and/or due to mixed phase of TiO 2(B )– anatase. It has been reported that 

the FM  is sensitive to the shape and siz e of the nanostructures.2 0 , 51 , 52  N ote that the samples 

(D 50 0 , D 9 0 0 , G 50 0 ) grown at 18 0  °C after 24 h and 48  h reactions are nanoporous N R bs 

with nanobrick -lik e structures on the surface. S uch complex structures may contain a large 

concentration of defects, supported by our P L analysis. The concentration of oxygen 

vacancies are found to depend on the different surface morphologies and siz e of the 

nanostructures, which is the reason for the observed different magnetic moments. N anosiz e 

TiO 2 usually shows weak  FM  at R T and the FM  depends very much on the synthesis 
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procedure, due to the different defects, especially the oxygen vacancies in TiO 2 

nanomaterials. O ne of the most important reasons of relatively strong ferromagnetism in our 

samples may come from the formation of porous lik e structures, since we are using ethylene 

glycol as a cosolvent which has chelating properties. D ue to the chelating properties of 

ethylene glycol, it forms several bonds with metal ions and form cage lik e structures which 

helps the formation of porous structure creating more oxygen vacancies. Further, it has been 

reported that the oxygen vacancies induce lattice distortion in rutile TiO 2 and induces strong 

FM  in undoped TiO 2 films due to charge redistribution.2 3 The magnitude of the magnetic 

moment in the rutile phase was predicted to be about four times higher than that in anatase 

TiO 2. This is consistent with the observation of highest magnetic moment seen in sample 

D 9 0 0  with a mixed rutile-anatase phase as compared to D 50 0  and G 50 0  with TiO 2(B ) phase. 

It is well k nown that the structure of TiO 2 is very sensitive to oxygen and can be 

easily reduced under an oxygen deficient environment. Therefore, the sample A 50 0  was 

annealed at 30 0  °C under moderate vacuum (1.2 ×  10 -2 mbar) in order to induce a higher 

concentration of oxygen vacancies in the sample. Interestingly, the vacuum annealed sample 

A 50 0 V  shows enhanced ferromagnetism with a well-defined hysteresis loop having 

saturation magnetiz ation (M s) of 0 .19 1 emu g-1, remanent (M r) of 0 .0 2 emu g-1 and coercive 

field (Hc) of 9 9  O e, as shown in F ig . 5.8 ( c ) . S uch enhancement of FM  in oxygen deficient 

TiO 2 N R bs strongly suggests that R TFM  and concentration of oxygen vacancies are directly 

correlated. Indeed the samples exhibiting a high intensity of visible P L (see inset of F ig . 

5.5(a )) only show clear ferromagnetic hysteresis loops with saturation magnetiz ation plateau. 

N ote that the observed M s at room temperature (R T) in our undoped TiO 2 N R bs is more than 

three times higher than that reported for Fe and N  co-doped TiO 2 nanorods53 and other 

reported literatures.2 7, 53, 54 A chievement of such a high magnetic moment in defect 

engineered undoped TiO 2 is remark able and our studies provide clinching evidence that 

oxygen vacancies mediate the ferromagnetic interaction. The magnetiz ation parameters for 

different samples are listed in T a b le  5.1 . F ig . 5.8 ( d )  shows the M -H measurement of B 50 0 , 

B 7 0 0  and B 9 0 0  samples. The M -H curve indicates almost paramagnetic nature (or very weak  

ferromagnetic behavior at low field). N ote that these samples show the Ti interstitial-rich 

defects with negligible �� defects as observed from the P L studies (see F ig . 4.5(d ) , Chapter 

4).  This result again supports the oxygen vacancy mediated FM  in undoped TiO 2 
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nanostructures system and further indicates that Ti interstitial defects are not responsible for 

the observed FM  in our TiO 2 N R bs. 

 

T a b le  5.1 . M agnetiz ation parameters of the as-synthesiz ed and vacuum annealed samples: saturation 
magnetiz ation (��), remanent magnetiz ation (��), and Coercive field (��) were determined from M –
H loops; ���, ����, ��, � were evaluated from fitting of the M – H curve with B M P  model. 

 
S a m p le  

n a m e  

 ! 

( e m u /g )  

 " 

( e m u /g )  

#$ 

( O e )  

 %� 

( e m u /g )  

&'((  ×   

1 0
-1 7

( e m u )  

����
&

  ×  1 0
-6  

( c g s )  

) ×  1 0
1 5 

( c m
-3

)  

 
A 50 0 V  

 
0 .19 1 

 
0 .0 2 

 
9 9  

 
0 .19 0  

 
8 .8 6 

 
1.32 

 
8 .8 3 

D 50 0  0 .0 61 0 .0 0 4 9 9  0 .0 7 0  6.21 0 .22 4.63 

D 9 0 0  0 .10 9  0 .0 0 7  8 7  0 .0 9 7  8 .28  2.17  4.7 7  

G 50 0  0 .0 54 0 .0 0 3 9 0  0 .0 48  6.54 1.0 2 3.0 2 

 

 

 
F ig . 5.8 . M agnetic field versus magnetiz ation (M – H) loop at room temperature showing hysteresis in 
as-synthesiz ed samples: (a) D 50 0 , D 9 0 0  and G 50 0 ; (b) A 50 0 , A 7 0 0  and A 9 0 0 ; (c) A 50 0  and A 50 0 V ; 
(d) B 50 0 , B 7 0 0  and B 9 0 0 . The insets show the magnified M – H loop showing clear ferromagnetic 
hysteresis behaviour. 
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It is understood that for use in a wide range of applications without temperature 

control, the ferromagnet should have a transition Curie temperature (TC) enough above R T 

(30 0  K ). F ig . 5.9  shows the temperature dependent magnetiz ation (M -T) of the sample G 50 0  

in the temperature range 29 0  to 8 60  K . S ince the effect of high temperature V S M  

measurement in atmospheric conditions is equivalent to the post annealing of the as-grown 

samples in air that can destroy the ferromagnetic coupling, we performed the high 

temperature V S M  measurement in a nitrogen atmosphere. From the differential plot of the 

M -T curve, we obtained a TC at ~ 7 9 9  K . Interestingly, the gradual increase in magnetiz ation 

from 29 0  K  to around 334 K  is observed in the M -T curve,2 8  as shown in the inset of F ig . 5.9 . 

This indicates that the oxygen vacancies are increased during the early stages of the heating 

process in a nitrogen atmosphere and these defects contribute to the observed FM . N ote that 

defect mediated bound magnetic polaron (B M P ) model has been invok ed to explain the 

R TFM . D ue to increased vacancy concentration, more B M P s are lik ely to form, which 

include electrons locally trapped by the oxygen vacancy, giving rise to gradual increase in 

magnetiz ation. The thermal fluctuations of the localiz ed spins may have comparatively less 

effect in this temperature range. V ery recently, Tian et al.55 reported nearly temperature-

independent saturation magnetiz ation up to 60 0  K , which strongly favored the B M P  model. 

The strength of exchange interaction is stronger in nanostructured magnetic semiconductors 

where the mean distance between the localiz ed spins is small, which may enhance the 

thermal stability. 

 

 
F ig . 5.9 . Temperature dependent magnetiz ation (M – T) curve of sample G 50 0 , showing a 
ferromagnetic to paramagnetic transition at 7 9 9  K . 
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5.9 . O r ig in  o f  f e r r o m a g n e t is m  

A t the present time, there is an incomplete understanding on the origin of ferromagnetism in 

an undoped TiO 2 semiconductor, whether the Ti vacancy or oxygen vacancy defects are 

responsible for the observed FM . If the Ti vacancy is the reason for the observed FM  in our 

samples, then ferromagnetic ordering is expected to decrease after vacuum annealing. 

However, the enhanced magnetic moment with clear saturation magnetiz ation confirms that 

the FM  in our samples is primarily due to the oxygen vacancy, since no other impurities are 

present. S everal spectral features, i.e., relative shift (B g mode at 19 4 cm-1) and reduction in 

intensity (A g mode at 147  cm-1) of R aman modes, systematic shift in infrared band at 47 6 cm-

1 towards lower frequency, oxygen vacancy related strong visible P L emission, high oxygen 

vacancy and Ti3+ concentrations observed from X P S  spectra and stronger ferromagnetic 

ordering in vacuum annealed sample strongly suggest that the observed FM  in undoped TiO 2 

N R bs is induced by oxygen vacancies. The presence of an oxygen vacancy on the surface of 

TiO 2 locally traps the electrons forming F center and one of the electrons tends to occupy the 

nearby localiz ed Ti 3d orbit and convert Ti4+ ions to Ti3+ ions, yielding F+ center. The 

electrons in F+ center localiz e and may form bound magnetic polarons by ordering the Ti3+ 

(3d1) electron spin neighboring the oxygen vacancies, thereby gaining exchange energy. The 

s-d exchange interaction between the 1s1 electron spin in the F+ center which is localiz ed in 

the vicinity of 3d1 electron spin of Ti3+ ions within an orbit around oxygen vacancies favors 

long range FM .2 8  The electrons in doubly occupied oxygen vacancies (F center) form 1s2 

state, which only mediates weak  antiferromagnetic exchange.56  Thus the formation of B M P , 

which includes electrons locally trapped by oxygen vacancies, 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 our samples.2 8  

Theoretical studies suggested that oxygen vacancies can cause an obvious change of 

band structure of the host oxides and mak es a significant contribution to the FM .56 , 57 The 

absorption edges of as-synthesiz ed N R bs are red shifted compared to the precursor TiO 2 

powder, which may increase the overlapping of oxygen vacancies with the empty conduction 

band and favor the observed FM . N ote that the precursor TiO 2 powder did not show any trace 

of FM , despite the presence of a large concentration of oxygen vacancies as evidenced by a 

strong visible P L band (integrated P L intensity of 28 40 .2 arb. unit). N ote that integrated 
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visible P L intensities in A 50 0 V  (2555.2 arb. unit) and precursor TiO 2 powder (28 40 .2 arb. 

unit) are comparable. Thus, concentration of defects such as oxygen vacancies alone does not 

decide the magnitude of magnetic moment. O ur results suggest that the defect environment 

(i.e., the distribution of point defects and formation of F+ and Ti3+ defects and their 

interactions) and the surface morphology of the N R bs, in particular the nanopores and 

nanobrick  lik e structures, are critical ingredients for the buildup of measurable ferromagnetic 

interaction. 

N ote that the relatively weak  ferromagnetic hysteresis loops for the samples A 50 0 , 

A 7 0 0 , A 9 0 0  observed at low magnetic field may be due to oxygen vacancies and the linear 

M -H behavior observed at high field without any saturation magnetic moment up to 12 k O e 

may be due to the conduction band electrons.50  W hen the oxygen content of the unit cell is 

decreased, ferromagnetism is dominant. Interestingly, we notice a clear hysteresis loop with 

enhanced magnetic properties in terms of M s, M r and Hc in the vacuum annealed sample 

owing to increased oxygen vacancy concentration that may increase the B M P  density. This 

seems to support the percolation model of B M P  developed by K aminsk i and D as S arma and 

Coey et al.56 , 58  O ur systematic study shows that the oxygen vacancy defect constituted B M P  

is one of the most promising candidates to manifest the R TFM  in this system. W ithin the 

B M P  model, the greater density of the oxygen vacancy helps to produce more B M P  which 

yields a greater overall volume occupied by B M P , leading to an overlap of B M P s and 

enhancing ferromagnetic behavior. This evolution is observed in our case, enhancing the 

ferromagnetic nature in the post-growth vacuum annealed sample indicating that a large 

density of defects overcomes the percolation threshold and establishes a long-range magnetic 

ordering. 

For a more quantitative understanding about the suitability of the B M P  model and its 

relationship to the oxygen vacancy concentration as revealed from P L analyses, we attempted 

to fit the observed M  v ers u s  H  data to the B M P  model by following M cCabe et al.59  

A ccording to the B M P  model, the measured magnetiz ation can be fitted to the relation 

* + *��,-./ ���012                     (5.5)�

where the first term is from B M P  contribution and the second term is due to paramagnetic 

matrix contribution. Here, *�� + 345, 3 is the number of B M P  involved (per gram) and 45 

is the effective spontaneous moment per B M P . ,-./ + �6789-./ : �;<. is the Langevin 
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function with . + 4=>>1<?@	, where 4=>> is the true spontaneous moment per B M P , and 

at higher temperature it can be approximated to 45 +�4=>>. W e have analyz ed the M – H 

curve by using eqn (5.5). The parameters *��, 4=>>, and �
0

 are free variable in the fitting 

process. The experimental data along with the fitted data are shown in F ig . 5.1 0  for the 

samples D 9 0 0  and G 50 0 . W e notice that the fitted data closely follows the experimental data 

and the fitted parameters are tabulated in T a b le  5.1 . The total B M P  magnetiz ation *�� values 

are found to be in the order of 0 .0 48 – 0 .19  emu g-1. The paramagnetic susceptibility �
0

 is 

found to be of the order of 10 -6 cgs unit and its value marginally changes with different 

growth conditions. The spontaneous moment per B M P , 4=>>  is found to be in the order of 

10 -17  emu. B y assuming 45 +�4=>>, we have estimated the concentration of B M P , which 

was found to be in the order of 10 16 cm-3 (see T a b le  5.1 ). N ote that B M P  concentration is 

highest in A 50 0 V , followed by D 9 0 0 , D 50 0  and G 50 0 . Interestingly, we found a strik ingly 

linear correlation between the B M P  concentration and the integrated P L intensity due to 

oxygen vacancies, as shown in F ig . 5.1 0 ( c ) . The symbols are for calculated B M P  density 

from the fitting of experimental data and the solid line is a linear fit to the experimental data. 

It implies a one to one correlation of the B M P  density with oxygen vacancy concentration. 

D espite the fact that quantitative estimation of defects is rarely possible from the P L intensity 

comparison due to possible presence of nonradiative channels, our observed correlation is 

remark able. This is the first time such a linear relation has been found between the densities 

of B M P  and oxygen vacancies. This provides a more conclusive evidence that observed 

R TFM  is directly induced by oxygen vacancies. 

R ecently, in A g doped Z nO  system, He et al.6 0  fitted the experimental M – T curve 

with the B M P  model and the concentration of B M P  was found to be of the similar order 

(~ 10 15cm-3). However, the reported TC was relatively higher (9 9 5 K ), though the feature of 

the M -T curve was identical to our observation. S ince the polarons we have described in this 

system are bound to oxygen vacancies, the term bound magnetic polaron is justified. 

Interestingly, the B M P  remains localiz ed over a wide temperature range, presumably due to 

strong localiz ation provided by the defect site and stability of these defects. N ote that the as-

prepared samples have undergone high temperature calcination that indicates high thermal 

stability of the oxygen vacancies and a large concentration of oxygen vacancies may aid to 

form even small clusters of vacancies that can provide higher localiz ation of the charges 
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nvolved in the exchange interaction. However, more studies are required to pinpoint the 

exact mechanism of high temperature FM . N evertheless, besides the established applications 

of TiO 2 nanostructures, these results open up the possibility of defect engineered TiO 2 

nanostructures as potential platform for future spintronic and magneto-optic devices. 

 

 
F ig . 5.1 0 . Initial portion of the M – H curve fitted with B M P  model (eqn (5.5)) for samples (a) D 9 0 0  
and (b) G 50 0 . S ymbols are for experimental data and the solid line is a fit with the B M P  model. 
E xtracted parameters are listed in T a b le  5.1 . (c) Integrated P L intensity versus calculated B M P  
density showing a nearly linear behavior. 
 

 

5.1 0 . C o n c lu s io n s  

W e successfully prepared undoped TiO 2 nanoporous N R bs under different growth conditions 

and investigated the origin of room temperature ferromagnetism in this novel system using 

several experimental tools. M icro-R aman studies show systematic shift and decrease in 

intensity of E g(1) and A g (at 147  cm-1) R aman modes of anatase and TiO 2(B ), respectively, in 

as-synthesiz ed and vacuum annealed samples. The U V -visible absorption studies support the 

oxygen vacancy defects related band gap narrowing in as-synthesiz ed samples. The enhanced 
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intensity of oxygen vacancy related peak  in the P L spectra, large concentration of �� and 

Ti3+ states revealed from X P S , shifting of infrared vibration modes at 47 6 cm-1 towards the 

lower frequency after vacuum annealing confirm the presence of large concentration of 

oxygen vacancies and these are shown to be responsible for the enhanced FM  in as-grown 

and vacuum annealed sample. The observed R TFM  is explained on the basis of a B M P  

model and extracted density of B M P  is shown to directly scale with the integrated P L 

intensity that arises from oxygen vacancies. Thus, our results provide convincing evidence 

for oxygen vacancy induced strong ferromagnetism at and above room temperature in the 

undoped TiO 2 nanoporous N R bs. These findings not only help to gain better insight into the 

defect engineering of R TFM  in undoped TiO 2, but also constitute an important step for the 

development of practical nanospintronic devices which can be operated at and above R T.  
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To understand the enhanced properties of the TiO2 nanostructures (NS), successful 

fabrication of a wide range of materials is significant where the morphologies can be 

precisely controlled with designed functionalities. In particular, lattice parameters are very 

important structural characteristics and thus their variations directly affect the properties of 

nanomaterials and the relevant applications. The control of lattice parameters through the 

intrinsic defects may provide new routes to achieving novel functionalities in advanced 

materials that can be tailored for future technological applications. In this chapter, we have 

investigated the microscopic origin of lattice expansion and contraction in undoped rutile 

TiO2 nanostructures by employing several structural and optical spectroscopic tools. 

Depending on the growth conditions and post growth annealing, lattice contraction and 

expansion are observed in the nanostructures and it is found to correlate with the nature and 

density of intrinsic defects in rutile TiO2.   

 

6.1. Introduction 

TiO2 is considered to be one of the most useful semiconducting metal oxides for applications 

ranging from sensors to energy storage, and photocatalysis. The unubiquitous presence of 

intrinsic point defects such as oxygen vacancies (��) and Ti interstitial (���) in TiO2 play a 

key role in enhancing the electrical, chemical and optical properties of the materials at 

nanoscale. In particular, lattice parameters are very important structural characteristics and 

thus their variations directly affect the properties of nanomaterials and the relevant 

applications. Therefore, a large number of studies concentrated on the size dependent 
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variation of lattice parameters and subsequently studied the linear/nonlinear 

expansion/contraction of TiO2
1-3 and other metal-oxide nanomaterials.4, 5 

It is well-established that the reduction of particle size below a finite size at the 

nanoscale causes variations in lattice parameters.1-4, 6, 7  H owever, the origin of size induced 

changes in lattice volume of TiO2 nanomaterials has been a subject of debate. M ost of the 

metal-oxides nanocrystals4, 5, 8  and in particular rutile TiO2
1, 6

 and anatase TiO2
3 exhibit lattice 

expansion as the crystalline size reduces in contrast to the lattice contraction in metal 

nanoparticles (NP s)9 , 10  and is considered to be a general characteristic of all metal-oxide 

nanomaterials. On the other hand, lattice contraction has been reported2 in anatase TiO2 NP s 

as the particle size reduces and it was more pronounced for the crystallite sizes below ~ 1 5  

nm. F rom the thermodynamic point of view, the lattice expansion for smaller particle sizes in 

oxide materials is quite surprising, since surface stresses would cause small particles to 

compress due to higher surface curvature as is observed in non-oxide nanomaterials such as 

Si,11 Z nS12 and C dSe13 etc. Therefore, the mechanism of lattice expansion/contraction in 

TiO2 is not understood clearly. The existing reports suggest contradicting results on the size 

dependence of the lattice contraction/expansion in TiO2 and other oxide materials at the 

nanoscale. 

In C eO2 nanocrystals, Deshpande et al.4 proposed that oxygen vacancy and 

accompanying valence reduction from C e4 +  to C e3+  might cause lattice expansion as the 

particle size decreases, while L i et al.2 found no oxygen vacancy in anatase TiO2 NP s in their 

size-induced changes in lattice volume. Swamy et al.3 reported small lattice expansion in 

anatase TiO2 NP s and it was attributed to increased Ti vacancy and lattice strain. A 

correlation between Ti vacancy abundance and lattice volume increase in rutile TiO2 was 

suggested by K uznetsov et al.6 A surface defect dipole model was proposed by L i et al.1 to 

explain the linear lattice expansion in rutile TiO2. In case of B aTiO3, an increase in iconicity 

of Ti ions with particle size reduction was proposed as a possible reason for the lattice 

expansion.5 These studies indicate that there exists substantial controversy regarding the 

origin of lattice expansion/contraction in TiO2 and other metal oxide semiconductors. U sing 

ab-initio calculations, Iddir et al.14 predicted lattice expansion in rutile TiO2 via ��� and �� 

defects. H owever, there is no experimental evidence of ��� and �� defects in rutile TiO2 
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causing the lattice expansion. H ence, a thorough understanding on the microscopic origin of 

lattice parameter variation through experimental studies is essential to resolve the 

controversy.  

M ost of the studies reported till date on the size-dependent lattice expansion/ 

contraction in TiO2 are for extremely small size NP s/ nanocrystals less than ~ 1 5  nm in 

anatase2 and less than ~ 27  nm in rutile TiO2.
1, 6 So, it has been very challenging to identify 

the individual contribution of quantum confinement, strain, intrinsic defects (i. e., ��, ���, Ti 

vacancy etc.) and other surface defects towards the lattice parameter variation in TiO2 NS. In 

this work, we report on the variation of lattice parameters in hydrothermally synthesized 

rutile TiO2 nanorods (NR s), nanopillars and nanoflowers of comparatively large sizes and 

find its correlation with the ��,���� and O interstitial (��) defects in TiO2.
1, 2, 6 L attice 

contraction and expansion are observed in the as-grown NS, depending upon the growth 

temperature, reaction duration and stirring during the growth, which is due to the different 

concentrations and types of intrinsic defects associated with the materials.15  

 

6.2. G row th  and p roce s s ing  of T iO 2 nanos tructure s  

Titanium butoxide (Sigma-Aldrich) and 35 %  H C l (M erck) were used as the precursor 

material. Doubly distilled deionized (DI) water was used during all the experiments. In a 

typical synthesis, 1  ml of titanium butoxide is added to 6 0  ml of mixed DI water and 35 %  

H C l (1 :1 ) with constant stirring for 1 5  min. Afterwards, the mixed solution was transferred 

into a Teflon-lined autoclave and the temperature inside the autoclave was monitored and 

maintained at 1 5 0 - 1 9 0  °C  under autogenous pressure for 1 2- 4 8  h. Some of the samples were 

grown at 1 5 0  °C  under constant magnetic stirring at 25 0  rpm during the reactions. The 

formed precipitates were obtained and finally heat treated at 5 0 0  °C  for 4  h in air. F or 

convenience of discussion, the TiO2 NS grown at 1 5 0  °C  are categorized as ‘A’ and samples 

are named as A1 2, A1 8 , A4 8  for the growth duration of 1 2 h, 1 8  h and 4 8  h, respectively. 

