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Abstract 

This thesis focused on both synthesis and characterisation of nanostructured TiO2 

mainly for photocatalytic application, as well as other applications in general. TiO2 

nanofibres, nanopowders, and nanotubes were synthesised using the electrospinning, 

sol-gel, and anodisation methods, respectively. 

The electrospun TiO2 nanofibre, sol-gel TiO2 nanopowders, and anodised TiO2 

nanotubes were synthesised and characterised with different analytical techniques, 

including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDS), transmission electron microscopy (TEM), X-ray diffraction (XRD), in-situ 

high temperature synchrotron radiation diffraction (SRD), differential thermal analysis 

(DTA), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

X-ray photoelectron spectroscopy (XPS), and UV/ Visible spectrophotometer. 

This thesis is prepared following the style of a series of published papers, and 

provides a comprehensive introduction as well as overview to link the published papers 

together so that a coherent story was told. It is hoped that this thesis would provide 

valuable resources for researchers, postgraduate students in the fields of physics, 

chemistry, and engineering. 

This study considers seven published journal papers which are related to the main 

themes of interests. Brief summaries of these papers are given below: 

The first paper examined how phase transformations in electrospun TiO2 nanofibres 

are affected by both atmospheric air and argon environments. The study, based on high 

temperature SRD results, shows that although initially the as-synthesized TiO2 

nanofibres were amorphous, they crystallized to form anatase and rutile when thermal 

annealing air or argon environment. There was a delay of anatase’s crystallization 

temperature by 100 °C in argon as compared to in air enviroment. In argon 

environment, the anatase-to-rutile transformation was faster than in air environment 

due to formation of oxygen vacancies. 

The second paper, which is basically a sequel to the first one, discussed relative 

phase concentrations from the measurements of SRD. In this paper, the transformation 

of absolute phase levels of titania (amorphous, anatase and rutile forms) contained in 
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electrospun amorphous titania nanofibres was reported based on the change in 

temperature over the range 25–900 °C according to the controlled environments for 

calcination as the material is heated non-isothermally. For extracting the absolute 

levels of amorphous titania and crystalline anatase and rutile from the SRD data, a new 

method was developed. In both air and argon environments, the estimation of the 

activation energies for amorphous-to-anatase, and anatase-to-rutile transformations 

was facilitated by the determination of absolute phase levels. The variation in 

activation energies for heating in air and argon can be attributed to the occurrence of 

a substantial amount of oxygen vacancies, the number of which is higher in argon than 

in air, during the annealing of material in argon. From the SRD data, the estimates of 

the site occupancies of anatase and rutile oxygen suggest that (i) there is discernible 

oxygen vacancies for anatase in argon in correspondence with the stoichiometry TiO2-

x with x < 0.4; (ii) the stoichiometry of anatase in air at these temperatures is TiO2; and 

(iii) no significant oxygen vacancies for rutile exist in either argon or air environments. 

In the third paper, the focus was on how V-ion implantation influences the thermal 

response of electrospun amorphous TiO2 nanofibres, particularly with regard to 

structural phase transformation behaviour, applying in-situ SRD measurements 

ranging from the room temperature to 1000 °C. The SRD data enabled the 

determination of activation energies for both amorphous-to-anatase and anatase-to-

rutile transformations. It also provides assessments of the V-ion implantation’s 

influence on the development of microstructure during of calcinations. Both crystallite 

size and microstrain were estimated. The V-ion implantation resulted in a lowering of 

the temperature for forming anatase and rutile, the temperature having been initially 

observed at 500 °C. In the process, the anatase-to-rutile transformation was accelerated 

compared to the non-implanted sample. The V ion implantation’s effect was observed 

through the substantial reduction of activation energies. 

The fourth paper, using ultraviolet-visible absorption spectrometry at room 

temperature, identified the relationship between the nature of air-argon atmosphere in 

which the material has been heated non-isothermally to 900 °C and the band gaps in 

electrospun titania nanofibres at ambient temperature. From the results of different air-

argon mixtures’ heating suggest that the UV-region band gap contained in unheated 

as-spun amorphous nanofibres, 3.33 eV, could be transferred into the visible region 
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through calcinations under different air-argon mixtures. The heating of material in an 

air-argon mixture reduced the band gap of 3.09 eV found for heating in air, while the 

band gap in pure argon remained at 2.18 eV. The cumulative lowering of the band gap 

depended on crystallinity development in the fibres. This is because the material was 

heated and the related oxygen vacancies were developed during the heating in argon, 

and as a result, the defect states formation stays below the conduction band. 

The aim of paper five was to optimise the smallest fibre diameter with a minimum 

electrospun TiO2/PVP nanofibre variation. It showed the preparation of TiO2 

nanofibres within polyvinylpyrrolidone (PVP) polymer, by utilising a combination of 

both sol-gel and electrospinning techniques. It evaluates the effects of sol-gel and 

electrospinning on the TiO2/PVP nanofibres’ diameter, particularly titanium 

isopropoxide (TiP) concentration, flow rate, needle tip-to-collector distance, applied 

voltage, and needle size. The evaluation was done through applying the Taguchi design 

of experiment (DoE) method. It was demonstrated from the DoE experiments of 

nanofibre diameters, that the most significant factor for optimum combination was TiP 

concentration. Through conducting a confirmation experiment where it used two 

different needles to study the effect of needle size, the optimum combination was 

further validated. According to the optimum condition, as Taguchi DoE method 

estimated, both needle sizes resulted in the same average nanofibre diameters. 

Paper six and seven studied the synthesis of titania nanotube arrays which were 

electrochemically produced by the anodization of titanium foils, followed by 

implantation them with chromium (Cr) and indium (In) ions. The effect of ions 

implantation on the crystallization titania phase transformation was investigated using 

in-situ high-temperature X-ray diffraction (XRD) and SRD from room temperature to 

1000 °C. Diffraction results show that crystalline anatase first appeared at 400 °C for 

non-implanted and In-implanted materials, but at 300 °C for Cr-implanted TiO2 

nanotubes. The crystallisation temperature for rutile increased from 600 °C for non-

implanted materials to 700 °C for In-implanted materials, whereas it decreased to 500 

°C for Cr-implanted materials. The anatase-to-rutile transformation was inhibited by 

the In-ions and Cr-ions implantation. Although In3+ and Cr3+ are expected to increase 

oxygen vacancy concentration and then the rate of titania transformation, the 

observations are consistent with implanted In-ions and Cr-ions occupying the Ti 
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sublattice substitutionally and thus inhibiting the transformation. The relatively 

difficult anatase-to-rutile transformation in the implanted material appears to result 

from the relatively large In3+ radius (0.080 nm) and Cr3+ radius (0.0615 nm), which 

partly replaces the Ti4+ (0.061 nm), thus providing greater structural rigidity and allows 

for no relaxation in the Ti bonding environment. 
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1 Introduction to Project 

1.1 Introduction 

Although several decades have yet to pass before fossil fuel depletes on Earth, 

climate has changed quickly since the industrial revolution a century ago. The 

contaminant species, chemical pollutants, dust, gusty winds and sandstorm are harmful 

to human beings and for the environment as well. In air, these harmful substances can 

exist in the form of liquid droplets, particulate or gass, whereas, in water, they are 

present as dissolved substances. The level of air pollution inside houses is often two 

to five times higher than the outdoor level (Augugliaro et al. 2010). Indoor air pollution 

has been confirmed by the Environmental Protection Agency, because it is one of the 

top human health risks. Household products, including paints, wood preservation, 

aerosol sprays, disinfectants and cleaners, automotive products, and dry-cleaned 

clothing are some major or potential sources of indoor air pollution. Moreover, the 

rapid depletion of both fossil fuels and safe drinking water could result in severe 

political and economic conflicts among countries with rapidly growing population and 

increasing environmental pollution (Augugliaro et al. 2010). 

Green energy and other sustainable alternative sources have become a major issue. 

Solar energy is estimated to play a crucial role in the world’s energy consumption in 

the future. It can be used for solving global warming or climate change induced 

problems since, solar energy sources can generate electricity without giving emitting 

carbon dioxide and other greenhouse gases. The first practical solar cells was 

fabricated in 1954 using silicon, and then the numbers of efficient solar cells with 

varied materials and structures have been developed looking for high power 

conversion efficiency with low cost (Kim et al. 2010). 

TiO2 has attracted considerable attention as a promising inorganic material and an 

attractive raw material for various applications such as water purification, gas sensing, 

storage and delivery, and energy generation. It exhibits a range of advantageous 

chracteristics such as inexpensiveness, nontoxic nature, stability, and excellent 

photocatalytic activity (Bavykin and Walsh, 2010; Dransfield et al., 2000; Kandavelu 
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et al., 2004; Landmann et al., 2012; Low et al., 2012; Park et al., 2010; Pfaff and 

Reynders, 1999; Tang et al., 2011a, Weir et al., 2012, Zhang et al., 2012). 

TiO2 offers two important polymorphs, anatase and rutile in the nature, which are 

considered mainly in this thesis. The anatase and rutile exhibit different properties and 

consequently different photocatalytic performances. Anatase is a metastable phase, 

which transforms to the stable rutile phase at an elevated temperature. 

In recent years, research into heterogeneous photocatalysis has been accelerated 

with the rapid emergence of new materials and devices, suggesting promising 

performance characteristics. To achieve further in a safe photocatalytic reaction, it is 

necessary to choose a suitable photocatalyst, fabricate a device with a proper 

nanostructure, and to understand the physics and chemistry behind the photocatalyst. 

Thus, this study focuses on both synthesis and characterisation of nanostructured TiO2 

for photocatalytic and other related applications. 

 

1.2 Project Aim and Significance 

The purpose of this thesis was to synthesis nanostructured TiO2 (nanofibres, 

nanopowders, and nanotubes) and gain a fundamental understanding of synthesis, 

physical and chemical characteristics for potential application in photocatalysis, 

photovoltage, and other related fields. To achieve this purpose, TiO2 nanostructures 

were synthesised to reduce the band gaps of TiO2, and hence ensuring activation at 

wavelengths, from ultraviolet (UV) to visible light. 

The specific project objectives cover the following fundamental issues: 

 Synthesis of nanostructured TiO2 photocatalysts through electrospinning, sol-gel and 

anodisation methods; 

 

 Investigate the effects of sol-gel and electrospinning parameters on the electrospun 

TiO2 nanofibres’ diameter, which include: collector-to-needle distance, solution 

concentration, applied voltage, flow rate, and needle size; 
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 Investigate the influence of ion implantation on phase transformation, crystal growth 

and band gaps of TiO2 nanofibres, nanopowders, and nanotubes. 

 

The importance of titanium oxide has increased because it can lead to fascinating 

applications in the areas of environment and alternative energy sources. It is an 

attractive material due to its wide-ranging applications, for example, in ceramic 

interference coatings, paints, sunscreens, optical devices, gas sensing, solar cells and 

biomedical products (Bavykin and Walsh, 2010, Dransfield et al., 2000; Pfaff and 

Reynders, 1999; Kandavelu et al., 2004; Lee et al., 2008; Weir et al., 2012, Zheng et 

al., 2008,). With the advent of nanotechnology, nanostructured semiconducting TiO2 

has also attracted considerable attention, particularly due to its high potential of being 

applied in diverse areas, including photocatalysis of pollutants, photo-splitting of 

water and as transparent conducting electrodes for dye-sensitised solar cells. In 

particular, elongated TiO2 nanostructures (nanofibres or nanotubes) and nanopowders 

have generated much interest because of their high photoactivity and photo-durability 

(Barzykin and Tachiya, 2002, Nalwa, 2004). In addition, electrospun nanofibres have 

a wide range of applications, including water filtration, because of the ease and 

simplicity of the fabrication process together with the high porosity and high surface 

area of these fibres. Electrospun TiO2 nanofibres rapidly and drastically degrade 

various contaminants in water and wastewater to remove the organic pollutants (Doh 

et al., 2008; Lee et al., 2012; Lee et al., 2013; Thavasi et al., 2008; Yun et al., 2010). 
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1.3 Research Methodology 
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As shown in the flowchart, this thesis specifies four major parts for research and 

development in order to achieve the objectives. The research methodology is as 

follows: 

Part 1: Synthesis of Nanostructured TiO2 

A. Electrospinning method 

A titania sol-gel precursor solution was prepared by mixing titanium isopropoxide 

(TiP) (Mw = 284.22 g/mol, 97% purity), ethanol (Mw = 46.07 g/mol, 99.5% purity), 

and acetic acid (Mw = 60.05 g/mol, 99.7% purity). The titania sol–gel was stirred, and 

then Poly-Vinyl Pyrrolidone (PVP) (Mw = 1300000 g/mol, 100% purity) was dissolved 

in the solution. The solution was loaded into a plastic syringe with a stainless steel 

needle. A syringe pump was used to control the solution flow rate during the process 

of electrospinning. A high voltage power supply was used to provide 14-25 kV 

between the stainless steel needle and an aluminium collector, which was covered by 

aluminium foil, approximately at 8-12 cm. 

A L9 orthogonal array along with signal to noise (S/N) ratios and ANOVA in 

Taguchi DoE method was used to investigate applied voltage, needle tip-to-collector 

distance, flow rate, and TiP concentration, at three different levels on the electrospun 

TiO2/PVP nanofibre diameter. The TiO2/PVP solutions were prepared by mixing 40, 

50 or 60 wt% TiP with a constant mixed acetic acid and ethanol with PVP polymer. 

The needle tip-to-collector distances were from 8 to 11 cm, and a syringe pump was 

used to control the solution flow rate at 0.5, 1, or 2 ml/h during the electrospinning 

process. 

B. Anodisation method 

To synthesis the titania nanotube arrays, (99.6% purity) titanium foils with 

dimensions of 10 × 10 × 0.1 mm3 were anodized. In the anodization cell, the titanium 

foil acted as a cathode, and platinum was used as an anode, with the electrolyte 

consisting of water, ethylene glycol, and ammonium fluoride (NH4F). The electrolyte 

was kept at a constant room temperature and a pH of 6, and the anodizing conditions 

were set at a constant applied voltage of 10-60 V for several hours at room temperature. 

The as-anodized titania nanotube arrays were rinsed/washed with ethanol and water, 

then were dried in air. 
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C. Sol-Gel method 

TiO2 nanopowders were synthesised via a conventional sol–gel method using 

titanium (IV) isopropoxide (C12H28O4Ti, Mw = 284.22 g/mol). To evaporate any 

organic material, the TiO2 solution was mixed through a magnetic stirrer for one hour 

at 100 °C and then left to dry at room temperature for 48 hours. 

 

Part 2: Doping (Ion implantation) 

As-anodized titania nanotube arrays, and nanofibres were implanted with Cr, In, 

and V ions using the MEVVA ion implanter at the Australian Nuclear Science and 

Technology Organization (ANSTO). The average implantation energy of ions was 25-

63 keV, and the peak penetration depth of ions in the titania nanosturcure was close to 

the stopping and range of ions in matter (SRIM) prediction based on the implantation 

parameters. The near-surface composition depth profiling was measured by 

Rutherford backscattering spectrometry (RBS) using He+1 ions at about 2 MeV. 

 

Part 3: In-situ or ex-situ heating treatment 

In-situ high temperature synchrotron radiation diffraction (SRD) was used as the 

main tool for investigating the titania crystallization behaviour, which was evaluated 

using the Powder Diffraction Beamline at the Australian Synchrotron. The titania 

nanotube arrays, and nanofibres were mounted and heated in air and argon 

atmospheres using an Anton Parr HTK 16 hot platinum stage. Synthesised TiO2 

powders were ground and loaded into a sealed capillary, and then heated using a hot 

air blower placed directly below the capillary. The SRD data were acquired at a grazing 

incidence angle of approximately 3° and with a wavelength of 0.085-0.1126 nm, and 

recorded using a Mythen II microstrip X-ray detector. 

To consider the effect of capillary pressure due to heating in sealed capillaries for 

the SRD measurements, laboratory XRD diffraction patterns were measured after 

heating TiO2 powders in air at atmospheric pressure from ambient temperature to 700 

°C at 10 °C/min, and then cooled to room temperature. Powder XRD patterns were 

collected over 2θ = 7–120° with a Bruker D8 advance diffractometer using Cu Kα 
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radiation (λ = 0.15419 nm) and an accelerating voltage of 40 kV, tube current of 40 

mA, sample spinning speed of 30 rpm, and scanning speed of 0.0149°/s. 

Synchrotron radiation diffraction (SRD) and X-ray diffraction (XRD) were used to 

determine phase composition and phase evolution of TiO2 nanostructure. The SRD 

patterns were collected at the Australian Synchrotron. The SRD patterns were analysed 

by Rietveld pattern-fitting using the Rietica program (version 2.1) or Topas (version 

4.2). In order to determine absolute levels of the amorphous and crystalline anatase 

and rutile, a novel technique was developed using the temperature-dependence of the 

SRD pattern background levels. The SRD results were used to obtain the activation 

energies of amorphous-to-crystalline TiO2 (anatase and rutile) transformation, and 

anatase-to-rutile transformation. 

 

Part 4: Other Characterisation 

A. Electron microscopy 

Transmission electron microscopy (TEM), scanning electron microscopy (SEM), 

field emission scanning electron microscope (FESEM), and electron backscatter 

diffraction (EBSD) were used to characterise the morphologies of the nanostructured 

titania. TEM was used to examine the interfaces, crystallinity, morphology and particle 

size. SEM, FESEM and EBSD were used to investigate the structure, diameter, and 

the morphology of the nanostructures. 

B. Energy Dispersive Spectroscopy (EDS) 

The qualitative and quantitative EDS analyses were determined to ascertain the 

presence of TiO2 in the material. 

C. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was used to investigate the surface properties and 

the valence band spectra of the TiO2 materials. The XPS measurements were carried 

out in two stages: first, a survey spectrum was measured to obtain a global 

measurement; second, high-resolution spectra were used to acquire more detailed 

analysis. 
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D. Thermal analysis 

Thermal analysis calcination measurement of DTA, TGA, and DSC were used to 

determine the thermal behaviour and activation energies of the titania transformation. 

The change in the weight of TiO2 nanofibres was indicated by TGA results. DTA 

results were used to show the maximum decomposition temperature for solvent, 

polymer loss, and crystalline titania. DSC measurements were made non-isothermally 

from 25 to 900 °C using different heating rates in order to determine the titania 

activation energies. 

E. UV-visible Spectrometry 

Electrospun titania band gap assessments were made from absorption spectra 

recorded using a UV-visible spectrometer. The main instrument settings were: 

absorbance photometric mode, wavelengths of 200 to 750 nm, and 200 nm/min 

scanning speed. 
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2 Literature Review (Background) 

Titanium dioxide or titanium (IV) oxide, also known as titania, is the naturally 

occurring oxide of titanium, with the chemical formula is TiO2. It is a white pigment 

that can provide a basic white background colour, capable of making paints, inks, 

plastics, paper, ceramics, candy coating, glazed fruit, toothpaste, sunscreen and 

cosmetic products impenetrable by light as well as reflecting light across most of the 

visible spectrum. It is widely used in the food industry as a colorant and classified as 

E171, which has long been used in many different industrial fields as a white pigment 

in foodstuffs. For instance, it can be used in Mozzarella cheese to give the whole 

appearance and colouring of skim milk and flour (Pfaff and Reynders, 1999; 

Dransfield et al., 2000; Kandavelu et al., 2004; Weir et al., 2012). 

Following the discovery of photocatalytic water splitting using TiO2 in the late 

1970s by Fujishima and Honda (Fujishima and Honda, 1972), a new era of TiO2-based 

materials has begun. TiO2 has emerged as a novel material of choice for a variety of 

applications, because it is inexpensive and both chemically and biologically stable. 

TiO2 has drawn more and more attention from researchers in the past few decades, 

owing to its wide range of potential environmentally friendly applications. Since the 

synthesis the Nano TiO2, the amount of published material has been growing 

exponentially every year. Figure 1 shows the number of published papers increased 

from 23 papers in 2000 to 4099 papers in 2015, and these numbers are likely to grow 

even faster in the coming days. 
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Figure 1: The number of published papers related to nano TiO2 for the year range 

2000–2016. 

Data were collected from ProQuest Database using “Nano TiO2” as keywords. 

 

The introduction review section provides a brief review of the titania fabrication, 

assembly, and application that focus on the most comment TiO2 phases, namely 

anatase and rutile. Anatase and rutile are found in nature and particularly play a 

significant role in industrial applications (Chuangchote et al., 2009; Liu et al., 2010). 

They are popular industrial or engineering materials with promising prospects for 

everyday human life because of their wide existing and potential applications along 

with their low cost advantage (Landmann et al., 2012; Low et al., 2012; Zhang et al., 

2012). Figure 2 shows the average price of anatase to be ~ 2.3 US$ per kg, whereas 

the average price of rutile is ~ 2.4 US$ per kg, which is slightly higher for rutile than 

the anatase price. This difference in prices of the two, suggests TiO2 phases could be 

related to the type of their applications. Anatase phase is utilised in the industrial sector 

as an efficient photocatalyst, whereas rutile phase is used for photovoltage application. 

(See Applications and Potential Applications, Section 2.6). 

 

 

Figure 2: The prices of anatase and rutile with different countries. 

Data were taken from Pertrosil on 5th May 2016 (www.petrosil.com). 
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2.1 Crystal Structured of TiO2 

TiO2 occurs in a variety of crystal structures and exhibits diverse electronic and 

optical properties. It has four polymorphs in nature, namely anatase, rutile, brookite, 

and bronze (TiO2 (B)) (Carp et al., 2004). Moreover, Columbite (TiO2 II) and 

Hollandite (TiO2 (H)) are two additional high-pressure rutile polymorphs which have 

been synthesised in the laboratory (Simons and Dachille, 1967; Latroche et al., 1989). 

Baddeleyite (TiO2 III), and Ramsdellite (TiO2 (R)) or any other TiO2 modifications 

have been synthesised in the laboratory too (Sato et al., 1991; Takahashi et al., 2006). 

The composition is the same for TiO2 phases, but each titania phase represents a 

different arrangement of the atom, making up a different crystal structure. 

The application of TiO2 is usually based on one or a mixture of TiO2 crystalline 

phases. Since then, the study of TiO2 crystalline phase has also become important for 

TiO2 applications. The three common polymorphs of titanium dioxide, namely, 

anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic) are considered in 

this section; even bronze (monoclinic) is rare because it is mostly synthesised by high-

pressure treatment and can be readily synthesised in the laboratory. 

In 1916, a structural investigation of anatase (tetragonal) and rutile (tetragonal) was 

originally conducted by Vegard applying Bragg’s ionisation method (Vegard, 1916), 

whereas the brookite crystal structure (orthorhombic) was first determined by Pauling 

and Sturdivant using powder XRD in 1928 (Pauling and Sturdivant, 1928). In 1955, 

the acceptable crystal structures of anatase and rutile were revised by Cromer and 

Herrington using powder X-ray Diffraction as well (Cromer and Herrington, 1955). 

In the common titania forms, titanium (Ti4+) atoms are coordinated to six oxygen 

(O2-) atoms, forming TiO6 octahedra. Crystalline anatase and rutile are tetragonal 

structure, with which the octahedra share edges at (001) and (001) planes, respectively. 

On the other hand, both edges and corners of brookite are shared to give an 

orthorhombic structure. Anatase and rutile appear more often than brookite in lab 

synthesised materials and in many other device applications involving titania (Beltran 

et al., 2006). 
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2.1.1 Anatase 

Anatase is one of the most widely studied TiO2 polymorphs. It is widely employed 

as a photocatalyst because it is the most photoactive amongst the three common TiO2 

polymorphs (Fujishima et al., 2000). It has the highest density of localised state and 

consequent surface-adsorbed hydroxyl radicals and the slowest charge carrier 

recombination compared to rutile and brookite. This is due to the differences in crystal 

structures and associated exposed planes among the titania phases, where anatase has 

a lower surface enthalpy and lower surface free energy than that of rutile (Banfield, 

1998). 

Anatase and rutile have a tetragonal structure as shown in Figure 3 and 4, 

respectively, but the distortion of the TiO6 octahedron is slightly larger in anatase than 

in rutile, and have different space groups and atoms per unit cell (Z) (Linsebigler et 

al., 1995; Mo and Ching, 1995). Table 1 shows the structural parameters, as well as 

physical and mechanical properties of anatase. The lattice anatase parameters are a = 

b = 0.3784 nm, and c = 0.9515 nm at room temperature. Anatase has higher unit cell 

symmetry when compared with brookite, since there are only five different bond 

lengths in its representative octahedron. There are four Ti-O distances of 0.1937(3) nm 

and two Ti-O distances of 0.1964(9) nm. 

 

  

 

Figure 3: The basic unit cell crystal structure of anatase (ICSD 202242). 
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Table 1: Structural parameters, and physical and mechanical properties of anatase. 
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Space Group I41/amd 

Atoms per Cell (Z) 4 

MD Basic Cell 32 (4a×4a×2c)  

Lattice Parameters (25 °C) (nm) 
a 0.3784(5) 

c 0.9515(5) 

Volume of Cell (25 °C) (nm3) 0.1363 

Density (25 °C) (kg.m-3) 3894 

O-Ti-O Bond Angle (°) 
77.7 

92.6 

Mean Interatomic Distances (nm) 
Ti–Ti 0.304 

Ti–O 0.195 

Thermal Expansion Coefficients 

(TECs) ×10-5 (°C-1) at 900 °C 

Linear (αa) 0.53 

Linear (αc) 1.04 

Volumetric (β) 2.17 

Molecular Weight (g. mol-1) 79.88 

Molar Volume (×10-6 m3. mol-1) 20.51 

Optical Band Gap (eV) 3.20(5) 

Light Absorption (nm) ~ 388 

Refractive Index 2.52(3) 

Mohs Hardness 5.5-6.0 

Resistivity (25 °C) (Ω. cm) 105 

Conductivity (25 °C) (1/Ω. cm) 104-107 

Bulk Modulus, K (TPa) 0.21 

Melting Point (°C) Transformation 

to rutile 

Solubility in Water Insoluble 
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2.1.2 Rutile 

Rutile has been studied extensively because it has the simplest TiO2 structure, and 

most common and stable TiO2 form. The tetragonal rutile structure is defined by three 

crystallographic parameters: two lattice parameters a, c and the oxygen fractional 

coordinate. Anatase and rutile have the same tetragonal crystal structure, but they have 

a different space group and atoms per cell (Z), P42/mnm sharing two edges for rutile, 

and, I41/amd sharing four for anatase (see Table 1 and 2). Figure 4 shows the basic 

unit cell crystal structure of rutile. The cell parameters are a = 0.45936(5) nm and c = 

0.29587(3) nm, and the oxygen parameter is 0.03056(6) nm at room temperature. 

There is four Ti–O distances of 0.1946(3) nm, and two Ti–O distances of 0.1984(4) 

nm (see Table 2). 

The rutile phase is most stable at elevated temperature and pressure up to 50 kbar. 

Both anatase and brookite structure transformed to the rutile phase with a certain 

condition and parameter (See Kinetics of TiO2 phases Transformation, Section 2.3). 

Among the three common polymorphs of TiO2, the highest symmetric structure is 

possessed by rutile. It contains six atoms per unit cell with the TiO6 octahedron slightly 

distorted. The rutile crystal structure is defined as sharing of two edges and two 

vertices of the octahedron, which leads to a higher symmetry of the crystal structure. 

 

 

Figure 4: The basic unit cell crystal structure of rutile (ICSD 64987) 
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Table 2: Structural parameters, and physical and mechanical properties of rutile. 
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Space Group P42/mnm 

Atoms per Cell (Z) 2 

MD Basic Cell 96 (4a×4a×6c)  

Lattice Parameters (25 °C) (nm) 
a 0.45936(5) 

c 0.29587(3) 

Volume of Cell (25 °C) (nm3) 0.0624 

Density (25 °C) (kg. m-3) 4130 

O-Ti-O Bond Angle (°) 
81.2 

90.0 

Mean Interatomic Distances 

(nm) 

Ti–Ti 0.296 

Ti–O 0.196 

Thermal Expansion Coefficients 

(TECs) ×10-5 (°C-1) at 900 °C 

Linear (αa) 0.87 

Linear (αc) 1.01 

Volumetric (β) 2.83 

Molecular Weight (g. mol-1) 79.9 

Molar Volume (×10-6 m3. mol-1) 18.80 

Optical Band Gap (eV) 3.00(5) 

Light absorption (nm) ~ 413 

Refractive index 2.9 or 2.75 

Mohs Hardness 7.0-7.5 

Resistivity (25 °C) (Ω. cm) 1012 

Conductivity (25 °C) (1/Ω. cm) 104-107 

Bulk modulus, K (TPa) 0.23 

Melting point (°C) 1825 

Boiling point (°C) 2500–3000 

Solubility in water Insoluble 
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2.1.3 Brookite 

Brookite has an orthorhombic crystal structure (see Figure 5). Its titanium atom is 

located near the centre, with oxygen atoms at the vertices. The Brookite unit cell is 

octahedral, and a crystal structure is formed when the octahedron shares three edges. 

The Ti-O and O-O bond lengths differ, which leads to a distorted octahedron. The 

Brookite cell volume is larger than the anatase or rutile cell volumes, with eight atoms 

per cell (Z), compared with four for anatase and two for rutile. The brookite cell 

volume is 0.32172 nm3, whereas it is 0.1363 nm3 and 0.0624 nm3 for anatase and rutile, 

respectively (See Table 3). 

Although many reports have interest in brookite structure, only few of them present 

the synthesis of pure brookite (Bokhimi et al., 2001). The metastable anatase may 

transform into brookite thermodynamically under standard condition, and then the 

metastable brookite transforms to the stable rutile upon calcination at an elevated 

temperature, but this is rare due to the fact that it is difficult for brookite crystal 

structure to form (See Kinetics of TiO2 phases Transformation, Section 2.3). 

 

 

Figure 5: The basic unit cell crystal structure of brookite (ICSD 015409) 
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Table 3: Structural parameters, and physical and mechanical properties of brookite. 

Property Value Reference 

Crystal System Orthorhombic 

(M
ea

g
h
er

 a
n
d
 L

ag
er

, 
1
9
7

9
; 

M
o
 a

n
d
 C

h
in

g
, 
1
9
9
5
; 

K
im

 e
t 

a
l.

, 
1
9
9
6
; 

B
o
k
h
im

i 
et

 a
l.

, 
2
0
0
1
; 

O
h
n
o
 e

t 
a
l.

, 
2
0
0
1
; 

W
u
n
d
er

li
ch

 e
t 

a
l.

, 
2
0
0
4
; 

R
ey

es
-C

o
ro

n
ad

o
 e

t 
al

. 
2
0
0
8
; 

M
at

su
i 

an
d
 A

k
ao

g
i 

1
9
9
1
) 

Space Group P b c a 

Atoms per Cell (Z) 8 

MD Basic Cell 18 (2a×3b×3c)  

Lattice parameters (25 °C) 

(nm) 

a 0.9174(5) 

b 0.5439(5) 

c 0.5163(5) 

Volume of Cell (25 °C) (nm3) 0.32172 

Density (25 °C) (kg. m-3) 4250 

O-Ti-O Bond Angle (°) 77.0 ~ 105 

Mean Interatomic Distances 

(nm) 

Ti–Ti 0.302 

Ti–O 0.196 

Thermal expansion coefficients 

(TECs) ×10-5 (°C-1) at 900 °C 

Linear (αa) 0.68 

Linear (αb) 0.69 

Linear (αc) 1.05 

Volumetric (β) 2.40 

Molecular Weight (g. mol-1) 79.866 

Molar Volume (×10-6 m3. mol-1) 19.35 

Optical Band Gap (eV) 3.35(5) 

Light absorption (nm) ~ 370 

Refractive index 2.63 

Mohs Hardness 5.5-6 

Resistivity (25 °C) (Ω. cm) 105 

Bulk modulus K (GPa) 0.22 

Melting Point (°C) Transformation 

to rutile 

Solubility in Water Insoluble 
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2.2 TiO2 Band Gap, Doping, and Modifying 

Figure 6 presents the schematic illustration of the energy band gap. An electron (e-

) from the valence band (VB) is excited to the conduction band (CB) with the formation 

of a hole (h+) by light radiation of energy equal or greater to the TiO2 band gap. 

 

Figure 6: Schematic illustration of energy bands. 

 

Figures 7 and 8 show the band gap energy with valence band (green) and conduction 

band (red) positions for several semiconductors including anatase and rutile. The 

conductance band of the semiconductor must be more negative than the reduction 

potential of the chemical species, whereas the valence band of the semiconductor must 

be more positive than the oxidation potential of the chemical species (Mills and Le 

Hunte, 1997). Among these semiconductors, titania phases have received the largest 

attention as a photocatalytic material because of its superior photocatalytic activity, 

chemical stability, low cost, and nontoxicity. Titania (TiO2) is an n-type semiconductor 

because of oxygen deficiency. TiO2 valance band is O2p in one character, while the 

conduction band is Ti3d&4s in the other character. It is a large band gap semiconductor, 

and the optical band gap of amorphous TiO2 was found to be in the range of 3.30-3.50 

eV (Eufinger et al., 2007). This value decreased slightly for single-crystalline anatase 

(3.20 eV), and crystalline rutile (3.00 eV). 
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Figure 7: Band gap energy with valence band (green) and conduction band (red) 

positions for several semiconductors. 

(Gratzel, 2001). 

 

 

 

Figure 8: Band gap energy with valence band (green) and conduction band (red) 

positions for pure crystalline anatase and rutile. 

Data take from (Mills and Le Hunte, 1997). 

 

The rutile band gap is slightly lower than the anatase band gap at absorbing the 

solar spectrum, but both of them can only be excited under ultraviolet irradiation, 

which occupies only 3-5 percent of the total solar irradiation at the Earth’s surface. For 

anatase, a wavelength (λ) shorter than 387 nm is required for the absorption of a photon 
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to excite an electron to the conduction band (eCB−) in order to generate a positive hole 

in the valence band (hVB+) according to: 

 

𝑇𝑖𝑂2 + ℎ𝑣
                
→    ℎ𝑉𝐵+ + 𝑒𝐶𝐵−                (1. 1) 

 

Controlling the electrical conductivity of TiO2 is an important step towards the 

application of electronics and photo-electronics. If the TiO2 semiconductor with any 

forms is irradiated with photons of energy more than their band gap, the electron is 

promoted from the valence band to the conduction band (see Figure 6). 

Many of the TiO2 uses are closely related and dependent on its optical properties, 

and one drawback appears because of its wide band gap. Several approaches for TiO2 

modification have been proposed to realise an efficient TiO2 by changing the 

absorption edge from UV to visible region, including metal loading, metal-ion doping, 

anion doping, metal ion-implantation, organic dyes, polymer attachment, and 

hydrogen plasma reduction (Hsu et al., 2007). 

Coating the TiO2 surface with a thin layer of dye is one strategy for the TiO2 

modification and for reducing the band gap. This method is called a dye sensitisation 

and has been successfully applied to solar cell devices. Photodegradation of organic 

pollutants in water has been achieved on the TiO2 surface modified with thionine and 

eosin Y dyes using visible light. The dyes (sensitiser) adsorbed on titania surface are 

excited by absorbing visible light and affect charge injection into the conduction band 

(CB) at sub-band gap excitation and the catalytic processes follow through an 

interfacial electron transfer (Chatterjee and Mahata, 2001). 

Doping of TiO2 with metal (Cr, Cu, Ni, Mn, Mo, Nb, Ru, Au, Ag, Pt Co, V, and 

Fe) or nonmetal elements (N, B, P, I, F, C, and S) is a common method and currently 

attracting considerable interest as a promising route to extend the absorption of TiO2 

from UV light to visible light range (Anpo, 2000; Asahi et al., 2001; Umebayashi et 

al., 2002; Yu et al., 2002; Ohno et al., 2003; Sakthivel and Kisch, 2003; Yamashita et 

al., 2003; Yu et al., 2003; Hong et al., 2005; Chen et al., 2007; Lam et al., 2007; Liu 

et al. 2010; Zhang et al., 2010; Kamat, 2012). 
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Figure 9 shows five possible origins of visible light absorption in non-metal doped 

anatase TiO2. These five electronic mechanisms can explain different optical 

absorptions of metal and non-metal doped TiO2 (Liu et al. 2010). (a) narrowing of 

band gap by the newly formed valance band (VB) by mixing O2p of TiO2 with a doping 

states; (b) and (c) doped TiO2 with a localised a and new dopant level near the valence 

band (VB) and the conduction band (CB), respectively; (d) formation of colour centres 

in the band gap as the origin of the visible light absorption band; and (e) sensitisation 

mechanisms in which melamine condensation products as visible light sensitiser. 

 

 

Figure 9: Various schemes of band gap structure change of non-metal doped anatase 

TiO2. 

(CB: Conduction band, and VB: Valence band) 

(Liu et al. 2010) 

 

Next section reviews methods of reduced TiO2 band gap with metallic and non-

metallic species, including ion implantation, sol-gel, and heterostructure methods. 

 

2.2.1 Ion Implantation Method 

In 2000, Anpo used the application of the ion implantation method to improve the 

electronic properties of the TiO2 and present second titania generation photoactivity 

under the visible light (Anpo, 2000). In ion-implantation method, metal ions including 
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V+, Cr+, Fe+, V+, Mn+, among others, are accelerated in the electronic field and injected 

into the deep bulk of TiO2 sample target as the ion beam (see Figure 10). The 

interaction of implanted ions with the sample surface depends on the kinetic energy. 

High kinetic energy from 150 to 200 keV are accelerated enough to implant metal ions 

(Fe+, Mn+, V+, etc.) into TiO2 bulk samples by the ion-implantation. Depending on the 

metal ions implanted type and amount, UV-VIS absorption spectra of TiO2 

photocatalysts were found to shift towards visible light regions (Yamashita et al., 

2003). The UV light to visible light (UV–Vis) absorption spectra of some metal ion-

implanted TiO2 photocatalysts such as V, Cr, Mn, Co, Ni, and Cu, were shifted to near 

the visible light regions (Lam et al., 2007; Zhang et al., 2010; Kamat, 2012). However, 

ion-implantation with Ti, Ar, or Na, was not effective at all to modify the TiO2 

properties to make a shift of absorption band to the longer wavelength region 

(Yamashita et al., 2003). 

  

 

 

 

 

Figure 10: Systematic diagram of ion implantation into TiO2 samples. 

(Yamashita et al., 2003). 

2.2.2 Sol-Gel Doing Method and Other Methods 

Doping with metal and non-metal using the sol-gel method is a powerful strategy 

for modifying the electronic structure of TiO2 for two reasons. Firstly, depending on 

the type and amount of metal used, TiO2 can be activated at a range of wavelengths 

from ultraviolet to visible light. Secondly, the sol-gel process is one of the most 

versatile methods to prepare titania nanopowder materials since it has a high ratio of 
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surface area in proportion to volume, which increase the decomposition rate of water 

and air pollutants and allows for photocatalytic reactions to occur more rapidly on the 

titania photocatalyst surface. It is found that some doped elements and types play a 

significant role in the TiO2 band gap. 

Sol-gel doping of TiO2 with non-metals has been investigated intensively, such as 

nitrogen-doped TiO2 films (Asahi et al., 2001). The nitrogen-doped TiO2 which 

narrowed the TiO2 band gap contributed to the visible light absorption, because the 

N2p state in nitrogen hybrids with the O2p state in the anatase TiO2, in which their 

energies are very close. 

Following N-doped TiO2, a series of non-metal doped TiO2 were successfully 

synthesised and they were photoactive under visible light such as iodine, flour, 

phosphorus, boron, sulfur/sulphur, and carbon (Umebayashi et al., 2002; Yu et al., 

2002; Sakthivel and Kisch, 2003; Ohno et al., 2003; Yu et al., 2003; Hong et al., 2005). 

Doping TiO2 with anion elements such as nitrogen, carbon, sulphur can reduce the 

TiO2 band gap and exhibit visible photoresponse, as the atomic orbitals of the non-

metal elements (N2p, C2p, and S3p, respectively) have higher potential energy than 

titania O2p. This will form a new valence band instead of a pure O2p atomic orbital that 

minimises the band gap energy without changing the conduction band level. 

Among non-metal elements doped TiO2, carbon did not receive high attention like 

the nitrogen, even though a C-doped TiO2 powder was determined to be five times 

more active than the N-doped TiO2 (Sakthivel and Kisch, 2003). Another study reports 

a preparation of carbon-doped TiO2 nanotube arrays with high aspect ratios for 

maximising the photo-cleavage of water under white-light irradiation. The synthesised 

C-doped titania nanotube arrays showed much higher photocurrent densities and more 

efficient water splitting under visible light illumination (> 420 nm) than pure titania 

nanotube arrays (Park et al., 2006). Additionally, a photocatalytic performance of a 

composite of titania nanotubes and carbon nanotubes (TNT-CNT) was used to study 

benzene degradation in the gas phase as a testing reaction. The results have 

demonstrated that a certain amount of CNT doping into the matrix of TNT affects the 

conversion ratio of the benzene degradation slightly (Tang et al., 2011b). Moreover, 

N-doped TiO2, C-doped TiO2, and (C, N) co-doped TiO2 with different nitrogen and 

carbon contents were used to reduce the TiO2 band gap and utilize visible light more 
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efficiently in photocatalytic reactions (Chen et al., 2007). The nitrogen atoms weaved 

into the titania lattice and induced new band states in the TiO2 band gap, through 

replacing the sites of oxygen atoms, whereas the carbon atoms could form a layer 

composed of a complex carbonaceous mixture on the TiO2 surface. It was found that 

co-doped TiO2 exhibited the highest photocatalytic activity under visible light than 

those of C-doped or N-doped TiO2 due to the assigned synergistic effect of doped C 

and N atoms. 

Different metal elements such as chromium, indium, and vanadium were used to 

prepare doped titania, and the optical absorption edge could be shifted into the visible 

range of solar irradiance. Chromium-doped TiO2 was synthesised using various 

morphologies and methods. Mishra et al. (2014) synthesised low-content Cr-doped 

TiO2 nanotubes by electrochemical anodisation methods of Ti-Cr alloys in ethylene 

glycol electrolyte. Cr3+-doped TiO2 with crystalline anatase were prepared by a 

combination of the sol-gel process with hydrothermal treatment (Zhu et al., 2006). 

Cr3+-doped anatase TiO2 photocatalytic activity was investigated under UV and visible 

light irradiation. It shows a good ability for absorbing the visible light because of the 

excitation of 3d electron of Cr3+ to the TiO2 conduction band (CB). Doping of 

chromium ions effectively improves the photocatalytic activity under visible light 

irradiation with an optimal doping concentration of 0.15% and 0.2%, respectively. 

Moreover, a visible light active mesoporous Cr-doped TiO2 photocatalyst was 

synthesised by applying an evaporation-induced self-assembly approach (Fan et al., 

2008). The Cr3+ doping concentration effect on the photocatalytic activity of 

mesoporous TiO2 was investigated from 0.1 to 1 mol percent. The Cr-doped TiO2 

extended the photoabsorption edge into the visible light region and exhibited higher 

photocatalytic activities when compared with pure mesoporous TiO2 under visible 

light irradiation (Dholam et al., 2010). 

Doping TiO2 nanofibres with 1.0 and 5.0 wt.% V were also successfully 

incorporated into the crystal lattice of TiO2 nanofibres, and could extend the visible 

light absorption of TiO2 nanofibres. The obtained V-doped TiO2 nanofibres possessed 

high activity for the photodegradation of organic pollutant methylene blue (MB) 

(Zhang et al., 2010). 
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2.2.3 Mixed Titania Phases, Heterojunction (Heterostructure) 

Mixed-phase titania, which includes anatase/rutile, anatase/brookite, 

rutile/brookite, and anatase/TiO2 (B), has been recently developed as a strategy to 

circumvent the wide band gap of titania (Van et al., 2007; Li and Liu, 2009; Xu and 

Zhang, 2009; Zheng et al., 2010). 

The common mixed-phased titania photocatalyst is Degussa P25, which contains a 

combination of mainly crystalline anatase (~ 80%) and crystalline rutile (~ 20%). The 

photocatalytic activity of the mixed titania phases is better than one of them, because 

the rutile conduction band is more positive than that of anatase, which means that the 

crystalline rutile phase may act as an electron sink for photogenerated electrons from 

the conduction band of the anatase phase (see Figure 8). The high photocatalytic 

activity of this mixed titania phase enhances the separation of photogenerated electrons 

and holes, and results in reduced recombination. 

Composites of two semiconductors with different band gaps can suppress the 

photocatalytic performance. Many efforts have been made in the synthesis of different 

heterostructure semiconductor such as CdS/TiO2, Bi2S3/TiO2, Fe2O3/TiO2 and 

ZnO/TiO2, which can be present as a core-sell geometry or sandwich structure 

(Serpone et al., 1995; Marci et al., 2001; Brahimi et al., 2007; Ghows and Entezari, 

2011). These coupling resulted in extended photoabsorption bands in the visible form 

and were reported to be more effective for the photocatalytic degradation of a dye 

under visible light irradiation, as compared to pure TiO2. The coupling of a smaller 

band gap semiconductor such as Bi2S3 (1.42 eV) with the TiO2 band gap, is of great 

interest using solar radiation. In principle, the heterostructure of anatase and rutile with 

ZnO seems useful to achieve a more efficient electron-hole pair separation under 

visible light irradiations due to the increased lifetime of the photo produced electron-

hole pairs, which is transferred between the two semiconductors. 

Another researcher, Li and his co-worker reported that two semiconductors 

Al2O3/Degussa P25 TiO2 composite exhibited visible-light absorption, which was 

attributed to Nitrogen-doping during high-temperature combustion, and to alterations 

in Ti species with the electronic structure induced by the Al addition (Li et al., 2012). 

The optimal Al2O3 to Degussa P25 TiO2 molar ratio was 1:1.5, and the semiconductors 
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composite exhibited a large specific area of 152 m2/g, with enhanced photocatalytic 

activity, and large surface positive charges. The degradation rate of anions methylene 

orange enhanced by the N-doped Al2O3/TiO2, which was 43.6 times greater than the 

pure Degussa P25 TiO2. The high visible-light photocatalytic activity of anionic 

methylene orange was attributed to the synergetic effects between the two 

semiconductors, Al2O3 and TiO2, N-doping a large specific surface area (See 

Nanostructured TiO2, Section 2.4), and low recombination efficiency of photo-excited 

electrons and holes. 

 

2.3 Kinetics of TiO2 Phases Transformation 

TiO2 (titania) belongs to the transition metal oxides family, and it is known to exist 

in various polymorphs and crystalline phases. Amorphous TiO2 transforms into 

crystalline anatase, and the crystalline anatase transform to crystalline rutile at an 

elevated temperature. Rutile is the only stable phase at normal condition, whereas 

anatase and brookite are metastable and undergo irreversible transformations into 

rutile at an elevated temperature. 