Samples grown at 1 7 0  and 1 9 0  °C  after 1 8  h are termed as B 1 8  and C 1 8 , respectively. 

Sample grown at 1 5 0  °C  after 1 8  h reaction under stirring throughout the reaction is termed 

as A1 8 s. The details of the samples nomenclature are shown in T ab le  6.1. 
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6.3. S tructural s tudie s  

XRD patterns: The X R D patterns of as-synthesized samples are shown in F ig . 6.1, where all 

the peaks correspond to rutile TiO2 phase. The X R D patterns of A1 2, A1 8  and A4 8  are 

shown in F ig . 6.1(a) . It is observed that with the increase in reaction duration, the diffraction 

peaks are shifted to higher angle (2θ). The inset of F ig . 6.1(a)  shows the corresponding shift 

and broadening of (1 1 0 ) peak. Sample A1 2 grown for lower reaction duration shows higher 

broadening and lower intensity than those of A4 8 .   F ig . 6.1(b )  shows the X R D patterns of 

A1 8 , B 1 8  and C 1 8 . As the growth temperature increases, the diffraction peaks are 

systematically shifted to lower 2θ values (F ig . 6.1(b )). The magnified view of (1 1 0 ) peak 

shows a clear shift and broadening of line shape with different growth temperatures (inset of 

�

�

F ig . 6.1. C omparison of X R D patterns for different samples: (a) A1 2, A1 8  and A4 8 ; (b) A1 8 , B 1 8  
and C 1 8 ; (c) samples A1 8  and A1 8 s. The inset in each graph shows the magnified view of 
corresponding (1 1 0 ) brag peak indicating systematic shift in peak position. 
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T ab le  6.1. Details of the sample preparation conditions, morphology, lattice parameters (a, c), and 
band gap (calculated from the absorption spectra). 

S am p le  

N am e s  

G row th  

te m p e rature , 

R e action duration 

M orp h olog y  L attice  p aram e te r 

( Å )  

V olum e  

( Å
3
)  

B and g ap  ( e V )  

a c a ××××a×××× c D ire ct Indire ct 

 
A1 2 

 
1 5 0  °C , 1 2 h 

 
Nanorod 

 
4 .5 9 7  

 
2.9 5 9  

 
6 2.5 31  

 
2.9 2 

 
2.6 9  

A1 8  1 5 0  °C , 1 8  h Nanopillar 4 .5 8 8  2.9 5 6  6 2.223 3.0 1  2.8 6  

A1 8 s 1 5 0  °C , 1 8  h, stirring Nanorod 4 .5 9 9  2.9 5 9  6 2.5 8 5  2.9 0  2.6 8  

A4 8  1 5 0  °C , 4 8  h Nanopillar 4 .5 7 6  2.9 5 0  6 1 .7 7 2 2.9 4  2.7 9  

B 1 8  1 7 0  °C , 1 8  h Nanopillar 4 .5 9 7  2.9 5 8  6 2.5 1 0  2.9 4  2.7 7  

C 1 8  1 9 0  °C , 1 8  h Nanoflower/ 
Nanopillar 

4 .5 9 8  2.9 5 9  6 2.5 5 8  2.9 3 2.7 4  

�

�

F ig . 6.1(b )). It is observed from the F E SE M  and TE M  images that as the growth temperature 

increases, the size of the NS increases. According to the earlier reports,1, 6 with increase in 

NS size the lattice volume decreases in rutile TiO2. This would imply higher 2θ value, if 

strain contribution is neglected. M ore importantly, the size of the NS is increased with higher 

growth temperature and reaction duration. H owever, we observed two different trends, i.e., 

lattice contraction with increase in reaction duration and lattice expansion with increase in 

growth temperature. So, the shift and broadening of X R D peaks in our case cannot be 

explained from size effect alone. F ig . 6.1(c)  shows the effect of stirring on the sample during 

the reaction. C omparison of the X R D patterns for A1 8  and A1 8 s clearly show that the peaks 

are shifted to lower 2θ for the sample grown under stirring condition. The change in lattice 

parameters a, c and the cell volume with respect to reaction duration and growth 

temperatures are shown in F ig . 6.2(a)  and ( b ) , respectively and the corresponding 

parameters are presented in T ab le  6.1. Interestingly, the axial ratio c/a, representing the 

lattice symmetry, remains almost constant at 0 .6 4 4 . The lattice parameters are calculated by 

using (1 1 0 ) and (1 0 1 ) peaks in the X R D pattern. The shift and broadening of diffraction 

peaks are generally related to size and strain effects of rutile TiO2 NS.  

�
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F ig . 6.2. V ariation of lattice parameters a and c with: (a) reaction duration, (b) growth temperature. 
The inset in each case shows the corresponding change in lattice volume. (c) A plot of (� cos�)/�  v s  

(s in�)/� for B 1 8 . 

�

To isolate the contributions of strain from that of the size effect, W illiamsons-H all (W - H ) 

method16, 17  is used for sample B 1 8  and we calculated the crystallite size and strain for the 

NS using the following equation:  

��	
��

�
�
�

�

�
���

�
����

�
�"����������������(6 .1 )�

where � is the full width at half maximum (fwhm), � is the diffraction angle, � is the x-ray 

wavelength, D is the average crystalline size, and � is the effective strain. The strain is 

calculated from the slope and the crystallite size is calculated from the inverse of the 

intercept of linear fit (F ig . 6.2(c)). The positive slope indicates tensile strain, consistent with 

the lattice expansion. Note that there is large scatter in data in the plot, which is indicative of 

the anisotropic strain in the nanocrystals.18  Since the analysis of the anisotropy factor for 

TiO2 is a complex function of elastic constants and dislocation contrast factors, and these 
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quantities are not known for TiO2, accurate analysis of size and strain was not possible from 

such a plot. H owever, if we ignore the errors due to the scatter in data, a rough estimate of 

the average crystallite size and strain can be calculated from F ig . 6.2(c) . The average 

crystallite size and strain thus calculated was found to be 1 1 4  nm and 0 .0 0 8  �0 .0 0 1  from the 

W - H  plot. The tensile strain of 0 .8 %  is likely to be caused by the large density of ��� and �� 

defects, as evidenced from other studies discussed below. W e also used Scherrer formula to 

calculate the crystallite size. In all the cases, the Scherrer formula yields a lower size value as 

compared to the size extracted from W -H  plot, as expected. Interestingly, the average 

crystallite sizes extracted from the W - H  plot is very similar to the width/ thickness of the 

nanostructures obtained from the F E SE M  images. 

Ram an sc attering  stu d ies: The R aman studies are employed to further confirm the phase, 

crystallinity and defects in the as-synthesized NS. All the peaks correspond to the 

characteristic R aman modes of rutile TiO2 structure (F ig . 6.3). F ig . 6.3(a)  shows the R aman 

modes of sample A1 2, A1 8  and A4 8 . The three typical first order R aman modes B 1 g (weak), 

most intense E g and A1 g along with a second order vibrational mode E g(SO) at ~ 24 0  cm- 1  

were observed for all samples.  The most intense E g mode is red shifted while A1 g mode 

slightly blue shifted for sample A1 8  and A4 8  compared to A1 2. The blue shift of A1 g mode 

may be due to the compressive strain implying a lattice contraction. The red shift of E g and 

A1 g modes is generally due to phonon confinement effect and oxygen vacancy defects19 -21 in  

 

F ig . 6.3. C omparison of R aman spectra for: (a) A1 2, A1 8  and A4 8 ; (b) A1 8 , B 1 8  and C 1 8 . The inset 
in (a) shows magnified view of the most intense E g mode. 

TH-1277_09612109



�������������������������������������������������������������������������������������������������������������������������������������������������������������������
������ ��	
��
���

rutile TiO2. As the size of the NS is increased for higher reaction duration, the red shift 

cannot be explained by phonon confinement effect. Therefore, the red shift of E g mode may 

be due to the higher concentration of defects in A1 8  and A4 8  as compared to that in A1 2. 

F ig . 6.3(b )  shows the R aman spectra of sample A1 8 , B 1 8  and C 1 8  which were grown at 

different growth temperatures.  

 

6.4. F E S E M  and T E M  s tudie s  

F E S E M  im ag ing : The morphologies of as-synthesized samples as obtained from F E SE M  

images are shown in F ig . 6.4. The samples grown after different reaction durations, i.e., 1 2 h, 

1 8  h and 4 8  h are shown in F ig s . 6.4(a)- (c) , respectively. Sample A1 2 revealed NR s like 

morphologies, while A1 8  and A4 8  revealed tetragonal nanopillar like structures with rough 

surfaces on the top portion having small NR s like morphologies. The NR s of length ~ 320 -

5 5 0  nm and diameter ~ 26 - 7 4  nm is observed from the F E SE M  images for the sample A1 2 

(F ig . 6.4(a)). H owever, sample A1 8  and A4 8  shows nanopillars with tetragonal cross section 

of size in the range ~ 1 0 9  –  28 0  nm and ~ 21 5  –  6 8 4  nm, respectively (F ig . 6.4(b )  and (c)). 

F ig s . 4(d) and (e )  show the F E SE M  images of the samples grown at 1 7 0  and 1 9 0  °C , 

respectively. Sample B 1 8  shows the nanopillar like morphologies, whereas C 1 8  shows the 

3D nanoflowers. The tetragonal nanopillars having square cross section of side ~ 39 0  –  6 8 4  

nm for sample B 1 8 .  In both samples B 1 8  and C 1 8 , the top surface consist of small NR s like 

budding structures and this rough surface increases the effective surface area of the rutile 

TiO2 nanostructures which may increase the surface reactivity. The high magnification image 

of C 1 8  is showing 3D nanoflowers having nanopillars as petals (F ig . 6.4(f )). The E DX  

spectrum of corresponding nanoflowers is shown in the inset of F ig . 6.4(e ) . The E DX  

spectrum shows only Ti and O element, indicating the phase purity of TiO2 NS. It is 

interesting to note that the change in reaction durations and growth temperatures lead to the 

alteration of the hydrolysis rate of titanium butoxide in presence of H C l, which helped in 

designing various architectures from NR s to nanopillars and nanoflowers. 

�
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F ig . 6.4. F E SE M  images of the morphology of TiO2 NS: (a) A1 2, (b) A1 8 , (c) A4 8 , (d) B 1 8 , (e) C 1 8 , 
(f) high magnified view of C 1 8 .The inset in (e) shows the E DX  spectrum of C 1 8  indicating Ti and O 
elements. 

 

T E M  im ag ing : TE M  images of as-synthesized samples are shown in F ig . 6.5. TE M  image of 

sample A1 2 shows NR s of width 1 3 nm and length 28 6  nm (F ig . 6.5(a)). The inset in F ig . 

6.5(a)  shows the SAE D pattern of corresponding NR s indicating single crystalline and 

tetragonal nature of rutile TiO2. The H R TE M  image of A1 2 is shown in F ig . 6.5(b ) . The d-

spacing of 3.25  Å  correspond to the (1 1 0 ) plane of rutile TiO2. The observed lattice fringe 

demonstrates that the exposed surface of the NR s has { 1 1 0 }  facet. F ig . 6.5(c)  shows a single 

nanopillar in A1 8  and the corresponding SAE D pattern is shown in F ig . 6.5(d) . The clear 

electron diffraction spots indicate the single crystalline and tetragonal nature of the as-grown 

rutile TiO2 nanopillars. F ig . 6.5(e )  shows the TE M  image of a single NR  of sample A1 8 s and 

the corresponding lattice fringe is shown in F ig . 6.5(f ) . The d-spacing of 2.33 Å  corresponds 

to (20 0 ) plane of rutile TiO2 structure. The lattice fringes of A1 8 s revealed that the growth of 

NR s is along [20 0 ]  direction. 
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F ig . 6.5. TE M  image of (a) a single nanorod in A1 2, inset is the corresponding SAE D pattern; (b) 
H R TE M  lattice fringe of A1 2; (c) a single nanopillar in A1 8 , (d) SAE D pattern showing single 
crystalline tetragonal rutile TiO2 in A1 8 , (e) a single nanorod A1 8 s, (f) H R TE M  lattice fringe of 
A1 8 s. 

 

6.5. O p tical ab s orp tion s tudie s  

L ight absorption characteristics of hydrothermally synthesized TiO2 NS are shown in F ig . 

6.6. The absorption edges of the samples show systematic blue shift with increasing reaction 

duration from 1 2 h to 1 8  h (F ig . 6.6(a)), while the absorption edges are red-shifted with 

increase in growth temperature (F ig . 6.6(b )). The Tauc’s plot ((�h�)
2 versus h�) shows a 

direct band gap behavior, as shown in the insets in each case. The indirect band gaps of the 

samples are also calculated from the linear extrapolation of (�h�)
1 /2 versus h� plot (Tauc’s 

plot). B oth the direct and indirect band gaps show decrease with higher growth temperatures, 

whereas it increased with increase in reaction durations from 1 2 h to 1 8  h (sample A1 2 and 

A1 8 ) and then decreased for 4 8  h reaction (sample A4 8 ) (see T ab le  6.1). The variation of 

band gap for samples grown under different growth conditions may have relation to the 
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variation in lattice constants and this may hint to the contribution of intrinsic defects in 

different samples. These defect states are confirmed from our P L  measurements, as discussed 

below. F ig . 6.6(c)  shows a comparison of absorption spectra for A1 8  and A1 8 s. The sample 

A1 8 s grown under stirring condition shows a red shift of absorption edge relative to that of 

A1 8 , indicating a reduction in the band gap. The samples (A1 8 s, B 1 8 , and C 1 8 ) with lattice 

expansion show higher band gap compared to that in A1 8 . H owever, band gap of A1 8  and 

A4 8  showing lattice contraction is also increased. E kuma et al.22 reported the indirect band 

gap (R -  �) of 2.95 eV and direct band gap of 3.05 eV in rutile TiO2 using ab initio 

calculation. They observed reduction in the indirect band gap (2.73 eV) by 1% lattice 

expansion and increased to 3.02 eV by 2% contraction of both lattice parameters, which is 

consistent with our results discussed above.    However, we observed a reduction of band gap 

 

 

Fig. 6.6. UV-visible-NIR absorption spectra: (a) A12 and A18 grown after 12 and 18 h, respectively; 
(b) A18, B18 and C18 grown at 150, 170 and 190 °C, respectively; (c) A18, A18s grown without and 
with stirring during the growth. The inset in each case shows the (�h�)

2 
vs h�  plot indicating the 

direct band gap for the corresponding absorption spectrum of each sample. Band gap energy is 
calculated from the extrapolated line (dashed) fitted to the respective linear portions. 
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 with lattice contraction for sample A4 8 compared to that in A18. It is q uite lik ely that the 

increased concentration of both ��� and �� defects may help in lowering the band gap in A4 8 

compared to A18. The calculated direct and indirect band gaps for the samples grown under 

different growth conditions are listed in T a b le  6.1. E arlier optical absorption measurement23, 

24  and band gap calculation25, 26 revealed that rutile TiO2 is direct forbidden, i.e., the direct 

transition �3c-�1v is dipole forbidden,27  while the indirect-allowed transition (M - � 25 or R-� 
26 is nearly degenerate with the direct-forbidden transition. The energy separation between 

the direct-forbidden and indirect-allowed transition is reported to be 10-100 meV 24 , 28  for 

bulk  TiO2 and the difference in our case is ~ 110-230 meV. The higher difference in our case 

may be due to the siz e and strain effects in the NS .  

 

6.6. P h o t o lu m in e s c e n c e  s t u d ie s  

In order to understand the nature of defects and the associated localiz ed trap states, P L  

studies are performed at room temperature (RT) on different samples. W e observed a strong 

near infrared (NIR) P L  emission at 1.4 3 eV (~ 86 7 nm) for all samples irrespective of growth 

conditions and a weak  broad visible P L  emission (see Fig. 6.7 ). Through in-situ  P L  studies 

presented in the previous chapter,29  we argued that the origin of the NIR and visible P L  in 

TiO2 NS  is ��� defects and �� defects, respectively. Oxygen vacancy induced visible P L  is 

well k nown in TiO2 NS .29 -31 However, there are very few reports on the P L  signature of ��� 

defects in TiO2. Fig. 6.7 ( a )  shows that the intensity of NIR P L  increases with increase in the 

reaction duration, indicating that more ��� defects are formed after longer reaction durations. 

TiO2(B) nanoribbons also showed similar visible and NIR P L  at RT.29  This essentially means 

that with increase in reaction duration, both Ti interstitial and oxygen vacancy defects are 

considerably increased. However, in A18 and A4 8, the visible band is splitted into two peak s, 

i.e., one broad peak  centered at ~ 2.77 eV and another peak  at 1.96  eV (~ 6 33 nm) and 1.99 eV 

(~ 6 23 nm) for sample A18 and A4 8, respectively. The new feature that evolves at lower 

energy side is observed for the first time and it is lik ely to be related to ��
��defects, whose 

formation mechanism is explained later.15 
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Fig. 6.7 . Room temperature P L  spectra for: (a) A12, A18 and A4 8 grown after 12, 18 and 4 8 h, 
respectively; inset shows the magnified view of P L  spectra in A12 and A18 in the visible region; (b) 
A18, B18 and C18 grown at 150, 170 and 190 °C, respectively; (c) A18, A18s grown without and 
with stirring during the growth, respectively; (d) visible P L  of A12 with G aussian peak  fitting, inset 
shows the P L  decay of A18. The insets in (b) and (c) show the corresponding magnified view of the 
visible P L . The energy peak s responsible for oxygen vacancy, oxygen interstitial and Ti interstitial 
defects are indexed as ��, �� and ���, respectively in the figure. 

 

The effect of growth temperature on the P L  is shown in Fig. 6.7 ( b ) . The NIR P L  

increases in the order A18<  B18 < C18, indicating the concentration of ��� defects are 

increased in the samples grown at higher temperature. The P L  emission at 1.96  eV disappears 

for B18 and C18. Fig. 6.7 ( c )  shows the P L  spectra for the samples A18 and A18s. The NIR 

P L  intensity is increased whereas broad visible P L  is decreased for sample A18 compared to 

A18s. Note that red P L  at 1.96  eV is not observed for A18s. The broad asymmetric visible 

P L  emission of A12 is deconvoluted by two symmetric G aussian peak s centered at 2.82 eV 

(peak  P 1, violet curve) and 2.59 eV (peak  P 2, blue curve), as shown in Fig. 6.7 ( d ) . Recently, 

a blue P L  at 2.8 eV was reported by Y amada et al.32 in rutile TiO2 and based on their time 
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resolved P L  analysis, the blue P L  was attributed to the localiz ed defect induced states, 

instead of the band-edge delocaliz ed states.  It was argued that because only a free exciton 

P L  is observed under low density excitation at low temperature, the initial photocarriers exist 

in the free band-edge state rather than the trapped states.32 Interestingly, there has been no 

report of intrinsic P L  in rutile TiO2 bulk  crystals at room temperature, except that due to the 

impurity or defects. W e attributed the peak s P 1 and P 2 to the transition from neutral �� and 

singly charged �� (��) trap states, respectively, just below the conduction band to the 

valence band. Note that the signature of �� center is confirmed from E S R spectra. Upon the 

loss of an O atom in TiO2 lattice, the two unpaired electrons that remains trapped in the 

vacancy cavity give rise to an F  center. The basic assumption is that one of the electrons in F  

center tends to occupy the neighbouring����� ion and yield ����center and ��center. A more 

detailed explanation and the evidence for ��and ���� trap states in reduced TiO2 NS  was 

provided in the previous chapter (C hap te r  5 ).30   However, we do not observe any signature of 

���� in our E S R data and X P S  studies for samples used in this work . W e believe that the 

���� ions are migrated towards the surface to interact with the atmospheric oxygen and 

converted to ���� by occupying an interstitial site. The time resolved P L  spectra of sample 

A12 monitored at 2.76  eV (4 50 nm) with 3.06 eV (4 05 nm) excitation is shown in inset of 

Fig. 6.7 ( d ) . The decay spectrum is well fitted by a single exponential decay with time 

constant of 1.2 ns. This is typical of P L  emission from defect states in TiO2.
32 Though there 

are two peak s in the steady state P L  spectra (Fig. 6.7 ( d )), single exponential fit to the decay 

curve indicates that both the defect states have identical decay time constants. These states 

correspond to F  and F + centers in TiO2.   

 

6.7 . X P S  a n d  E S R  s t u d ie s  

XPS studies: X P S  is a uniq ue tool to investigate the surface defects and chemical 

environments, because of the high sensitivity to surface. E vidence of oxygen vacancy related 

surface defects,30 , 33 such as ���� or ���� core level peak s in Ti 2p spectra are not observed in 

our samples (Figs . 6.8 ( a )  a n d  ( b )). Figs . 6.8 ( a )  a n d  ( b )  show that Ti 2p3/2 and 2p1/2 core 

level peak s show shifting among the samples, k eeping the difference between binding energy 

of 2p3/2 and 2p1/2 (�p =  5.7 eV) constant. The shift in the Ti 2p peak s may be due to the 
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lattice distortion in rutile TiO2 NS . The Ti 2p3/2 core level peak  of A18 is observed at 4 57.7 

eV which is attributed to ����. The Ti 2p3/2 peak  of A18s, B18 and C18 is shifted to higher 

binding energy compared to A18 and this may be due to the lattice expansion (Fig. 6.8 ( a )). 