Some studies focused on the amorphous-to-anatase transformation (Eufinger et al., 

2007). However, many studies were conducted on the anatase-to-rutile 

transformations, because crystallinity was an important parameter that influenced 

titania band gap narrowing, and thus the titania applications. The crystalline anatase-

to-rutile transformation temperature, as reported in the literature, ranges from 400 to 

1200 °C, and is affected by various conditions, including calcination time, synthesis 

method, level of impurities, doping, calcination time, the deviation of stoichiometry, 

surface area, grain and particle size, reaction atmosphere type and condition, method 

of synthesis, and so forth (Shannon and Pask, 1965; Eppler, 1987; Akhtar et al., 1992; 

Ding et al., 1996; Gennari and Pasquevich, 1998; Zhang and Banfield, 2000a; Okada 

et al., 2001; Barakat et al., 2005; Zhang and Banfield ,2005; Fang et al., 2011; Liu et 

al., 2013). 

These transformations do not have a unique temperature, and the processes that are 

involved in the titania transformation, as well as the methods to promote or inhibit this 

transformation, have not yet been reviewed and discussed comprehensively. 
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The fraction of anatase-to-rutile transformation was estimated using the Spurr and 

Myers equations (Spurr and Myers, 1957): 

 

𝐴(%) = 1 [1 + 𝐼𝑅 1.26𝐼𝐴] × 100%⁄⁄       (1. 2) 

 

𝑅(%) = 1 [1 + 𝐼𝐴 0.8𝐼𝑅] × 100%⁄⁄           (1. 3) 

 

𝐴(%) = 100 − 𝑅(%)             (1. 4) 

 

where A (%), and R (%) are the relative weight fraction of crystalline anatase and 

rutile, respectively. IA and IR are the X-rays integrated intensities of anatase (101) 

reflection and rutile (110) reflection, respectively. 

It should be noted that the crystal structure of titania is not completely understood 

by XRD patterns. For example, the TiO2 nanotubes are not pure TiO2, but crystal 

modifications of TiO2 (anatase and rutile) with some polytitanic acids and organic 

sources, which make it difficult to identify the modified titania phases (TiO2-x). The 

titania nanotubular structure is another difficulty because the sample is not flat, as the 

orientation will affect the XRD results, and hence the relative weight calculated from 

Spurr and Myers method will not be identified accurately, where only the peak 

intensities of anatase (101) and rutile (110) are used. However, for in-situ XRD/SRD 

high temperature experiments, the phase identification will be more difficult due to the 

thermal expansion of the lattice parameter at an elevated temperature. Moreover, the 

structure is relatively unstable, and can undergo further phase transformation during a 

thermal treatment. 

This section reviews the titania phase transformation by discussing the 

thermodynamics of the titania phase transformation and the factors affecting its 

observations. 
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2.3.1 Temperature 

Anodised TiO2 nanotube arrays were heated at different temperatures from 300 °C 

to 800 °C with a step of 100 °C in an air atmosphere for 2 hours with the heating rate 

of 10 °C/min (Liu et al., 2013). The crystal structures and crystallinity of the samples 

were analysed using the X-ray diffraction patterns (XRD). Figure 11 shows the XRD 

patterns of the samples, which indicate that the diffraction peaks of the Ti foils were 

only observed before calcination, thus indicating the amorphous nature of TiO2 

nanotubes. The amorphous-to-anatase transformation can be seen clearly at 300 °C, 

which includes the characteristic peak of crystalline anatase. The anatase-to-rutile 

transformation started when the TiO2 nanotubes were calcinated at 600 °C until the 

rutile phase began to appear in the XRD patterns. 

The weight fraction of rutile increased dramatically as the temperature increased 

with the transformation of metastable anatase into rutile at elevated temperatures, 

which were 65, 91.8, and 100 percent for 600 °C, 700 °C, and 800 °C, respectively. 

 

 

Figure 11: XRD patterns of the anodised TiO2 nanotubes for different calcination 

temperatures. 

[T: Titanium, A: anatase, and R: rutile]. (Liu et al., 2013). 

2.3.2 Calcination Time 

The effect of calcination time on the anatase-to-rutile transformation was studied. 

Anatase was heated in air at 950 °C for periods of 4, 24, and 48 h. After each treatment, 
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the anatase and rutile were calculated from X-ray diffraction (XRD) measurements. 

The analysis shows that an increase in calcination time increased the rutile percentage 

and decreased the anatase percentage. The relative rutile percentage was 5% for 4h, 

65% for 24 h, and 92% for 48h (Gamboa and Pasquevich, 1992). 

Calcination time of 1, 2, 4, 8, and 12 h at 500 °C with a heating rate of 10 °C/min 

were used to study the effect of calcination time for anatase-to-rutile transformation of 

TiO2 nanotube arrays (Liu et al., 2013). XRD patterns in Figure 12 show that only 

(101) anatase peak of the crystallographic plane appear following 1 h calcination. For 

2 h calcination, (101) and (200) anatase crystallographic planes began to appear. The 

formation of rutile phase (40.5%) was observed for 4 h calcination. The anatase phase 

transformed completely into rutile phase when the calcination time was 12 h. 

 

 

Figure 12: XRD patterns of the of anodised TiO2 nanotubes for different calcination 

times. 

[T: titanium, A: anatase, and R: rutile]. (Liu et al., 2013). 

 

2.3.3 Heating Rate 

TiO2 nanotube arrays were calcined for 2 h at 500 °C in an air atmosphere with 

heating rates of 1, 5, 10, and 20 °C/min to determine the crystalline phases (see Figure 

13) (Liu et al., 2013). Crystalline anatase was just observed for all different heating 

rates, which only affected the (101) and (200) crystallographic planes intensity, and 
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the amorphous-to-anatase transformation. The relative anatase crystallinity was the 

highest for the 10 °C/min heating rate. It should be noted that the nanotubes intensity 

was affected by the morphology of nanotubes. Moreover, the crystallite size varied 

from 50.9 to 90.4 nm with the increasing heating rate from 1 to 20 °C/min, indicating 

that the higher heating rate promoted the anatase grain growth. 

 

  

Figure 13: XRD patterns of the anodised TiO2 nanotubes for different heating rates. 

[T: titanium, and A: anatase]. 

(Liu et al., 2013). 

 

2.3.4 Atmospheres 

The effect of different reactive atmospheres including air, argon, nitrogen, 

hydrogen, vacuum, hydrogen-nitrogen, chlorine, argon-chlorine atmospheres on TiO2 

transformation were reported by various reasearchers (Shannon and Pask, 1965; 

Gamboa and Pasquevich, 1992; Fang et al., 2011; Varghese et al., 2003; Plugaru et 

al., 2004; Huang and Wong, 2011). 

For instance, it was reported that the anatase-to-rutile transformation rate was lower 

in a vacuum than in a hydrogen atmosphere, whereas an increase in the oxygen partial 

pressure decreased the transformation rate (Iida and Ozaki, 1961). It was also reported 

that the anatase-to-rutile transformation was lower in a vacuum than in air (Shannon 

and Pask, 1965). Various studies showed that the atmosphere enhanced the TiO2 
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transformation due to the formation of oxygen vacancies and the diffusion necessary 

for the crystallographic rearrangement (Shannon and Pask, 1965). The oxygen 

vacancy defects in TiO2 acted as colour centres, changing from white to grey or dark 

blue, with increasing non-stoichiometry (TiO2-x) (Shannon and Pask, 1965; Cornaz et 

al., 1966). 

The oxygen vacancies, which lower the anatase-to-rutile transformation 

temperature, can be created by annealing TiO2 under certain atmosphere. Effects of 

oxygen vacancies on the anatase-rutile transformation of TiO2 thin films were studied 

and annealed at various temperatures of 400–800 °C in air, vacuum and H2 

atmosphere. In both H2 and vacuum atmosphere, the oxygen vacancies concentration 

increased with increasing temperature, whereas it remained constant in air. The 

amorphous-to-anatase and the anatase-rutile transformations occur at lower 

temperatures in hydrogen than in air or vacuum atmosphere because of the higher 

oxygen vacancy concentration in the TiO2 film (Huang and Wong, 2011). 

The anatase-to-rutile phase transformation in argon-chlorine atmosphere is 300 

times faster than in air atmosphere at 950 °C. The transformed rutile percentage was 

5, 65, and 92%, when anatase was heated in air for periods of 4, 24, and 48 h, 

respectively. In contrast, when the anatase was heated in argon-chlorine for just 10 

min, the rutile fraction was 99% (Gamboa and Pasquevich, 1992). 

 

2.3.5 Impurities, Presence of Foreign Elements or Doping 

The presence of foreign ions affects the kinetics of the anatase-to-rutile 

transformation at elevated temperatures. The role of TiO2 dopants is considered to 

facilitate an increase in surface-adsorbed species levels, improvement in charge carrier 

separation, introduction of mid-gap states, and reduction of the band gap (Hanaor and 

Sorrell, 2011). 

The nature of the presence of foreign ions appears to control the stoichiometry of 

the TiO2 by the formation of both titanium interstitial and oxygen vacancy 

concentration. The formation of oxygen vacancies was expected to accelerate the 

anatase-to-rutile transformation, whereas the titanium interstitial formation inhibited 
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the transformation. There are some reports that show that doping TiO2 with Nb, Al, 

Ni, Ga, Ta, and W delays the anatase-to-rutile transformation, whereas, Mn, Fe, Cu, 

and Zn are generally believed to promote the phase transformation (Depero et al., 

1999; Depero et al., 2000; Guidi et al., 2003). 

The presence of foreign ions affects the titania defect structure and, therefore, the 

transformation rate, which enters either substitutionally or interstitially. The presence 

of interstitial ions inhibits the anatase-to-rutile transformation. However, substitutional 

ions may accelerate or inhibit the transformation depending on the substitutional ions 

type and size. Smaller ionic radius than Ti, e.g. Cu2+, Li+, or Co2+ can enter the TiO2 

structure substitutionally, and would be expected to increase the oxygen vacancy 

concentration, and thus the phase transformation. However, larger ions, e.g. S6+ and 

P5+ would be expected to decrease the oxygen concentration and the rate of anatase-

to-rutile transformation, because it will be easy to make rearrangement of the TiO2 

structure (Shannon and Pask, 1965). 

The anatase-to-rutile transformation in the presence of Fe2O3 was investigated in 

air and argon atmospheres (Gennari and Pasquevich, 1998). In the presence of Fe ions, 

the transformation rate in air is higher, and the transition temperature is lower than the 

corresponding one in undoped TiO2. Moreover, the anatase-to-rutile transformation in 

the presence of Fe+3 in argon atmosphere is more rapid than in air because of the 

formation of oxygen vacancies. Thus, the transformation rate was strongly dependent 

on impurities and the weight percentage. The influence of doping on the anatase-to-

rutile phase transformation of different forms of TiO2 was studied. Table 4 shows some 

literature values for different titania forms and foreign elements. 

The effects of silver on the phase transformation of electrospun TiO2 nanofibre 

were also investigated. Pure and Ag-doped TiO2 nanofibres were calcined for 4 h at a 

different calcination temperature of 0, 400, 450, 500, 600, 700, and 800 °C. An 

analysis of XRD patterns of the pure and Ag-doped electrospun TiO2 nanofibre 

provided the influence of Ag on the anatase-to-rutile transformation. For both samples, 

they were initially amorphous, with crystalline anatase first appearing at 400 °C. The 

presence of the rutile phase was observed after calcination of pure TiO2 nanofibre at 

450 °C, and at 600 °C for Ag-doped electrospun TiO2 nanofibre (Park et al., 2010). 
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Table 4: Compilation of literature values on the effect on impurity/doping on 

anatase-to-rutile transformation. 

 

Wt. % of 

foreign ions 

Anatase 

(%) 

Rutile 

(%) 

Heating time, 

and temperature 
Reference 

Pure 80 20 
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5%SrO 100 0 

5%CaO 90 10 

5%BaO 90 10 

5%K2O 50 50 

5%Na2O 30 70 

5%Li2O 0 100 

Pure 5 95 

3h, at 800 °C 

1%NaO 100 0 

1%MnO2 100 0 

1%WO3 100 0 

1%Fe2O3 98 2 

1%NiO 97 3 

1%Cr2O3 88 12 

1%MoO3 84 16 

1%CoO 79 21 

Pure 5 95 

1 h, at 708 °C 5%Cl- 51 49 

5%Zn++ 24 76 

5%PO4-- 100 0 

1 h, at 870 °C 5%SO4-- 71 29 

5%Al3+ 28 72 
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2.3.6 Synthesis Method 

The effect of the preparation method on titania transformation was studied and 

concluded that a major cause for differing transformation temperature ranges was the 

degree of crystallinity of the precipitate (Iida and Ozaki, 1961). It is also known that 

the method of anatase preparation caused the wide variation in the anatase-to-rutile 

temperature, which can probably be due to the impurity of anatase. Anatase can be 

prepared by hydrolysis of titanium sulphate, and this is possible due to the presence of 

sulphate ion impurity in the anatase. Thus, the transformation of impure anatase occurs 

at a much higher temperature than that of pure anatase (Yoganarasimhan and Rao, 

1962). 

Anodisation time has an appreciable affect on anatase-to-rutile transformation (Low 

et al., 2012). Uniform and highly ordered TiO2 nanofibres were fabricated by the 

electrochemical anodic oxidation on Ti foil (See Anodisation Method, Section 2.5.6). 

The anodisation process was performed in Nalco solution with a concentration of 0.5M 

under an applied voltage of 20V for 5 or 10 minutes. The crystallisation and crystal 

growth of TiO2 nanofibres were characterised using in-situ synchrotron radiation 

diffraction (SRD) at the temperature range of 25–700 °C. The anodised TiO2 

nanofibres were initially amorphous, but crystallised to anatase at ~ 400 °C and to 

rutile at ~ 550–600 °C. The rutile weight fraction for 5 min anodisation nanofibres 

were 54.2 wt% at 550 °C, 54.7 wt% at 600 °C, 54.8 wt% at 650 °C, and 56.7 wt% at 

700 °C. The corresponding values for 10 min anodised nanofibres were 55.0 wt% at 

550 °C, 55.2 wt% at 600 °C, 55.5 wt. % at 650 °C, and 59.2 wt. % at 700 °C. This 

implies that a longer anodisation time with the Nalco solution favours the fraction of 

anatase-to-rutile transformation (Low et al., 2012). 

 

2.3.7 Particle/Grain Size 

The kinetics of titania’s structural transformation from anatase to rutile were studied 

extensively by various researchers using microcrystalline or nanocrystalline anatase. 

The nanocrystalline rutile is thermodynamically stable relative to nanocrystalline 

anatase and brookite under ambient condition. However, anatase is more stable than 
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rutile at particle diameters below 14 nm (Zhang and Banfield, 1998). The influence of 

particle size on TiO2 phase transformation was studied using a mixed titania of anatase 

(5.1 nm, 46.7 wt. %) and brookite (8.1 nm, 53.3 wt. %), both isothermally and 

isochronally, at a reaction time of two hours in the temperature range 325–750 °C 

(Zhang and Banfield, 2000b). Results show that both anatase and brookite were 

transformed into rutile, but anatase was transformed before brookite. The anatase-to-

rutile and brookite-to-rutile transformations depend on their initial particle size (Zhang 

and Banfield, 2000b). It was also reported by the same authors that the kinetics of 

nanocrystalline anatase phase transformation and the activation energy of nucleation 

are size dependent (Zhang and Banfield, 2000a). Anatase and brookite phases were 

transformed into the rutile phase after reaching a certain particle size (Zhang et al., 

2000). 

 

2.3.8 Surface Area 

Anatase with the highest purity was used to study the effect of the surface area, 

which seemed to favour the anatase-to-rutile transformation. The anatase surface area 

of ~54 m2/g and ~25 m2/g was heated at 700 °C. The observation showed that the 

larger surface area slightly accelerated the anatase-to-rutile transformation 

(Yoganarasimhan and Rao, 1962). 

 

2.4 Nanostructured TiO2 

Nanostructured materials have existed in this world for centuries. The field of 

nanoscience is relatively young, and a number of new terms have appeared, some of 

which are inconsistent. The modern boom in nanotechnology and nanoscience is to 

some extent a result of the recent advances in the methods of investigating and 

manipulating the small object. Based on the nanometre (nm), the nanoscale exists 

specifically from 1 to 100 nanometers, but definition can be used to some micrometers 

(Bavykin and Walsh, 2010). 
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Developing tools for probing and manipulating atomic scale objects was mostly 

driven by improvement in the resolution, reliability and availability of electron 

microscopy, including scanning electron microscopy (SEM), electron backscatter 

diffraction (EBSD), transmission electron microscopy (TEM), X-ray spectroscopy 

(EDS), X-ray diffraction (XRD), synchrotron radiation diffraction (SRD), X-ray 

photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). 

In general, TiO2 has a low surface area compared to other semiconductors, which 

reduce the photocatalytic activity via influences the adsorption of organic pollutants 

on the TiO2 surface (Li et al., 2012). The morphological modification, such as 

increasing surface area and porosity are one strategy that has been adopted for 

improving the photocatalytic efficiency of titania or other optical properties 

applications. 

TiO2 nanostructures have a reduced size and an increased surface area, which can 

lead to such interactions having a significant impact. A high surface area leads to a 

higher density of localised states when electrons involved from the valence band (VB) 

to the conduction band (CB), and the higher localised states provide valuable charge 

separation in a form of trapping sites for photo-generated charge carriers, by keeping 

electrons present due to terminated and unsaturated bonds on the surfaces (Barzykin 

and Tachiya, 2002). Reducing TiO2 surface features down to the nanoscale can lead to 

new unique electronic, physical, and chemical properties, which can offer a 

development of novel application, towing to its quantum effect, regional confinement 

of matter, and ultra-high surface (Nalwa, 2004). 

Nanostructured TiO2 exhibits superior photocatalytic activity compared to 

conventional bulk TiO2 because of its high surface area, and it is one of the most 

intensively researched substances of the past decade (Zhan et al., 2006). The TiO2 

specific surfaces are in the range of 200–300 m2/g for nanotubes produced by 

hydrothermal method, 20–50 m2/g nanofibre and nanorods produced by hydrothermal 

method, and < 20 m2/g for nanotube arrays produced by the anodisation method 

(Bavykin and Walsh, 2010). 

Nanostructured TiO2 has been synthesised in a wide variety of shapes, including 

symmetrical spheres and polyhedrons, cylindrical tubes and fibres, or random and 

regular pores in solids. But unfortunately the nanostructured TiO2 definition of that 
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various morphological forms has not been developed in a careful fashion, which has 

resulted in some confusion over their use. In the following sections, various shapes are 

discussed. 

2.4.1 Zero-dimensional nanostructure (0-D) 

Nanoparticles /Quantum dots 

Nanoparticles are microscopic particles with size less than 100 nm, whereas 

quantum dots are nanoparticles scaled down to further lower dimensions between 2 

and 10 nm. The most commonly used titania morphology is that of monodispersed 

nanoparticles/nanopowders such as Degussa P25, wherein the diameter is controlled 

to give benefits from the small crystallite size ~ 25 nm (high surface area, reduced bulk 

recombination) without the detrimental effects associated with minuscule particles. 

 

2.4.2 One-Dimensional Nanostructures (1-D) 

The one-dimensional TiO2 nanostructures are extremely important because they can 

efficiently transport electron/photon and optical excitations. This enhancement of 

morphology has a larger specific surface and pore volume as compared to TiO2 

nanoparticles. The directional transport in one-dimensional nanostructure is vital to 

the function and device integration at the nanoscale. 

In general, one-dimensional (1-D) TiO2 nanostructures have received much 

attention recently because of their unique properties, exploitable for device 

applications, and structures that are ideal for studying the dependence of physical 

properties on directionality (Archana et al., 2009). Elongated structures are of 

particular importance, as long, thin nanotubes, nanorods, nanowire, nanoneedles, 

nanobelts, and nanofibres can provide a high specific surface area during the 

photocatalytic reaction (Bavykin and Walsh, 2010). 

 

TiO2 nanorods (TNR), nanowire (TNW), and nanoneedles (TNN), nanobelts (TNB) 

The nanorods, nanowires, nanoneedles, and nanobelts are long and solid cylinders 

with a circular base. Major differences between them are the length and the thickness. 
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Figure 14 shows SEM images of TiO2 nanowires (TNW) obtained by ultrasonically 

dispersing TiO2 nanofibres for 0.5 h in acetic acid and thick film developed using the 

NW paste. NWs are produced by a bottom-up approach of having self-assembly of the 

target material from vapor, liquid, or solid phases through nucleation and growth under 

optimised conditions of pressure, temperature, and concentration. 

Electrospinning is one of emerging bottom-up techniques for fabricating 1-D 

nanostructures (See Electrospinning Method, Section 2.5.7) including nanowires 

(NW), nanorods (NR), nanofibres (NF) and nanoneedles (NN) that work on the 

principle of asymmetric binding of a charged liquid jet when it is enhanced by a 

longitudinal electric field. 

 

 

Figure 14: SEM images of the electrospun TiO2 nanowires. 

(Archana et al., 2009). 

 

Figure 15 shows TEM and SEM micrographs of TiO2 nanobelts, which were prepared 

by a hydrothermal method (See Hydrothermal Method, Section 2.5.2). TiO2 nanobelts 

are 1-D nanostructures with a length of several tens of micrometers, more than 100nm 

width, and 20-25 nm thickness (Hu et al., 2010). 
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Figure 15: (a) TEM and (b) SEM micrographs of TiO2 nanobelts. 

(Hu et al., 2010). 

 

TiO2 nanofibres (TNF) 

The nanofibres are one dimensional long, solid and parallel piped nanostructures 

like other elongated TiO2 structures with a diameter which is typically in the nano-

range, but the length can be several tens of micrometers. Figure 16 illustrates the SEM 

image of electrospun nanofibres. The nanofibres have smooth surfaces with a random 

distribution. 

  

Figure 16: Electrospun TiO2 nanofibres. 

 

1-D electrospun nanofibres composed of well-aligned nanofibrils in the fibre 

direction are beneficial for the enhancement of the surface area, crystallinity, and the 
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photocatalytic activity for hydrogen evolution. This methodology of the electrospun 

TiO2 offers a straightforward guide to the immobilisation of novel nanofibre 

photocatalysts for water splitting and hydrogen evolution. 1-D electrospun nanofibres 

with extremely aligned bundled nanofibrils are beneficial for the enhancement of the 

higher photocatalytic activity, large surface area, and crystallinity. The 1-D 

electrospun Polymer/TiO2 nanofibres were prepared by combining electrospinning 

and sol-gel techniques. For example, electrospun PVP/TiO2 nanofibres were formed 

with lengths up to several centimetres and nanometre diameter size (Li and Xia, 2003). 

These amorphous PVP/TiO2 nanofibres were converted into crystalline titania phases 

(anatase, and rutile) without changing their morphology via calcination at elevated 

temperatures. Pure TiO2 nanofibres with smaller diameter size were obtained from 

calcination of the as-spun nanofibre at elevated temperatures. These nanofibres were 

utilised in the photocatalytic activity for hydrogen evolution, which showed the highest 

activity, when compared with a nanofibre prepared by other methods, e.g., 

hydrothermal method, and also higher than reference commercial of TiO2 

nanoparticles (Chuangchote et al., 2009). 