However, the lower binding energy of 2p3/2 core level peak  of A18 as compared to A12 may 

be due to the lattice contraction (Fig. 6.8 ( b )). S imilar shift of O 1s core level peak s are 

observed (Fig. 6.8 ( c )). The absence of any shoulder at higher binding energy of O 1s spectra 

except A12 and A18s indicates that samples A18, B18 and C18 are free of impurity bonding 

lik e hydroxyl (OH) groups and C-O bonds.30 , 34  The lower binding energy shoulder in A12 

and A18s suggests the presence of OH groups in these samples, which show lattice 

expansion as compared to A18 and is inconsistent with the lattice contraction in anatase TiO2 

due to the surface OH group, as reported by L i et al.2 

 

 

Fig. 6.8 . X P S  spectra: (a) Ti 2p core level spectra for A18, A18s, B18 and C18. (b) Ti 2p core level 
spectra for A12 and A18. D otted vertical lines show the change in relative peak  position in each case. 
(c) O 1s core level spectra for A12, A18, A18s, B18 and C18. D otted vertical line shows the change 
in relative peak  position. (d) Room temperature E S R spectra for A12, A18, A4 8 and B18. 
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E SR  studies: E S R is an exceptionally useful techniq ue in detecting the spin polariz ed charge 

state of defective TiO2 NS . The presence of singly ioniz ed oxygen vacancy is identified from 

the E S R spectra, as shown in Fig. 6.8 ( d ) . The samples A12, A18, A4 8 and B18 show g=  

2.00, 2.04 , 2.06  and 2.03, respectively, which are assigned to singly ioniz ed oxygen vacancy 

�� defects. Note that various groups observed these defects in TiO2 from E S R studies and 

reported that the g-value for singly ioniz ed oxygen vacancy is 2.00.35-37  This implies that our 

samples contain oxygen vacancy related �� centers. These defects play a k ey role for the 

observed lattice parameter variations in rutile TiO2 NS . 

 

6.8 . D is c u s s io n  

There are several reports on the siz e effect of lattice parameter variation in metal oxides 

nanocrystals.1-4 , 6, 7  Recently, it was reported38   that the oxygen vacancy formation by itself, 

without a cation radius change in CeO2 results in a contraction of lattice parameters on the 

basis of molecular dynamic simulation. It was explained that upon the formation of oxygen 

vacancy, the cation relaxed away from the vacancy (by approximately 0.10 Å ), however the 

anion got closer to it (by approximately 0.16  Å ) and the magnitude of the significant 

distortion resulted in a net local contraction of the lattice around the vacancy. However, the 

combined effects of oxygen vacancy and associated cation radii change results in lattice 

expansion of CeO2.
38  In particular, the lattice expansion and contraction of rutile and anatase 

TiO2 was reported by various groups.1-3, 6 L i et al.2 reported that particle siz e reduction 

induces lattice contraction due to surface hydration effect in pure anatase TiO2 nanocrystals. 

On the other hand, S wamy et al.3 observed lattice expansion at reduced crystallite siz e in 

anatase TiO2 and explained the lattice expansion in terms of increased Ti vacancy and lattice 

strain with decreasing crystallite siz e. M oreover, lattice expansion with decreasing crystallite 

siz e is reported in rutile TiO2.
1, 6 A surface defect dipole model was proposed by L i et al.1 to 

explain the lattice expansion of rutile TiO2 nanocrystals with the reduction in siz e in terms of 

the strong interaction among the surface dipoles that produced an increased negative 

pressure. This is in contrast to the ionicity increase induced lattice expansion in BaTiO3 

proposed by Tsunek awa et al.5 The siz e dependent lattice expansion of rutile TiO2 was 

explained in terms of Ti vacancy abundance by K uz netsov et al.6 Using ab initio calculation, 
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Iddir et al.14  predicted that for ��, the significant displacement extended along the [110] and 

[001] directions of the eq uatorial plane encompassing the vacancy. The three Ti nearest 

neighbor have the largest outward displacement of 0.31 Å  and the nearest O neighbor of �� 

have the largest inward displacement of 0.14  Å . It was also reported14  that for ���, the major 

displacement occurred in the plane perpendicular to [001], the largest being observed in the 

plane passing through ���. The two nearest neighbor Ti are pushed away from their ideal 

position by 0.3 Å  and the closest four O atoms relax toward the ��� by 0.21 Å . The lattice 

atoms relaxed around the defects to accommodate the induced stress due to the diffusion of 

��� through the interstitial region. Based on the above information, we discuss the atomistic 

origin of lattice expansion and contraction of rutile TiO2 in terms of intrinsic defects rather 

than siz e induced lattice variations, as the siz e of our nanostructure is relatively large 

compared to those reported in the literature.1, 6 The intrinsic defects include����, �� and �� in 

our rutile TiO2 NS . 

F irst, we discuss the possible mechanisms of lattice expansion in our rutile TiO2 NS . 

F rom Fig. 6.2(b )  and T a b le  6.1, it is seen that the lattice is expanded as the growth 

temperature is increased. G enerally, in nanoscale regime, the lattice expansion in metal oxide 

nanocrystals is believed to result from complex interplay of defect chemistry and physics. 

F or example, (i) increase in ionic radius upon the reduction of cation valence state might 

cause the lattice expansion, and (ii) the electrostatic repulsion between positively charged 

oxygen vacancy and metal cations surrounding it may also be responsible for the lattice 

expansion. E S R and X P S  measurement on our samples do not show any signature of ����, 

which eliminates the possibility of lattice expansion due to reduction of cationic radii. 

However, E S R signal shows the evidence of �� (singly ioniz ed oxygen vacancy) center in 

our samples. In our previous report and C hap te r  5 , the pathways for the formation of �� and 

���� trap center were explained.30  Note that we observed ��� related NIR P L  and ��and 

neutral �� related visible P L  emission in our samples. The Ti-Ti and Ti-O bonds are relaxed 

due to the missing O atom. The nearest-neighbor Ti atoms move outward from the vacancy 

to strengthen the bonding with rest of the neighboring O lattice. W hile the next-nearest-

neighboring O atoms move inward due to the absence of electrostatic repulsion by the 

missing O atom. It was reported39 , 4 0  that the local distortion due to the Ti atom displacement 
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depends upon the different charge state of oxygen vacancy, i.e. neutral, singly charged (+1) 

and doubly charged (+2) oxygen vacancy. The positive charges cause greater repulsion for 

Ti-Ti distance compared to neutral oxygen vacancy.39 , 4 0  Note that we observed singly 

charged oxygen vacancy (��) in E S R measurement and both neutral �� and singly charged 

�� in P L  measurement. S o, we expect the lattice expansion in our samples to be caused by 

the oxygen vacancies creating ��and neutral �� defects. The electrostatic repulsion between 

�� and ���� helps in migration of the unsaturated ���� from the bulk  towards the surface to 

interact with the atmospheric O2 and form ����during the course of air annealing and 

occupying an interstitial site similar to the lattice Ti site in octahedral TiO2 crystal system. It 

was reported from both experimental and theoretical analyses that ��� diffusion is faster in 

rutile TiO2 than the �� diffusion when annealing in O2 atmosphere.4 1-4 3 The lattice Ti is 

strongly bonded with the lattice O atoms. W hen the  ���� is placed in the interstitial site, the 

Ti atoms are relaxed outward due to the electrostatic repulsion between positively charged Ti 

ions. However, the lattice O atoms are slightly distorted towards the ���
�� as they are strongly 

bonded to lattice Ti atoms. As a result, the net relaxation favors the expansion of lattice 

volume which is due to the presence of ���
��defects. It is noticed that the ���

�� increases with 

the increase in growth temperature from the P L  spectra suggesting more lattice expansion. 

S o, the lattice expansion is observed in our samples in the order C18>  B18>  A18. The 

sample A18 has an additional P L  peak  at 1.96  eV compared to B18 and C18 which is related 

to �� and will be discussed in the following paragraph. Our experimental results regarding 

the lattice expansion due to ��� and �� are consistent with the theoretical prediction of Iddir 

et al.14  

S econdly, we discuss the possible mechanism behind the lattice contraction in rutile 

TiO2 NS . Our P L  study on TiO2 NS  showed that longer the reaction duration, higher the �� 

and ��� defects for the same growth temperature.29  This is also reflected in the present case, 

as ���
�� related P L  emission is enhanced for the longer reaction duration samples. S ince the 

oxygen vacancies are more in these samples, it is expected that the atmospheric O2 may 

inject rapidly into the TiO2 to occupy the oxygen vacancy positions during the course of air 

annealing at 500 ° C, as a result the oxygen vacancy concentration decreased considerably 

after annealing, which is reflected in our P L  spectra (reduction of broad visible P L  in samples 
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A18 and A4 8 compared to A12). It was recently reported that adsorbed isotopic oxygen is 

injected into the bulk  rutile TiO2 as ��
��  which underwent drift towards the surface due to 

space-charge layers and retarded the diffusion of interstitials, promoting the exchange with 

lattice oxygen.4 4 , 4 5 P resumably most of the �� near the surface are annihilated due to 

diffusion of O2 and shut down the path for further diffusing �� and creating separate ��
��  ions 

which facilitates creation of surface electronic bands. The P L  emission at 1.96 / 1.99 eV 

observed in A18/A4 8, may be attributed to the surface electronic bands created by ��
��  ions. 

The electrostatic attraction between the ���
�� and ��

��  is dominant over the lattice expansion 

due to �� and neutral ��which results in the lattice contraction for the samples A18 and A4 8 

compared to A12. 

 

 

Fig. 6.9 . S chematic diagram illustrating lattice expansion and lattice contraction in TiO2 lattice due to 
intrinsic defects. G rey (large) balls are Ti atoms and red (small) balls are oxygen atoms. The light 
pink  (small) ball indicates the oxygen vacancy. The green (large) and black  (small) ball indicate ��� 
and ��, repectively. The arrow shows the direction of relaxation of atoms due to ��,  ��� and �� 
defects. 
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Another interesting point to be noted is that the red P L  at 1.96  eV is absent for the 

sample B18 and C18 grown at higher growth temperature. It was shown in C hap te r  4  that for 

growth at higher temperature, P L  due to ���   was much stronger than the P L  due to ��.29  D ue 

to lower concentration of ��, the atmospheric O2 interacts with ���� and oxidiz ed to ���� 

instead of injecting into the bulk  and this may be a possible reason for the absence of �� 

related P L  peak  at 1.96  eV (1.99 eV) in B18 (C18). The lattice expansion of A18s compared 

to A18 can be explained on basis of higher concentration of �� and neutral �� and absence 

of ��
�� , which results in net electrostatic repulsion between �� and Ti cations. The lattice 

contraction due to surface hydroxyl group in pure anatase TiO2
2 is inconsistent with the 

lattice expansion in our rutile TiO2 samples A12 and A18s, which are associated with 

adsorbed surface OH group, as confirmed from X P S  studies. Therefore, we strongly believe 

that the intrinsic defects, such as ���
��, �� and ��

��are primarily responsible for lattice 

parameter variation in our rutile TiO2 NS . A schematic diagram illustrating the lattice 

expansion due to the presence of oxygen vacancy and Ti interstitial defects, whereas lattice 

contraction due to the electrostatic attraction between the ���
�� and ��

��  defects is shown in 

Fig. 6.9 . In case of �� mediated expansion, due to the missing O atom, the Ti-Ti and Ti-O 

bonds are relaxed. The nearest-neighbor Ti atoms move outward from the vacancy to 

strengthen the bonding with rest of the neighboring O lattice. Though the next-nearest-

neighboring O atoms may move inward to fill the �� site, the net outward movement of Ti 

atoms is higher than the net inward movement of O atoms. This results in lattice expansion. 

L attice expansion due to Ti interstitial is more natural due to larger siz e of the Ti atoms and 

electrostatic repulsion between Ti4 + ions. On the other hand, lattice contraction is caused by 

the electrostatic attraction between ���
�� and ��

�� , as shown by the green arrow. Note that the 

req uirement of a small siz e below a critical siz e is not imperative in this mechanism. This 

calls for a revisit of the earlier reported results on the siz e dependent lattice expansion in 

TiO2 NS .  

 

6.9 . C o n c lu s io n s  

Rutile TiO2 NS  with NRs, nanopillars and nanoflower-lik e morphologies are synthesiz ed by 

an acid-hydrothermal process. At higher growth temperatures, lattice expansion is observed, 
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while lattice contraction is observed for the samples grown with longer duration of reaction. 

W e also observed lattice expansion for the samples grown under constant stirring during the 

reaction. Our studies reveal that the lattice expansion/contraction depends on the types, 

concentration and nature of various intrinsic defects that are created under different growth 

and processing conditions. These NS  are highly crystalline as observed from S AE D  patterns 

and lattice fringes of HRTE M  analyses. The direct and indirect band gaps of the NS  grown 

under different growth conditions are varied from 2.90 - 3.01 eV and 2.6 8 - 2.86  eV, 

respectively. The NIR peak  at 1.4 3 eV in P L  spectra is attributed to the ���
�� defects in rutile 

TiO2 NS . This peak  is enhanced with higher growth temperatures and longer reaction 

duration. Relative shift in Ti 2p and O 1s core level X P S  spectral positions under various 

growth conditions hints towards lattice distortions in TiO2 NS . Based on our experimental 

observations, we believe that the presence of ���
�� and �� and neutral oxygen vacancy 

defects are mainly responsible for lattice expansion, while the electrostatic attraction between 

���
�� and ��

��defects cause the lattice contraction in rutile TiO2 NS . The intrinsic defects 

induced lattice parameter variations may provide new routes to achieving novel 

functionalities in TiO2 based advanced materials that can be tailored for many technological 

applications.  
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Diluted magnetic semiconductors (DMSs) are semiconductors doped with a small amount (a 

few atomic %) of transition metal (TM) ions that introduce local magnetic moments in the 

host semiconductors and thus exhibit both semiconducting and ferromagnetic properties. 

Particularly, the realization of room temperature ferromagnetism (RTFM) in TM doped TiO2 

is more interesting as it can be applicable for the spintronic and magneto-optic devices that 

can be operated at room temperature, if the ferromagnetism (FM) is indeed intrinsic. 

However, there are lots of controversies among the different research groups related to the 

issue of the origin of FM in TM doped TiO2 nanostructures. It is being currently debated 

whether the FM arises due to the ferromagnetic metal cluster or secondary phases leading to 

an extrinsic origin or indeed an intrinsic nature of FM mediated by carriers or defects. In this 

chapter, we studied the structural, optical and magnetic properties of Fe and Cr doped TiO2 

one dimensional (1D) nanostructures by solvothermal and hydrothermal method, 

respectively. We observed tunable RTFM in our Fe and Cr doped TiO2 nanostructures 

depending on the growth conditions and doping concentrations, and attempt to clarify the 

origin of FM with the help of structural and optical spectroscopy measurements. The 

development of TiO2 nanostructures with tunable optical and magnetic properties constitutes 

an important step towards realizing improved magneto-optic and spintronic devices from 

novel TiO2 nanostructures. 

 

7.1. Introduction 

Diluted magnetic semiconductors (DMSs), where transition metal (TM) atoms are introduced 

into the cationic sites of the semiconducting host lattice have been at the forefront of research 

interest due to the existence of both semiconducting and ferromagnetic properties. These 
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materials could be applicable for the possibility of use in future spintronic and magneto-optic 

devices,1-3  where both spin and charge degrees of freedom can be manipulated in comparison 

to the conventional electronic devices where only electronic charges are considered. 
Therefore, intensive attention has been focused on DMS such as TM doped Z nO,4, 5 SnO2,

6 , 7 

In2O3
8 and TiO2

9 due to realization of room temperature ferromagnetism (RTFM) in these 

systems. A mong various oxide based DMS, TiO2 has drawn extensive research interest 

because it is an excellent photo-catalyst for water splitting, high solubility limit of dopant 

magnetic ions and it possesses good optical transmission in the visible and near infrared 

region mak ing it a suitable candidate for magneto-optic devices as well. However, in spite of 

several studies reported on TiO2-based DMS, there is no clear agreement about the nature 

and origin of the observed ferromagnetism (FM) in the diluted magnetic oxide doped with 

few percentages of 3d cations. It is still controversial, whether the FM is indeed intrinsic 

which is mediated by carriers or defects inside the host semiconductor and/ or related to the 

purely extrinsic origin due to formation of ferromagnetic secondary phases or metallic 

cluster. It was suggested that the magnetic properties of DMS materials are critically 

dependent on fabrication, growth procedure, doping agents and processing conditions. 

Different synthesis methods may result in different defect concentrations, structures and 

surface morphologies, affecting the magnetic properties. Compared to other methods of 

preparation, solvothermal/ hydrothermal method is very simple, low cost, and one can easily 

tune the surface as well as bulk  defects by controlling the growth temperature, reaction 

duration, and doping concentrations etc. In particular, solvothermal/ hydrothermal method is 

an effective method of doping, because the dopant ion precursor distributes uniformly in a 

high pressure reaction chamber under continuous stirring throughout the synthesis process, 

depending upon the solvent used, pH concentration and the solubility limit of doping agent in 

the mixed precursor solution.  

Interestingly, RTFM have been observed in a wide range of undoped oxides such as 

TiO2,
10 -12 HfO2,

13  In2O3,
10  SnO2

14 and Z nO.15 These reports help to address the controversies 

about the issues related to the role of defects in the ferromagnetic ordering. Some of the 

outstanding reports revealed no evidence of ferromagnetic ordering in Fe doped TiO2 

(Fe:TiO2) systems.16 , 17 U sing density functional theory (DFT) calculation, Chen et al.18 

proposed that �� plays the important role in determining the FM in Fe doped rutile TiO2. 
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There are several experimental reports supported the intrinsic nature of FM in Fe:TiO2 

DMS.12, 19-21 However, B alcells et al.16  did not observed FM in their Fe:TiO2 nanoparticles 

and suggested that FM in Fe:TiO2 system is an extrinsic effect due to either ferromagnetic 

secondary phases or any other impurity phases. Moreover, K im et al.22 reported that FM in 

their samples is related to the formation of secondary Fe2O3 phase suggesting extrinsic origin 

of FM.  U nlik e many other metals (i.e., Fe, Co, N i), Cr itself is antiferromagnetic and their 

clusters/compounds (except nanocrystalline CrO2) do not contribute to ferromagnetism. 

Thus, it would not induce an extrinsic ferromagnetism even if Cr clustering occurs in the Cr 

doped TiO2 (Cr:TiO2) nanostructures. Moreover, the pure phase ferromagnetic CrO2 is 

difficult to synthesize23  because it is metastable at atmospheric pressure.  

A t present, most of the reported FM in undoped and doped TiO2 systems has been for 

thin films24-26  and nanoparticles27 while their undoped bulk  counterparts are diamagnetic or 

paramagnetic. This implies that the spatial dimensionality might play an important role in the 

ferromagnetic ordering. Compared to thin films and nanoparticles, exploitation of 1D TiO2 

nanostructures such as nanowires, nanorods (N Rs) and nanoribbons (N Rbs) with high surface 

area mak e it easier to engineer high availability of defect sites for trapping electrons and may 

favor the ferromagnetic ordering, thus mak ing them an ideal candidate for the realization of 

intrinsic enhanced RTFM. Moreover, 1D nanostructures are favored compared to 

nanoparticles in terms of electron transport, storage and information processing that can 

enhance the performance of spintronic devices at the nanoscale for practical applications. 

A lthough lots of reports on the RTFM in undoped and TM (Fe, Cr) doped TiO2 thin films 

and nanoparticles are available in the literature,19, 24, 25, 28, 29 there is little information about 

undoped and doped 1D nanostructures.21, 3 0 , 3 1 In our recent report3 2 (which is discussed in 

Chapter 5),  we observed RTFM in undoped TiO2 N Rbs and the FM was enhanced after 

vacuum annealing which suggested that �� defects are the source of magnetism in undoped 

TiO2. The earlier results motivated us to examine the individual and combined effect of TM 

doping and oxygen vacancy defects and clarify the controversial issues related to the long-

range ferromagnetic ordering in TM doped TiO2 systems. Moreover, a clear demonstration 

by correlating the magnetism between dopant concentration and �� defects in the host 

semiconducting oxide lattice is crucial and it needs thorough investigations. Our present 

attempt in this study is to enhance the magnetic moments by Fe and Cr doping into the TiO2 
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matrix and explore a better understanding about the origin of observed FM in doped TiO2 1D 

systems. 

Here, we grow Fe and Cr doped TiO2 1D nanostructures by solvothermal/ 

hydrothermal method and study the effect of doping concentrations and calcination 

temperatures on the optical and magnetic properties. We investigate the origin of RTFM in 

the Fe and Cr doped TiO2 nanostructures. The high surface area and higher concentration of 

surface defects, such as oxygen vacancies, expected in these nanostructures could ultimately 

lead to enhanced ferromagnetic ordering and strong FM even at room temperature. In 

Chapter 5, it was demonstrated that a large concentration of oxygen vacancies with high 

thermal stability indeed results in RTFM in undoped TiO2 systems. Moreover, when TiO2 is 

doped with low concentration of Fe and Cr, its properties are modified. For example, 

additional oxygen vacancy defects are expected due to the substitution of ���� by ��	� and 


�
	� in TiO2 lattice and thus, formation of ��	�-�� and 
�	�-�� defect complexes resulting 

in enhanced FM in Fe and Cr doped TiO2 nanostructures, respectively is expected compared 

to undoped TiO2. However, we observed that higher concentration of Fe doping leads to 

decrease in FM that may be due to the ��	�-��	� antiferromagnetic ordering in the absence 

of �� in between two nearby Fe atoms. Similar behavior is observed for higher concentration 

of Cr doping. These results highlight that TM ion in the presence/ absence of �� in the host 

TiO2 still play a major role in deciding the DMS properties. The primary aim of this work  is 

to figure out the precise role and impact of �� defects and Fe and Cr dopants on the observed 

RTFM in our Fe:TiO2 and Cr:TiO2 nanostructures, which is supported by structural and 

optical measurements. 