 

TiO2 nanotube (TNT) 

Nanotubes are nanometre scale tubes, with a hollow centre, as compared to other 

one-dimensional nanostructure (See TiO2 nanotube arrays in Figure 17). The 

nanotubes are long cylinders having a hollow cavity positioned at their centre and lying 

along their length. The nanotube structure is extremely attractive because of its high 

surface area and thermal stability against high temperature calcinations (Wang et al., 

2009). 

The first nanotubes were carbon nanotubes in 1991, which was discovered and 

developed into multi-walled carbon nanotubes by Sumio Ijima and many other 

scientists from NEC Corporation, Fundamental Research Laboratories, Japan (Iijima, 

1991). The preparation of finite carbon structure consists of needle-like tubes. The 

nanotubes grow at a negative end of an electrode used from an arc discharge. Electron 

microscopy revealed that each needle comprised coaxial tubes of graphitic sheets. On 

each tube, the C-atom hexagons were arranged in a helical fashion around the needle 

axis. The carbon nanotubes formation, range in a few tens of nanometres in diameter. 



 

41 

 

Scientists have also synthesised nanotubes from various oxides such as aluminium, 

zinc oxide, and hafnium. 

The TiO2 nanotubes (TNT) were synthesised by many approaches such as anodic 

oxidation of titanium, deposition with templates, and hydrothermal treatment with 

concentrated alkali solutions (Hoyer, 1996; Imai et al., 1999; Michailowski et al., 

2001; Du et al., 2001; Seo et al., 2001; Liu et al., 2002; Tian et al., 2003; Yu et al., 

2010). The TiO2 nanotubes were synthesised by hydrothermal method, where the tubes 

can have a multilayered onion shape with a number of two to ten layers, and are usually 

straight with relatively constant diameter and being open at both ends. Moreover, TiO2 

nanotubes are produced by anodic oxidation of titanium with one open end and another 

close end. Through anodisation methods, TiO2 nanotubes bear similarities to alumina 

nanotubes. A template of aluminium or titanium can be used for the synthesis of 

aluminium or TiO2 nanotubes, respectively. 

TiO2 nanotubes are highly exciting material systems, which can be employed in a 

wide range of applications and potential applications. TiO2 nanotubes arrays are used 

as electrodes for solar cell devices and batteries, and for carbon in fuel cells due to its 

highly effective supporting matrix. Gas sensors, water photoelectrolysis, and 

photocatalyst devices are other potential applications of TiO2 nanotube arrays. In 

particular, one-dimensional semiconductor TiO2 nanotube devices suggest improved 

energy conversion efficiencies in DSSCs (Yang et al., 2008). 

 

 

Figure 17: SEM image of the highly ordered TiO2 nanotube arrays at (a) top view, 

and (b) bottom view. 
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(Paulose et al., 2006) 

 

2.4.3 Two-Dimensional Nanostructure (2-D) 

TiO2 nanofilm and nanosheets 

The nanosheets and nanofilms are very thin two-dimensional nanostructures (10 × 

100 × 100 nm). They have two types of layers, namely single nanosheets, and 

multilayer nanosheets. The two types can be folded to make singles or multilayered 

nanotubes via the alkaline hydrothermal route (Bavykin and Walsh, 2010). 

Nanosheets can be converted to nanofibres instead of scrolling into nanotubes under 

alkaline hydrothermal conditions. An increase in Ti source concentration can result in 

a faster rate of nanosheets growth, with less effect on the rate of nanosheets scrolling. 

Thus, the thicknesses of the nanosheets have a particular value where they become too 

rigid to bend, before curving can occur to the formation of nanofibre rather than 

nanotubes (Bavykin and Walsh, 2010). 

 

TiO2 nanosquares (TNS) 

Titania nanosquares are another 2-D nanostructure, which were prepared by a mild 

solvothermal method (Yu et al., 2013). Figure 18 shows the TEM photographs of 

titania, which is composed of square-like crystals with a length of 10-20 nm and area 

of ~ 200 nm2. 
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Figure 18: TEM image of titania nanosquare nanocrystals. 

(Yu et al., 2013) 

2.4.4 Three-Dimensional Nanostructure (3-D) 

The three-dimensional nanostructures comprise of thin films ranging from nm to 

μm in dimensions with several nm in all dimensions such as metals, semiconductors, 

and magnetic materials. The thin films’ functionality is particularly enhanced when 

they are made of multiple layers combining all layers’ functionalities together. This 

structure saves cost and allows manipulation of refractive index to a higher degree 

(Rao and Cheetham, 2001). 

Superlattices 

The periodic structure of alternating thin films of a semiconductor such as TiO2 

forms an arrangement known as superlattices. This structure is made of different 

bandgap semiconductors and results in the formation of the quantum well, which 

confines the direction of charge flow through the lattice (Rao and Cheetham, 2001). 

 

2.5 Synthesis Methods of Nanostructured TiO2 

A wide range of bulk TiO2 synthesis techniques were used, the major ones being 

sol-gel, hydrothermal treatment, solvothermal, microemulsion, vapor deposition, and 

mechanical milling. In the last decade, nanostructured TiO2 was an important property 

and was developed by utilising the same synthetic methods and creating new synthetic 

methods, such as the sol-gel method, hydrothermal, solvothermal, electrospinning, and 

anodisation. Hitherto, various techniques were used to synthesis nonporous materials, 

nanoparticles, nanowires, nanorods, nanotubes and nanofibres of TiO2 (Chuangchote 

et al., 2009; Low et al., 2012). 

 

2.5.1 Sol-Gel 

The sol-gel is a preferred method as it is a low temperature, and cost effective 

process. The sol-gel method was developed as one of the most promising ways of 
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synthesising porous TiO2 materials. Substances with controlled pore TiO2 structure 

such as pore size distribution, porosity and pore shape are useful in photocatalytic 

applications. Compared to other synthesis methods of photocatalysts, the sol-gel 

method presents certain advantages, such as the possibility of depositing onto 

complex-shaped substrates, highly pure and homogeneous products at low 

temperature, uniform aperture size, and easy control of the doping level (Yang et al., 

2011). The most common way to impart crystallinity of thus formed polymeric gel, is 

calcination at elevated temperature, but the prepared crystalline TiO2 has increased 

particle size, and decreased surface area. Moreover, the sol-gel method is used to dope 

TiO2 with various forms. It also is used as a combination method with electrospinning 

techniques for the preparation of doped electrospun TiO2 nanofibres (Park et al., 

2010). 

 

2.5.2 Hydrothermal Method 

In 1998, TiO2 nanotubes were the first nanostructured TiO2 forms, which were 

synthesised by applying the hydrothermal method (Kasuga et al., 1998). It is a simple 

method for the preparation of TiO2 nanotubes, involving the treatment of amorphous 

with a concentrated solution of NaOH. In a typical process, several grams of TiO2 raw 

material can be nanotubes at a temperature from 110 to 150 °C, followed by washing 

with water and HCI. The formation of TiO2 nanotubes occurred spontaneously and 

was characterised by a wide distribution of morphological parameters, with a random 

nanotubular orientation. TiO2 nanotubes prospered via the alkaline hydrothermal 

method were observed only in multilayered walls. The key factors affecting the titania 

nanotube structure, according to the hydrothermal method, include the washing 

process, calcination temperature and atmosphere, and the important role of residual 

sodium ions in the stabilisation of the tubular framework structure (Sun and Li, 2003). 

This method can also be used to produce TiO2 nanofibres (TNF) besides the TiO2 

nanotubes (TNT) under the hydrothermal condition through the treatment of anatase 

TiO2 powder with NaOH for one week at 130 °C, and 110 °C, respectively. The 

nanofibre is elongated morphology with a typical width being in the range of 20–200 

nm, and length of several micrometers (Lin et al., 2008; Kuo et al., 2007). 
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Multilayered TiO2 nanosheets are possible to obtain by the hydrothermal treatment 

method. Nanosheets show an important role in the mechanism of the nanotubes 

formation, which are synthesised by this method. Nanotubes TiO2 can contain a few 

multilayered TiO2 nanosheets, which can be scrolled or folded into a nanotubular 

morphology (Bavykin et al., 2004; Ma et al., 2004). 

 

2.5.3 Template Method 

This method is called the template method, because the pores in the nanoporous 

membranes are used as templates. The Template method is an old approach and a 

classic bottom-to-up method which has become extremely popular during the last 

decade (Hulteen, 1997). The template is particularly suitable for the generation of thin 

films and powders with a well-defined porosity. Moreover, the template synthesis uses 

a nanoporous membrane as a template to make nanofibres, nanowires, and nanotubes. 

The most important feature of this method is that tubes and fibres composed of 

electronically conductive polymers and semiconductors can be prepared in a 

nanostructure such as titania nanotubes and nanofibre (Martin, 1996). Although the 

template is a directed method that provides a straightforward and reliable stratagem 

for processing 1-D nanostructured TiO2, it involves multiple (at least three) steps: 

template fabrication, filling or coating of the templates surface with titania precursor, 

and the selective removal of the templates (Li and Xia, 2003). 

The preparation of TiO2 nanotubes involves the controlled sol-gel hydrolysis of 

titanium solutions, followed by the polymerisation of TiO2 in the self-assembled 

template molecules or deposition of TiO2 onto the surface of template aggregates 

(Bavykin and Walsh, 2010). This method has some disadvantages in most cases; the 

template material is sacrificial and needs to be destroyed after synthesis, leading to 

increased cost of materials. Moreover, it is also important to maintain a high level of 

surface cleanliness (Bavykin and Walsh, 2010). The template synthesis has been used 

to synthesis nanofibres in recent years. Templated PAN nanofibres with different 

diameter and densities were synthesised using the PAN precursor solution into a 

solidifying solution under a necessary pressure (Feng et al., 2002). The template can 

consist of a 13 mm diameter, 60 µm thick anodic aluminium oxide membrane with 
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straight parallel porous channels arranged in a regular hexagonal pattern with an 

average pore diameter of ~ 102.4 nm and a pore density of ~ 6.43 × 109 pores / cm2. 

 

2.5.4 Chemical Vapour Deposition (CVD) 

The chemical vapour deposition (CVD) is a chemical method like the sol-gel 

process, but at relatively high temperatures it can form a crystalline material of solid 

film under certain crystal structures. The TiO2 film can be obtained by chemical 

reaction between the heating TiO2 substrate and the vapour, where increasing 

temperature is necessary to maintain the chemical reaction and crystalline TiO2. 

 

2.5.5 Layer-by-Layer Method 

The layer-by-layer self-assembly method was developed to produce multilayer 

nanofilm structures containing semiconductor nanoparticles. In this method, 

polyelectrolytes are employed to provide electrostatic attractions with the inorganic 

material in a next layer and, therefore, reduce the defect formation within the 

multilayered structures (Zhang et al., 2010). 

Nanoporous TiO2/poly (sodium-4-styrenesulfonate) (PSS) multilayered films were 

synthesised by applying layer-by-layer self-assembly (Hao et al., 2005). A TiO2/PSS 

solution was rinsed extensively with water. Then an ordered structure multilayered 

TiO2/PSS film was obtained. The TiO2/PSS films deposited on a quartz substrate were 

heated to elevated temperature for two hours in the ambient atmosphere. Moreover, 

TiO2 nano-films assembled with TiO2 nanoparticles with similar polyelectrolyte 

component (titanium (IV) bis(ammonium lactato) dihydroxide (TALH)) were 

fabricated by employing the layer-by-layer self-assembly method at a room 

temperature (Kim et al., 2006). Figure 19 shows the schematic illustration of the 

procedures of fabrication the TiO2/TALH multilayered nano-films. In the first step, a 

negative substrate, glass and Si/SiO2 were obtained by KOH treatment in 

ultrasonication for 5 min and then rinsed in water. The substrates were immersed into 

TiO2 colloidal solution and polyelectrolyte for 10 min and TALH solution from 10 s 

to 10 min in the second and third steps, respectively. The second and third steps were 
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repeated 30 times in the fourth step. The synthesised (TiO2/TALH)30 multilayered 

nano-films showed a high transmittance in the visible range for optical applications 

with refractive index (ca. n=1. 75), and high photocatalytic property by decomposing 

methyl orange molecules gradually, according to UV light irradiation (Zhang et al. 

2008). 

 

 

Figure 19: Schematic illustration of the procedures to fabricate the (TiO2/TALH)30 

nano-films using the layer-by-layer self-assembly method. 

(Kim et al., 2006) 

 

The combination of the electrospinning method with layer-by-layer technique was 

used to fabricate hollow titania-containing multilayered nanofibres. In the electrospun 

process, 1.5 g of polystyrene (PS, Mw =185000 g/mol) was dissolved in a mixture 

solvent of tetrahydrofuran (THF) and N, N-dimethylformamide (DMF) with a volume 

ratio of 1:1. The solution was stirred for two hours to get a homogeneous sol-gel. Then, 

the sol-gel was loaded into a 5 gauge syringe with stainless needle, which was 

connected to a high voltage supply capable of generating voltage up to 15 kV. An 

automatic syringe pump was used to control the feeding rate of the sol-gel, and the 

needle-to-collector was 10 cm (See Electrospinning Method, Section 2.5.7). To obtain 

the hollow multilayer TiO2 containing nanofibre, the synthesised electrospun PS 

nanofibres were selected as the template and immersed into PEI/TiO2 solution. Four 

multilayered polymer of (PEI/TiO2)4 coated electrospun PS nanofibre were immersed 

into THF to remove the PS core. To remove the PEI solution inside the nanofibre, the 

nanofibre was centrifuged at 1000 rmp for 1 min and washed with a solvent (See Figure 

20). The diameter of the obtained hollow multilayered nanofibre is ~ 700 nm, and its 

shell thickness is ~ 140 nm. This nanostructured titania nanofibres have the highest 
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photocatalytic activity to degrade methylene blue (MB) solution compared to with a 

TiO2 film because of their unique hollow structures (Zhang et al., 2008). 

 

  

Figure 20: Schematic illustration of the procedures to fabricate the hollow titania-

containing multilayered nanofibres using nano-films combination of layer-by-layer 

technique with electrospinning method 

(Zhang et al., 2008). 

 

2.5.6 Anodisation Method 

An alternative method to the hydrothermal method, which facilitates a structured 

array of nanotubes with a narrower distribution of morphological parameters, is the 

anodisation method. The anodic synthesis was initially developed for the preparation 

of aluminum oxide nanotubes and later adapted for TiO2 nanotube arrays. This method 

is an electrochemical approach for the preparation of elongated TiO2 nanostructures. 

In 1999, the first anodised TiO2 nanotube arrays were reported by Zwilling and his 

co-workers (1999) using electrochemical anodisation of Ti-based alloys in an acidic, 

fluoride-based electrolyte. In the anodisation cell (Figure 20), platinum (Pt) foil is used 

as the counter anode, and the titanium (Ti) foil acts as the cathode inside H2O-NHF 

electrolyte at 10-30 V for several hours at a room temperature (Gong et al., 2001). The 

nanotubes were all oriented in the same direction, perpendicular to the surface of the 

electrode. Anodisation of a Ti substrate in a fluoride-containing electrolyte had highly 
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ordered and vertically oriented titania nanotubes with an open top (facing the 

electrolyte) and closed bottom, and a narrow distribution of tube diameter, spacing and 

lengths. 

 

Figure 21: Schematic of the anodisation process. 

 

Figure 22 shows SEM images of TiO2 nanotubes taken (a) at the top (b) in the middle 

and (d) close to the bottom of a tube laser. As can be seen, the walls thicknesses of the 

nanotubes are thinner at the open end and relatively thicker at the closed end.  
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Figure 22: SEM images of TiO2 nanotubes were taken (a) at the top (b) in the middle 

and (d) close to the bottom of a tube laser 

(Macak et al., 2007). 

 

 

Figure 23: Schematic set-up for anodisation experiment. 

(Macak et al., 2007). 
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Figure 23 shows the schematic set-up for the anodisation experiment. Anodisation 

of Ti using an electrolyte of fluoride containing polyhydric alcohols such as ethylene 

glycol or glycerol were used as it results in an ordered array of TiO2 nanotubes with a 

smooth surface and a very high aspect ratio. It provides a scalable, easy and 

inexpensive technique for future industrial application. The anodisation method has a 

good degree of controlling the nanotube diameter, length, and wall thickness. 

Changing the dimensions of TiO2 nanotube array have also been studied, such as the 

tube length, the pore diameter and the tube wall, which can influence the titania 

applications. 

The formation, growth rate and morphology of TiO2 nanotubes during anodisation 

depends on various factors such as electrode areas, the distance between electrodes, 

temperature, synthesis time, applied voltage, and electrolyte composition. It was found 

that the field emission properties also affected the TiO2 nanotube diameter and height 

(Alivov et al., 2010). Various electrolytes were used for titanium anodic oxidation 

under different anodic conditions with metallic titanium existing in the close-packed 

hexagonal (α phase) or body-centered cubic (β phase) forms. Anodic titanium foil 

consists mostly of titania, but also a certain degree of non-stoichiometric TiO2. 

Different researchers have different compositions (TiO2-x, where x is the oxygen 

vacancies) due to differences in electrolyte composition used, oxidation conditions, 

etc. Moreover, the anodic oxide of Ti foils may contain various amounts of elements 

other than titanium and oxygen, depending on Ti foils and the electrolyte. Moreover, 

the water content of ethylene glycol as electrolyte was found to affect the formation of 

TiO2 nanotube arrays (Raja et al., 2007). 

The effects of anodising potential, anodising temperature, concentration, 

anodisation voltage and time of the formation of titania nanotube arrays were 

investigated by Xie et al. (2008). It was found that the anodizing temperature and 

concentration were significant parameters for the formation of nanotubes while the 

applied voltage and time mainly determined the nanotube dimensions. An active 

surface area was increased by increasing the anodisation time or voltage, which led to 

enhanced photovoltaic currents, and thereby an overall higher performance of the dye-

sensitised solar cells (Xie et al., 2008). 
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Anodisation time and the fluoride electrolyte can be tuned for obtaining the tube 

length, whereas the tube diameter can be controlled by the anodisation voltage. 

Experimental results indicate that the relationship between the anodisation time and 

the nanotube length is present logarithmically, and the growth rate decreases with the 

anodisation time as the length of the nanotubes increases, whereas it is present 

approximately linearly between the anodisation voltage and nanotube diameter. 

Solvent type is another factor that can affect nanotube formation and growth including 

the electrolyte chemistry. 

After anodisation formation, TiO2 nanotube arrays are amorphous, which can be 

transformed into crystalline anatase, and then the crystalline anatase is transformed to 

crystalline rutile at elevated temperatures (See Kinetics of TiO2 Phases 

Transformation, Section 2.3), but annealing can also affect the nanotube morphology, 

and then start collapsing. 

Some reports indicate the presence of crystalline anatase, a mixture of anatase and 

rutile, or crystalline rutile in the tube wall, particularly if the anodisation is carried out 

at higher voltages (Marchenoir et al., 1980; Delplancke et al., 1994). Albu et al. (2010) 

reported that significant changes in amorphous TiO2 nanotubes morphology and 

structure can be induced by TEM e-beam irradiation (operating at 200 kV). HR-TEM 

images of the as-anodized TiO2 nanotubes showed that crystalline zones formed with 

increasing TEM observation time. Thus, the amorphous TiO2 nanotubes seem to be 

affected by the electron-beam, which induced crystalline titania. 

The common fabrication of titania nanostructure which was obtained through this 

method is nanotubes (TNT), but anodised titania with various nanostructures can also 

be obtained by the anodisation method. For example, anodisation of titanium in 1.0 M 

NaCl solution with bias 30 V applications for several minutes into a chloride anion-

based electrolyte is used to synthesis anodised titania nanofibres (Beh et al., 2011; 

Low et al., 2012; Li et al., 2012). 
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2.5.7 Electrospinning Method 

Anton Formhals (1934) patented his first invention on the electrostatic spinning of 

fibres. The invention did not claim e-spinning as a technique for harnessing 

technology, as it took more than 60 years for e-spinning to gain momentum as an 

effective technique for synthesising polymeric fibres, i.e., one-dimensional fibres. This 

method is not only employed in university laboratories but is also increasingly being 

applied in industry and everyday life. 

As shown in Figure 24, the electrospun experimental setup mainly consists of a high 

voltage power supply (5–30 V), a syringe pump, a syringe with a conductive needle, 

and a conductive collector (e.g., a flat stand collector, or a rotating drum), copper wire, 

and a sol-gel solution. In a typical process, a polymer and melt solution is injected with 

a small needle under the influence of an electric field as strong as several kV/cm (Li 

and Xia, 2003; Hassan et al., 2012; Zhu, 2012; Wu et al., 2012; Li et al., 2012b). 

 

 

Figure 24: Schematic of electrospinning process for TiO2 nanofibres. 

The sol-gel solution is extruded from the microneedle tip at a constant rate by the 

syringe pump, forming a droplet, which is stretched into a conical shape by the applied 

voltage. It is named as Taylor cone after the researcher who reported it for the first 

time (see Figure 25). At the apex of the Taylor cone, a jet is spouted and breaks down 

into charged droplets that are sprayed out when the sol-gel does not contain any 
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spinning aid. This phenomenon is known as electrospraying. The breakdown of the jet 

into small droplets is due to the effect of surface charges that tend to create larger 

surfaces in order to decrease the charge density over a larger area, while the surface 

tension tends to keep the droplet large, to reduce the specific surface area. 

At the high electric field, the effect of the surface charge is more favoured by the 

effect of the surface tension, which leads to smaller droplets with larger specific 

surface area. By adding the polymeric spinning, the viscosity of sol-gel is increased to 

retard the formation of droplets by the chain entanglement of the polymer. When the 

effect of the surface tension and the viscosity at the higher concentration overcomes 

the breakdown by the surface charge, the jet maintains its fibrous morphology. As the 

electric field is increased, the effect of the surface charge gets stronger, to result in 

thinner fibres with larger specific surface area. After a short flight from the ejection, 

the behaviour of ejected fibres gets unstable, which can be described by three different 

instability modes ie. the Rayleigh instability, the axisymmetric instability and the non-

axisymmetric instability. In an occasion when the system is highly electrically charged 

by the electrospinning condition, the behaviour of the jet is governed by the non-

axisymmetric instability in which the jet flies in a random whipping motion at a high 

frequency. The whipping instability is of crucial importance in the electrospinning 

process because the fibre gets elongated during the whipping motion that consequently 

results in the fibre thinning as well. The jet will elongate when the droplets become 

electrospray, if the molecular cohesion of the material is a suitable sol-gel (Hardick et 

al., 2011). 
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Figure 25: Nanofibre formation by electrospinning process uses an efibrescal charge 

to draw fibres from a polymer-solvent solution. 

(Hardick et al., 2011). 

 

Electrospinning has been recognised as an efficient method for 1-D nanofibres 

fabrication, and the diameters of electrospun nanofibres materials can shrink from 

micrometers to nanometers. This appears as an amazing characteristic such as a very 

large surface area to volume ratio with a process that attracted growing interest 

quickly, triggered by potential nanofibres application in the nanotechnology. The 

electrospinning is a relatively new and easy method for fabrication of very long 

nanofibres compared with other nanofibres prepared by anodisation, self-assembly, 

and template methods. Moreover, electrospinning is a simple, and cost-effective 

technique applicable at industrial levels for fabricating one-dimensional nanofibres, 

which have numerous and diverse potential application, including composite 

materials, medical materials, filtration devices, and bioengineering materials. The high 

surface makes the nanofibres attractive as in drug delivery, catalyst support, and even 

in energy cells (Hassan et al., 2012; Zhu, 2012; Wu et al., 2012). 

Electrospun nanofibres can be collected on a conductive surface to form nonwoven 

mats, which is one of the attractive features associated with the electrospinning 

method. The electrospun nanowoven mats are characterised by high surface areas and 

relatively small pore size, making them excellent candidates for use in filtration and 

membrane applications. Therefore, the electrospinning method has been used for many 

applications and potential application, such as drug delivery, membrane, tissue 

engineering, protective clothing, wound dressing, filtration, and electronic application 

(Wu et al., 2012; Samadi et al., 2012). McCann et al. (2005) synthesised porous 

electrospun TiO2 nanofibres using miscible solvents with immiscible polymers 

followed by calcination of the nanofibres at an elevated temperature. The porous TiO2 

nanofibres have a much larger surface area compared to the solid TiO2 nanofibres, 

which can have potential applications such as photocatalysis, energy storage, catalysis, 

and fuel cells. 
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Because of the particular interests in the electrospun nanofibres applications, great 

efforts have been made to study the processing parameter effects. In general, 

electrospun nanofibres diameter, size, and morphology depend primarily on three 

processing parameters which include conditions of sol-gel solution, electrospinning, 

and ambient environment (Huang et al., 2003). 

Firstly, the solution properties have important influences on electrospun nanofibre 

diameters, which include polymer concentration, surface tension, viscosity, electrical 

conductivity, molecular weight distribution and architecture of the polymer, which are 

related to one another (Fridrikh et al., 2003). The viscosity of the so-gel solution 

depends on the molecular weight and concentration of a polymer, solvent, and another 

source, where the polymer concentration is used for controlling beads and fibre 

diameters (Fridrikh et al., 2003; Patra, Easteal et al., 2009; Inai et al., 2005). A higher 

TiO2 concentration in a precursor solution will increase the TiO2 fibre diameter (Li 

and Xia, 2003; Li et al., 2012b). 

Secondly, needle tip-to-collector distance, needle size, flow rate, and applied 

voltage are the electrospinning conditions (Fridrikh et al., 2003). The applied voltage 

is a significant factor for electrospinning conditions in the fibre diameters, where a 

high applied voltage (i.e., strong electrical repulsive forces) decreases the nanofibres 

diameter, resulting in elongated and highly stretched fibres (Kumar et al., 2007; Patra 

et al., 2009). One of the most important roles in determining the fibre diameter and 

bead formation is a flow rate, as it determines the amount of sol-gel solution available 

to be stretched into nanofibres (Fridrikh et al., 2003; Li and Xia, 2003). A large needle 

tip-to-collector distance, applied high voltage setting, a low flow rate, and a 

comparatively low concentration of polymer solutions reduce the variation in product 

quality of electrospun fibre mats with a minimum number of experiments (Patra et al., 

2009). During the electrospinning process, the size and shape of the needle tip affect 

the formation of Taylor cone and nanofibres oscillation (Ksapabutr et al., 2005). 

Ksapabutr et al. claimed that a sawtooth needle shape allowed for Taylor cones of 

greater length than its standard and flat counterparts (Ksapabutr et al., 2005). 

Aspects of the atmospheric environment, such as temperature, pressure, and 

humidity, belong to the last set of parameters. The average nanofibre diameter 
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decreases with decreasing atmospheric humidity and increasing atmospheric 

temperature (Hardick et al., 2011). 

E-spinning produces fibres and has been shown to produce many other “one-

dimensional” shapes including nanofibres, nanorods, nanowires, and nanoneedles, 

nanobelts and hollow tubes. The nanotubes (core-shell fibres) or hollow fibres can be 

produced by a special electrospinning method and complex architectures. Electrospun 

TiO2 nanotubes have been synthesised by a fabrication process of core-shell nanofibres 

(see Figure 26). Two syringes feed, “Inner fluid” and “Outer fluid”, inter-separated 

and coaxial to the spinneret. Under high voltage, the liquid of electrospinning is drawn 

out from spinneret and forms a “compound Taylor cone” with a core-shell structure. 

The core-shell structure is built and kept in the fibres through spinning solid and can 

be collected from a collector. 

 

 

Figure 26: Schematic for fabrication of core-sheath electrospun TiO2 nanofibres. 

(McCann et al., 2005). 

 

A wide range of composites, polymers, and ceramic precursor solutions have been 

electrospun into fibres. The electrospinning technology enables the production of 

continuous polymer or metal oxide/ceramic nanofibres, which has been in the process 

of development since 1934 (Dzenis, 2004). In 2002, the first report of electrospun 

metal oxide composite fibres was synthesised by Dai and his co-workers (Dai et al., 
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2002). The electrospun alumina borate solution was mixed with polyvinyl alcohol 

(PVA) to form composite alumina nanofibres. 

Electrospun TiO2 nanofibres were the next metal oxide into composite nanofibres 

(Li et al., 2004). Nanofibres of TiO2 metal oxides have been prepared from a polymer 

solution containing suitable TiO2 precursors, and stabilisers. The viscosity of the TiO2 

solution can be adjusted by molecular weight and concentration of the polymer, 

allowing sol-gel to be electrospun into a well-defined composite amorphous 

titania/polymer nanofibres. Crystalline TiO2 nanofibres are obtained by removing the 

carrier polymer by calcination, where amorphous TiO2 initially, with crystalline 

anatase TiO2 being formed first, followed by rutile TiO2 at an elevated temperature. 

TiO2 nanofibres can be synthesised by a combination of the electrospinning method 

and the sol-gel techniques (Huang et al., 2003). In this process, a solution of polymer 

(binder) and TiO2 precursor is ejected through a needle in a strong electric field 

(kilovolts per centimetre), whereby composite nanofibres of polymer and amorphous 

TiO2 nanofibres are formed (Wessel et al., 2011; Li et al., 2012a; Li, Zhang and Pan, 

2011; Luo et al., 2012) (see Figure 1). The diameter, morphology and grain size of the 

TiO2 nanofibres have optimal values for photocatalytic activity and are directly 

affected by the electro-spinning parameters (Li et al., 2010). Therefore, the electro-

spinning parameters, such as solution concentration, applied voltage, collector 

distance, used solvent and solution feed rate, were extensively studied (Patra et al., 

2009). 

Electrospinning was proved to be a simple, low cost, and reliable technique for TiO2 

doping to attain modified optical, electrical, and structural properties. Doping or 

incorporation of foreign materials into TiO2 is often required for several titania 

applications such as catalysis and chemical sensors. The electrospinning method has 

been used for doping TiO2 nanofibres with metal or nonmetal elements. Doped 

electrospun TiO2 nanofibres brought results that indicated that doping was 

successfully incorporated into the crystal lattice of TiO2 nanofibres. Meanwhile, the 

doping could extend the visible light absorption of TiO2 nanofibres (Zhang et al., 

2010). In the electrospinning process, nanoparticles or molecules as a functional 

material can be easily doped or incorporated into the electrospun TiO2 nanofibres by 
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adding these materials to the sol-gel solution. For example, Ag-doped TiO2 nanofibres 

were fabricated using the sol-gel method and electrospinning technique. A solution of 

titanium isopropoxide (TiP) acetic acid and ethanol was mixed into another solution 

that contained ethanol, polyvinylpyrrolidone (PVP), and 0.5 N AgNO3 followed by 

magnetic stirring for one day. The sol-gel solution was loaded into a syringe equipped 

with a 21 G stainless steel needle. A voltage of 20 kV was applied between the needle 

and a collector with the needle-to-collector distance of 15 cm, and a flow rate of 0.05 

ml/min, which was controlled using a syringe pump (Park et al., 2010). In most 

electrospun experiments, electrospun TiO2 nanofibres were synthesised at a constant 

flow rate, needle tip-to-collector distance, and applied voltage, but with different 

polymer type and Ti precursors (Ghani et al., 2004; Park and Kim, 2009; Park et al., 

2010). 

Various polymers have been successfully electrospun for fabrication of electrospun 

TiO2 nanofibres, with typical examples, including Poly(vinyl pyrrolidone) (PVP), and 

Poly(vinyl alcohol) (PVA), Poly(vinyl acetate) (PVAc), Polyacrylonitrile (PAN), 

Poly(acrylic acid) (PAA), Polystyrene (PS), and Poly(methyl methacrylate) (PMMA) 

(Wu et al., 2012). Among of them, Poly(vinyl pyrrolidone) (PVP) is one of the most 

popular polymers because of its high solubility in water and its good compatibility 

with many salts containing a high molecular weight (1,300,000 g/mol), good solubility 

in water and alcohols, not chemical classified as hazardous or dangerous goods. The 

PVP is used considering its safety for many applications such as medical as a binder 

in many pharmaceuticals tablets (Buhler, 2005), toothpaste, and shampoos, as personal 

care products, and as a food additive with E number 1201. 

Electrospun TiO2/PVP composite nanofibres were prepared by a solution that 

contained titanium (diisoproproxide) bis (2, 4-pentanedionate) 75 wt. % in 2-propanol, 

and poly (vinyl pyrrolidone) (PVP). Diameters of 80–100 nm anatase and rutile TiO2 

nanofibre were obtained from calcination of as-electrospun TiO2/PVP composite 

nanofibres at above 300 °C for 3 h in air. The results indicated a significant effect of 

calcination temperature on the morphology of the nanofibres, and the crystalline titania 

phase in the form of anatase, mixed anatase/rutile, or rutile (Nuansing et al., 2006). 

There was a decrease in diameter size, because PVP polymer, solvent and another 

organic source were removed at lower calcined temperature. Upon further calcination, 
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the nanofibres become crystalline titania nanofibres, and the polymer had been 

completely removed. 

For Ti precursors, titanium isopropoxide is well known as a feasible parent titania 

material for the pure titania synthesis. It is alkoxide of titanium (IV), which is used in 

materials science and organic synthesis with many acquired names (See Table 5). 

 

Table 5: Titanium isopropoxide properties 

Property Value 

Chemical Formula Structure C12H28O4Ti 

Molar mass (g/mol) 284.22  

Appearance Colourless to light-yellow liquid 

Density (at 20 °C) (g/cm3) 0.96 

Melting point (°C) 14-17 

Boiling point (°C) 232 

Solubility in 
Water, ethanol, ether, benzene, 

chloroform 

Refractive index (R.I) 1.46 

Synonyms 

Tetraisopropyl titanate 

Ti(IV) isopropoxide 

Ti(OiPr)4 

Titanium isopropoxide 

Titanium(IV) isopropoxide 

Reference 

Pubchem Open Chemistry 

Database 

http://pubchem.ncbi.nlm.nih.gov 

 

Taguchi method 

After the Second World War, the associated forces found that the quality of the 

Japanese telephone system was totally inappropriate and less effective for long-term 

communication purpose. To improve the system, the associated command 

recommended that Japan established research facilities similar to the Bell Laboratories 
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in the United States in order to develop a state-of-the-art communication system. The 

Japanese authority funded the Electrical Communication Laboratories (ECL) 

appointing Dr. Taguchi in charge of improving the R&D productivity and enhancing 

product quality. He observed that a great deal of money and time was invested on 

engineering testing and experimentation. Little importance was given to the process of 

creative brainstorming to minimise the expenditure of resources (Ranjit, 1990). 

Dr. Taguchi started to develop new methods to improve the process of engineering 

experimentation. He developed techniques that are now widely known as the Taguchi 

Method. Taguchi approach is more than a method which layouts experiments in the 

mathematical formulation of the experimental design. His method has produced a 

powerful and unique discipline for quality improvement that differs from traditional 

practices by replacing a full factorial experiment with a partial factorial, faster, less 

expensive, and lean experiment. 

The Taguchi method is highly useful as an engineering approach for designing 

robust experiments and selecting optimal levels of processing parameters with 

minimal sensitivity to variations different causes. In addition, it can also explain the 

effects of a large and complex number of factors on an individual and on interactive 

basis. An orthogonal array (OA) to simultaneously accommodate numerous 

experimental design factors, and signal to noise ratio (S/N) for measuring the most 

robust set of operating conditions from variations within the results are the two 

essential tools of the Taguchi method (Ranjit, 1990; Dong and Bhattacharyya, 2008; 

Ghani et al., 2004; Patra et al., 2009). 

The Signal-to-Noise (S/N) concept has been used in the fields of electrical, 

acoustics and mechanical vibrations, and other science and engineering disciplines for 

several years. In a majority of cases, the quality characteristic may be a single 

measurable quantity such as length, weight, hours, etc. for some products with 

subjective measurements like ‘’low,’’ “bad,” “good” may be used. In other examples, 

objective and subjective evaluations may be combined into an Overall Evaluation 

Criteria (OEC). 

Signal-to-Noise (S/N) Ratio: 

𝑆
𝑁⁄ =

𝑆𝑖𝑔𝑛𝑎𝑙

𝑁𝑜𝑖𝑠𝑒
                           (1 .5) 
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Three characteristic formulae have been used to identify the optimum combination 

of factors: 

Smaller-the-Better equation: 

𝑆
𝑁⁄ = −10𝑙𝑜𝑔10 [

(∑𝑦𝑖
2)

𝑁
]              (1. 6) 

Larger-the-Better equation: 

𝑆
𝑁⁄ = −10𝑙𝑜𝑔10 [

∑ (1
𝑦𝑖
2⁄ )

𝑁
]       (1. 7) 

Nominal-the-Best equation: 

𝑆
𝑁⁄ = −10𝑙𝑜𝑔10 [

∑(𝑦𝑖 −𝑚)
2

𝑁
]            (1. 8) 

where S/N is the signal-to-noise ratio, N is the number of trials, results target value, 

yi is results of experiments, observation or quality characteristics such as titania 

nanofibres’ diameter, inner diameter and length of titania nanotubes. The negative sign 

is used to indicate that the largest value gives the optimum value for the response 

variable and the robust design. 

 

2.6 Applications and Potential Applications 

TiO2 has a wide range of environmental and energy applications. Nanostructured 

TiO2 is a promising original production material for many applications because of its 

high specific area and electronic semiconductor properties, including photocatalytic, 

photochromic, photovoltaic, electroluminescence devices, electrochromic and sensors 

(Bavykin and Walsh, 2010; Park et al., 2010; Tang et al., 2011a). 

 

2.6.1 Photocatalytic Applications 

Various industries produce dyes pollutants which have become a major source of 

environmental contamination. Most industries use dyes to colour their products, 
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including textile, food, tannery, paper, printing, pulp and carpet industries. The 

discharge of dye wastewater into the environment is harmful. It adds deleterious colour 

to the receiving stream and inhibits sunlight penetration into the stream, as well as it 

is toxic to aquatic lives and food chain organisms (Chu, 2001). Some of the dyes are 

mutagenic and carcinogenic; any debasement that does occur may produce molecules 

that are alien to the environment such as amines, which also are toxic (Chu, 2001). 

The pollutants removal technique from wastewater through using light is called 

photolysis. The photocatalytic process is a qualified technique for water purification 

due to its several benefits. First, in the presence of UV or near-UV illumination, many 

organic pollutants are decomposed into less harmful substances. Second, several non-

toxic materials can be used as semiconductor photocatalyst, ZnO, Al2O3, and 

especially TiO2. TiO2 semiconductor photocatalyst has been the more widely used 

compared to CdS, SrO2, ZrO2, and ZnO, among others (Serpone et al., 1995). Third, 

photocatalysis is relevant to long-term situations as photocatalyst material is not 

consumed during the process. Last but not the least, the photocatalytic process can 

produce low operating cost based on the use of sunlight as the source of irradiation in 

addition to serving as environmental cleaning process (Jantawasu et al., 2009). 

TiO2 was discovered as a photocatalyst in 1972 by two Japanese scientists, 

Fujishima and Honda who demonstrated the potential of titania semiconductor 

materials to split water into oxygen and hydrogen in a photochemical cell (Fujishima 

and Honda, 1972). Since then, TiO2 as a photocatalysis has received much attention 

and become very attractive in the application of self-cleaning, air cleaning and 

antibacterial effects in the construction industry. The merits of TiO2 including high 

photostability, low cost and nontoxicity, have allowed its wider usage in photocatalytic 

applications. 

The photocatalytic activity of TiO2 depends mainly on its physicochemical 

properties, such as particle size, morphology, porosity, surface area and other physical 

characteristics (Guo et al., 2012).The photocatalytic applications of TiO2 include the 

degradation of organic pollutions in aqueous and gaseous phases, hydrogen gas 

generation from photocatalytic water splitting, and removal of heavy metals from 

contaminated water, among others. TiO2 semiconductor interacts with light of 

sufficient energy to produce reactive oxidizing species, which can lead to the 
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photocatalytic transformation of an air or water pollutant. At least two events must 

occur simultaneously during the photocatalytic process/reaction for the successful 

production of reactive oxidising species: first, the oxidation of dissociative adsorbed 

H2O by photogenerated holes; and second, the reduction of an electron acceptor by 

photoexcited electrons. These reactions lead to the production of a hydroxyl and 

superoxide radical anion of the two events (Mills and Le Hunte, 1997). 

TiO2 with the crystal structure of anatase and rutile phases are commonly applied 

as photocatalysts, with anatase type showing a higher photocatalytic activity than rutile 

(Linsebigler et al., 1995). However, mixtures of anatase and rutile have been reported 

to exhibit superior photoactivity than that of either anatase or rutile alone (Kment et 

al., 2009; Natoli et al., 2012; Li et al., 2011). Degussa P25 TiO2 photocatalyst reveals 

multiphasic material consisting of an amorphous state, together with the approximate 

crystalline phases 80% anatase and 20% rutile. The photocatalytic activity of the 

Degussa P25 is reported as being greater than the activities of either of the pure titania 

crystalline phases (anatase, and rutile). An interpretation of this reflection has also 

been given in terms of the development in the magnitude of the space-charge potential, 

which is created by contact between anatase and rutile crystalline phases and by the 

presence of localised electronic states from the amorphous phase (Bickley et al., 1991). 

A heterogeneous photocatalytic system consists of semiconductor photocatalyst 

like TiO2, which are in close contact with gaseous or liquid reaction. Doping, 

hetrosturctioring and crystal growth of semiconductor photocatalysts should be studied 

substantially (see Figure 16). The functional properties of TiO2 photocatalyst are 

important for its photoreactive properties, including electronic structure, surface 

properties, and charge transport. 



 

65 

 

   

 

Figure 27: Doping, heterostructure and crystal growth of semiconductor 

photocatalysts. 

(Liu et al., 2010) 

 

Doh and his co-workers (2008) developed the photocatalytic of anatase 

particles/nanofibres. TiO2 nanofibres (average 236 nm thick) were fabricated using the 

electrospinning method. Using the sol-gel method, the photocatalytic TiO2 particles 

were coated on the TiO2 nanofibres to increase effective surface area and 

photocatalytic activity. They claimed that the degradation rate of composite TiO2 was 

much higher than that of TiO2 nanoparticles and TiO2 nanofibres. Therefore, they 

suggested that the composite TiO2 of nanoparticles and nanofibres would be suitable 

for the degradation of organic pollutants (Doh, 2008). 

A TiO2 photocatalyst is a semiconducting substance that can be chemically 

activated under UV light radiation that results in an oxidation-reduction (redox) 

reaction, i.e., it has a photocatalysis action or photoactivity. Thus, various 

modifications were carried out to construct the photocatalytic application to be active 

under the visible light. Metal and non-metal doped TiO2 photocatalyst to enable a 

photocatalysis under visible light was developed. Doping can exert a substantial 

influence on modifying the electronic structure and the construction of heteroatomic 

surface structures that allow high-efficiency TiO2 photocatalysis under solar light 

irradiation. In 2001, the nitrogen doped TiO2 photocatalyst was developed to enable a 

photocatalysis under visible light (Asahi et al., 2001). The nitrogen doped TiO2 
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narrowed the band gap to the visible light by mixing O2p states with the N2p states of 

the substituted nitrogen atoms in the newly formed valence band (VB). Since then, it 

has attracted much attention with other metal and non-metal doping. Metal ion dopants 

such as Cr, V, Fe, Mn, Ni, Co, etc. into the TiO2 lattices can influence the photocatalyst 

performance through the effects on electron/hole recombination dynamics and 

interfacial charge transfer (Choi et al., 1994). 

 

Antifogging and Self-cleaning 

The fogging on eyeglasses, cars windows and bathroom mirrors is caused by 

condensation of water damp that forms small droplets on the glass surface. The wetting 

of a solid surface with water where air is the surrounding medium is dependent on the 

contact angle. In general, 0° contact angle means completely wet, whereas 180° means 

completely non-wet. Cleaning by soap is based on low contact angle by reducing the 

water surface tension. The contact angle of water on glass and other inorganic 

materials is in the range of 20°–30°, but is not less than 10° for any surfaces under any 

conditions. The contact angle can be decreased without detergents, but by putting thin 

layer on the material surface. A hydrophobic surface is the main method to prevent 

this fogging by repelling the water molecules, and then removing the water drops by 

blowing or shaking. Materials such as ceramic tiles, glass, or plastics can develop 

super-hydrophilic materials by surface coating with the photocatalyst TiO2. 

The antifogging, antibacterial and self-cleaning functions of TiO2-coated materials 

are obtained without using any chemicals, but with only UV sunlight and rainwater. 

The water contact angle of the illuminated surface with UV light of anatase TiO2 is 

less than 1°. The super-hydrophilic effect of TiO2 occurs when the surface is exposed 

to light, and the water contact angle approaches zero after a certain time of moderate 

illumination (Fujishima et al., 2000). Figure 28 shows a demonstration of antifogging 

of glass with the effect of TiO2 coating under UV illumination. 
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Figure 28: A photograph of steamed glass surfaces after UV illumination (a) without 

coating (b) with TiO2 coating 

(Watanabe et al., 1999). 

 

The application of TiO2 photocatalysis on surface materials has enabled the 

degradation of a range of organic and inorganic compounds that are aggressive towards 

material properties and the environment. TiO2 photocatalysis was applied in different 

cementations materials, and the applications varied from self-cleaning to air cleaning 

purposes especially for indoor. TiO2 coating on ceramic tiles was used for its 

antibacterial properties to increase the life-cycle of cement-based materials and to 

substantially reduce the air pollutant concentration in hospital rooms, care facilities, 

kitchens, baths, and schools (Benedix et al., 2000). A particularly interesting aspect 

was a clear synergy between TiO2 and cement composites that makes this material an 

ideal substrate for environmental photocatalysis. A photocatalytic building materials 

used outdoors, e.g., PVC fabric, aluminum walls, glass, and exterior tiles were coated 

by TiO2 where they could be easily washed by water, raining, rainwater, and rainfall. 

This is because water soaks between the highly hydrophilic TiO2 surface and the 

materials. 

Rutile has been reported to have a higher surface enthalpy and higher surface free 

energy than anatase due to a different crystal structures and associated exposed planes 

(Zhang and Banfield, 2005). Therefore, it would be expected that the anatase wetting 

by water would be less than that of rutile since higher surface free energies commonly 

contribute to hydrophilicity (Rupp et al., 2006). Rutile (100) and (110) faces exhibit a 
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higher hydrophilicity than the (001) face, which are favourable for increasing the 

number of OH groups. The (100) and (110) faces have two-fold oxygens, which are 

higher in position and energetically more reactive than their surrounding atoms and 

are called the ‘‘bridging site oxygen’’. On the other hand, the rutile (001) has three-

fold oxygens, which are lower in position and energetically more inactive (Wang et 

al., 1999). 