 

7.2. G row th  a nd p roce s s ing  of dop e d T iO 2 na nos tructure s  

Growth of Fe doped TiO2 nanoribbons: The details of the synthesis procedure for the 

undoped TiO2 N Rbs were discussed in Chapter 5. For Fe doped samples, Fe2O3 (L oba 

Chemie) is used as precursor with appropriate q uantity (0 .1 at.% and 0 .2 at.% of Fe) and 

mixed with anatase TiO2 precursor, ground it for 10  minutes in a ceramic mortar, then mixed 

with the alk aline 10 M N aOH mixed solvent and similar growth procedure was followed as 

for the undoped samples.   
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T a b le  7.1. Details of the samples synthesis, crystal structures and magnetization parameters: Crystal 
structure obtained from X RD studies, saturation magnetization (�
), remanent magnetization (��), 
and Coercive field (��) were determined from M– H loops. 
 

 

S a m p le s  

na m e  

 

R e a ction te m p e ra ture , 

dura tion, ca lcina tions  

 

%   F e / C r 

dop ing  

 

C ry s ta l 

s tructure s  

 

 

�� ( e m u g
-1

)  

 

 

�� ( e m u g
-1

)  

 

 

�� ( O e )  

 
A 50 0  

 
18 0  °C, 24  h, 50 0  °C 

 
undoped 

 
TiO2(B ) 

 
0 .0 61 

 
0 .0 0 4  

 
0 .0 9 9  

B 50 0  18 0  °C, 24  h, 50 0  °C 0 .1%  Fe TiO2(B ) 0 .29 2 0 .0 31 0 .129  

B 50 0 V  B 50 0  vac. annealed 0 .1%  Fe TiO2(B ) 0 .38 2 0 .0 4 3 0 .133 

B 7 0 0  18 0  °C, 24  h, 7 0 0  °C 0 .1%  Fe A natase 0 .253 0 .0 21 0 .0 9  

B 9 0 0  18 0  °C, 24  h, 9 0 0  °C 0 .1%  Fe A natase-
rutile 

0 .17 1 0 .0 13 0 .0 8 8  

C50 0  18 0  °C, 24  h, 50 0  °C 0 .2%  Fe A natase-
TiO2(B ) 

0 .0 7 5 0 .0 0 8  0 .134  

D50 0  17 0  °C, 24  h, 50 0  °C 0 .3% Cr TiO2(B ) 0 .320  … .. … .. 

D50 0 V  D50 0  vac. annealed 0 .3% Cr TiO2(B ) 0 .4 10  … .. … .. 

D7 0 0  17 0  °C, 24  h, 7 0 0  °C 0 .3% Cr A natase 0 .228  … .. … .. 

D9 0 0  17 0  °C, 24  h, 9 0 0  °C 0 .3% Cr A natase-
rutile 

… .. … .. … .. 

E 50 0  19 0  °C, 24  h, 50 0  °C 0 .3% Cr TiO2(B ) 0 .27 6 … .. … .. 

F50 0  19 0  °C, 24  h, 50 0  °C 0 .7 % Cr TiO2(B ) 0 .111 … .. … .. 

F7 0 0  19 0  °C, 24  h, 7 0 0  °C 0 .7 % Cr A natase … .. … .. … .. 

F9 0 0  19 0  °C, 24  h, 9 0 0  °C 0 .7 % Cr A natase-
rutile 

… .. … .. … .. 

 

 

For convenience of discussion here, the undoped TiO2 N Rbs samples are categorized as “ A ”  

and after calcinations at 50 0  ° C are named as A 50 0 . The 0 .1% Fe doped samples are termed 

as ‘ B ’  series and after calcinations at 50 0 , 7 0 0 , and 9 0 0  ° C are named as B 50 0 , B 7 0 0 , B 9 0 0 , 

respectively. The sample B 50 0  after vacuum annealing at 30 0  ° C under 1.2 ×  10 − 2 mbar 
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pressures for 2 h is named as B 50 0 V . Similarly 0 .2% Fe doped sample is termed as C50 0  

after calcinations at 50 0  ° C. The details of the growth conditions and nomenclatures for 

different samples are shown in T a b le  7.1. 

 

Growth of C r doped TiO2 nanorods/nanoribbons: A natase TiO2 powder, chromium nitrate 

nonahydrate (Cr(N O3)3⋅9 H2O) were used as TiO2 and Cr precursors, respectively. DI water 

was used as solvent for the synthesis of Cr doped TiO2 nanostructures. The appropriate 

q uantity (0 .3 at% and 0 .7  at% of Cr) was mixed with TiO2 powder and ground it for 10  

minutes in a ceramic mortar. The mixed powder was added in 10 M N aOH (alk aline water) 

and stirred for 30  minutes in a conical flask . Then the solution was transferred into the 

Teflon-lined autoclave for hydrothermal reaction at 17 0  and 19 0  °C for 24  h. The precipitates 

after HCl treatment and washing with DI water were allowed for calcinations in a hot furnace 

at 50 0  –  9 0 0  °C temperatures. For the simplicity of discussion, the 0 .3% Cr doped sample 

grown at 17 0  °C is named as “ D”  series and after calcinations at 50 0 , 7 0 0  and 9 0 0  °C are 

named as D50 0 , D7 0 0  and D9 0 0 , respectively. The sample D50 0  after vacuum annealing at 

30 0  ° C under 1.2 ×  10 − 2 mbar pressures for 2 h is named as D50 0 V . The 0 .3% Cr doped 

sample grown at 19 0  °C is termed as E 50 0  after calcinations at 50 0  ° C. Similarly 0 .7 % Cr 

doped sample grown at 19 0  °C is termed as F50 0 , F7 0 0  and F9 0 0  after calcinations at 50 0 , 

7 0 0 , and 9 0 0  ° C, respectively. The details of the growth conditions and nomenclatures for 

different samples are shown in T a b le  7.1. 

The results and discussion section is presented separately for Fe and Cr doped samples. 

 

7.3 . R e s ults  a nd dis cus s ion for F e  dop e d T iO 2 na nos tructure s  

7.3 .1. X R D  p a tte rn  

The X RD patterns of the solvothermally synthesized undoped and Fe doped TiO2 

nanostructures after different calcinations are shown in F ig . 7.1.  A ll the peak s correspond to 

TiO2(B ) phase  for the sample A 50 0  and B 50 0 ; however, the diffraction peak s of doped 

sample (B 50 0 ) is shifted to lower angle compared to the undoped sample (A 50 0 ). The inset 

in F ig . 7.1(a )  shows a enlarged view of (110 ) peak  of TiO2(B ) phase, showing the lower 

angle peak  shift in doped sample. This lower angle shift in doped sample provides a clue 
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regarding the occupation of mostly ��	� ions at the substitutional sites of ���� in TiO2 host 

lattice. N ote that for a coordination number of 6 (octahedral), high spin ��	� (0 .7 9  Å ) has 

slightly larger ionic radii than ���� ion (0 .7 5 Å ), so ��	� can more easily substitute ���� in 

TiO2 lattice and the corresponding lattice expansion (the lower 2� value) is expected. Patel et 

al.21 reported the incorporation of high spin ��	� and occupation of ���� site in TiO2 using 

Mö ssbauer spectroscopy. The inset of F ig . 7.1(a )  shows a very broad peak  with a shift in the 

center of peak  by ~ 0 .0 6° for the (110 ) at 24 .9 1°. N ote that the step size was 0 .0 1° for the 

X RD measurement. So, we believe that the shift is meaningful and may be due to the 

substitution of ���� by ��	� ion. The large concentration of oxygen vacancy in doped sample 

may also have some contribution for the lattice expansion, as it is reported theoretically3 3 , 3 4
 

that the Ti-Ti and Ti-O bonds are relaxed due to the missing O atom. The nearest-neighbor Ti 

atoms move outward from the vacancy to strengthen the bonding with rest of the neighboring 

O lattice. While the next-nearest-neighboring O atoms move slightly inward due to the 

absence of electrostatic repulsion by the missing O atom. The outward relaxation is more 

compared to inward relaxation; as a result lattice expansion is possible. We observed the 

mixed phase TiO2(B )-anatase for C50 0  with mostly anatase phase while pure TiO2(B ) phase 

for B 50 0 , indicating that dopant concentrations play an important role for the formation of 

different phases of TiO2. F ig . 7.1(b )  shows the phase transformation of 0 .1% Fe doped 

samples with different calcination temperatures. The X RD pattern of sample B 7 0 0  reveals 

the pure anatase phase, whereas B 9 0 0  reveals mixed phase anatase-rutile with mostly anatase  

 

 

F ig . 7.1. Comparison of X RD patterns for different samples: (a) A 50 0 , B 50 0  and C50 0 ; (b) B 50 0 , 
B 7 0 0  and B 9 0 0 . The inset in (a) shows the magnified view of corresponding (110 ) brag peak  of 
TiO2(B ) indicating shift in peak  position for A 50 0  and B 50 0  samples. 
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structure. N ote that no segregated phases such as Fe-Ti oxides (FeTiO3 (J CPDS: 7 9 -18 38 ), 

Fe2TiO5 (J CPDS: 7 3-18 9 8 )), iron oxides (Fe2O3 (J CPDS: 7 9 -17 4 1), Fe3O4  (J CPDS: 8 5-

14 36)) and metallic clusters (J CPDS: 8 5-14 10 ) are found within the X RD detection limit. 

 

7.3 .2. F E S E M  a nd T E M  s tudie s  

FE S E M  im ag ing : The morphologies of the as-synthesized nanostructures observed by 

FE SE M are shown in F ig . 7.2.  The FE SE M image of sample A 50 0  (F ig . 7.2(a )) shows long 

and straight N Rbs of TiO2. F ig s . 7.2(b ) - (d)  show the FE SE M images of Fe doped samples, 

i.e., B 50 0 , B 7 0 0  and C50 0 , respectively. These samples show the well-defined 1D N Rbs 

without any signature of impurity cluster, indicating that all the precursor anatase TiO2 and 

Fe2O3 are uniformly mixed and distributed throughout the solvent and formed a uniform 

aq ueous mixed solution and then underwent the solvothermal reaction inside the high 

pressure reaction chamber and formed doped 1D N Rbs. The E DX  spectrum of N Rbs (B 50 0 ) 

is shown in F ig . 7.2(e ) , which shows only Ti, O and Fe elements indicating that no other 

contamination element is introduced into the Fe:TiO2 nanostructures during the sample 

preparation. 

 

 
F ig . 7.2. FE SE M images of the morphology of TiO2 N Rbs: (a) A 50 0 , (b) B 50 0 , (c) B 7 0 0  and (d) 
C50 0 ; (e) the E DX  spectrum of B 50 0  indicating Ti, O and Fe elements. 
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TE M  im ag ing : F ig s . 7.3 ( a ) - ( b ) , (c)- (d)  a nd (e ) - ( f )  show the TE M images of as-grown 

samples A 50 0 , B 50 0  and C50 0 , respectively. A ll the samples show the complete formation 

of 1D N Rbs morphology consistent with the FE SE M images. The nanobrick s lik e structures 

are attached on the surface of the N Rbs mak ing them porous lik e structures. B esides the 

surface, HRTE M image in F ig . 7.3 ( e )  shows that nanobrick s are also observed at the edges of 

the N Rbs. These surface morphologies are not affected by the Fe doping, indicating that Fe is 

successfully incorporated into the TiO2 crystal lattice, and thus eliminating any impurity and 

Fe metal clusters forming from the morphological point of view. The insets in F ig s . 7.3 ( a ) , 

(c) a nd (e )  show the SA E D patterns of the corresponding N Rbs. The SA E D patterns 

demonstrate single crystalline nature and clearly indicate the monoclinic structure of TiO2(B ) 

phase of as-grown samples, fully consistent with the X RD results. F ig . 7.3 ( b )  shows the 

HRTE M lattice fringe of A 50 0  with d-spacing of 3.55 Å  corresponding to (110 ) plane of 

TiO2(B ) phase. The HRTE M lattice fringe of B 50 0  with d-spacing of 3.55 Å  and 3.0 7  Å  

corresponds to (110 ) and (0 0 2) plane of TiO2(B ) phase, respectively (F ig . 7.3 (d)). F ig . 7.3 ( f )  

shows the lattice fringe of C50 0  with d-spacing of 2.62 Å  corresponding to (110 ) plane of 

anatase TiO2 phase. These nanoporous N Rbs with nanobrick s lik e structures on the surface of  

 

 
F ig  7.3 . TE M image of (a) higher magnification single nanoporous N Rb in A 50 0 , inset is the 
corresponding SA E D pattern; (b) HRTE M lattice fringe of A 50 0 ; (c) higher magnification single 
nanoporous N Rb in B 50 0 , inset is the corresponding SA E D pattern; (d) HRTE M lattice fringe of 
B 50 0 ; (e) higher magnification single nanoporous N Rb in C50 0 , inset is the corresponding SA E D 
pattern; (f) HRTE M lattice fringe of C50 0 . 
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N Rbs may arise due to the defects in TiO2 and this plays a crucial role in tuning the 

electrical, optical and magnetic properties of the nanostructures. N ote that the precursor TiO2 

powder did not show any trace of FM, despite the presence of a large concentration of 

oxygen vacancies as evidenced by a strong visible PL  band. Thus, the surface morphology 

strongly influences the surface defects as a result of different surface areas and seems to be 

able to tune the RTFM. 

 

7.3 .3 . O p tica l a b s orp tion s tudie s  

 L ight absorption characteristics of the solvothermally synthesized TiO2 N Rbs and the 

precursor TiO2 (PTiO2) are shown in F ig . 7.4. A ll the as-synthesized samples exhibit a red-

shift of the absorption edge and considerable absorption in the visible violet region. With the 

increase in doping concentration, the band gap is slightly decreased (inset of F ig . 7.4(a )). 

A ccording to the energy band structure of TiO2, the valence band (V B ) top and the 

conduction band (CB ) bottom correspond to mainly O 2p and Ti 3d states, respectively. The 

optical absorption around 38 0  nm for precursor TiO2 is solely due to the band-to-band (O 2p 

→ Ti 3d) transition, while the slight red shift in Fe:TiO2 N Rbs can be explained as being 

mainly due to sp-d exchange interactions between the band electrons and the localized d 

electrons of the ��	� ions substituting ���� cations. The s-d and p-d exchange interactions 

give rise to downward shifting of the CB  edge and an upward shifting of the V B  edge, 

leading to a band gap narrowing. The indirect band gap of all samples were determined from 

the linear fit to the linear portion of the (�h�)
1/2 versus h� plot (insets of F ig . 7.4). The 

calculated band gap of undoped, 0 .1% and 0 .2% Fe doped TiO2 N Rbs are 3.22, 2.7 1, and 

2.66 eV , respectively. The lowering of band gap energy for undoped N Rbs synthesized by 

solvothermal method was shown in Chapters  4 , 5 and reported by us,3 2, 3 5 which are 

attributed to  �� and Ti interstitial defects in TiO2 N Rbs. So, it is not straight forward to 

indentify the origin of the band gap narrowing in Fe:TiO2 N Rbs from the absorption spectra 

only. F ig . 7.4(b )  shows the comparison of absorption spectra of B 50 0  and B 9 0 0 . With 

increase in calcination temperature, the band gap is decreased. N ote that B 9 0 0  sample shows 

Ti interstitial defect related near infrared PL  in the PL  spectra (discussed below) and this 

defect may be responsible for the decrease in band gap.3 5 The red shift in the absorption edge 

in the as-synthesized N Rbs may be associated with oxygen vacancies.  
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F ig . 7.4. U V -visible-N IR absorption spectra: (a) B 50 0 , C50 0  and precursor TiO2; (b) B 50 0  and B 9 0 0 . 
The inset in each case shows the (�h�)

1/2
 v s  h�  plot indicating the indirect band gap for the 

corresponding absorption spectrum of each sample. B and gap energy is calculated from the 
extrapolated line (dashed) fitted to the respective linear portions. 

 

 

7.3 .4. P h otolum ine s ce nce  s tudie s  

In order to confirm the nature of defects in undoped and doped TiO2, PL  studies are 

performed. F ig . 7.5(a )  shows the room temperature PL  spectra of samples A 50 0 , B 50 0 , B 9 0 0  

and B 50 0 V  under identical conditions of measurement. The observed broad visible PL  for all 

samples is primarily related to self-trapped excitons and �� related defect states in TiO2.
3 2, 3 6  

F ig . 7.5(b )  shows the comparison of PL  spectra for B 50 0  and C50 0 . It is observed that the 

intensity of visible PL  decreases for sample C50 0 , indicating less concentration of oxygen 

vacancy in C50 0  compared to B 50 0 . For a clearer understanding of the origin of the broad 

PL  emission, the deconvolution of the peak  was necessary. The broad emission peak  of 

sample B 50 0  is fitted properly with four G aussian bands centered at 4 69 .1 (peak  1), 519 .2 

(peak  2), 59 6.5 (peak  3) and 7 4 5.8  (peak  4 ) nm, as shown by the solid lines (blue curves) in 

F ig . 7.5(c) . A ccording to the literature, peak  1 may be ascribed to self-trapped excitons 

located at TiO6 octahedra, while peak  2 and 3 are ascribed to �� related trap states.3 6  Peak  4  

is attributed to the presence of hydroxyl (OH-) species which may form an acceptor level just 

above the valence band.3 2 A fter vacuum annealing (sample B 50 0 V ), the visible PL  intensity 
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is increased, which is an indication that the visible PL  may be due to the �� related defect 

trap states. U pon the loss of an O atom from TiO2      lattice, the electron pair that remains  

trapped in  the  vacancy cavity  gives rise to an F center and one of the electron in the F 

center tends to occupy the neighboring ���� ion and yield ��	� center and �� center states 

within the band gap of the material.3 2 Further, the incorporation of ��	� into the 

substitutional site of ���� creates additional oxygen vacancies for the charge neutrality in the 

host crystal lattice. Therefore, a large concentration of �� is expected in our Fe doped 

samples compared to undoped samples and this is observed from the enhancement of visible 

emission for doped samples in the PL  spectra. We observed that the visible PL  decreased for 

the Fe doped sample calcined at 9 0 0  °C as compared to the sample calcined at 50 0  °C. This 

is because of the dehydration of as-grown solvothermal products and creation of oxygen 

vacancies at lower calcination temperatures and the molecular O2 may not interact with the 

material at this stage. However, at higher observed that the visible PL  decreased for the Fe 

doped sample calcined at 9 0 0  °C as compared to the sample calcined at 50 0  °C. This is 

because of the dehydration of as-grown solvothermal products and creation of oxygen 

vacancies at lower calcination temperatures and the molecular O2 may not interact with the 

material at this stage. However, at higher calcination temperature (9 0 0  °C), the molecular O2 

interacts with the surface of the materials and start filling oxygen vacancies. The N IR PL  

observed for the samples A 50 0  and B 9 0 0  is attributed to the Ti interstitial defects in TiO2.
3 5 

N ote that the N IR PL  is not observed for B 50 0  and B 50 0 V , indicating the absence or very 

low concentration of Ti interstitial defects below the detection limit. The Ti interstitial 

defects related N IR PL  evolved with higher growth temperatures and calcination 

temperatures and the corresponding mechanism was explained in Chapter 4  and our previous 

report.3 5 So, we observed mainly Ti interstitial defects in B 9 0 0 , which was calcined at 9 0 0  

°C. In order to gain a better understanding of broad visible PL , we performed the time-

resolved PL  (TRPL ) measurements for B 50 0  monitoring the emission at 550  nm with 4 0 5 nm 

laser excitation and the data is shown in F ig . 7.5(d) . The TRPL  spectrum is fitted by a bi-

exponential decay curve with time constant �1 =  0 .4  ns and �2 =  2.2 ns. This result reveals 

that two defect states contributed to the emission at 550  nm, consistent with the steady state 

PL  contribution of peak  2 and peak  3 excluding the negligible contribution from peak  4 .  
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F ig . 7.5. Room temperature PL  spectra for: (a) A 50 0 , B 50 0 , B 9 0 0  and B 50 0 V ; (b) comparison of PL  
of B 50 0 , C50 0 ; (c) visible PL  of B 50 0  with G aussian peak  fitting; (d) shows the PL  decay of B 50 0  
with bi-exponential decay fit.  

 

 

7.3 .5. X P S  a nd E S R  s tudie s   

X P S  stu dies: X PS is a uniq ue tool to investigate surface defects and chemical environment, 

because of its high sensitivity to surface. A  more direct evidence of �� related surface defect 

states and incorporation of ��	� in TiO2 matrix are further confirmed from X PS analyses. A  

comparison of the Ti 2p core level spectra for sample B 50 0 , B 50 0 V  and B 50 0 , C50 0  are 

shown in F ig . 7.6 ( a )  a nd (b ) , respectively. The Ti 2p3/2 and Ti 2p1/2 core level peak  positions 

of samples B 50 0 , B 50 0 V , C50 0  are at 4 58 .2, 4 58 .1, 4 58 .5 eV  and 4 64 .1, 4 63.9 , 4 64 .4  eV , 

respectively indicating ���� state. Interestingly, the Ti 2p peak  slightly shifts to lower 

binding energy in vacuum annealed sample B 50 0 V  as compared to B 50 0 , which can be 

attributed to large concentration of �� in B 50 0 V .3 7 The Ti 2p peak s of C50 0  are shifted to 

higher binding energy compared to B 50 0 . Further, an obvious broadening and shouldering of 

Ti 2p3/2 peak  towards higher binding energy for sample C50 0  can be noted, which may be 
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due to the effect from large concentration of ��	� in the interstitial and/ or substitutional site 

in the TiO2 crystal lattice. A  lower binding energy for O 1s core level peak  is observed for 

B 50 0 V  (F ig . 7.6 (c)), while higher binding energy is observed for C50 0  as compared to B 50 0  

(not shown). N ote that we observed a higher binding energy shoulder in the O 1s spectra for 

both B 50 0  and B 50 0 V . Such a shouldering may be attributed to the presence of OC (oxygen 

bound to carbon), OH- species (OH) in TiO2 nanostructures.3 2, 3 8 In particular, the shouldering 

is enhanced for B 50 0 V , which implies that the �� concentration is dramatically increased 

after vacuum annealing; this ultimately increases the reactivity and binds more carbon and 

hydrogen as impurity. Finally, the Fe 2p core level spectrum of C50 0  is shown in F ig . 7.6 (d) . 

The Fe 2p3/2 and 2p1/2 peak s are observed at 7 10 .7  and 7 24 .7  eV , respectively, which are the 

characteristic peak s of ��	�. This is significantly different from that of the metallic Fe, 

whose 2p3/2 peak  position is at 7 0 6.25 eV . Moreover, the broad satellite peak  at around 7 17 .5 

eV  is attributed to Fe3+ state. Thus Fe doping and corresponding ��	� states are confirmed in 

the doped samples. 

 

 
F ig . 7.6 . X PS spectra: (a) Ti 2p core level spectra for B 50 0  and B 50 0 V . (b) Ti 2p core level spectra 
for B 50 0  and C50 0 . Dotted vertical lines show the change in relative peak  position in each case. (c) O 
1s core level spectra for B 50 0  and B 50 0 V . Dotted vertical line shows the change in relative peak  
position. (d) Fe 2p core level spectrum for C50 0 .  
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E S R  stu dies: E SR is an exceptionally powerful tool in detecting the spin polarized charge 

state of defective TiO2 nanostructures.  E SR spectra of Fe2O3, A 50 0 , B 50 0  and C50 0  are 

shown in F ig . 7.7(a ) - (d) , respectively. We observed the E SR signal with g values 2.0 0  and 

1.9 7  for A 50 0 , B 50 0 , B 7 0 0  and C50 0 , and these signals are assigned to single ionized �� 

(��) and ��	�, respectively.3 5, 3 9
  The E SR spectra reveal the g =  2.22 and 2.27  for B 50 0  and 

C50 0 , respectively, indicating the presence of ��	� in the TiO2 lattice.40  N ote that the 

precursor Fe2O3 shows the E SR signal at g=  2.11 (F ig . 7.7(a )) and this is assigned to ��	� in 

Fe2O3, which is different from the g-value of the ��	� in B 50 0  and C50 0  samples. This 

eliminates the existence of Fe2O3 type clusters in our samples. If it exists, the g-value should 

be at 2.16-2.0 0 .41 Inamdar et al.40  reported that a broad signal with g=  2.20  corresponds to 

ferromagnetic resonance (FMR) and was arising due to the ferromagnetic exchange 

interaction between ��	� ions in Fe doped Z nO nanocrystals. Since the E SR signal is at g=  

2.22 for B 50 0  and it varies with Fe dopant concentration, this signal may be attributed to 

FMR signal due to the ferromagnetic exchange interaction between ��	� and �� ions. More 

interestingly, we observed E SR signal at g=  4 .7 7  for samples A 50 0 , B 50 0 , B 7 0 0  and C50 0  

for the first time, and this signal is not observed in Fe2O3. G enerally, E SR signal with g=  

4 .20  –  4 .29  is reported for ��	� located in a strongly distorted rhombic environment.40 , 42 

Hence, the observed g-value at 4 .7 6 in our samples is not due to Fe species, because it is also 

observed in undoped sample (A 50 0 ) and more intense compared to doped samples. 

Therefore, we assigned this signal to the ��	� in distorted octahedral environment and it may 

possibly have originated due to the �� and contribute to the ferromagnetic resonance due to 

the orbital overlapping of 3d1 spin ��	� and 1s1 spin of �� within the �� cavity in the TiO2 

N Rbs. N ote that the broad E SR signals of Fe doped TiO2 N Rbs consist of three overlapping 

signals and is clearly shown in F ig . 7.7(c)  for B 7 0 0  sample. The g-values are obtained by 

differentiating the observed broad 1st order derivative E SR signal from all the samples. Thus, 

the E SR study proved very useful in identifying the ��	� in doped samples and �� related 

��
	� and �� defects in both undoped and Fe doped samples. The ��	� defects are not 

observed in the X PS Ti 2p core level spectra, but observed in E SR spectra indicating that the 

��
	� species is present inside the bulk  rather surface of N Rbs3 9 and this plays a very crucial 

role in  enhancing the stability of ferromagnetic properties in TiO2 system. 
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F ig .  7.7. Room temperature E SR spectra for: (a) Fe2O3, (b) A 50 0 , (c) B 50 0  and B 7 0 0 , and (d) C50 0 . 

 

 

7.3 .6 . M a g ne tiz a tion s tudie s  

The magnetic properties of as-synthesized undoped and Fe doped samples were investigated 

using V SM. The field dependent magnetic (M– H) measurements are shown in F ig . 7.8. F ig . 

7.8(a )  shows ferromagnetic hysteresis loops for undoped sample A 50 0 . F ig . 7.8(b )  shows the 

M– H loops of the 0 .1% Fe doped samples. The saturation magnetization systematically 

decreases with increasing calcinations temperatures. This may be related to the different 

concentration of �� and evolution of Ti interstitial defects. N ote that the FM is enhanced by 

~ 4 .8  fold in Fe doped sample B 50 0  compared to undoped A 50 0  of same TiO2(B ) phase. It is 

well k nown that the structure of TiO2 is very sensitive to oxygen content and can be easily 

reduced under an oxygen deficient environment. Therefore, the sample B 50 0  was annealed at 

30 0  °C under moderate vacuum in order to induce a higher concentration of oxygen 

vacancies in the sample. Interestingly, the FM is significantly increased for the vacuum 

annealed sample B 50 0 V  as compared to B 50 0 .   This clearly indicates that �� indeed play 

the k ey role in inducing the FM in Fe doped TiO2 system. The M-H measurement of sample 

C50 0  (0 .2% Fe doped) is shown in F ig . 7.8(c) . It is observed that the saturation 
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magnetization decreases with increase in Fe doping concentration. These results underscore 

the active role of �� defects and Fe dopant in the observed RTFM. N ote that the observed Ms 

at room temperature in our undoped and Fe doped TiO2 N Rbs is more than three times and 

more than one order of magnitude higher than that reported for Fe and N  co-doped TiO2 

nanorods12 and other reported literatures.3 1, 43  Our results provide strong indication that 

oxygen vacancies are directly involved in enhancing the ferromagnetic interaction. Such a 

strong RTFM in 0 .1% Fe doped TiO2 nanostructure may extend the development of 

spintronic devices which can be operated at RT. The magnetization parameters for different 

samples are listed in T a b le  7.1. Clearly, the 0 .1% Fe doped vacuum annealed sample exhibit 

the highest �
. Though PL  measurement cannot provide q uantitative analysis on the density 

of oxygen vacancies, following the discussion of Chapter 5,3 2 we expect the oxygen vacancy 

density to be ~ 10 16 cm-3 in our samples. However, more complimentary studies are req uires 

for a better q uantification of the vacancy density. 

 

 
F ig . 7.8. Magnetic field versus magnetization (M– H) loop at room temperature showing hysteresis in 
samples: (a) A 50 0 ; (b) B 50 0 , B 7 0 0 , B 9 0 0  and B 50 0 V ; (c) C50 0 . The insets in each case show the M–
H loop at low field near origin in magnified scale.  
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7.4. R e s ults  a nd dis cus s ion for C r dop e d T iO 2 

7.4.1. X R D  p a tte rn 

The X RD patterns of Cr doped TiO2 nanostructures are shown in F ig . 7.9. The 0 .3% doped 

samples grown at  17 0  °C and 0 .7 % doped samples grown at 19 0  °C after different 

calcinations temperatures are shown in F ig . 7.9( a )  a nd (b ) , respectively. The sample D50 0  

and F50 0  which are calcined at 50 0  °C show the brag peak s correspond to pure TiO2(B ) 

phase.   A ll the peak s of samples D7 0 0  and F7 0 0  corresponded to pure anatase TiO2 while 

the samples D9 0 0  and F9 0 0  show the mixed phases of anatase-rutile TiO2. A ll the peak s of 

samples D50 0 , E 50 0  and F50 0  show the pure TiO2(B ) phase, indicating that TiO2(B ) phase is  

 

 
F ig . 7.9. X RD patterns of the Cr doped samples: (a) D50 0 , D7 0 0  and D9 0 0 ; (b) F50 0 , F7 0 0  and 
F9 0 0 ; (c) D50 0 , E 50 0  and F50 0 . 
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formed after 50 0  °C calcinations irrespective of growth temperatures and doping 

concentrations (F ig . 7.9(c)). N o signature of peak s related to Cr or Cr-oxides are observed in 

these Cr doped samples within the X RD detection limit, indicating the Cr may be 

successfully doped into the TiO2 crystal lattice. Due to the similar ionic radii of ���� (7 5 Å ) 

and 
�	� (7 6 Å ) in 6-coordinate octahedral systems, the Cr3+ is more lik ely to occupy the 

regular lattice position and substituted for the Ti4 + cation in the TiO2 lattice. 

 

7.4.2. F E S E M  a nd T E M  s tudie s  

FE S E M  im ag ing : The morphologies of the synthesized Cr doped samples as-studied by 

FE SE M imaging are shown in F ig . 7.10 .  The high magnification image of a single nanorod 

(N R) of sample D50 0  is shown in F ig . 7.10 (a ) . F ig . 7.10 (b )  shows a single straight and thick  

nanoribbon lik e structure for the sample D9 0 0 . The FE SE M image of F50 0  shows the N Rbs 

lik e structures co-existing with small nanorods (F ig . 7.10 (c)). F ig . 7.10 (d)  shows the N Rbs 

for the sample F7 0 0 . These samples reveal the well-defined 1D N Rs/N Rbs without 

appearance of any additional impurity cluster, indicating that all the precursor anatase TiO2 

and Cr(N O3)3⋅9 H2O are uniformly mixed and homogeneously distributed throughout the 

solvent, and chromium ions are incorporated into the lattice of TiO2 after hydrothermal 

treatment forming doped 1D N Rs/N Rbs. 

 

 
F ig . 7.10 . FE SE M images of Cr doped TiO2 samples: (a) D50 0 , (b) D9 0 0 , (c) F50 0  and (d) F7 0 0 . 
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TE M  im ag ing : F ig . 7.11 shows the TE M images of as-synthesized Cr:TiO2 nanostructures. 

Sample D50 0  shows the N Rs/N Rbs with nanobrick s/ nanostones lik e structures on the 

surface (F ig . 7.11(a )).  The inset in F ig . 7.11(a )  shows the SA E D patterns of the 

corresponding N Rs/N Rbs, indicating single crystalline nature of TiO2(B ) phase. The high 

resolution TE M image of a single nanorod of D50 0  is shown in F ig . 7.11(b ) , which shows 

nanobrick s/ nanostones lik e morphologies on the surface mak ing it a homogeneous 

nanoporous structures. The lattice fringe of the nanorod is shown in F ig . 7.11(c) . The d-

spacing of 3.12 Å  corresponds to (0 0 2) plane of TiO2(B ) phase.   A  single nanoribbon of 

F50 0  is shown in F ig . 7.11(d) . N anobrick s/ nanostones are formed on the surface of 

nanoribbon. The lattice fringe of the corresponding nanoribbon is shown in F ig . 7.11(e ) . The 

d-spacing of 3.12 Å  corresponds to (0 0 2) plane of TiO2(B ) phase. The SA E D pattern of the 

nanoribbon is shown in F ig . 7.11(f )  showing the single crystalline nature of TiO2(B ) phase. 

The monoclinic structure of TiO2(B ) is clearly observed in the well spotted SA E D pattern. 

The cluster related structures is not observed in HRTE M images. Further clear SA E D pattern 

of TiO2(B ) phase dictates that Cr is well incorporated into the TiO2 crystal lattice. 

 

 
F ig . 7.11. TE M images of Cr doped TiO2 nanorods/nanoribbons: (a) D50 0 , inset is the corresponding 
SA E D pattern; (b) D50 0 , high magnification image; (c) lattice fringe of nanorod of D50 0 ; (d) F50 0 ; 
(e) lattice fringe of nanoribbon of F50 0 ; (f) SA E D pattern of F50 0 . 
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7.4.3 . O p tica l a b s orp tion a nd P h otolum ine s ce nce  s tudie s   

Optic al absorption stu dies: The U V -visible-N IR absorption spectra of D50 0 , D7 0 0  and 

D9 0 0  along with precursor TiO2 are shown in F ig . 7.12(a ) . The absorption edge of Cr doped 

samples is red-shifted compared to the precursor TiO2 (PTiO2) nanoparticles. The red-shift in 

doped sample can be assigned to the charge transfer band 
�	� → ���� 44 or may be due to 

the oxygen vacancy.3 2 The large red shift is observed for the sample D9 0 0  which is attributed 

to presence of large concentration of Ti interstitial defects.3 5 The D9 0 0  sample shows strong 

Ti interstitial defects related N IR PL  discussed in the following paragraph. The indirect band 

gaps of the Cr doped samples are shown in F ig . 7.12(b ) . It is seen that the band gap of the 

doped samples are reduced as compared to the PTiO2 (3.22 eV ). The calculated band gaps 

are 2.7 3, 2.7 3 and 2.38  eV  for the samples D50 0 , D7 0 0  and D9 0 0 , respectively which is very 

important for the visible light photocatalytic applications. 

 

 
F ig . 7.12. (a) U V -visible-N IR absorption spectra of Cr doped samples D50 0 , D7 0 0 , D9 0 0  and 
precursor TiO2 (PTiO2), (b) (�h�)

1/2
 v s  h�  plot indicating the indirect band gap for the corresponding 

absorption spectrum of each sample. 
 

 

P hotolu m inesc enc e stu dies: F ig . 7.13 (a )  shows the room temperature PL  emission spectra 

of 0 .3% Cr doped samples grown at 17 0  °C after different calcinations temperatures.  The 

broad visible PL  is attributed to the oxygen related trap states emission.3 2, 3 5 The N IR PL  is 

related to the Ti interstitial defect related trap states emission whose evolution is discussed in  
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F ig . 7.13 . PL  spectra of Cr doped TiO2 nanostructures: (a) D50 0 , D7 0 0  and D9 0 0 ; (b) F50 0 , F7 0 0  
and F9 0 0 ; (c) G aussian peak  deconvolution of broad visible PL  of D50 0 ; (c) PL  decay spectrum of 
D50 0  monitored at 525 nm.  

 

 

Chapter 4  and our previous report.3 5 With increase in calcinations temperatures, the oxygen 

vacancy related visible PL  decreases while Ti interstitial related N IR PL  increases, which is 

consistent with the previous results for undoped TiO2 N Rbs whose origin and mechanism 

were discussed through an in - s itu  PL  studies in Chapter 4 . Similar response of PL  is 

observed for the 0 .7 % Cr doped samples grown at 19 0  °C (F ig . 7.13 (b )). These results 

indicate that the visible PL  decreased due to reduction of oxygen vacancies during the 

calcinations at higher temperatures in air. Interestingly, the N IR PL  is shifted to higher 

energy with increasing calcinations temperatures. The N IR PL  at lower energy side can be 

attributed to the ��	� interstitial defects while the N IR PL  at 1.4 5 eV  is attributed to ���� 

interstitial defect states within the band gap of Cr doped TiO2 nanostructures.3 5 N ote that the 

observed intensity of N IR PL  for the sample F9 0 0  is one order of magnitude higher 
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compared to that of D9 0 0 ; this may be due to the higher growth temperature. It seems that 

more interstitial defects are evolved at higher growth temperature, which was also discussed 

in Chapter 4 . 
�	� interstitial may also contribute to the N IR PL . In order to understand the 

origin of broad visible PL , we fit the spectrum of D50 0  with G aussian peak s (F ig . 7.13 (c)). 

The spectrum is well fitted with three G aussian peak s. The peak  1 may be attributed to the 

emission from self trapped exciton while peak  2 and peak  3 are assigned to the emission from 

oxygen vacancy related F+ and Ti3+ trap states, which was discussed in Chapter 5. Further we 

monitor the emission at 525 nm and measured the PL  decay (F ig . 7.13 (d)). The PL  decay is 

well fitted with double exponential decay curve with time constants �1 =  0 .3 ns and �2 =  2.5 

ns. Thus, the emission at 525 nm is contributed by two defect states, i.e., peak  2 and 3 as 

shown by drawing the dotted vertical line in F ig . 7.13 (c) . Thus the steady state PL  and TRPL  

results are consistent.   

 

7.4.4. X P S  a nd E S R  s tudie s  

X P S  stu dies: The X PS measurements were carried out to obtain information about the 

electronic valence states of the elements in the Cr doped TiO2 D50 0  sample (F ig . 7.14(a ) -

(c)). The Ti 2p3/2 and Ti 2p1/2 core level peak  positions of sample D50 0  are at 4 58 .0  eV  and 

4 63.7  eV , respectively which indicates that Ti is in 4 + oxidation state (F ig . 7.14(a )). F ig . 

7.14(b )  shows the O 1s core level spectrum of D50 0 . The intense peak  at 529 .5 eV  is 

attributed to the lattice O associated with ���� while the asymmetric broad shouldering at 

higher binding energy may be due to the O attached to surface atmospheric carbon (OC) 

contamination and hydroxyl group (OH).3 8, 45 The Cr 2p core level spectrum of D50 0  is 

shown in F ig . 7.14(c) . The asymmetric Cr 2p3/2 peak  indicates the overlapping of more than 

one peak . So the deconvolution of the peak  is necessary. The Cr 2p3/2 core level peak  is 

deconvoluted by two G aussian peak s centered at   57 7 .0  and 57 9 .7  eV . The peak  at 57 7 .0  eV  

is assigned to 
�	� 2p3/2 state, while the peak  at 57 9 .7  eV  is attributed to 
��� 2p3/2 state. 

Moreover, Cr 2p1/2 core level peak  is observed at ~ 58 6 eV  which is attributed to the 
�	� 

state. The core level binding energy observed for the Cr 2p3/2 is different from ~ 57 4 .0 2 eV  of 

Cr metal or 57 6.3 eV  of CrO2.
46  It indicates that there is no metallic Cr or clusters on the 

surface of the nanostructure. These results signify that Cr has been incorporated as 
�	� in 

the TiO2 lattice. 
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F ig . 7.14. X PS core level spectra for D50 0 : (a) Ti 2p, (b) O 1s, (c) Cr 2p. (d) E SR spectrum of D50 0 . 
The inset in (c) is the G aussian deconvolution of Cr 2p3/2 peak , the symbols (open circles) represent 
the experimental data and the solid lines are the fitted curves. 
 

 

E S R  stu dies: The room temperature E SR spectrum of D50 0  is shown in F ig . 7.14(d) . We 

observed the E SR signal with g-values 2.0 0 1 (weak ) and 1.9 7 0  (intense), and these signals 

are assigned to single ionized �� (��) and ��	�, respectively.3 5, 3 9 The 
�	� signal is also 

observed at g= 1.9 7 0 .47 Since no trace of ��	� is observed in X PS Ti 2p spectra and 
�	� 

state is observed in Cr 2p spectra, we assigned this signal at g= 1.9 7 0  to the 
�	�. However, 

the presence of ��	� in the doped sample cannot be completely ruled out.  

 

7.4.5. M a g ne tiz a tion s tudie s  

Room temperature magnetic measurements of the Cr doped TiO2 nanostructures were carried 

out using a V SM. The field dependent magnetizations (M-H) of the doped samples are 

shown in F ig . 7.15. A ll the samples exhibit clear ferromagnetic hysteresis behavior with 

saturation magnetization. F ig . 7.15(a )  shows the hysteresis loop of D50 0  and E 50 0  which are  
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F ig . 7.15. Magnetic field versus magnetization (M– H) loop at room temperature showing 
comparison of hysteresis in samples: (a) D50 0  and E 50 0 ; (b) D50 0  and D7 0 0 ; (c) E 50 0  and F50 0 ; (d) 
D50 0  and D50 0 V .  

 

 

grown at two different reaction temperatures with same doping concentration (0 .3% Cr). The 

saturation magnetization of E 50 0  is less compared to D50 0 . This may be due to different 

concentration of oxygen vacancy in D50 0  and E 50 0 . From our earlier study, we observed 

that the samples grown at higher temperature have comparatively lower concentration of 

oxygen vacancy. So, this may be a possible reason for the less magnetization in E 50 0  as 

compared to D50 0 . F ig  7.15(b )  shows the comparison of D50 0  and D7 0 0 , which are calcined 

at two different temperatures in air. The magnetic moment decreases with increase in 

calcinations temperature which is attributed to the lower concentration of oxygen vacancy in 

D7 0 0  and this is consistent with the PL  spectra (F ig . 7.13 (a )). The M-H loop of E 50 0  and 

F50 0  are shown in F ig . 7.15(c) . It is observed that the sample F50 0  of higher doping 

concentration (0 .7 % Cr) has less magnetization as compared to 0 .3% Cr doped sample 
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(E 50 0 ). Interestingly, the magnetic moment is considerably increased after moderate vacuum 

annealing of sample D50 0 , which is shown in F ig . 7.15(d) , suggesting that oxygen vacancy 

play an important role in enhancing the ferromagnetic ordering. The saturation magnetization 

values are provided in the T a b le  7.1. N ote that we did not mentioned the coercive field (��) 

and remanent magnetization (��) in the T a b le  7.1 for the Cr doped samples. This is because 

the V SM measurements for the Cr doped samples are run manually by switching the 

magnetic field (i.e., rotating the k nob of the electromagnet power supply), not run through 

software control. So, the coercive field and remanent magnetization values are not accurate 

due to measurement limitations. However, the saturation magnetization value is unaffected 

and accurate. A s we have measured the M-H behavior for the Fe doped samples through 

V SM software and run by manually and observed the �� and �� are less in the case of 

samples measured through software whereas the �
 remain almost constant. So, the observed 

large M-H loop area is not very accurate for the Cr doped samples, however nature of the 

loops remain unchanged.  