 

Photocatalysts for water treatment and air purification 

The three-dimensional space by photocatalysis such as water, air, and soil is much 

more difficult than that of the two-dimensional surface of photocatalytic building 

materials. In general, the total amount of reactants in 3-D spaces is higher than on the 

two-dimensional surface, indicating that much more light energy is necessary for the 

purification of the 3-D space (Hashimoto et al., 2005). Moreover, the photocatalytic 

reactions are surface reactions, and thus the reactants must be captured by the 

photocatalyst surface. Fortunately, the construction of practical purification systems 

for wastewater from agriculture and polluted soil have been succeeded by volatile 

organic compounds (VOCs), which were based on TiO2 photocatalysts and use only 

solar light. Nanosized TiO2 photocatalyst powders were dispersed on substrates with 

extremely large surface areas, spreading them on the ground widely to collect sunlight 

(Hashimoto et al., 2005). 

 

TiO2 photobioreactor 

In the food and environmental industries, anatase photocatalysts as a 

photobioreactor have attracted great attention for sterilising selected food-borne 

pathogenic bacteria such as Listeria monocytogenes, Vibrio parahaemolyticus, and 

Salmonella choleraesuis subsp (Kim et al., 2003). Various anatase concentrations and 

Ultraviolet (UV) illumination time were used to study the photocatalytic reaction. On 

all bacterial suspensions, it was found that the bactericidal effect of UV/anatase was 

much higher than without anatase. As the anatase concentration increased to 1.0 

mg/ml, bactericidal effect increased, but it was rapidly abbreviated at higher than 1.25 

mg/ml anatase concentration to all selected bacteria. The time of anatase/ UV 
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illumination affected the viability of bacteria with different death rates drastically. 

After 3 h of UV illumination, Salmonella choleraesuis subsp and Vibrio 

parahaemolyticus were completely killed, whereas, about 87 percent death ratio was 

for Listeria monocytogenes which was killed (Kim et al., 2003). 

 

2.6.2 Photovoltaic Application 

The photovoltaic is the conversion of sunlight to electrical power. In the past 

decade, the cost of solar cells or photovoltaics has been reduced greatly because of the 

fact that the conversion efficiency increases sharply with the introduction and 

application of more sophisticated technologies. However, the production cost of a solar 

cell is still higher than the fossil fuel. The high cost of silicon, which is the main solar 

energy material is the main reason behind the present limitation in the use of solar 

energy. Thus, there is an increasingly urgent need for developing environmentally 

friendly energy with relatively cheap price. TiO2 semiconductor with low cost is a 

promising original production material, which is often related to the cost of solar 

energy technologies. Furthermore, recent developments in the synthesis of 

nanocrystalline TiO2 with various morphologies/forms have opened up several new 

opportunities for the construction of efficient photovoltaic cells, and a wide range of 

applications. 

Solar energy is available in abundance and should be used more extensively. The 

semiconductor has important application in renewable energy and environment fields. 

Nanocrystalline TiO2 and its conductivity is being established and challenged for use 

as a new generation of photovoltaic cells. Sensitised nanostructured solar cells were 

assembled into ruthenium dye (N-719) using photoanode TiO2 nanotube arrays. A 

solar cell in backside illumination mode was formed using anodic TiO2 nanotube 

arrays, yielding 7.4% power conversion efficiency (PCE) (Wang and Lin, 2009). 

 

Lithium batteries 

The lithium-ion batteries (LIBs) are widely used in portable electric vehicles and 

electronic devices and toys. For high-performance second LIBs generation, recent 
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progress in advanced nanoscience and nanotechnology is paving the way to the 

development of diverse nanostructured electrode. It has led to improved energy 

density, higher cycling rate, and capability, because it has large surface area, short 

mass and charge-diffusion distance, numerous active sites, and efficient 

accommodation of volume changes (Nam et al., 2006). Nanostructured TiO2 is widely 

used in rechargeable lithium batteries as electrodes because of their superior safety, 

low cost, chemical stability, and non-toxicity. Elongated TiO2 with various 

morphologies [e.g. nanotubes (Zhou et al., 2003; Li et al., 2005a; Fang et al., 2009), 

nanowires (Armstrong et al., 2005; Li et al., 2005b; Wang et al., 2006), nanofibres 

(Nam et al., 2010), and nanorods (Gao et al., 2004)] have been utlised for lithium 

storage. These TiO2 nanostructures attract attention as a possible negative electrode 

material for lithium cells, because they have open, mesoporous structure, efficient 

transport of lithium ions, and effective ion-exchange/properties. In terms of safety, 

TiO2 is a promising anode material for the lithium-ion storage, as it alleviates the 

overcharge issue by moving toward a higher potential, thereby avoiding the lithium 

plating and parasitic electrochemical reaction (Jiang et al., 2004). 

 

Photo Electrochemical Cells (PECs) 

Figure 29 shows the total energy related to CO2 emission from different fuels. 

Hydrogen is likely to be an alternative energy and idea fuel in the future, which is 

produced from clean and green energy sources. It is an environmentally friendly gas 

and recognised as an efficient source of fuel. Renewable hydrogen production is not 

common yet due to its high production cost. Photovoltaic water electrolysis can 

become more competitive by splitting off water using semiconductor photocatalyst. 

The cost of hydrogen continues to decrease with the technological advancement, but a 

considerable use of some semiconducting materials can cause serious life cycle 

impacts on environment. Fortunately, a promising semiconductor for the clean, low-

cost and environmentally friendly production of hydrogen is offered by photocatalytic 

water-splitting (Sheppard and Nowotny 2007, Bard and Fox 1995). 
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Figure 29: Energy amount in different fuels and related CO2 emission. 

(Sheppard and Nowotny, 2007) 

 

In early 1972, the first invention of photocatalytic decomposition of water into 

oxygen and hydrogen used photo-excited TiO2 as the anode and Pt as the electrode in 

the photoelectrochemical cells (PECs) (Fujishima, 1972). PEC technology is an 

environmentally safe renewable resource, since it is based on solar energy and could 

be used on both small and large scales and in a relatively uncomplicated manner. There 

are three options to make a photoelectrochemical cells (PECs) technology, which are: 

cathode made of metal and photoanode made of n-type semiconductor; photocathode 

made of p-type semiconductor and photoanode made of n-type semiconductor; and 

anode made of metal and photocathode made of p-type semiconductor (Bak, 2002). 

Figure 30 shows a schematic diagram of photoelectrochemical cell. As the first 

PECs by Fujishima (1972), the surface of n-type TiO2 (1) as a photoanode was 

irradiated with light consisting of energy larger than its band gap, photocurrent flowed 

from the platinum counter photocathode (2) to the titania through the external circuit. 

The direction of the current revealed that the oxidation reaction (oxygen evolution) 

and the reduction reaction (hydrogen evolution) occur at the TiO2 photoanode (4 right) 

and the Pt photocathode (4 left), respectively (See Figure 26). Water can be 

decomposed into hydrogen and oxygen using UV light, without the application of an 

external voltage, according to the following scheme (Fujishima et al., 2000; 

Hashimoto et al., 2005). 

TiO2 excitation by light: 
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𝑇𝑖𝑂2 + ℎ𝑣
                      
→       𝑒− + ℎ+                           (1. 9) 

 

At the TiO2 electrode: 

2𝐻2𝑂 + 4ℎ
+
                                
→          𝑂2 + 4𝐻

+              (1. 10) 

 

At the Pt electrode: 

2𝐻+ + 2𝑒−
                            
→         𝐻2                                 (1. 11) 

 

The overall reaction is: 

2𝐻2𝑂 + 4ℎ𝑣
                                         
→             𝑂2 + 2𝐻2          (1. 12) 

 

  

Figure 30: A schematic diagram of photoelectrochemical cell. 

(Fujishima et al., 2000; Hashimoto et al., 2005). 

 

The water splitting reaction over TiO2 semiconductor-photocatalyst materials has 

attracted much attention, although TiO2 has several advantages and remains one of the 

most promising because of its photostability, chemical inertness, environmentally 

friendly solar-hydrogen production to support the future hydrogen economy, and low 

cost (Fujishima and Honda, 1972). To maximise photocatalytic decomposition of 

water using the TiO2 as the photoanode, the TiO2 band gap should utilise visible-light 
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energy, and high contact area with the electrolyte to increase the splitting of the e-/h+ 

pairs. Thus, metal and non-metal doped nanostructured TiO2 has great potential for 

photocatalytic water-splitting technology with high aspect ratios for maximizing the 

photocleavage of water under visible-light irradiation. The total photocurrent of 

carbon-doped TiO2 nanotubes arrays was 20 times higher than the pure P-25 TiO2 

under the visible light illumination (see Figure 31) (Ni et al., 2007). 

 

  

Figure 31: A schematic structure of the TiO2 photoanode to optimise its 

photocatalytic activity for water splitting. 

(Park et al., 2006). 

 

Dye-sensitised solar cell (DSSC) 

The DSSC is a relatively new class of low-cost solar cells for renewable electricity 

generation (Grätzel, 2001, 2005). Semiconductor sensitized solar cells have attracted 

growing interests, starting from quite low (4–5 percent) conversion efficiencies (Mora-

Sero and Bisquert, 2010). Nanotechnology and nanoscience are believed to 

revolutionise the industry shortly and will have a significant economic impact allowing 

a considerable cost reduction of the photovoltaic energy, by both increasing 

efficiencies, and reducing the cost of the devices. 

In 1991, nanofilm titania as an efficient dye-sensitised solar cell (DSSC) was 

reported by O’regan and Graetzel (O'regan and Gratzel, 1991). TiO2 nanoparticles was 

used in the dye sensitised solar cell, which is based on solar energy by employing 
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sensitisers adsorbed on the surface of n-type semiconductor metal oxide (Bai et al., 

2008). Moreover, TiO2 films based DSSCs which use Ruthenium sensitisers offer 

power conversion efficiency of only 9.57-11.18 percent, and primarily absorb light in 

the region of 350-700 nm (Nazeeruddin et al., 2005). 

Although most of the reported works on DSSCs are based on TiO2 thin films, 

various nanostructured TiO2 have also been used for DSSC fabrication. 

Nanocrystalline anatase TiO2 is usually used for DSSCs and various modifications 

have been carried out on other TiO2 phases to construct an energy efficient 

photovoltaic device (Huang et al., 1997). 

TiO2 nanotubes have been examined for being used as an electrode for dye-

sensitised solar cells (DSSC). The potential advantage of the TiO2 nanotubes compared 

to TiO2 nanopowders is realised by exploiting the phenomenon of improved adsorption 

of the positively charged dyes from aqueous solution onto the surface of negatively 

charged TiO2 nanotubes (Lee et al., 2008). The other advantage of the nanotubes is the 

elongated structures of these semiconductors, which can improve the electron transport 

and the charge collection efficiency (Bavykin and Walsh, 2010). 

 

2.6.3 Sensing Application 

Air contamination by several varieties of pollutants is a consequence of human 

activity. An extensive research is necessary for designing and fabrication of more 

efficient gas sensing systems that can detect pollutants contained in the air. Many metal 

oxide semiconductors such as SnO2, TiO2, ZnO, and so on have been used due to the 

fact that these are the most common ceramics used for gas sensor application. To be 

able to control various air pollutants, sensors must be very sensitive, selective and 

reliable. Below 250 °C, SiO2–based sensors are widely used as gas-sensitive resistors 

because of their good sensitivity and selectivity. However, more than 250 °C, TiO2–

based sensors have been reported to become the preferred material for high 

temperature gas sensors because of their good sensitivity and stability (Zheng et al., 

2008). 
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2.6.4 Coatings 

TiO2 is the most important white pigment used in the coatings industry as it 

effectively scatters visible light, brightness and opacity, and thereby imparts whiteness 

when incorporated into a coating. Table 5 shows the refractive indices for anatase, 

rutile and other pigments. Anatase and rutile, have the two highest refractive indices 

with 2.55 and 2.73 respectively. Rutile pigments scatter light more efficiently, and are 

more stable and durable manner than anatase pigments do. 

 

Table 6: Refractive Indices (R.I.) for some Pigments. 

(www.chemours.com) 

Pigments Refractive Indices (R.I) 

Diatomaceous earth 1.45 

Silica 1.45–1.49 

Calcium carbonate 1.63 

Barytes 1.64 

Clay 1.65 

Magnesium silicate 1.65 

Lithopone 1.84 

Zinc oxide 2.02 

Antimony oxide 2.09–2.29 

Zinc sulfide 2.37 

Anatase 2.55 

Rutile 2.73 

 

2.6.5 Drug Delivery and Bio-Applications 

The nanostructured TiO2 has recently been studied as a possible element in 

amperometric bio-sensors due to its high surface area and affinity towards positively 

charged ions in aqueous solutions (Bavykin and Walsh, 2010). The use of TiO2 

nanotubes as capsules for drug delivery and controlled release could be developed 

based on a combination of several nanotubes properties. The high surface area and 
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large pore volume of the TiO2 nanotubes provide an increased load capacity required 

for drug storage. It can also be potentially beneficial in drug delivery to the targeted 

tissue. Moreover, TiO2 nanowires can be used as bioscaffolds for cell cultures, 

providing enough rigidity and a large macropods structure suitable for cell’s growth 

and nutrition (Dong et al., 2007). 

A co-adsorption of horseradish peroxidase with thionines on anodic TiO2 nanotubes 

for biosensor design has been investigated. The TiO2 nanotube provides excellent 

matrices for the coadsorption of horseradish peroxidase (HRP) and thionines, where 

the adsorbed HRP effectively retains its bioactivity on these TiO2 nanotube arrays (Liu 

and Chen, 2005). Moreover, the titanium dioxide thin film has shown an ability to 

decompose organic compounds including Escherichia coli (E. coli) cells in water 

treatments (Sunada et al., 2003; Sunada et al., 1998). 
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3 Publications Forming Part of the Thesis 
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3.1 Phase Transformations and Crystallization Kinetics in 

Electrospun TiO2 Nanofibers in Air and Argon Atmospheres 

ALBETRAN, H., HAROOSH, H., DONG, Y., PRIDA, V. M., O'Connor, B. H., 

& LOW, I. M. 2014. Phase Transformations and Crystallization Kinetics in 

Electrospun TiO2 Nanofibers in Air and Argon Atmospheres. Applied Physics A, 116, 

161–169. 
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Abstract The effects of atmospheric air and argon

environments on thermal-induced phase transformations in

electrospun TiO2 nanofibers have been investigated in situ

using synchrotron radiation diffraction. Diffraction results

showed that the as-synthesized TiO2 nanofibers were ini-

tially amorphous, but crystallized to form anatase and rutile

after thermal annealing in air or argon at elevated tem-

peratures. The crystallization temperature of anatase was

delayed by 100 �C in argon relative to in air, and the

transformation of anatase into rutile occurs faster in argon

atmosphere than in air due to the formation of oxygen

vacancies. Non-linear strains formed in both polymorphs

and the substantial elevation of rutile thermal expansion

pointed to strain anisotropy in the rutile phase and the

concomitant fibre breakage.

1 Introduction

Titanium dioxide (TiO2) is one of the most widely studied

materials due to its high photo-activity, photo-durability,

mechanical robustness, low cost, and chemical and bio-

logical inertness [1–6]. Titanium dioxide has three poly-

morphs: anatase, brookite, and rutile [7–10]. Anatase and

rutile are the two main polymorphs that exhibit different

properties and thus different photocatalytic performances.

They both have tetragonal crystal structures, but different

space groups and atoms per unit cell (Z), space group I4/

amd and Z = 4 for anatase and P42/mnm and Z = 2 for

rutile [9, 11]. At room temperature, the lattice parameters

of anatase are a = b = 0.3785 nm and c = 0.9514 nm,

while for rutile are a = b = 0.4594 nm and

c = 0.29589 nm [12]. These differences in the inter-atomic

spacing and crystal structures for anatase and rutile can

result in different densities and electronic band structures.

Anatase is considered more photochemically active than

rutile by virtue of its lower rates of electronic recombina-

tion and higher surface absorptive capacity [13]. However,

recent work has indicated that a mixed-phase TiO2 tends to

make a superior photocatalyst to a single-phase TiO2. For

example, a mixed-phase sample of 70 % anatase and 30 %

rutile has been found as the best photocatalyst for waste-

water treatment [14]. Similarly, commercial TiO2 photo-

catalyst (P-25) that contains 80 wt% anatase and 20 wt%

rutile has been observed to exhibit excellent photocatalytic

reactions [12].

The optimum composition in terms of the anatase and

rutile levels for maximum photocatalytic performance can

be achieved by thermal annealing. In general, anatase

forms from amorphous TiO2 at low temperatures which

subsequently transforms to rutile at higher temperatures

[15, 16]. The transformation is affected by various
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conditions which include the synthesis method, the amount

of impurities, temperature, calcination time and atmo-

sphere type [15, 17]. Reaction atmospheres have been

observed to have a significant influence on the thermal

transformation of TiO2 phases because oxygen defect

levels and interstitial titanium ion levels are influenced by

the type of atmosphere [15, 18]. The effects of air, vacuum,

argon, argon–chlorine mixture, hydrogen, steam and

nitrogen on the anatase-to-rutile phase transformation have

been reported [18]. For TiO2 films, the amorphous to

anatase and anatase-to-rutile phase transformations were

observed to occur at a lower temperature when annealed in

a hydrogen atmosphere than in air or vacuum [19]. The rate

of anatase-to-rutile phase transformation was found to

decrease in vacuum but increase in hydrogen atmosphere

due to the formation of either titanium interstitials or

oxygen vacancies. Since the phase transition involves an

overall shrinkage of the oxygen structure and a cooperative

movement of ions, the formation of oxygen vacancies

would accelerate the phase transition and vice versa for the

formation of titanium interstitials [15].

Nanostructured TiO2 with elongated morphology

exhibits high surface area to volume ratio which is of great

significance for increasing the decomposition rate of

organic pollutants because photocatalytic reactions take

place rapidly and drastically on the surface of the catalyst

[14, 20]. Hitherto, various techniques have been used to

synthesize nanostructured TiO2 with various morphologies

(e.g. nanowires, nanorods, nanotubes, and nanofibers).

These include microemulsion, sol–gel, hydrothermal and

vapour deposition [8, 21]. Elongated nanostructures are of

particular importance, as long and thin nanotubes or

nanofibers can provide a high specific surface area for

photocatalysis [9]. Furthermore, a variety of techniques,

such as self-assembly, evaporation, anodisation, and elec-

trospinning, have been developed for fabricating one-

dimensional nano-TiO2 [1, 22, 23]. Among the fabrication

methods, electrospinning is a simple and cost-effective

technique applicable at industrial levels for fabricating one-

dimensional nanofibers [22–25]. In this process, a solution

of polymer and TiO2 precursor is ejected through a needle

in a high electric field whereby composite nanofibers of

polymer and amorphous TiO2 are formed [25–29]. To the

best of our knowledge, the effect of atmospheres on the

in situ crystallization of anatase and rutile in electrospun

TiO2 nanofibers has not been previously reported.

In the present work, the effect of air and argon atmo-

sphere on the transformation of anatase into rutile and the

in situ crystallization kinetics of TiO2 nanofibers were

investigated using synchrotron radiation diffraction (SRD)

over the temperature range of 25–900 �C. TiO2 nanofibers

were synthesized using electrospinning and their mor-

phology, structure and thermal expansion were

characterized by scanning electron microscopy (SEM) and

associated energy dispersive spectroscopy (EDS), and

high-temperature SRD.

2 Experimental procedure

2.1 Material synthesis

A homogenous sol–gel precursor solution was prepared by

mixing titanium isopropoxide (TIP) (Mw = 284.22 g/mol,

97 % purity––sourced from Sigma-Aldrich), acetic acid

(Mw = 60.05 g/mol, 99.7 % purity––Sigma-Aldrich), and

ethanol (Mw = 46.07 g/mol, 99.5 % purity––Sigma-

Aldrich) in a fixed volume ratio of 3:1:3, respectively. The

sol–gel was stirred in a capped bottle for 5 min, and then,

12 wt% of poly-vinyl pyrrolidone (PVP)

(Mw = 1,300,000 g/mol, 100 % purity––Sigma-Aldrich)

was dissolved in the solution at 40 �C for 1 h using a

stirrer. To achieve complete dissolution and mixing, the

sol–gel solution precursor was stirred ultrasonically for

5 min before it was loaded into a 10 ml plastic syringe with

a 25-gauge stainless steel needle. An electrospinning unit

(Gamma High Voltage Research, USA) with a high voltage

power supply was used to provide 25 kV between the

needle and a mesh collector covered by an aluminium foil

at a distance of approximately 12 cm. A syringe pump

(Chemyx Inc. USA) was used to control the solution flow

rate at 2 ml/h during the process of electrospinning.

2.2 In situ high-temperature synchrotron radiation

diffraction (SRD)

The in situ crystallization behaviour of electrospun TiO2

nanofibers was evaluated using high-temperature SRD in

air and in argon. The SRD measurements were conducted

at the Powder Diffraction Beamline at the Australian

Synchrotron. The specimens were mounted on an Anton

Parr HTK 16 hot platinum stage and heated with an Anton

Paar HTK20 furnace. The SRD data were collected at an

incident angle of 3� and wavelength of 0.1126 nm.

The SRD patterns were acquired initially at ambient

temperature and then in steps of 100 �C from 200 �C to

900 �C at a rate of 10 �C/min with a data acquisition time

of 10 min per pattern. Each pattern was measured over the

angular range 2h = 5�–84�. The SRD data were analysed

using Rietveld pattern fitting with the Rietica program

(version 2.1) [30], to compute the relative crystalline phase

abundances, and the lattice parameters of anatase and rutile

at each temperature [31]. The parameters optimized in the

Rietveld refinements were the pattern background, 2h-zero,

and for each phase the scale factor, lattice parameters and

the peak shape parameters. The Rietveld refinements were
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conducted with the crystal structures of anatase (ICSD

202242) and rutile (ICSD 64987). The Jade (version 6)

program was used to perform peak broadening analyses to

obtain the crystalline size (L) and the strain (e) for each two

phase as a function of temperature, using Williamson–Hall

(W–H) plots [32]:

b cos h ¼ k=Lþ 4e sin h ð1Þ

where k is the X-ray wavelength, h is the Bragg angle, and

b is the integral breath of a peak. The crystallite size

(L) was estimated from the y-intercept, and the strain (e)
from the slope of a linear fit to the data.

2.3 Scanning electron microscopy

The morphologies of the electrospun TiO2 nanofibers were

examined using an EVO 40XVP scanning electron

microscope with an accelerating voltage of 15 kV. Prior to

the microstructure observations, the samples were coated

with platinum to avoid charging. The SEM images of as-

spun nanofibers were taken using secondary and

backscattered electrons at working distances of 4 and

4.5 mm, respectively. The samples were characterized

again at the same accelerating voltage after thermal

annealing in air and argon atmospheres. Associated energy

dispersive X-ray spectroscopy (EDS) with an acceleration

voltage of 10 kV, magnification of x606, silicon detector

and zero electronic beam tilt was used to analyse the ele-

mental compositions of the SEM-imaged materials.

3 Results and discussion

3.1 Microstructures of electrospun TiO2 nanofibers

Figure 1 illustrates the SEM images of electrospun

nanofibers using secondary and backscattered electrons,

before and after thermal annealing. In the former, the

nanofibers have smooth surfaces with a random distribution

and annealing. The average diameter of electrospun

nanofibers was 614 ± 190 nm, with the fibres being well

dispersed within the PVP matrix, as shown in Figs. 1a, b.

Fig. 1 SEM micrographs of as_spun TiO2 nanofibers imaged with a secondary electrons b backscattered electrons; and with secondary electrons

after cooling from 900 �C, in c air and d argon atmospheres
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However, after thermal annealing at 900 �C, the average

diameters of the nanofibers shrank by approximately 42 %

in air (Fig. 1c) and 47 % in argon (Fig. 1d) compared to

as-spun nanofibers, due to the loss of the organic binder

during heating. The average diameters of nanofibers were

358 ± 195 nm in air and 328 ± 113 nm in argon. In

argon, the nanofibers were partially broken, while in air the

extent of fibre breakage was less. A probable reason for the

fibre breakage could be due to the damage arising from

sample handling or during the SEM examination. A more

likely explanation is the thermal expansion anisotropy of

rutile and the associated strains induced at elevated tem-

peratures (see Table 2, and the thermal expansion section).

The EDS spectrum of as-spun TiO2/PVP nanofibers in

Fig. 2 b showed strong signatures for Ti, O and C, with the C

content being due to the PVP polymer binder. The EDS

spectrum of the nanofiber sample after thermal annealing at

900 �C (Fig. 2 d) was similar to that for the original material,

other than showing the absence of the C peak due to the

complete loss of the organic matrix. The same observation

was made when the nanofibers were heated in argon.

3.2 Effect of environmental atmosphere on the phase

transitions during thermal annealing

Figure 3 shows the effect of atmosphere on the in situ

crystallization kinetics of as-synthesized TiO2 nanofibers

over the temperature range 25–900 �C, as revealed by SRD.

The SRD patterns showed Pt peaks due to the Pt sample

mount which were ignored in the calculations. The TiO2/

PVP nanofibers were initially amorphous as shown by the

pronounced amorphous hump for the 25 �C pattern and the

absence of diffraction peaks. By 200 �C the amorphous

feature had largely disappeared and had gone completely by

400 �C. In air (Fig. 3a), anatase and rutile were first observed

at 600 �C and 700 �C, respectively. However, in argon, both

anatase and rutile were first observed at 700 �C (Fig. 3b), so

that the initial crystallization of anatase was delayed by

Fig. 2 a SEM micrograph of as-received electrospun TiO2 nanofibers, b the corresponding EDS spectrum (#1); c SEM micrograph for

electrospun TiO2 nanofibers after cooling in air from 900 �C, and d the corresponding EDS spectrum (#2)
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100 �C in argon compared with air. The reason for this delay

in the formation of anatase in argon atmosphere may be

attributed to the lack of oxygen. It appears that atmospheric

oxygen accelerates the transformation from amorphous TiO2

into anatase. Moreover, the partial pressure of oxygen also

influences the rate of anatase-to-rutile transformation,

becoming faster in argon atmosphere which has a much

lower oxygen partial pressure [15]. Defects of oxygen

vacancies created in argon atmosphere by the low partial

pressure of oxygen accelerate the anatase-to-rutile transfor-

mation, which involves the breaking of anatase Ti–O bonds

and reforming of rutile Ti–O bonds [12, 18]. Hence, the

transformation rate from anatase into rutile was faster in

argon than in air atmosphere by virtue of oxygen vacancies

(see Table 1).

The fraction of anatase-to-rutile transformation can be

estimated using the Spurr equation [33]:

x ¼ 1=½1þ 0:8ðIA=IRÞ� ð2Þ

where IA and IR are the X-ray integrated intensities of

anatase (101) reflection and rutile (110) reflection,

respectively. Table 1 shows the fraction of anatase-to-rutile

transformation as a function of temperature in air and in

argon as determined using the Spurr equation and Rietveld

method. It is evident that the weight fraction of rutile

increased dramatically as the temperature increased by

virtue of the transformation of metastable anatase into

rutile at elevated temperatures. The rate of anatase-to-rutile

transformation was also observed to increase faster in

argon than in air. This enhanced transformation rate may

be attributed to the formation of oxygen vacancies in TiO2

annealed in argon [12]. The formation of oxygen vacancies

would accelerate the phase transition since it involves an

overall shrinkage of the oxygen structure and a cooperative

movement of ions [15].

Figure 4 shows the intensities of anatase (101) and rutile

(110) peaks over the temperature range 600–900 �C.

Because the most intense peaks for both crystalline phases

have virtually the same Reference Intensity Ratio, the

intensity–temperature plots should be seen as ‘relative

concentration-temperature’ plots, with the sum of the

anatase and rutile peaks being proportional to the total

Fig. 3 In-situ SRD plots showing the effect of temperature on the

crystallization behaviour of as-synthesized TiO2 nanofibers when

heated in 25–900 �C a in air, and b in argon. [Legend: anatase (A),

rutile (R) and platinum (Pt)]

Fig. 4 The SRD intensities of the anatase (101) and rutile (110)

reflections in the range 600–900 �C for TiO2 nanofibers heated in air

and argon. The vertical axis is proportional to the phase concentration

for both anatase and rutile, and the sum of the anatase and rutile

intensities is proportional to total crystalline titania

Table 1 Effect of atmospheres on the fraction of anatase-to-rutile

transformation as a function of temperature

Temperature

(�C)

Air (x) Argon (x)

Spurr

equation

[33]

Rietveld

method

Spurr

equation

[33]

Rietveld

method

700 1.5 4.98 (10) 9.2 15.41 (28)

800 19.2 24.02 (32) 46.5 50.99 (28)

900 63.04 64.95 (60) 84.5 85.98 (49)
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concentration of crystalline TiO2. The formation of crys-

talline TiO2 was first observed at 600 �C and increased

steadily up to 900 �C, when heating in both air and argon.

It is evident that the amorphous TiO2 was not completely

converted to crystalline TiO2 by 900 �C. Figure 4 also

shows the progressive growth of rutile after the formation,

whereas the anatase concentration steadily reduces beyond

approximately 800 �C due to transformation to rutile.

Overall, Fig. 4 is consistent with the transformation of

anatase into rutile becoming more likely with increases in

temperature. This discussion is extended below when the

results on relative amounts of anatase and rutile with

temperature in Fig. 6 are considered.

Figure 5 shows the typical SRD plots from Rietveld

analysis for data measured in air and argon at 800 �C. In

general, the quality or goodness of fit is gauged by the

values of weighted pattern R-factor (Rwp), the expected

R-factor (Rexp), and the derived Bragg R-factor (RB) [30].

In this work, values obtained for air and argon atmospheres

were Rwp = 13.0 and 10.0, Rexp = 3.7 and 4.6, RB (ana-

tase) = 4.6 and 4.9, and RB (rutile) = 7.3 and 4.2,

respectively.
Figure 6 shows the variation with temperature of the

relative amounts of anatase and rutile from Rietveld

Fig. 5 SRD Rietveld difference plots for 800 �C SRD data a in air

and b under argon. Measured patterns are indicated by black crosses

and calculated patterns by solid red lines. The green residual plot

shows the difference between the calculated and the measured

patterns. The peak positions for anatase and rutile are indicated by the

top and bottom blue bars, respectively

Fig. 6 Relative phase abundances of anatase and rutile for the

crystalline TiO2 component in the temperature range 600–900 �C for

TiO2 nanofibers heated in air and argon atmospheres. The phase

levels represent the percentages of crystalline TiO2 at each

temperature
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analysis, which supplements the information shown in

Fig. 4. The conversion of crystalline anatase to rutile in

both air and argon atmospheres is clearly indicated. The

results show that the conversion is less rapid in air than

in argon. At 600 �C, anatase formed in air but not yet in

argon. In argon at 700 �C, anatase comprised 85 % of

the crystalline TiO2, and 95 % of the total in air. By

800 �C the abundance of anatase in crystalline TiO2 falls

to 76 % in air and 50 % in argon, and then by 900 �C to

35 % in air and to 14 % in argon. In addition, the phase

content of rutile increased dramatically as the tempera-

ture increased by virtue of the transformation of meta-

stable anatase into rutile. Rutile formed at 700 �C in

both atmospheres but with different abundances. It

increased from about 15 % at 700 �C to well over 85 %

at 900 �C in argon atmosphere. However, in air, it

increased from 5 % up to only 65 % for the same

temperature range.

Figure 7 shows the effect of temperature on the

growth of anatase and rutile crystallites according to

atmosphere. The average crystallite size for anatase was

*13 nm at 700 �C in air and increased linearly for both

atmospheres, to *30 nm at 900 �C. The significantly

larger rutile crystallite sizes were *18 nm at 700 �C in

both air and argon, but grew to *37 nm in air and

*40 nm in argon at 900 �C. Therefore, the atmosphere

had an insignificant effect on crystallite growth. The

crystallite growth with temperature behaviour is attrib-

uted to the conversion of amorphous material to crys-

talline TiO2 through an atomic diffusion-controlled

nucleation and growth process. The gradients of the

linear regressions for the plots in Fig. 5 amount to

approximately 1.5–2 % volumetric growth per degree

increase in temperature. This diffusion growth is orders

of magnitude higher than that due to lattice thermal

expansion (see Fig. 9).

The effect of temperature on the average lattice strain of

both anatase and rutile for both atmospheres is shown in

Fig. 8. It can be seen that the initial strain present in both

phases is progressively relieved as the temperature

increases. The observed strain relief is consistent with

crystallite–crystalline interactions being negligible up to

the maximum temperature considered in the study, at

which point there is still substantial amorphous TiO2

present. The higher strains observed for the anatase phase

in air is consistent with the finding of Nicula et al. [34] who

reported that the anatase phase exhibits larger strain values

than rutile in titania powders over 400–850 �C.

The variations of unit-cell parameters and cell volumes

for anatase and rutile with temperature are shown in

Fig. 9a, b, and Fig. 10, and the corresponding linear and

volumetric thermal expansion coefficients (TECs) are

provided in Table 2. The unit-cell parameters and cell

volume, for both phases in air and argon atmospheres

increased linearly with temperature, as expected. The SRD

thermal expansion data of Hummer et al. [31] measured

with titania powders over the temperature range

25–300 �C, which are included in Table 2, were extrapo-

lated to the temperatures considered in this study. It is seen

that the TECs for the anatase in both air and argon compare

closely with values reported for crystalline TiO2 powder.

By contrast, the rutile expansion coefficients are higher in

argon, and higher again in air. There is also clear evidence

for thermal expansion anisotropy in the rutile phase which

points to the development of a more pronounced strain in

rutile compared with anatase, and with the effect being

more pronounced in argon which may explain the rougher

appearance and more breakage of the nanofibers at high

Fig. 7 Willamson–Hall plot estimates of the effect of temperature on

the average crystallite size of a anatase and b rutile in TiO2 nanofibers

according to temperature

Fig. 8 Williamson–Hall plot estimates of mean strain for anatase and

rutile crystallites in the range 600–900 �C for TiO2 nanofibers heated

in air and argon atmospheres
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temperatures compared with heating in air. In addition, for

both anatase and rutile, the thermal expansion coefficients

(TECs) were higher in air than in argon atmospheres due to

the formation of oxygen vacancies in argon atmosphere.

However, the linear expansion coefficient ratio of ac to aa

was *9 % higher in argon than in air, which could be the

main reason for the embrittlement of nanofibers. Further-

more, it should be noted that literature equations of anatase

and rutile parameters have hitherto been determined at

relatively low temperatures, from room temperature to just

over 300 �C using anatase and rutile TiO2 powders, while

the present study examined TiO2 nanofibers at higher

temperatures.

4 Conclusions

The effect of air and argon on the dynamic crystallization

behaviour of electrospun TiO2 nanofibers was investigated

in situ using SRD data measured in the temperature range

25–900 �C. The electrospun TiO2 nanofibers were initially

amorphous but crystallized progressively into anatase and

rutile at elevated temperatures. In air, anatase was first

observed at 600 �C and rutile at 700 �C, but in argon both

appeared at 700 �C. The level of crystalline TiO2 (anatase

and rutile) increased monotonically with increase in tem-

perature, with some amorphous TiO2 still being observed at

900 �C. The rates of anatase-to-rutile transformation were

faster in argon than in air by virtue of oxygen vacancies in

the former. The non-linear strain in both polymorphs

reduced with temperature, with the strain of anatase in air

being elevated. The substantial elevation of rutile thermal

expansion pointed to strain anisotropy in the rutile phase

and the concomitant fibre breakage.
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Abstract This paper reports on titania absolute phase

level (amorphous, anatase, and rutile forms) changes in

electrospun amorphous titania nanofibers from 25 to

900 �C in air and argon atmospheres. A novel method

was developed to extract absolute levels of amorphous

titania and crystalline anatase and rutile from the syn-

chrotron radiation diffraction (SRD) data. This is a

sequel to a relative phase concentrations study that has

been reported previously by Albetran et al. (Appl Phys A

116:161 [2014]). Determination of absolute phase levels

facilitated estimation of the activation energies for the

amorphous-to-anatase transformation of 45(9) kJ/mol in

argon and 69(17) in air, and for the anatase-to-rutile

transformation energies of 97(7) kJ/mol for argon and

129(5) for air. An activation energy estimate for amor-

phous-to-crystalline titania in argon of 142(21) kJ/mol,

achieved using differential scanning calorimetry (DSC),

is consistent with the SRD results. The differences in

phase transition and activation energies when the titania

nanofibers are heated in argon is attributed to the pres-

ence of substantial oxygen vacancies in anatase. Esti-

mates of anatase and rutile oxygen site occupancies from

the SRD data show that anatase has discernible oxygen

vacancies in argon, which correspond to stoichiometric

TiO2-x with x\ 0.4 that the anatase stoichiometry in air

is TiO2. Rutile does not have significant oxygen vacan-

cies in either argon or air.

1 Introduction

Titanium dioxide (TiO2), titania, is a widely studiedmaterial

principally due to its high photoactivity, photo-durability,

mechanical robustness, low cost, and chemical and biolog-

ical inertness [1–8]. Titania properties are influenced by the

mix of the amorphous titania and the two common crystal

forms (anatase and rutile) in the material, due in part to

differences in the crystal structures for anatase and rutile [1].

Generally, anatase crystallizes from amorphous titania at

relatively low temperatures and subsequently transforms to

rutile at higher temperatures [9, 10].

The transformation behavior is influenced by various

conditions that include synthesis method, level of impuri-

ties, temperature, calcination time, grain size and atmo-

sphere type and condition [11–21]. The effects of argon,

vacuum, air, argon–chlorine mixture, hydrogen, steam and

nitrogen on the anatase-to-rutile phase transformation have

been reported [12, 22–25]. Atmosphere type and condition

may induce changes in the titania crystal structure site

occupancies and/or interstitial effects which may in prin-

ciple influence the diffraction data as measured in this

study.

A paper of particular significance for the present study is

the mini-review by Pan et al. [26], which describes the

formation of oxygen vacancies in titania in an inert envi-

ronment and the subsequent elimination of these vacancies

in the presence of oxygen. Thus, determining oxygen site

occupancies from titania diffraction data should indicate

the influence of oxygen vacancies on phase evolution.
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Nanostructured titania with elongated morphology

exhibits high surface area-to-volume ratios which has sig-

nificance in the use of titania as a catalyst in decomposing

organic pollutants because photocatalytic reactions take

place more readily on the surface of the catalyst [27].

Various techniques have been used to synthesize nanos-

tructured titania with different morphologies (e.g., nano-

wires, nanorods, nanotubes, and nanofibers). These include

solvothermal, sol–gel, evaporation, and chemical vapor

deposition [28–30].

A variety of techniques, such as self-assembly,

hydrothermal treatment, anodization, and electrospinning,

have been developed for fabricating one-dimensional nan-

otitania [31–33]. Among these methods, electrospinning is a

simple and cost-effective technique applicable at an indus-

trial level [34, 35]. In this process, a solution of polymer and

titania precursor is ejected through a needle in a high electric

field whereby composite nanofibers of polymer and amor-

phous titania are formed [34, 35]. To the best of our

knowledge, the effect of atmospheres on the in situ crystal-

lization of anatase and rutile in electrospun titania nanofibers

has not been previously reported other than in the prelimi-

nary paper published by the authors (Albetran et al. [1]).

The present study of the SRD data reported earlier

advances the preliminary results by (1) quantifying how the

absolute phase levels in electrospun nanofibers change with

temperature according to the controlling environment for

calcination (argon versus air), as the material is heated non-

isothermally; and also (2) determining the activation

energy levels for the transformations. A novel method has

been developed to extract the absolute levels of amorphous

titania and crystalline anatase and rutile from the SRD data.

Determination of SRD absolute phase levels has facilitated

estimation of the activation energies for the amorphous-to-

anatase phase transformations and for anatase-to-rutile, in

both argon and air atmospheres. The SRD results for

heating in argon have been explored further using DSC

data measured over the same temperature range as used for

the SRD data. Extracting oxygen site occupancy values

from the SRD data has been carried out to assess the extent

of non-stoichiometry effects in the titania nanofibers as

they are calcined in the two atmospheres considered in the

study, and lattice parameter data have also been examined.

Imaging by FESEM and TEM has been conducted to

support the SRD and DSC data interpretations.

2 Experimental procedures

2.1 Synthesis of electrospun titania nanofibers

Details of the electrospinning technique are given in the

preliminary study by the authors [1]. In summary, a sol–gel

solution was prepared by mixing titanium (IV) iso-

propoxide (as a titania precursor) and acetic acid, with

ethanol being used as a solvent and then dissolved with

PVP polymer. The titania sol–gel was stirred before being

loaded into a plastic syringe for production of the nanofi-

bers by electrospinning.

2.2 In situ synchrotron radiation diffraction (SRD)

calcination measurements and data analysis

A detailed account of the SRD data acquisition is given in

Albetran et al. [1]. In summary, measurements were con-

ducted at the Australian Synchrotron using the powder

diffraction beamline, with specimens being heated, in turn,

in argon and air atmospheres at atmospheric pressure. The

flow rate of argon was 10 ml/min, and the in-air mea-

surements were performed within ambient air. The SRD

data were collected over a 2h range of 5�–84� at a wave-

length of 0.1126 nm and with a fixed incident beam/sample

angle of 3�. The patterns were acquired at ambient tem-

perature and then in steps of 100 �C, from 200 to 900 �C,
at 10 �C/min, using a data collection time of 2 min per

pattern (Fig. 1a).

The absolute levels of amorphous titania and crystalline

anatase and rutile at each temperature were extracted from the

SRD data using (1) the relative phase levels of anatase and

rutile from Rietveld analysis (see Ref. [1]) and (2) the tem-

perature dependence of the SRD pattern background to obtain

the absolute levels of amorphous titania. In relation to (2), the

SRD background–temperature plots (see Fig. 3 of Results

section) were analyzed by assuming that the backgroundB(T)

at temperature T is given by a component BA (T) due to

amorphous scatter plus a second component BS attributed to

atomic X-ray scatter (Compton and Rayleigh). On this basis,

the weight percentage of amorphous titania (wtAm%) is:

wtAm% ¼ B Tð Þ � Bf

Bo � Bf

ð1Þ

where B(T) is the background intensity at temperature T, Bo

is the background intensity prior to the onset of the

amorphous-to-crystalline titania transformation, and Bf is

the projected background intensity when amorphous titania

has transformed completely to crystalline titania. The

background values were taken at 2h = 17�, with the

background levels for the SRD patterns at 600 �C for

argon-immersed titania and 500 �C for air-immersed tita-

nia being used as the initial background intensity Bo, cor-

responding to 100 % amorphous titania. The final value for

the background intensity Bf for the two atmospheres was

estimated by fitting the background versus temperature

data with the function:

B Tð Þ ¼ Bf þ ae�bT ð2Þ
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The final background intensity (Bf) estimates were 75

and 0 counts, and the amorphous transformation rates, b,

were 0.0047 and 0.0026 �C-1 for the argon and air results,

respectively.

The phase composition results from an initial Rietveld

analysis of the SRD data were reported in the preliminary

publication (Albetran et al. [1]) which provided the relative

concentrations of anatase and rutile. These were combined

with the amorphous titania concentrations from this study

to give absolute anatase and rutile concentrations according

to:

wtam%þ wtanatase%þ wtrutile% ¼ 100% ð3Þ

Rietveld analysis of the SRD data was also used to estimate

(1) the oxygen site occupancies for the anatase and rutile

crystalline phases and (2) the anatase and rutile lattice

parameters in order to assess conclusions regarding oxygen

vacancies which are drawn from the activation energy results.

The oxygen site occupancies and lattice parameters for anatase

and rutile in argonand air from700 to 900 �Cwere determined

using TOPAS program (Bruker AXS, version 4.2).

2.3 Thermal analysis experiments

Thermal analysis calcination measurements (TGA, DTA

and DSC) were made for the materials in argon, using a

TGA/DSC Mettler Toledo machine. The total argon flow

rate was 25 ml/min, with 20 ml/min protective argon gas

flowing through the machine and a background argon flow

rate of 5 ml/min. DSC measurements were made non-

isothermally from 25 to 900 �C using heating rates of 10,

15, 20 and 25 �C/min (Fig. 1b). Ca. 25 mg of sample was

held in a 150 ll alumina crucible for each heating rate. For

safety reasons, thermal analysis measurements could not be

conducted in air.

2.4 Crystallization activation energies

Activation energies were estimated for the amorphous-to-

anatase and anatase-to-rutile transformations using the SRD

phase analysis results, according to the procedure described

by Matusita et al. [36], the equation used being [37]:

ln � ln 1� wtð Þ½ � ¼ �1:052E=RT þ constant ð4Þ

where wt is the weight fraction of the transformed material,

R is the gas constant (8.3145 J/kmol), T is the temperature

(K), and E is the activation energy (kJ/mol). Thus, a plot of

ln[-ln(1 - wt)] versus 1/T is expected to be linear, and the

activation energy can be determined from the gradient of a

linear regression fit. The combined weight fraction for

anatase plus rutile at each temperature was used to calcu-

late the activation energy for amorphous-to-anatase trans-

formation on the basis that anatase crystallizes from

amorphous titania and transforms to rutile.

Activation energies were also calculated using a modi-

fied version of the Arrhenius equation:

lnwt ¼ �E=RT þ ln wto ð5Þ

where wt is the weight fraction of the transformed phase(s),

and wto is the initial weight fraction.

The non-isothermal DSC data collected at different

heating rates were used to determine the activation energies

for the amorphous–crystalline transformation according to

the modified Avrami equation [38]:

ln T2
p=a

� �
¼ E=RTp þ ln E=Rð Þ � ln v ð6Þ

where Tp represents the DSC peak temperature (K), a is the

heating rate (K/s), and v is a frequency factor. A plot of

lnðT2
p=aÞ versus 1/Tp should yield a straight line for data

measured at different heating rates, which allows for the

calculation of activation energy from the gradient.

Fig. 1 a SRD hearing protocol. Plateaus indicate the 2-min periods during which SRD data were acquired. b DSC heating protocols for different

heating rates
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2.5 Microstructural imaging

Initial SEM imaging results reported in the preliminary

publication (Albetran et al. [1]) were extended using TEM

and FESEM to provide higher magnification and resolu-

tion. TEM measurements were carried out at the University

of Western Australia using a JEPL 3000F instrument

operating at 300 kV and fitted with a Gatan 10 M pixel

charge-coupled device camera. After the in situ high-tem-

perature SRD measurements in argon at 900 �C, a TEM

sample was prepared for imaging at room temperature.

Sample preparation involved grinding a small piece of

nanofiber material (*5 mg) and then dispersing in ethanol.