 

7.5. O rig in of f e rrom a g ne tis m  

Since the prediction and discovery of oxide based DMSs, there is still a lack  of uniq ue model 

to explain the experimental observations of ferromagnetism on a wide range of materials 

from a variety of synthesis methods and, the actual physical mechanism remains an open 

q uestion. Despite many efforts, there is an incomplete understanding on the origin of RTFM 

in oxide-based DMS materials, whether it is an extrinsic effect due to direct interaction 

between the local moments in magnetic impurity clusters or is indeed an intrinsic property 

caused by exchange coupling between the spin of the carriers and the local magnetic 

moments. E xperimental results reported by various groups are q uite controversial and in 

particular, the underlying origin of RTFM in TiO2 based DMSs is still debated. The possible 

reasons for the inconsistent results may have arisen due to the creation and distribution of 

different concentration of defects and/ or formation of secondary ferromagnetic phases/ metal 

clusters that are dependent on the growth methods and processing conditions during sample 

preparations. However, due to the fact that the RTFM is observed in undoped TiO2 system, it 

helps to resolve the controversies partly about the issues related to the crucial role of defects 

in the ferromagnetic ordering in TiO2 nanostructures.10 , 3 0   In our recent report3 2 and 
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discussed in Chapter 5, it was demonstrated that a large concentration of �� in TiO2 N Rbs 

with high thermal stability results in strong RTFM compared to those earlier reported in 

undoped/ doped TiO2 systems. The electrons in �� center localize and may form bound 

magnetic polarons by ordering the ��	� (3d1) electron spin neighboring the oxygen 

vacancies, thereby gaining exchange energy. The s-d exchange interaction between the 1s1 

electron spin in the �� center, which is localized in the vicinity of 3d1 electron spin of ��	� 

ions within an orbit around oxygen vacancies favors long range FM. N ote that our E SR result 

confirms the presence of ��	� and �� defect species in undoped A 50 0  sample. The electrons 

in doubly occupied oxygen vacancies (F center) form 1s2 state, which only mediates weak  

antiferromagnetic exchange.48  Thus the formation of bound magnetic polaron (B MP), which 

includes electrons locally trapped by oxygen vacancies, with the trapped electron in the �� 

center occupying an orbital overlapping with the unpaired electron (3d1) of ��	� is proposed 

to explain the observed FM in our undoped TiO2 N Rbs. Here, we explore the understanding 

on the role of oxygen vacancies and TM (i.e., Fe and Cr) dopants towards the origin of 

enhanced FM in Fe/ Cr doped TiO2 nanostructures compared to undoped TiO2 and the 

mechanism of decrease in magnetization for higher doping concentration. 

The mechanism of FM in Fe doped TiO2 is rather complicated and several 

mechanisms have been proposed, such as double exchange and super exchange coupling,18 

RK K Y 49 and coupling of B MP which is formed with a localized hole/ electron (usually 

induced by �� defects) and the Fe3+ surrounding50  etc. However, the dominant mechanism is 

still unclear, though one common feature in all these models is the vital role played by 

defects, carriers and/ or their coupling. From the M-H measurements, it is found that the 

saturation magnetization of 0 .1% Fe doped sample is ~ 4 .8  times enhanced compared to 

undoped sample, and the density of oxygen vacancies is simultaneously increased in doped 

B 50 0  as compared to undoped A 50 0 , as confirmed from the PL  analysis. Further, the 

magnitude of FM varies with different calcination temperatures for the same doping 

concentration (F ig . 7.8( b )). In order to understand the specific role of �� in Fe:TiO2, we 

studied the M-H behavior of vacuum annealed sample B 50 0 V  and this study showed that 

oxygen vacancies indeed play the k ey role in the observed FM. Our results point to the fact 

that the ���defects constitute the main ingredient to the observed FM in both undoped and 

Fe:TiO2. This is q uite reasonable since due to ��	� substituting in the ���� lattice sites, 

TH-1277_09612109



������������������������������������������������������������
�"!��� ��	
��
���

additional oxygen vacancies are expected owing to the charge neutrality in the host TiO2 

crystal. Since we observed FM in undoped system and a lower magnetic moment in 0 .2% Fe 

doped sample as compared to 0 .1% doped sample, it strongly suggest that a simple carrier 

mediated mechanism is not applicable to TiO2 based DMS in this case. The �� defects 

introduced in the TiO2 host lattice during the solvothermal growth and post-growth 

calcinations play a significant role in the ferromagnetic ordering of 3d local spin, which are 

determined by the local atomic arrangement and local orbital overlapping, and control the 

magnitude of the ferromagnetic signal in Fe:TiO2 nanostructures.51  

Q uestion may arise on how the �� helps in the ferromagnetic ordering of Fe:TiO2 

systems. Chen et al.18 predicted that �� enhance the FM in Fe:TiO2 system in two different 

ways, either through a shallow impurity state of a nearest neighbor Fe-�� complex or 

through the capture of vacancy electrons by the Fe atoms and subseq uent enhancement of the 

FM double exchange. Coey et al.52 reported that an electron trapped in the �� defect level 

creates an F center. The exchange interaction between neighboring magnetic ions mediated 

by the F center forms a B MP and the overlapping of such B MPs contributes to long-range 

ferromagnetic ordering in doped nanocrystals. B ased on this mechanism, several authors21, 50  

reported that when the defect concentration exceeds the percolation threshold, the electron 

associated with the oxygen vacancies overlaps with the 3d shells of many dopant ions to 

yield the B MPs. The coupling between the two ��	� dopant spins through ��with trapped 

electron (��	�-��-��	�) leads to long range ferromagnetic ordering and this is k nown as F 

center exchange coupling. However, if the one of the ��	� is far away from the ��, then 

another possible source of antiferromagnetic interaction can be the existence of oxygen 

vacancies with two trapped electrons having 1s2 configuration.48 Therefore, we believe that 

exchange interaction between 3d5 spins of ��	� and 1s1 spin of �� center is most lik ely 

responsible for the observed enhanced FM in Fe:TiO2 systems along with the exchange 

interaction between 3d1 electron spin of ��	� and 1s1 spin of �� lik e in undoped systems.51 

Theoretical studies suggested that oxygen vacancies can cause an obvious change of band 

structure of the host oxides and mak es a significant contribution to the FM. We observed that 

the absorption edges of as-synthesized N Rbs are red shifted compared to the precursor TiO2 

powder, which may be due to sp-d exchange interactions between the band electrons and the 
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localized d electrons of the ��	� ions substituting ����cations and/ or s-d exchange 

interaction between the �� and ��	�/ ��	� and favor the observed FM. 

A t higher Fe concentration (0 .2%), the FM is decreased. A  similar feature was 

reported recently by Dodge et al.7 in Fe doped SnO2 system. Chen et al.18 reported that the 

reduction of FM in large concentration of ��	� doping is possibly due to the 

antiferromagnetic ordering between two nearby ��	� ions in the absence of �� by super 

exchange interaction. When the dopant concentration is high, the ��	� may reside into the 

interstitial position in host TiO2 and most of the ��	� spins exist in the isolated paramagnetic 

spin system or may interact antiferromagnetically by super exchange interaction between the 

two neighboring ��	� ions, which is responsible for the reduction of FM signals in 0 .2% 

Fe:TiO2 samples. Our PL  results show that concentration of oxygen vacancy is considerably 

lower in C50 0  as compared to that in B 50 0  (F ig . 7.5(b )). Hence, lower oxygen vacancy is 

partly responsible for the lower saturation magnetization. N ote that the FM decreases with 

the calcinations temperatures in 0 .1% Fe:TiO2 system which is just opposite to the case of 

undoped system. This implies that the dopant concentrations, their distribution within the 

host lattice and the energy level of the dopant as well as the band gap of TiO2 host may affect 

the FM in Fe:TiO2 systems. In the present case, different concentrations of overlapping of 

��
	�-�� and/ or ��	�-�� complexes are expected and may enhance/ reduce the overlapping 

of B MPs which determine the magnitude of FM.51 The concentration of �� is considerably 

lower in B 9 0 0  as compared to that in B 50 0 , as confirmed from the PL  spectra (F ig . 7.5(a )). 

Hence, the reduction of FM in the higher calcined sample (B 9 0 0 ) is consistent with the above 

model. A nother possible reason for the reduction of FM with calcinations in 0 .1% Fe:TiO2 

sample is the migration of ��	� defects towards the surface to interact with atmospheric 

oxygen and convert to ���� interstitial defects during the course of calcinations in air at 9 0 0  

°C and this may result in the reduction of B MPs. N ote that the interstitial defects related N IR 

PL  was strong in B 9 0 0  (F ig . 7.5(a )).  Thus, the �� mediated ferromagnetic interaction seems 

to be fully consistent with our results.  

U nlik e many other TMs, Cr itself is antiferromagnetic and so the observed FM would 

not induce any extrinsic ferromagnetism even if Cr clustering occurs. Moreover, all the other 

oxides of Cr except CrO2 are not ferromagnetic. It was reported that the synthesis of CrO2 is 

too difficult at atmospheric pressure and generally stable at high oxygen pressure.23  Thus, Cr 
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doped TiO2 is an excellent platform to investigate the nature and origin FM in DMS systems. 

Further, trivalent 
�	� ions exhibit 3d3 high-spin configuration, which may induce long 

range ferromagnetic ordering by exchange interaction with nearby oxygen vacancy in the 

defective host semiconductors. We observed that with increase in calcinations temperatures 

in air, the FM decreases considerably. The oxygen vacancy related visible PL  emission 

decreases with increase in calcinations due to the oxidation of samples at high temperature in 

air. Further the FM is enhanced in the vacuum annealed samples D50 0 V  having large 

concentration of oxygen vacancies compared to as-synthesized D50 0 . So, a strong correlation 

between the oxygen vacancy and FM is observed. This strong correlation between the FM 

and the oxygen deficiency must be considered in order to understand the origin of the 

observed RTFM. 

Therefore, it is believed that the oxygen vacancy plays an important and 

complimentary role in ferromagnetic ordering of 3d3 spins of 
�	�. N ote that the presence of 


�
	� is confirmed from our E SR and X PS analyses. Since the ionic charge of 
�	� is 

different from that of ����, substitution of 
�	� for ���� generate oxygen vacancies nearby 


�
	� in the lattice of TiO2 to maintain charge neutrality. However, the oxygen vacancies 

alone without any proper charge distribution are not adeq uate to establish a robust 

ferromagnetism in the Cr:TiO2 nanostructures. More recently, Da Pieve et al.53  reported that 

the O vacancy is a ���center and the associated absence of electrons implies that the F-

center exchange, usually invok ed to stabilize ferromagnetism in these systems,52, 54 cannot be 

active in Cr-doped TiO2. Moreover, the �� with two trapped electrons having 1s2 

configuration exhibit antiferromagnetic ordering.48 B ased on a density-functional calculation, 

Raebiger et al.55 showed that in Cr doped In2O3 the ferromagnetic Cr-Cr interaction can be 

tuned and even switched via electron doping. The extrinsic additional electrons doping, such 

as the large amount of donors induced by oxygen vacancies could provide the needed carriers 

to stabilize the long-range ferromagnetic ordering as Cr itself may not produce any free 

electrons.55 Therefore, we believe that the partially filled Cr 3d states have to interact with 

the electron in �� center and the exchange interaction between 3d3 spins of 
�	� and 1s1 spin 

of �� center is most lik ely responsible for the observed enhanced FM in Cr:TiO2 system, 

which is similar to the Fe:TiO2 systems discussed above. N ote that the presence of �� center 

in doped sample D50 0  is confirmed from our E SR spectrum (F ig . 7.14(d)).  
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We observed that the FM drops when the Cr concentration is increased to 0 .7 % 

(sample F50 0 ) shown in F ig . 7.15(c) . A  similar decrease in magnetization is observed by 

Choudhury et al.29 for higher doping concentration of Cr in TiO2. A s we increase the doping 

of 
�	�, some of the 
�	� may reside in the interstitial site in the host TiO2 or to the surface 

or grain boundary regions. A ll of the added 
�	� may not be associated with an oxygen 

vacancy and these 
�	� ions may bind with oxygen ions by 
�	� −  O2- −  
�	� bonds or may 

be associated with another 
�	� ion.29 The decrease of magnetization may be expected due to 


�
	�−  O −  
�	� super exchange interaction or due to the 
�	�- 
�	� interaction in the 

absence of oxygen vacancy which lead to antiparallel alignment of the spins.  For observing 

ferromagnetism there should be exchange interaction of the 3d3 spins of 
�	� ions via 

oxygen vacancies and for that purpose the dopant ions and defects should be situated close 

by. If the 
�	� ions are isolated or formed coupled pairs without any oxygen vacancies, 

antiferromagnetic interaction will tak e place and ultimately result in the effective reduction 

of magnetization, which is observed for higher concentration Cr:TiO2 nanostructures in our 

case. Similar results are also observed in our Fe:TiO2 system for higher concentration of Fe, 

as discussed above. 

The only possibility of extrinsic FM in Cr:TiO2 may be expected from the CrO2 as all 

other form of Cr oxide and Cr metal cluster itself are not ferromagnetic. So, the q uestion 

arises whether the observed RTFM in our Cr:TiO2 nanostructures is intrinsic or due to the 

solely presence of CrO2 phase. If the ferromagnetism is due to CrO2 phase, then the 

magnetization is expected to be increasing with increasing Cr concentration. However, in our 

samples we did not observe steady rise in magnetization for higher doping concentration. 

This result suggests that the observed RTFM is intrinsic in nature. 

 

7.6 . C onclus ions  

We successfully synthesized the undoped and Fe doped TiO2 N Rbs by a low temperature 

solvothermal method and Cr doped TiO2 N Rs/N Rbs by a hydrothermal method. We 

investigated the origin of RTFM in these novel systems using several experimental tools. Our 

studies revealed strong correlation of ���and RTFM in both Fe and Cr doped TiO2 

nanostructures. The enhanced FM after vacuum annealing for both Fe and Cr doped samples 
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compared to the as-prepared samples indicates that �� play a major role in the observed FM 

in TM doped TiO2 systems. B y comparing the �� related visible emission from PL  spectra 

and saturation magnetization from M-H loops, we found that �� is mainly responsible in 

dictating the magnitude of FM in different samples. Since we observed the FM in undoped 

TiO2 N Rbs and there was no signature of impurity from X RD and HRTE M studies in 

Fe:TiO2 samples, the controversy related to the Fe metal cluster and other secondary phases 

towards the FM in our Fe:TiO2 system is eliminated. The ~ 4 .8  fold enhanced saturation 

magnetization in 0 .1% Fe:TiO2 compared to undoped TiO2 indicates that ��	� also play an 

important role in ferromagnetic ordering in the presence of �� in Fe:TiO2 systems. The FM 

decreases with increase in Fe or Cr dopant concentration, which is attributed to the 

antiferromagnetic ordering caused by the super exchange interaction between two 

neighboring ��	� or 
�	� ions in the absence of �� in Fe doped and Cr doped samples, 

respectively. The observed RTFM is explained on the basis of B MPs whose formation is due 

to the s-d exchange interaction between ��	�-��, ��	�-�� and 
�	�-�� in the vicinity of �� 

and the overlapping of more B MPs result in enhanced FM. A n optimal concentration of Fe or 

Cr doped into the substitutional site of ����  and the creation of nearby  �� are the primary 

req uirement for the enhanced FM in Fe:TiO2 or Cr:TiO2 nanostructures, respectively. On the 

basis of our experimental findings, we conclude that both �� and Fe or Cr dopants and their 

charge distribution within the TiO2 lattice play the pivotal role in increasing the 

ferromagnetic ordering and enhancement of FM in the doped TiO2 nanostructures. These 

findings not only help to gain better insight into the defect engineering of RTFM in undoped 

and Fe doped TiO2 or Cr doped TiO2, but also constitute an important step for the 

development of practical nanospintronic devices which can be operated at room temperature. 
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The first report on room temperature ferromagnetism (RTFM) in Co-doped TiO2 (Co:TiO2) 

by Matsumoto et al.1 has stimulated great interest in the search for diluted magnetic 

semiconductor (DMS) materials and a number of studies have been carried-out to investigate 

whether the ferromagnetism (FM) is carrier-mediated or not. However, the issue related to 

the origin of FM still remains a subject of intense debate. It has proved to be difficult to 

determine whether the observed FM is an intrinsic effect due solely to the substitution of Co 

on the Ti sites or an extrinsic effect due to the presence of clustered metallic Co and/ or 

formation of secondary ferromagnetic phases in Co:TiO2 systems. Several important tools 

such as anomalous Hall effect (AHE),2, 3 x-ray photoelectron spectroscopy (XPS),4, 5 x-ray 

magnetic circular dichroism (XMCD)6, 7
�have been applied to the Co:TiO2 system to identify 

the exact origin of FM. The reported literatures are controversial and the mystery of the 

origin of FM is still remains an open question. Recently, advances in the spintronic 

technology have exploited considerable interest in TiO2-based diluted magnetic 

semiconductors (DMSs) with Curie temperature (TC) well above room temperature for the 

device applications.  In this chapter, we report on the high temperature FM in Co:TiO2 

nanoparticles (NPs) grown by a ball milling method, which is different from the methods 

discussed in the previous chapters. We investigated the structural and optical properties of as-

grown NPs to identify the nature and contribution of defects, which are responsible for the 

observed FM at and above room temperature. 
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8 .1. I n t r o d u c t io n  

In the recent decades, intensive attention has been focused on diluted magnetic 

semiconductor (DMS) such as transition metals doped Z nO,8 , 9  SnO2
10  and TiO2

11 due to 

realiz ation of room temperature ferromagnetism (RTFM) in these systems. Among these 

DMS, Co doped TiO2 (Co:TiO2) has been considered as one of the promising candidate 

owing to its excellent transparency, stability, high n-type carrier mobility, and low cost. A 

k ey component to exploiting TiO2 based DMS is the realiz ation of intrinsic FM with Curie 

temperature (TC) well above room temperature (RT) for the development of future spintronic 

devices that can be operated at and above RT. However, the reported results are 

controversial. Numerous studies have reported that the magnetism is sensitive to the 

preparation conditions and doping agents. For example, L i et al.12 synthesiz ed Co:TiO2 

nanopowders via Ar/O2 RF thermal plasma oxidiz ing mists of liquid precursors containing 

titanium tetra-n-butoxide and cobalt (II) nitrate.  They determined that the solubility of Co2+  

in the TiO2 lattice was around 2 atomic% , above which CoTiO3 and Co2TiO4 impurity phases 

are formed. Huang et al.4 reported synthesis of 5  atomic%  Co doped TiO2 nanotube arrays by 

a sol– gel template method without any evidence of metallic Co or formation of any 

secondary phases. The thin films of Co doped TiO2 were prepared by laser molecular beam 

epitaxy on TiO2-buffered sapphire substrates by Q uilty et al.13 with varying Co 

concentration, i.e., 1 % , 5 %  and 1 0 % . They demonstrated that Co2+  was successfully 

incorporated into the TiO2 matrix using XPS studies. U p to now, most studies reported on 

Co:TiO2 have been made primarily by thin film method, such as sputtering,14, 15 pulsed laser 

deposition,16-18  molecular beam epitaxy,19 , 20  and chemical vapor deposition.21, 22 V ery little 

studies have been done on doped TiO2 nanoparticles (NPs) that are freestanding and do not 

involve any chemical method for preparation. 

The Co doped TiO2-based DMS has been widely discussed and highly debated about 

the nature and origin of the observed FM, leading to confusion whether the true DMS exist in 

Co:TiO2 systems. Some reports suggested segregation and the formation of Co clusters as the 

origin of FM signal,5, 6 while the others results strongly support the intrinsic nature of FM 

mediated by carriers or defects.11, 23, 24  Toyosak i et al.2 found a correlation between 

anomalous Hall effect (AHE) and magneto optical dichroism measurements and suggested 

carriers enhanced ferromagnetism in Co:TiO2 films. However, Shinde et al.3 suggested that 
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observing an AHE is not a robust test for confirming carrier mediated ferromagnetism, 

because the co-occurrence of superparamagnetic Co clusters and the AHE is possible in Co-

doped TiO2 films. K im et al.6 investigated the origin of ferromagnetism in Co-doped anatase 

TiO2 thin films with x-ray absorption spectroscopy (XAS) and XMCD at the Co L��� edges. 

They observed that the Co L��� edge XAS spectrum becomes identical to that of Co metal, 

suggesting that Co metal clusters are the cause for FM. On the other hand, Mamiya et al.7 

reported multiplet features characteristic of Co2+  in Co L��� edges XMCD spectra of Co 

doped rutile TiO2, suggesting that Co2+  ions, and not metallic Co, contribute to FM. Q uilty et 

al.13 suggested a strong hybridiz ation between carriers in the Ti 3d t2g band and the t2g states 

of a high spin Co2+  ion in rutile Co:TiO2 films. B y using XPS technique, they showed that 

Co2+  is with high-spin state in which an unoccupied t2g state is expected to hybridiz e with the 

Ti 3d t2g orbital, permitting direct t2g-t2g hopping. Such direct hopping should enhance the 

exchange coupling between the Co ions, increasing the magnetic moment. Further, they did 

not observe any Co metal related core-level spectrum in the XPS measurements and reported 

an intrinsic RTFM in Co:TiO2 thin films up to 1 0 %  Co doping.  

The above controversial results among research groups suggest that the magnetic 

properties of Co doped TiO2-based DMSs are critically dependent on fabrication and growth 

conditions. Here, we grow Co doped TiO2 NPs by using a mechanical ball milling process 

and it proves to be an effective and simple technique to grow transition metal doped oxide 

semiconductors that exhibit high temperature FM. The observed magnetiz ation and its 

temperature dependence are discussed with reference to the role of defects and doping 

concentration in the TiO2 sublattice.25 The focus of the present work  is to bring further 

insight about the origin of the FM observed in the Co:TiO2 system by studying the role of 

oxygen vacancies in TiO2.  

 

8 .2. S y n t h e s is  o f  C o  d o p e d  T iO 2 n a n o p a r t ic le s  

The starting materials are commercial TiO2 powder (purity 9 9 % , Merck ) and cobalt (Co) 

powder (9 9 .5 % , L oba Chemie). 3 wt%  and 8  wt%  Co powders are mixed with the required 

amount of TiO2 powder. After mixing, the powders are ground for 1 0  minutes using a 

ceramic mortar and milled in a mechanical planetary ball-milling machine (Retsch, PM 1 0 0 ) 

at 35 0  rpm for duration of 5  h in a contamination-free z irconium dioxide (z irconia) vial under 
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atmospheric pressure and temperature. Z irconium dioxide balls of diameter 5  mm are used in 

this experiment. The ball to powder mixture weight ratio was tak en as 1 0 :1 . Post-growth 

annealing was done for the Co doped samples at 30 0  °C for 2 h in air. 

 

8 .3. S t r u c t u r a l a n d  m o r p h o lo g ic a l s t u d ie s  

XRD patterns: The XRD patterns of undoped and Co doped TiO2 NPs are shown in F ig . 8 .1. 

All the diffraction peak s corresponded to the tetragonal anatase phase of TiO2. Regardless of 

the concentration of the substituted Co into TiO2 crystal lattice, there was no signature of Co 

metal clustered or any secondary phases such as Co-oxides phases and Co-Ti composites, 

which indicates that Co cations successfully occupy Ti cations sites in the anatase TiO2 

lattice. Interestingly, a very slow scan comparison of (1 0 1 ) peak s for undoped and doped 

samples are shown in the inset of F ig . 8 .1, which indicates a slight down shift of the peak  in 

doped samples.  

 

 
F ig . 8 .1. XRD patterns of undoped, 3%  and 8 %  Co doped TiO2 NPs. The inset shows the magnified 
view of the comparison of the (1 0 1 ) peak  for undoped and doped TiO2 NPs. 
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In addition, the doped samples show lowering of peak  intensity and increase in full width at 

half maximum of XRD patterns. A corresponding expansion of the lattice parameter is 

expected, because the ionic radius of dopant Co2+  ions (0 .7 9  Å  ) was larger than that of host 

Ti4+  ions (0 .7 5  Å ) for the same coordination type, i.e., 6 -coordinate octahedral. Compared to 

undoped TiO2, the NPs siz e of doped samples is reduced considerably during milling. The 

average crystallite siz e of undoped and Co:TiO2 NPs, determined from the XRD pattern 

using Scherrer’s equation26 was obtained as ~ 8 1  and 35 – 40  nm, respectively. Note that the 

existence of very small amount of Co clusters cannot be excluded since they are hardly 

detectable by standard XRD measurement. 

 

 
F ig . 8 .2. FESEM images of the morphology of the Co doped TiO2 NPs: (a) 3%  doped, (b) 8 %  doped. 
TEM images of the doped TiO2 NPs: (c) 3%  Co doped, (d) 8 %  Co doped. The inset in (c) and (d) 
show corresponding HRTEM lattice images. 
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F E S E M  im ag ing : The morphologies of 3%  and 8 %  Co doped NPs as obtained by FESEM 

and TEM are shown in F ig s . 8 .2(a ) , ( b )  and F ig s . 8 .2(c ) , ( d ) , respectively, which reveal that 

the as-grown NPs were almost spherical in siz e with average particle siz e in the range of 35 –

5 0  nm. The HRTEM study was further applied to analyz e the lattice fringes for the doped 

samples, which are presented in the inset of F ig s . 8 .2(c )  a n d  ( d ) . The clear lattice fringes 

were obtained, implying that the as-grown samples are highly crystalline. The d-spacing of 

the crystal plane is calculated as 3.28  Å  and 3.38  Å  for 3%  and 8 %  doped samples, 

respectively. Note the increase in d-spacing for 8 %  Co doped samples from that of the 3%  

doped samples. This again confirms that Co atoms are indeed incorporated in the TiO2 

crystal lattice. 

 

8 .4. R a m a n  s c a t t e r in g  s t u d ie s  

Raman scattering is one of the most effective tools for the study of crystallinity, crystalline 

phases and defects structure associated with the materials. The change of Raman spectra was 

related to non-stoichiometry and phonon confinement effect27-30  in nanostructured materials. 

Oxygen deficiency within the material, however, strongly affects the Raman spectrum by 

producing shifting and broadening of some spectral peak s. The Co:TiO2 NPs were 

characteriz ed by micro-Raman spectroscopy and the result is shown in F ig . 8 .3.  All the 

Raman peak s of as-grown Co:TiO2 NPs are similar with the tetragonal anatase TiO2 phase. 

However, the most intense Eg(1 ) Raman mode at 1 42 cm-1  shows the maximum blue-shift, 

while Eg(3) Raman mode at 6 38  cm-1  is red-shifted in doped samples as compared to 

undoped TiO2. Moreover, all the observed peak s for doped samples broaden and decrease in 

intensity with respect to undoped samples. Further the peak  intensities decrease with the 

increase in Co concentration, indicating that the crystalline quality of NPs is very sensitive to 

the substitution of Co into the TiO2 crystal lattice. The dramatic change of the main Eg(1 ) 

Raman mode was interpreted by different competing mechanism such as the non-

stoichiometry due to oxygen vacancies or disorder induced defects and phonon confinement 

effects.30 -32 The crystalline siz e in the nanoscale range may affect the frequency shifting and 

broadening of Raman peak s due to the phonon confinement. This was reported for small 

siz ed TiO2 NPs by various authors.31, 32 Z hang et al.30  analyz ed the phonon confinement 

effect both experimentally and theoretically and suggested that along with the phonon 
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confinement, oxygen vacancies play an important role for frequency shifting as well as 

broadening of Raman modes. To compare the phonon confinement, we also measured Raman 

spectrum of undoped TiO2 5  h milled NPs having nearly similar crystallite siz e.    In our case,  

 

 
F ig . 8 .3. Raman spectra for the undoped and Co doped TiO2 NPs: (a) undoped before milling, (b) 
undoped after milling, (c) 3%  Co doped and (d) 8 %  Co doped 5  h milled NPs. The inset shows the 
magnified view of relative changes in the Eg(1 ) mode with doping concentrations.  
 
 
 

there is a small blue-shift of Eg(1 ) Raman mode for undoped TiO2 5  h milled NPs which may 

be due to phonon confinement and/or defects, but considerable large blue-shift for 5  h milled 

Co:TiO2 NPs is attributed to the existence of high defect density and lattice distortion caused 

by the incorporation of Co into TiO2 lattice.25 The red-shift of Eg(3) Raman mode in doped 

samples is due to the tensile strain associated with Co doping in TiO2. This is consistent with 

the XRD analysis. Huang et al.4 reported a similar red-shift for Co doped TiO2 nanotubes. 

Thus, the introduction of Co into the TiO2 lattice largely affects the Raman modes. The 

absence of characteristic vibrational modes of any cobalt-oxides33 in the Raman spectra of 

doped samples indicates that Co may be occupying the substitutional sites in the host TiO2 

lattice. 
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8 .5. Optical absorption, Photoluminescence and XPS studies 

UV-visible absorption studies: Many research groups have confirmed incorporation of Co 

into the TiO2 lattice using a wide variety of optical methods such as x-ray photoelectron 

spectroscopy24 and optical ab sorption spectroscopy.3 4, 3 5 E vidence for Co sub stitution in the 

TiO2 can b e further confirmed from the U V -visib le ab sorption spectra. Compared to undoped 

TiO2, the b and gaps of Co doped samples are shifted to lower energy, as shown in F ig . 8 .4. 

The red-shift of ab sorption spectra with insertion of Co into TiO2 has already b een reported 

in Co doped TiO2 thin films as well as the other transition metal doped oxide materials.3 6 -3 8  

A ccording to the energy b and structure of TiO2, the valence b and (V B )  top and the 

conduction b and (CB ) b ottom correspond to mainly O 2p and Ti 3 d states, respectively.   The  

 

 
F ig . 8 .4. U V -visib le ab sorption spectra of undoped and Co doped TiO2 N P s: (a)  undoped, (b )  3 %  Co 
and (c)  8 %  Co doped. The inset shows the (�h�)

1/2
 vs h� plot indicating reduction of b and gap for 

doped N P s. 
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optical ab sorption around 3 8 0  nm for undoped TiO2 is solely b and-to-b and (O 2p → Ti 3 d) 

transition, while the slight red-shift in Co:TiO2 N P s can b e explained as b eing mainly due to 

sp-d exchange interactions b etween the b and electrons and the localiz ed d electrons of the 

Co2+ ions sub stituting Ti4 + cations. The s-d and p-d exchange interactions give rise to 

downward shifting of the CB  edge and an upward shifting of the V B  edge, leading to a b and 

gap narrowing. The indirect b and gap of all samples were determined from the linear fit to 

the linear portion of the (�h�)
1/2

 ve r su s h� curves to (�h�)
1/2 =  0  3 9   as shown in the inset of 

F ig . 8 .4. The calculated b and gap of undoped, 3 %  and 8 %  Co doped TiO2 N P s are 3 .22, 3 .0 6 , 

and 3 .0 5 eV , respectively. The lowering in b and gap energy for doped samples strongly 

indicates that Co cations have b een successfully incorporated into the TiO2 crystal lattice. 

 

P h otolum inesc enc e studies: R oom temperature photoluminescence measurements were 

carried out on the Co doped samples to understand the nature of defects in TiO2 N P s. The 

photoluminescence spectra of 3 % , 8 %  Co doped and 8 %  Co doped air annealed samples are 

shown in F ig . 8 .5. A ll the samples show b road visib le P L  centered at ~ 4 6 5 nm. The visib le 

P L  is attrib uted to self trapped excitons and oxygen vacancy related trap states, which are 

discussed in the previous chapters. N ote that the enhancement in intensity of the visib le P L  is  

 

 

F ig . 8 .5. V isib le P L  spectra of 3 % , 8 %  Co doped and annealed 8 %  Co doped TiO2 N P s. 
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ob served in 8 %  doped sample as compared to 3 %  doped samples, which indicates higher 

concentration of oxygen vacancies in 8 %  doped sample. W hen a large numb er of Co2+ 

cations occupy the sub stitutional sites of Ti4 +, additional oxygen vacancies are expected 

owing to charge neutrality in the host TiO2 crystals. W e ob served larger magnetic moment in 

8 %  doped sample as compared to 3 %  doped sample, which is discussed later. S o, our P L  

results confirm the presence of oxygen vacancies in Co doped TiO2 N P s. Further the visib le 

P L  of 8 %  doped sample is reduced after air annealing, indicating the decrease in 

concentration of oxygen vacancies. This is consistent with the decrease in magnetic moment 

in the air annealed sample. Hence, the oxygen vacancy mediated FM is q uite lik ely in our 

samples.  

 

X P S  studies: Ti 2p and O 1s core level spectra of the undoped and 3 %  doped samples are 

shown in F ig . 8 .6 (a) and (b) , respectively. The Ti 2p3 /2 and 2p1/2 peak s at 4 57 .7  and 4 6 3 .5 

eV , respectively for undoped sample correspond to Ti is in 4 + oxidation state. B oth Ti 2p and 

O1s peak s are slightly shifted to a higher b inding energy for the doped sample compared to 

undoped sample, which may b e due to lattice distortion caused b y the incorporation of Co2+ 

into the TiO2 crystal lattice. This implies that chemical state of TiO2 is little influenced b y the 

Co2+ sub stitution for Ti4 +. S imilar higher b inding energy shift in Cr3 + doped TiO2 nanorods 

has b een reported40  due to Cr3 + sub stitution for Ti4 +. The formation of neighb oring oxygen 

vacancies due to Co2+ sub stitution for Ti4 + for the charge neutrality may also affect the 

shifting to the higher b inding energy in the doped sample.41  The O 1s spectra show a peak  at 

529 .2 eV  for undoped sample, which is attrib uted to lattice oxygen (OTi)  associated with 

TiO2 crystal lattice. The shoulder at higher b inding energy may b e related to surface 

hydroxyl species (OH)  and oxygen b onded to atmospheric carb on (OC)  on the sample 

surface.42, 43  In order to evaluate the electronic valence state of Co in Co:TiO2 N P s, we 

measured the Co 2p core level spectra which are shown in the inset of F ig . 8 .6 (b) . The Co 2p 

core level spectrum of 3 %  Co doped sample exhib its a main peak  at 7 8 0 .5 eV , accompanied 

with a weak  satellite peak  at around 7 8 5.5eV . The peak  at 7 8 0 .5 eV  is attrib uted to the Co2+ 

2p3 /2 and there is no sign of Co metal related peak  is ob served in doped samples whose peak  

position is at around 7 7 8  eV . This eliminates the presence of metallic Co cluster.4, 1 3  The 
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satellite peak  at 7 8 5.5 eV  further supports the presence of Co2+ ions in the Co:TiO2 samples.4, 

1 3
  

 

 
F ig . 8 .6 . X P S  spectra: (a)  Ti 2p core level spectra and (b )  O 1s core level spectra of 0 %  and 3 %  Co 
doped N P s. The inset in (b )  shows the Co 2p core level spectra of 0 %  and 3 %  Co doped N P s, ‘s’  
denotes the satellite peak . 
 

 

8 .6 . M ag netiz ation studies 

F ield-dependent m ag netiz ation (M -H  c urve): The magnetic properties of the Co:TiO2 N P s 

were investigated using V S M. W e ob served distinct ferromagnetic b ehavior at room 

temperature in the doped samples only. D espite the presence of intrinsic oxygen vacancy 

defects in undoped TiO2 N P s, no trace of FM was ob served in the undoped precursor and 

milled TiO2 samples that were first tested under similar conditions using the V S M. This 

confirms that intrinsic defects alone in TiO2 N P s cannot account for the ob served FM in the 

doped N P s. F ig . 8 .7  shows the magnetic hysteresis (M-H) loops for 3 %  and 8 %  doped N P s, 

measured at 3 0 0  K . The saturation magnetiz ations (��)  of 3 %  and 8 %  doped samples are 

2.7 9  and 7 .3 9  emu/g with a coercive field (��)  253  and 259  Oe, respectively. P ost growth 

annealing of b oth 3 %  and 8 %  doped samples in air amb ient at 3 0 0  °C for 2 h affects the 

magnetiz ation. The saturation magnetiz ation of post-growth annealed samples is found to b e 

decreased considerab ly which might b e due to reduction of oxygen vacancy concentration 

when annealed in oxygen-rich environment. This ob servation strongly suggests that oxygen 
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vacancies play a dominant role in the ob served FM. A  similar ob servation was reported b y 

L in et al.24 and they proposed that the decrease of magnetiz ation could b e explained in terms 

of a direct ferromagnetic coupling b eing weak er b etween two neighb oring Co2+ ions via 

electrons trapped nearb y the oxygen vacancies. 

 

 
F ig . 8 .7 . R oom temperature M-H loop of Co doped TiO2 N P s: (a)  3 %  Co and (b )  3 %  Co doped air-
annealed N P s; (c)  8 %  Co and (d) 8 %  Co doped air-annealed N P s. The insets in each case show the 
M-H loop at low field near origin in magnified scale. 
 

 

T em perature-dependent m ag netiz ation (M -T  c urve): It is well k nown that for use in a wide 

range of applications without temperature control, the ferromagnet should have a TC enough 

ab ove R T (3 0 0  K ) . F ig . 8 .8  shows the temperature dependent magnetiz ation of 3 %  and 8 %  

doped N P s in the temperature range 3 0 0  to 9 0 0  K . S ince the effect of high temperature V S M 

measurement in atmospheric condition is eq uivalent to the post annealing of as-grown 

samples in air that can destroy the ferromagnetic coupling, we have performed the high 

temperature measurement in nitrogen atmosphere. From the differential plot of the M-T 

curve, we ob tained the TC as ~ 7 9 3  K  for 3 %  doped N P s and ~ 8 11 K  for 8 %  N P s, which 

implies that the FM is not due to the Co metal (TC > 13 0 0  K ) .25  Interestingly, the gradual 
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increase in magnetiz ation from 3 0 0  K  to around 50 0  K  is ob served in the M-T curves for 

b oth 3 %  and 8 %  doped N P s. This study reveals that the oxygen vacancies are increased 

during heating process in nitrogen atmosphere and these defects play a crucial role in the 

ob served FM. N ote that defect mediated b ound magnetic polaron (B MP ) model has b een 

invok ed to explain room temperature FM. D ue to increased vacancy concentration, more 

B MP s are availab le, which include electrons locally trapped b y the oxygen vacancy, giving 

rise to gradual increase in magnetiz ation. The thermal fluctuations of the localiz ed spins may 

have comparatively less effect in this temperature range. V ery recently, Tian et al.44 reported 

nearly temperature-independent saturation magnetiz ation up to 6 0 0  K  strongly favoring the 

B MP  model. The strength of exchange interaction is strong in magnetic semiconductor in the 

nanoscale where the mean distance b etween the localiz ed spins is small which may enhance 

the thermal stab ility. W e b elieve that our results provide important experimental input to 

stimulate further theoretical work  in this regard to pinpoint the exact mechanism. A s seen 

from the M-T curve, at higher temperature (> 7 50  K )  the curve shows a sharp drop in 

magnetiz ation with temperature for 3 %  doped sample. The M-H measurement of the post M-

T measurement shows almost paramagnetic nature for the 8 %  Co doped sample shown in the  

 

 
F ig . 8 .8 . Temperature dependent (M-T) curve of 3 %  and 8 %  Co doped TiO2 N P s, showing high 
transition temperature in K . The inset shows the field versus magnetiz ation (M-H) characteristic of 
8 %  Co doped sample after post M-T measurement, indicating almost paramagnetic nature. 
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inset of F ig . 8 .8 . This magnetic transition suggests that high-temperature process causes a 

rapid destruction of ferromagnetic coupling as expected. N ote that compared to the 3 %  doped 

sample, 8 %  doped sample did not exhib it any sharp transition at higher temperature. The 

ab sence of a sharp ferromagnetic to paramagnetic transition in M-T curve for higher doped 

(8 %  Co) TiO2 N P s may b e b ecause of possib le antiferromagnetic interaction due to the 

reduction in average interatomic distance of doped Co ions. Thus, 3 %  doped N P s is found to 

yield optimum result for the ob served high temperature FM. 

 

8 .7 . Orig in of ferromag netism 

The realiz ation of true intrinsic Co doped TiO2 D MS s and the associated mechanisms, if the 

D MS  really exists, are not clearly understood till date. The wide variety of growth processes 

under amb ient conditions and several experimental tools were employed to find out the exact 

origin of ob served R TFM in Co:TiO2 b ased D MS . However, wide deb ate is still continuing 

on the validity of the existence of intrinsic Co:TiO2 D MS s, leading to a confusion among the 

researchers. In particular, the origin of ob served FM in Co:TiO2 N P s could b e possib ly arise 

due to the intrinsic properties of the doped N P s, extended defects in TiO2 N P s, formation of 

Co clusters or Co-related secondary phases. The metallic Co or any Co-oxides phases can b e 

ruled out as there is no signature of any secondary phases other than the anatase TiO2 

ob served in X R D  and R aman results and ab sence of core level peak  of Co metal in X P S  

spectrum. U ndoped TiO2 that were milled under identical conditions does not exhib it any 

measurab le magnetiz ation. Hence, intrinsic defects or trace impurity alone cannot mak e the 

ob served high magnetic moment in the Co:TiO2 N P s. On the other hand, annealing studies 

show that oxygen vacancies indeed play a significant role in the ob served FM. Thus, Co 

along with the defects essentially plays the k ey role to the ob served FM here. S everal 

features lik e b and gap narrowing, shifting, and b roadening of some of the R aman modes and 

X P S  studies strongly support the incorporation of Co2+ into the TiO2 lattice. The oxygen 

vacancy defects are confirmed from P L  studies. Therefore, FM is expected to arise from the 

intrinsic exchange interaction of magnetic moments mediated b y defects in doped N P s. 

R ecently, several theoretical models have b een proposed that the FM is strongly 

dependent on the creation and distrib ution of oxygen vacancies in the Co doped TiO2 system. 

However, the exact mechanism of intrinsic FM is still under active deb ate. A ccording to the 
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literature, magnetic cations, carriers, and defects can mak e up B MP  that may b e responsib le 

for the R TFM. In addition to the magnetic doping effect, oxygen vacancy (�	)  defects have 

b een suggested to play an important role in the magnetic origin for oxide D MS .45 Though the 

high concentrations of oxygen vacancies are present in the precursor TiO2 N P s, no FM is 

ob served, indicating that simple oxygen vacancies cannot b e responsib le for the 

ferromagnetic ordering. However, there are lots of reports on the R TFM in undoped TiO2 and 

the FM was enhanced after vacuum annealing or annealing in reduce atmosphere, claiming 

that the �	 plays the k ey role for the ferromagnetic ordering. W e also ob served R TFM in 

undoped TiO2 nanorib b on grown b y a different techniq ue, which is discussed in the C ha p te r  

5. W e explained the s-d exchange interaction b etween 3 d1 electron spin of Ti3 + and 1s1 spin 

of F+ (singly ioniz ed oxygen vacancy) are responsib le for the FM.  There are three k inds of 

�	 species such as �	 with doub ly occupied electrons (F center, associated with two 

electrons), singly ioniz ed �	 (F+ center, associated with one electron) and doub ly ioniz ed �	 

(F++ center, no electron at all) . Coey et at.46  reported that �	 with two electrons (F center) 

form 1s2 state, which mediate weak  antiferromagnetic exchange. More recently, D a P ieve et 

al.47  reported that the O vacancy with a F++ center and the associated ab sence of electrons 

implies that the F-center exchange cannot b e active in their Cr-doped TiO2 system. 

Moreover, isolated Ti3 + cations (created due to the �	, as the two electrons left b ehind due to 

ab sence of an O atom may interact with neighb oring Ti4 + ions and create two Ti3 + ions or one 

Ti3 + and F+ )  are paramagnetic species and do not contrib ute to FM without any exchange 

interaction. S o, particular charge creation and redistrib ution of �	, and their interactions with 

the 3 d1 spin of Ti3 + in case of undoped TiO2 or unpaired 3 d electron of TM cations in TM 

doped TiO2 nanostructures are the primary req uirement for the ferromagnetic ordering. The 

electrons in the F+-centre localiz e and may form B MP s b y ordering the Co2+ (3 d5
) electron 

spin neighb oring the oxygen vacancies, thereb y gaining exchange energy. The s-d exchange 

interaction b etween the 1s1 electron spin in the F+-centre, which is localiz ed in the vicinity of 

the 3 d5 electron spin of Co2+ ions within an orb it around the oxygen vacancies, favors long-

range FM. The exchange interaction b etween 3 d5 electron spin of Co2+ cation and 1s1 spin of 

F+ may b e responsib le for the ob served FM in Co:TiO2 N P s in our case.  

Theoretical studies suggest that �	 can cause an ob vious change of the b and structure 

of host oxides and mak es a significant contrib ution to the FM.46 , 48  W e ob served that the 
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ab sorption edges of as-grown N P s are red shifted compared to the precursor TiO2 powder, 

which may b e due to sp-d exchange interactions b etween the b and electrons and the localiz ed 

d-electrons of the Co2+ ions sub stituting Ti4 + cations and/ or the s-d exchange interaction 

b etween F+ and Co2+, and favor the ob served FM. The formation of B MP , which include 

electrons locally trapped b y oxygen vacancy, with the trapped electron occupying an orb ital 

overlapping with the d shells of TM neighb ors, has also b een proposed to explain the origin 

of FM.46  W hen the oxygen content of the unit cell is increased, ferromagnetism is 

suppressed. W e notice that post growth annealing in air at 3 0 0  °C shows the decrease in �� 

owing to decease in O-vacancies that may reduce the B MP . This seems to support the 

percolation model of B MP  developed b y K aminsk i and D as S arma49  and specifically 

extended to magnetically doped oxides b y Coey et al.46  Our systematic study shows that 

oxygen-vacancy defect constituted B MP  are one of the promising candidate to account for 

the R TFM ob served in this system. W ithin the B MP  model, the greater density of oxygen 

vacancy (�	)  and more doping help to produce more B MP  which yields a greater overall 

volume occupied b y B MP , leading to the overlap of B MP  and enhancing FM. This evolution 

is ob served in our case, increase of magnetiz ation with the Co concentration indicating that 

the FM in our samples may b e due to percolation of B MP . 

To understand the suitab ility of the B MP  model q uantitatively, the most widely 

accepted theory, we attempted to fit the ob served M versus H data to the B MP  model b y 

following McCab e et al.50
 A ccording to the B MP  model, the measured magnetiz ation can b e 

fitted to the relation  


 � 
�
��� � �
�
�                         (8 .1) �

where the first term is from B MP  contrib ution and the second term is due to paramagnetic 

matrix contrib ution. Here 
� =  ���, � is the numb er of B MP  involved and �� is the 

effective spontaneous moment per B MP . 
����� ���������� �� ��  is the L angevin function 

with � � ��  �!"#$, where ��   is the true spontaneous moment per B MP , and at higher 

temperature it can b e approximated to �� ����  . W e have analyz ed the M-H curve b y 

using E q . (8 .1). The parameters 
��, ��  , and �
�

 are variab le in the fitting process. The 

experimental data along with fitted data are shown in F ig . 8 .9  for the 3 %  and 8 %  Co doped 

TiO2 samples at 3 0 0  K . W e notice that the fitted data closely follows the experimental data 
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and the fitted parameters are tab ulated in Table 8 .1 . The total B MP  magnetiz ation 
�� values 

are found to b e in the order of 3 – 9  emu/g. The 
�� value is found to increase with increase in 

doping concentration. The paramagnetic susceptib ility �
�

  is found to b e of  the  order of 10 -

5 cgs unit  and  its value marginally changes with doping. The spontaneous moment per 

B MP , ��   is found to b e in the order of 10 -17  emu. B y assuming �� ����  , we have 

estimated the concentration of B MP , which was found to b e in the order of 10 18  cm-3  (see 

Table 8 .1 ) .  B MP  model actually cannot account for the high temperature FM ob served here. 

 

 
F ig . 8 .9 . Initial portion of M-H curve fitted with B MP  model (E q . 8 .1) : (a)  3 %  and (b )  8 %  Co doped 
N P s. S ymb ols are for experimental data and the solid line is a fit with B MP  model. E xtracted 
parameters are listed in Table 8 .1 .  

 

 

 

Table 8 .1 . Magnetiz ation parameters for 3 %  and 8 %  Co doped TiO2 N P s: saturation magnetiz ation 
(��) , coercive field (��) , and remanent magnetiz ation (�%)  were determined from M-H loops, 
transition curie temperature (TC)  was determined from differentiated M-T curve; ���, &'((, �) and * 

were evaluated from fitting of the M-H curve with B MP  model. 
 

Co doping  

concentration 

+, 

(emu/g )  

+- 

(emu/g )  

./ 

(Oe) 

TC 

( K )  

+0� 

(emu/g )  

1233  ×  

1 0
-1 7  

(emu) 

����
1

  ×  1 0
-6  

(cg s)  

4 ×  1 0
1 8  

(cm
-3

)  

 
3 %  

 
2.7 9  

 
0 .21 

 
253  

 
7 9 3  

 
3 .3 1 

 
2.56  

 
1.16  

 
0 .50 4  

8 %  7 .3 9  0 .54  259  8 11 8 .7 3  2.53  2.9 1 1.3 11 

3 %  annealed 1.4 2 0 .12 3 24  … .. … .. … .. … .. … .. 

8 %  annealed 4 .58  0 .3 7  28 2 … .. … .. … .. … .. … .. 
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E xtended defects such as dislocation and grain b oundary may contrib ute to the ob served FM, 

as reported recently.51 , 52 In the b all milled N P s, lattice strain is usually caused b y 

dislocations that develop during milling process. U sually this dislocation density first goes up 

with milling time and then it reduces with further milling accompanied b y particle siz e 

reduction. Thus, it is q uite lik ely that strain/dislocations may have reasonab le contrib utions to 

the ob served high temperature FM. N ote that dislocations usually have high thermal stab ility 

and low temperature annealing does not destroy the FM. N evertheless, more studies are 

req uired to pinpoint the exact mechanism of high temperature FM. 

 

8 .8 . Conclusions 

W e investigated the origin of ferromagnetism at and ab ove room temperature in Co doped 

TiO2 N P s using a variety of experimental tools. X R D  analysis confirms the ab sence of any 

secondary phases other than the anatase TiO2 structure. Micro-R aman studies show the 

defect related shifting and b roadening of E g(1) and E g(3 )  R aman modes due to incorporation 

of Co into the TiO2 crystal lattice. The red-shift of U V -visib le ab sorption spectra for doped 

samples indicates that Co is successfully doped into TiO2 lattice. P L  studies confirm the 

presence of oxygen vacancy defects in the doped N P s. X P S  results revealed that the Co is in 

2+ oxidation state suggesting Co2+ is successfully incorporated into the TiO2. From these 

ob servations, we expect that the FM b ehavior of as-grown N P s is due to the exchange 

interaction b etween 1s1 electron of F+ center and 3 d5 electron of Co2+, not b eing caused b y 

metallic Co or any other Co-oxides. W e conclude that b oth Co dopant and nearb y �	 and 

their charge distrib ution within the TiO2 lattice play the pivotal role in increasing the FM 

ordering and enhancement of FM in Co:TiO2 N P s. Moreover, extended defects may help to 

stab iliz e FM at high temperature. Thus Co:TiO2 N P s were found to exhib it effective high TC 

ferromagnetism and it is an important step for the development of practical commercial 

devices. 
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The highlights of the major contributions of the thesis and important conclusions of the work 

are presented in this chapter. New findings on the controlled growth and formation 

mechanism of different one dimensional (1D) nanostructures, identification of intrinsic 

defects in undoped TiO2 nanostructures, tunable optical and magnetic properties of undoped 

and doped TiO2 nanostructures are summarized. Open questions and scope for future studies 

are also presented. 

 

9.1. Summary and conclusions 

In this thesis work, we have described the controlled growth and elucidated the formation 

mechanism of 1D TiO2 nanostructures with different morphologies grown by solvothermal 

method under constant stirring throughout the reaction using various solvents and growth 

temperatures (Chapter 3).  We have studied the presence of intrinsic defects such as oxygen 

vacancy (��) and Ti interstitial (���) defects, and their evolutions in the as-prepared undoped 

TiO2 nanoribbons (NRbs) depending upon the growth temperatures, reaction durations and 

calcinations. We discussed the ��� defects induced extended visible absorption and near 

infrared (NIR) photoluminescence (PL) from undoped TiO2 NRbs and identified it for the 

first time experimentally through an in-situ PL studies (Chapter 4). We explained lattice 

expansion and contraction in undoped rutile TiO2 nanostructures on the basis of electrostatic 

force of attraction/ repulsion caused by the native defects and detected experimentally for the 

first time (Chapter 6). We observed room temperature ferromagnetism in undoped TiO2 

NRbs and direct evidence of oxygen vacancy induced room temperature ferromagnetism 

(RTFM) was demonstrated for the first time and quantitatively analyzed using bound 

magnetic polaron (BMP) model (Chapter 5). We have investigated the origin of the RTFM in 

our Fe and Cr doped TiO2 1D nanostructures through various structural and optical 

characterization tools and were able to clarify the controversial issue related to the TiO2 

TH-1277_09612109



������������������������������������������������������������
������ ��	
��
���

based diluted magnetic semiconductors (DMS s) to reasonable extent (Chapter 7 ). We 

observed high temperature ferromagnetism in Co doped TiO2 nanoparticles (NPs) grown by a 

contamination free ball milling method. We studied the structural, optical and magnetic 

(field-dependent, M-H  and temperature-dependent, M-T) properties of the Co doped TiO2 

NPs and explained the possible origin of high temperature FM in our samples (Chapter 8 ).  

 

The major contributions and new findings of the present thesis can be summarized as 

follows: 

 

A . C ritical g row th  p arame te rs for morp h olog y controlle d g row th  of  T iO 2 

nanostructure s 

 

The effect of co-solvents and temperatures on the synthesis of TiO2 1D nanostructures with 

different morphologies such as nanotubes (NTs), nanorods (NRs), nanowires (NWs) and 

nanoribbons (NRbs) have been studied systematically with varying growth temperatures and 

solvents. A t an early stage of growth (i.e., at 130  °C), rolling of nanosheets and partially 

developed nanotubes, splitted nanosheets and thicker nanosheets are formed in case of 

alkaline DI water, ethanol co-solvent and ethylene glycol co-solvent, respectively. A t 155 °C, 

the mixed nanotubes and nanorods are grown in case of DI water solvent, while small 

nanorods and nanorods with larger size are formed for the ethylene glycol and ethanol co-

solvent, respectively. Complete formation of NRs and nanoporous NRbs are obtained for DI 

water solvent and ethylene glycol co-solvent, respectively, while mixed NRs and NWs are 

formed in case of ethanol co-solvent at higher growth temperature (18 0  °C). Thus, it is 

observed that solvent and growth temperatures are the two important parameters for the 

different shape and size evolutions of TiO2 1D nanostructures from the successive 

transformations of precursor TiO2 NPs → nanosheets → NTs/ NRs/ NWs/ NRbs. The 

possible reason for the formation of wide varieties of morphologies may be due to the 

polarity and coordinating ability of  different solvents that have a strong effect on the 

solubility, reactivity and diffusion behavior of the reactants depending on the reaction 

temperatures, thus ultimately influencing the structure and morphological features of the 

resulting products. The stirring also play an important role for the uniform mixture formation 
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throughout the reaction. It accelerates the reaction, splitting of the nanosheets and prevent the 

agglomeration or bundling of NTs/ NRs/ NRbs. From this study, it is concluded that solvent, 

growth temperatures and stirring are the key factors for controlling the different shape and 

size evolution of TiO2 nanostructures.  

 

B . I de ntif ication of  nativ e  de f e cts re sp onsib le  for e x t e nde d v isib le  lig h t  ab sorp tion, and 

v isib le  and N I R  P L  e mission from undop e d T iO 2 N R b s 

 

We have identified the defects such as ��, ��� and O interstitial (��) defects in undoped TiO2 

NRbs through optical studies. We have demonstrated that the visible and NIR PL are due to 

�� and ��� defects, respectively, in TiO2 through PL measurements under various ambient 

conditions including in-situ PL studies under ultra high vacuum and in air environments for 

the first time.  It has been observed that with higher growth temperatures and calcinations 

temperatures, the ��� defects are more pronounced. The oxygen vacancy concentration 

decreases due to oxidation of the materials with increase in calcination temperature in air 

atmosphere while the �� concentration increases after vacuum annealing and, these are 

confirmed from the decrease/ increase of �� related visible PL peak intensities. We 

demonstrated the ��� defects induced extended visible absorption, which is very important 

towards photocatalytic applications of TiO2 nanostructures. The highly porous TiO2 NRbs 

developed in this work accompanied by identification of the defects responsible for strong 

visible absorption and NIR PL emission is considered as an important milestone for 

engineering the efficient visible light photocatalytic and photovoltaic applications of undoped 

TiO2-based materials. 

 

C . M icroscop ic orig in of  lattice  e x p ansion/ contraction in rutile  T iO 2 nanostructure s 

 

We have demonstrated the lattice expansion and contraction in rutile TiO2 nanostructures due 

to native defects such as ��, ���  and �� defects for first time experimentally following the 

theoretical predictions, contrary to the frequently experimentally reported size-induced lattice 

parameter variation. When the Ti4 + is placed in the interstitial site, the Ti atoms are relaxed 

outward due to the electrostatic repulsion between positively charged Ti ions. H owever, the 

lattice O atoms are slightly distorted towards the ���
�� as they are strongly bonded to lattice 
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Ti atoms. A s a result, the net relaxation favors the expansion of the lattice volume which is 

due to the presence of ���
�� defects. In the case of ��-mediated expansion, due to the missing 

O atom, the Ti– Ti and Ti– O bonds are relaxed. The nearest-neighbor Ti atoms move outward 

from the vacancy to strengthen the bonding with the rest of the neighboring O lattice. Though 

the next-nearest-neighboring O atoms may move inward to fill the �� site, the net outward 

movement of Ti atoms is higher than the net inward movement of O atoms. This results in 

lattice expansion. Based on our experimental observations, we argued that the presence of 

���
�� and ��and neutral oxygen vacancy defects are mainly responsible for lattice expansion, 

while the electrostatic attraction between ���
�� and ��

	
defects cause the lattice contraction in 

rutile TiO2 nanostructures.  

 

D . O x yg e n v acancy me diate d f e rromag ne tism in undop e d and transition me tal ( F e , C r, 

C o) dop e d T iO 2 nanostructure s 

 

We observed room temperature ferromagnetism in undoped and transition metal (Fe, Cr and 

Co) doped TiO2 nanostructures, and investigated the origin of ferromagnetism (FM) in these 

undoped and doped TiO2 materials using various structural, optical and magnetic 

characterization tools. We have demonstrated that the introduction of defects such as oxygen 

vacancy by solvothermal/ hydrothermal growth methods and post-growth vacuum annealing 

in undoped and doped TiO2 systems, or those introduced for local charge balance due to 

valence differences between the dopant and the host in doped TiO2 nanostructures strongly 

influence the magnetization results because they can contribute to the magnetization through 

their role in the exchange mechanism with the dopant cations. A  simple oxygen vacancy 

cannot contribute to the FM in TiO2 systems. The oxygen vacancy with appropriate charge 

redistribution and their orbital overlapping/ exchange interaction with the nearby unpaired 3d 

electron of Ti3+ in case of undoped TiO2 and/ or unpaired 3d electrons of dopant with proper 

charge distribution and occupation inside the host lattice in case of transition metal (TM) 

dopant play the pivotal role for the ferromagnetic ordering and observed of RTFM. We 

argued that the electrons in F+ center localize and may form bound magnetic polarons 

(BMPs) by ordering the Ti3+ (3d1) electron spin neighboring the oxygen vacancies, thereby 

gaining exchange energy. The s-d exchange interaction between the 1s1 electron spin in the 

F+ center which is localized in the vicinity of 3d1 electron spin of Ti3+ ions within an orbit 
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around oxygen vacancies favors long range FM in undoped TiO2 NRbs. Thus the formation 

of BMP, which includes electrons locally trapped by oxygen vacancies, with the trapped 

electron in the F+ center occupying an orbital overlapping with the unpaired electron (3d1) of 

Ti3+ is proposed to explain the observed FM in our samples. S imilarly, we believed that 

exchange interaction between 3d5 spins of Fe3+ and 1s1 spin of F+ center, 3d3 electron spin of 

Cr3+ and 1s1 spin of F+ center, and 3d5 electron spin of Co2+ and 1s1 spin of F+ center are 

most likely responsible for the observed enhanced FM in Fe:TiO2, Cr:TiO2 and Co:TiO2 

systems, respectively. Note that these defects states and dopant ions were confirmed from the 

E S R, X PS  and PL spectroscopy studies. Moreover, the observed high temperature FM well 

above room temperature can be partly attributed to the extended defects such as structural/ 

morphological defects and strain/ dislocations. H owever, more studies are required to 

pinpoint the exact mechanism of high temperature FM. The present work suggests that not 

only the magnetic dopants themselves but also the defects are important to understand 

ferromagnetism of the TiO2-based DMS  nanostructures. 

 

We believe that the comprehensive study presented in this thesis on the controlled 

growth and tunable optical and magnetic properties of TiO2 nanostructures through intrinsic 

defects and doping would further promote TiO2-based research and development efforts to 

tackle the environmental and energy challenges which we are currently being faced by the 

humanity. The results discussed in this thesis provide a strong evidence for intrinsic 

ferromagnetism in the TiO2 nanostructures and reveal deep underlying physics on the origin 

of the room temperature ferromagnetism, and will contribute to the development of 

spintronic and magneto-optic devices which can be operated at and above room temperature. 

Finally the future prospects of the defect engineering of TiO2 nanostructures research for the 

possible improvement of the optical and magnetic properties, their understandings and 

related applications are mentioned in the following section. 

 

9.2. Scop e  for furth e r w ork s on T iO 2 nanostructure s 

We have studied the formation mechanism of TiO2 nanostructure with different 

morphologies grown by solvothermal method. The growth mechanism can be explored 

further and understood better by in-situ hydrothermal/ solvothermal process. It has been 
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demonstrated that the �� and ��� defect induced extended visible response of TiO2 may be 

advantageous for a wide range of photocatalytic applications which can be used with solar 

light instead of using costly and hazardous U V  light. H owever, further efforts are still needed 

in this area to rationally engineer the defects in TiO2 in such a way that enhancement of 

charge (electron-hole) separation, especially interfacial electron transfer mediated by ��, ��� 

defects related trap states and/ or other structural defects, which is very important for a good 

photocatalyst, aiming to tune its properties in a desired manner for advancing environmental 

and energy-related applications. Regarding the TiO2-based DMS  materials, a large number of 

conflicting results have pointed toward both intrinsic and extrinsic origin for FM during the 

last decade leading to confusions among the researchers for the realization of practical 

spintronic devices. The reason for these controversial issues can be attributed to intrinsic and 

extrinsic nature of FM that depends mainly on the fabrication/ growth processes of the 

materials and the sensitive characterization tools to pin point the origin of the observed FM. 

The controversy is partly related to lack of understanding of origin of intrinsic FM. H ere we 

try to resolve the problem of understanding the origin of intrinsic FM with the help of several 

spectroscopy characterization tools. H owever, still a unified theoretical model and further 

efforts are required to explain the intrinsic FM. Moreover, more sophisticated and sensitive 

characterization tools should be employed to determine the exact origin of FM whether of 

intrinsic or extrinsic nature. Thus, based on the results presented in this thesis, further studies 

on TiO2 nanostructures can be in the following directions: 

 

 

1. G rowth mechanism can be explored further by in-situ time dependant reaction studies 

of hydrothermal products. 

2.  Oxygen vacancy concentration could be tuned in undoped TiO2 by introducing inert 

gases into the reaction chamber during the reaction or by post-growth annealing under 

controlled environment.  

3. Our undoped TiO2 nanoribbons with extended visible absorption are highly promising 

for the highly efficient visible light photocatalytic applications. Photocatalytic 

degradation studies should be performed on such TiO2 nanoribbons.  
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4 . In-situ doping of N and H  should be possible by the respective gas feeding into the 

autoclave during the reaction, which may provide better optical, electrical and 

magnetic properties, and can be more efficient for the related applications. 

5. We demonstrated the native defects induced lattice expansion and contraction in 

undoped rutile TiO2 nanostructures. This calls for a revisit of the earlier results on the 

size dependent lattice expansion in TiO2 nanostructures. 

6 . More sophisticated characterization techniques such as synchrotron based x-ray 

absorption spectroscopy (X A S ) and x-ray circular magnetic dichroism (X MCD) may 

be employed to investigate the extrinsic or intrinsic nature of FM in the TiO2 

nanostructures. These techniques have their strengths in providing element specific 

information on the electronic and magnetic properties of materials. 

7 . Transition metal doped TiO2 1D nanostructures should be grown on suitable 

substrates for specific applications such as spintronic and magneto-optic devices. 

8 . More accurate theoretical models are needed for a quantitative understanding of both 

RTFM and high temperature FM in metal oxide semiconductors. 

9 . Despite great academic research interest, it is not clear whether defect induced 

ferromagnetic states could be stabilized under device processing conditions and could 

actually be utilized as it is very sensitive to oxygen atmosphere. S o, there must be 

some coating/ passivation needed on the surface of the device which helps to prevent 

direct contact with the atmosphere. 

10 . TiO2 based hybrid structures such as graphene-TiO2 nanostructures can be studied for 

energy applications. 
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