Two drops of the suspension were mounted onto a TEM

copper grid and allowed to dry before imaging.

FESEM imaging was conducted at Curtin University

after the TGA/DSC experiments, using a field emission

scanning electron microscopy (ZEISS, NEON, 40EsB,

FESEM). The samples were coated with a 3 nm layer of

platinum prior to imaging to avoid charging.

3 Results and discussion

3.1 Phase evolution results from the SRD and DSC

experiments

Figure 2 shows the stacked SRD plots measured in both

argon and air over the temperature range 25–900 �C, not-
ing that the peaks at *27.7� and 35.6� are due to the Pt

heating holder, see preliminary paper by Albetran et al. [1].

Expanded views of the plots over the 2h range 15.5�–21�,
which were used to determine the absolute levels of

amorphous titania, are shown in Fig. 3. Figure 4 shows the

variation in absolute phase concentrations with temperature

for the argon and air atmospheres. To interpret the SRD

phase evolution results, it is useful to also consider the

anatase and rutile oxygen site occupancies reported in

Table 1, and the phase transformation activation energies

reported in Table 2. The following comments are made on

the SRD phase kinetics results.

The phase composition results are consistent with there

being a sequential transformation of amorphous phase to

anatase and then anatase to rutile. The titania nanofibers are

initially amorphous in both argon and air, as shown by the

pronounced amorphous humps in the SRD patterns from 25

to 300 �C. By 400 �C, the amorphous humps have disap-

peared due to the loss of solvent and PVP polymer which is

consistent with the TGA results in Fig. 5a.

Heating the fibers in air leads to initial crystallization of

anatase from the amorphous titania matrix at a lower tem-

perature in air (500–600 �C) than in argon (600–700 �C),
and the higher concentration of anatase relative to rutile in

the range 600–700 �C is more pronounced in air. This

observation points to the influence that oxygen from air has

in accelerating the transformation of amorphous titania to

anatase. The higher concentration of anatase in air continues

up to 900 �C. The site occupancies in Table 1 are consistent

with (1) anatase being oxygen-deficient when forming in

argon, but not when forming in air; (2) the oxygen deficiency

being maintained over the observed temperature range, up to

900 �C in argon; (3) rutile being oxygen deficient in argon

only below 800 �C, and not at all in air. The anatase stoi-

chiometry in argon corresponds to TiO2-x, with x\ 0.4. It is

evident fromPan et al. [26] and from the results reported here

that the stoichiometry of amorphous titania in argon is

TiO2-x due to the formation of oxygen vacancies, but not

when heated in air.

Fig. 2 Stacked SRD plots for electrospun titania nanofiber material when heated in argon and in air, from 25 to 900 �C (A anatase, R rutile,

Pt platinum). Plots taken from Albetran et al. [1]
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The influence of atmosphere on the anatase-to-rutile

transformation contrasts with that for amorphous-to-ana-

tase in that growth in the concentration of rutile in air is

retarded relative to that in argon. The evidence for the

formation of oxygen vacancies in anatase under argon was

obtained from the oxygen site occupancies from Rietveld

analysis (Table 1). This observation is consistent with the

work of Morgan and Watson [39], in which oxygen

vacancy formation was found to be more favorable in

anatase than in rutile in an oxygen-deficient atmosphere. In

air, the excess of oxygen results in transformation from

anatase-to-rutile with the TiO2 having fully occupied

oxygen sites. Thus, the oxygen site occupancy data in

Table 1 suggest that the anatase-to-rutile transformation in

argon and air involve:

Anatase TiO2�xð Þ �!Argon
Rutile TiO2ð Þ

Anatase TiO2ð Þ�!Air Rutile TiO2ð Þ

The presence of oxygen vacancies in anatase makes the

anatase-to-rutile transformation in argon more efficient

than in air because the transformation is reconstructive

rather than displacive, thus involving the breaking of

anatase Ti–O bonds followed by reforming of bonds in

rutile. It is plausible from Hanaor and Sorrell [40] that a

reductive atmosphere relative to air would increase the

oxygen vacancy concentration in the anatase structure at

elevated temperature, which is expected to enhance the

anatase-to-rutile transformation.

An attempt was made to use the temperature dependence

of the lattice parameters to obtain further evidence for the

presence of oxygen vacancies. However, it was found that

the low accuracy of the lattice parameters (ca.

0.02–0.05 %) would have obscured any evidence of

vacancy-induced lattice changes.

Also noted from Fig. 4 is that by 900 �C, the fibers are

predominantly crystalline, with the amorphous levels in

argon and air being 28 % in argon and 40 % in air. The

crystalline character of the fibers is shown clearly in the

FESEM micrographs in Fig. 8a.

Fig. 3 Portions of SRD plots showing near-background data when nanofiber material was heated in argon and in air

Table 1 Oxygen site occupancies for anatase and rutile, from Riet-

veld analysis of SRD data

Temperature (�C) Anatase Rutile

Argon Air Argon Air

700 0.9 1.0 0.8 (Rutile not detected)

800 0.8 1.0 1.1 1.1

900 0.8 0.9 1.1 1.1

The uncertainty for each value of site occupancy was estimated to

be ±0.1

Fig. 4 Phase abundances of amorphous titania, anatase and rutile

from the SRD data in argon and in air for the range 500–900 �C.
Results for air are taken from Albetran et al. [1]
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The thermal analysis results are consistent with those

from the SRD calcination experiments. Figure 5a shows

the TGA weight loss data for heating in argon. The TGA

curves have three distinct stages. From room temperature

to*150 �C, a*12 % weight loss occurs due to the loss of

acetic acid and ethanol. The second weight loss, *40 %,

which occurs from *150 to 450 �C, is attributed to PVP

decomposition. The DTA results in Fig. 5b show the

maximum decomposition temperature (Tmax) for solvent

loss at *100 and 450 �C for the PVP polymer loss, with

the peak temperatures being 424, 433, 440, and 442 �C for

10, 15, 20, and 25 �C/min, respectively. The trend in peak

temperature indicates that the thermal decomposition of

PVP is endothermic. The peak temperature obtained from

the DSC plots is the temperature at which the maximum

decomposition rate is highest, and depends on the heating

rate.

The weight loss of *5 % between 500 and 900 �C
which is attributed to the loss of oxygen from the amor-

phous titania to the argon atmosphere while anatase

(TiO2-x) is forming. The decrease in weight loss is con-

sistent with the loss of oxygen from amorphous titania

increasing with heating rate, which is also indicated by the

oxygen site occupancy data in Table 1.

Figure 6a shows the DSC plots for electrospun titania

nanofibers in argon at different heating rates. The DSC

peak at *700 �C is attributed to titania crystallization.

From the argon SRD plots (Fig. 3), anatase and rutile

crystalline phases existed simultaneously at 700 �C. Thus,
the anatase and rutile crystalline phases have overlapping

DSC peaks at *700 �C, which shift slightly to a higher

temperature with an increase in heating rate from 10 to

25 �C/min.

3.2 Phase transformation activation energies

The activation energy plot for the argon DSC data in

Fig. 6b provided an activation energy of 142(21) kJ/mol

corresponding to the transformations amorphous-to-anatase

and anatase-to-rutile, noting that the DSC plots do not

resolve the apparently separate crystallization events for

the formation of anatase and rutile.

The linear regressions used to obtain activation energies

from the argon and air SRD data are shown in Fig. 7,

Table 2 The average activation

energies (kJ/mol) for non-

isothermal SRD data analysis in

argon and air using the

Arrhenius, and Matusita et al.

equations (Fig. 7), and non-

isothermal argon DSC

Titania format Atmosphere Measurements References Amorphous-to-anatase Anatase-to-rutile

Nanofiber Argon SRD This study 45(9) 97(7)

Nanofiber Argon DSC This study 142(21)a

Nanofiber Air SRD This study 69(17) 129(5)

Nanotubes Oxygen DSC [25] 264

Powder Air DSC [41] 213

Membranes Air DSC [42, 43] 213, 147

Standard deviations in parentheses
a The combined activation energy for amorphous-to-anatase and anatase-to-rutile

Fig. 5 a Thermogravimetric analysis (TGA), and b differential thermal analysis (DTA) results for nanofiber material heated in argon
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noting that the assumed sequential titania transformations

are amorphous-to-anatase and then anatase-to-rutile.

Table 2 shows the estimated activation energies for the

titania transformations in argon and air, and compares these

with literature values for different titania forms and

atmosphere. The average estimated activation energies in

argon from this study are marginally lower than in air: the

average estimated activation energies for the amorphous-

to-anatase transformation being 45(9) kJ/mol in argon and

69(17) kJ/mol in air; and the mean value for the anatase-to-

rutile transformation being 97(7) kJ/mol in argon and

129(5) kJ/mol in air. These small differences are consistent

with the phase composition results and the oxygen site

occupancies.

The activation energy plot for the argon DSC data is close

to the sum of the SRD activation energies for the amor-

phous-to-anatase and anatase-to-rutile transformations. The

amorphous-to-anatase transformation is evident from the

titania crystallization DSC peaks, whereas the anatase-to-

rutile transformation is visible from the distinct narrowing,

sharpening, and increase in heat flow with increasing heating

rates. The effect of heating rate on anatase-to-rutile trans-

formations is visible from the overlapping (anatase and

rutile) peaks, which increases with increasing heating rate

[14]. The argon flow rate in the DSC process was 25 ml/

min, whereas the argon flow rate for the SRD experiment

was 10 ml/min, which is another factor that affects the phase

transformation and activation energy.

Fig. 6 a DSC thermoanalytical technique for the material heated in argon at different heating rates, and b modified Avrami plot lnðT2
p=aÞ versus

1000/Tp

Fig. 7 SRD data plots of ln [-ln (1 - wt)] versus 1000/T according to Matusita et al., and ln (wt) versus 1000/T using the Arrhenius equation

for material heated in argon and air
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Comparison of the SRD anatase-to-rutile activation

energies for the electrospun titania nanofibers reported here

are lower than the values of activation energy reported in

literature such as 264 kJ/mol for nanotubes [25],

213 kJ/mol for powder [41], and 213 and 147 kJ/mol for

membranes [42, 43]. The difference in activation energy is

attributed to various conditions that include the particle

size, impurities level, calcination method (isothermal and

non-isothermal), equation used, and atmosphere type and

condition [12, 13, 17, 18, 42].

3.3 Microstructure imaging

In addition to the electronmicroscopy results discussed here,

it is noted that the color of the titania nanofibers changed

fromwhite to gray after calcining in argon (optical image not

shown here). This color change is attributed to oxygen loss

from the titania to form oxygen vacancies [19, 23].

Table 3 shows the fiber diameter sizes from the pre-

liminary study and from this investigation. The total

number of fiber measurements was 40 for each entry in the

table. The sol–gel and electrospinning parameters, includ-

ing titanium isopropoxide (TiP) concentration, flow rate,

needle tip-to-collector distance, and applied voltage affect

the diameter and variation in titania nanofiber size [44].

Figure 8a shows the secondary electron FESEM images

recorded after heating at 25 �C/min from 25 to 900 �C in

argon for the TGA/DSC measurements. The nanofibers

have developed highly uneven surfaces, which are clearly

due to the formation of anatase and rutile grains. The

average FESEM nanofiber diameter and size range was

found to be 381 ± 150 nm, and the average grain size is

85 ± 18 nm.

Figure 8b shows typical TEM photographs of the

nanofibers after cooling to room temperature from 900 �C
in argon following the SRD analysis with a heating rate of

10 �C/min. The surface of the fibers imaged by TEM

appears to be smoother at low resolution than those from

FESEM, but clear evidence for the development of gran-

ularity is seen in the higher-resolution images. The average

diameter fibers and size range from the TEM images was

185 ± 92 nm, and the average grain size is 32 ± 24 nm

which are not significantly less than the values from

FESEM imaging. The variation in grain size from FESEM

and TEM provides additional evidence of the effect of

heating rate on the formation of titania crystals. The

crystallite size increases with increasing heat rate [14],

which indicates that the higher heating rate from FESEM

compared with TEM can promote grain growth in crys-

talline titania.

Table 3 Fiber diameters (nm)

from electron microscopy after

calcining to 900 �C and then

cooling to room temperature

EM imaging method Reference Argon Air

SEM Albetran et al. [1] 328 – 113 358 – 195

FESEM This study 381 – 150 Not measured

TEM This study 185 – 92 Not measured

The ± symbol refers to the size range for the size assessment. The number of measurements for each entry

was 40

Fig. 8 a FESEM image following the TGA/DSC experiment in argon, and b TEM images following the SRD experiment in argon
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4 Conclusions

The following principal conclusions were drawn from the

study:

• The results point to the effect of the surrounding

atmospheric environment in influencing the phase

kinetics. Heating in argon causes some loss of oxygen

from the initially amorphous fibers, resulting in a fiber

non-stoichiometry TiO2-x (x\ 0.4) on crystallizing

from the amorphous matrix in argon. The stoichiometry

TiO2 is found for anatase in air and for rutile in both

argon and air.

• The phase analysis results show that the concentration

of anatase in air exceeds that observed in argon,

whereas the concentration of rutile in air is substantially

less that seen in argon. These differences are attributed

to a faster anatase-to-rutile transformation when the

samples are heated in argon compared with air due to

oxygen vacancies. The phase analysis results also show

that the fibers become mainly crystalline after heating

to 900 �C in either argon or air, and this finding is

supported by FESEM and TEM imaging.

• The estimated activation energy data are consistent

with the phase composition and site occupancy data.

The formation of oxygen vacancies in the anatase

structure is thought to promote the anatase-to-rutile

transformation in argon.
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Abstract The influence of V ion implantation on the

thermal response of electrospun amorphous TiO2 nanofibers

was studiedwith reference to structural phase transformation

behavior, using in situ synchrotron radiation diffraction

(SRD) measurements from room temperature to 1000 �C.
Analysis of the SRD data provided activation energies for

amorphous-to-crystalline TiO2 (anatase and rutile) and

anatase-to-rutile transformations, and also assessments of

the influence of V ion implantation on microstructure de-

velopment during calcination using estimates of crystallite

size and microstrain. Non-implanted nanofibers were ini-

tially amorphous, with crystalline anatase first appearing at

600 �C, followed by rutile at 700 �C. The corresponding

activation energies were 69(17) kJ/mol for the amorphous-

to-crystalline TiO2 transformation and 129(5) kJ/mol for the

anatase-to-rutile transformation. V ion implantation resulted

in a lowering of the temperature at which each crystalline

phase first appeared, with both phases being initially ob-

served at 500 �C and with the anatase-to-rutile transforma-

tion being accelerated relative to the non-implanted sample.

The effect of V ion implantation is seen through the sub-

stantial reduction in activation energies, which are

25(3) kJ/mol for amorphous-to-crystalline TiO2 and

16(3) kJ/mol for anatase-to-rutile transformations.

1 Introduction

The photocatalytic activity of titania (TiO2) has become

well known over the last three decades, and numerous in-

vestigations have been conducted to improve the efficiency

of photocatalysis [1, 2]. TiO2 is an excellent photocatalyst

and a competitive candidate for many photocatalytic ap-

plications. These applications depend on the morphology,

particle size, crystallinity and phase composition of the

photocatalyst [1]. The main attractions of using TiO2 as a

photocatalyst are its high photoactivity, photodurability,

non-toxicity, high oxidizing power, high chemical stability,

mechanical robustness and relatively low cost [3–5].

TiO2 has three polymorphs, namely anatase, rutile and

brookite [6–8]. The anatase polymorph generally has

higher photoactivity than the other polymorphs, but mix-

tures of anatase and rutile have been generally reported to

exhibit superior photoactivity than either anatase or rutile

alone [9–11]. However, Chuangchote et al. [12] claimed

that TiO2 nanofiber photocatalysts reported lower activity

when both rutile and anatase phases were present.

TiO2 is an n-type semiconductor with a 3.0–3.2 eV band

gap (Eg) [13–15]. It is activated by UV irradiation, about

4 % of natural solar light, which is one of the major factors

limiting the efficiency of the TiO2 photocatalysis [2, 16].

Considerable effort has been taken over the last two dec-

ades to develop modified TiO2 that becomes active under

visible light irradiation [2, 17–20]. Both metal doping and

non-metal doping of TiO2 are cost-effective methods for

narrowing its band gap. Visible light photoactivity of

metal- and non-metal-doped TiO2 can be achieved by

& I. M. Low

j.low@curtin.edu.au

1 Department of Imaging and Applied Physics, Curtin

University, Perth, WA 6845, Australia

2 Department of Basic Sciences, College of Education,

University of Dammam, P. O. Box 2375, Dammam 31451,

Saudi Arabia

3 John de Laeter Centre, Curtin University,

GPO Box U1987, Perth, WA 6845, Australia

4 Department of Physics, University of Oviedo, Calvo Sotelo

s/n, 33007 Oviedo, Spain

123

Appl. Phys. A (2015) 120:623–634

DOI 10.1007/s00339-015-9227-8

99



creating a new energy level between the conduction band

and the valence band [16].

Various methodologies have been proposed for doping

titanium dioxide, including ion-assisted sputtering, hy-

drothermal, sol–gel and ion implantation [2, 21]. Metal ion

implantation using an accelerated metal ion beam has been

applied to modify the electronic structure of the TiO2

semiconductor [19–23]. Depending on the type and amount

of metal used, metallic ion implantation can improve the

electronic properties of TiO2 photocatalysts by extending

the absorption range up to the visible light region [19–23].

The presence of foreign ions can affect on the kinetics of

the anatase-to-rutile transformation at elevated tem-

peratures, which is considered in this study. In general, ions

that increase the oxygen vacancy concentration will en-

hance the phase transition. By contrast, ions that increase

the concentration of interstitial titanium will tend to inhibit

the transformation [1, 7].

Nanostructured TiO2 with various morphologies (e.g.,

nanopowders [9], nanoparticles [24], nanosquares [2],

nanowires [25], thin films [20, 26], nanorods [25],

nanosheets [15], nanotubes [19, 25, 27] and nanofibers [12,

28–30]) can provide a large specific surface area for in-

creasing the photodegradation rate since photocatalytic

reactions mainly take place on the surface of the TiO2

photocatalyst [15, 26, 28]. Various techniques such as an-

odization, evaporation, self-assembly and electrospinning

have been used to synthesize nanostructured TiO2 [29].

Among these techniques, TiO2-based nanofibers fabricated

by electrospinning are of much interest as it is a simple,

straightforward and cost-effective technique that can be

used at the industrial level. This technique employs a sol–

gel solution of the polymer and a solvent, and the amor-

phous TiO2 precursor is ejected through a needle under a

strong electric field [12]. Using the sol–gel method, highly

photocatalytic electrospun TiO2 nanofibers doped with V

have been synthesized by Zhang et al. [31]. However, the

use of ion implantation to dope electrospun TiO2 nanofi-

bers with V ions has yet to be attempted.

For this study, TiO2 nanofibers were prepared from ti-

tanium isopropoxide (TIP) sol–gel precursors, synthesized

using electrospinning, and then doped with V ions using

ion implantation. The effects of V ion implantation on

crystallization kinetics, phase transformations and activa-

tion energies of electrospun TiO2 nanofibers were investi-

gated using in situ high-temperature synchrotron radiation

diffraction (SRD) over the temperature range of

25–1000 �C. The electrospun TiO2 nanofibers were char-

acterized by means of scanning electron microscopy

(SEM), energy dispersive X-ray spectroscopy (EDS), high-

resolution transmission electron microscopy (HR-TEM)

and X-ray photoelectron spectroscopy (XPS). This paper

reports the first attempt at preparing V ion-implanted

electrospun TiO2 nanofibers and focuses on the TiO2 phase

transformation and crystallization kinetics.

2 Experimental procedures

2.1 Fabrication of electrospun TiO2 nanofibers

A TiO2 solution was prepared from TIP (MW = 284.22

g/mol, 97 % purity) precursors by mixing 6 ml of TIP with

8 ml of a mixed solvent comprising acetic acid (33.3 wt%)

and ethanol (66.6 wt%). Then, 1.8 g of polyvinyl pyrroli-

done (PVP, MW = 1,300,000 g/mol, 100 %) was dis-

solved, followed by continuous stirring for 60 min at

40 �C. The TiO2 solution was then ultrasonically stirred for

5 min to achieve complete dissolution and mixing.

The TiO2 solution was loaded into a 10 ml plastic sy-

ringe with a stainless steel needle of 0.514 mm diameter.

The distance between the tip of the syringe needle and the

collector was fixed at 12 cm, and the flow rate of the TiO2

solution was 2 ml/h. A voltage of 25 kV was applied be-

tween the needle and aluminum collector, which was

covered by an aluminum foil to collect the prepared fibers.

2.2 Ion implantation

The synthesized TiO2 nanofiber material was cut into

14 mm 9 14 mm squares, which were then implanted with

V ions using the MEVVA ion implanter at the Australian

Nuclear Science and Technology Organisation (ANSTO).

During implantation, the samples were doped by exposing

a flux of V ions directed perpendicular to the sample sur-

face. The average implantation energy of V ions produced

was 25 keV, and the penetration depth of V peak in the

TiO2 fibers was close to the stopping and range of ions in

matter (SRIM) prediction of 70 nm based on these im-

plantation parameters. The near-surface composition depth

profiling of V ion-implanted TiO2 nanofibers was measured

by RBS using He?1 ions at 2 MeV, and the implanted dose

was *4 9 1015 ions/cm2.

2.3 Characterization of the materials

2.3.1 Scanning electron microscopy (SEM)

The morphology of TiO2 nanofibers was examined using

SEM (EVO, 40XVP). The samples were coated with

platinum to avoid charging, and images were taken using

secondary electrons. EDS at an acceleration voltage of

10 kV was used to qualitatively analyze the elemental

compositions.
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2.3.2 High-resolution transmission electron microscopy

(HR-TEM)

A small piece of implanted nanofiber material was ground

and suspended with ethanol. Two drops of suspension were

mounted onto carbon-coated copper grids for TEM imag-

ing. HR-TEM was carried out with a JEOL 3000F TEM

operating at 300 kV and fitted with a Gatan Orius 10-MP

CCD camera.

2.3.3 X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using a Phoibos 100 MCD5

system (SPECS Nanotechnology, Delft, the Netherlands).

The X-ray source was MgKa (1253.6 eV) radiation oper-

ating at 200 W. The operating pressure of the spectrometer

was 1 9 10-9 mbar, and the analyzed area was *500 lm
in diameter. XPS measurements were carried out in two

stages. First, a survey spectrum was measured from 1200 to

0 eV using an energy pass of 90 eV and an energy step of

1 eV to obtain a global measurement. Then, high-resolu-

tion spectra were acquired with an energy pass of 30 eV

and an energy step of 0.1 eV for more detailed analysis.

2.4 In situ high-temperature synchrotron radiation

diffraction (SRD)

2.4.1 SRD data acquisition and Rietveld analysis

The in situ crystallization behavior of non-implanted and V

ion-implanted nanofibers was evaluated using the powder

diffraction beamline at the Australian Synchrotron using

non-isothermal SRD. The specimens were mounted and

heated in air using an Anton Parr HTK 16 hot platinum

stage. The SRD data were acquired at a grazing incidence

angle of 3� and with a wavelength of 0.1126 nm and

recorded using a Mythen II microstrip X-ray detector.

The SRD patterns were initially acquired at ambient

temperature and then in steps of 100 from 200 to 900, or

1000 �C, with a ramping rate of 10 �C/min and data ac-

quisition time of 2 min per SRD pattern. Each pattern was

measured over the angular range between 5� B 2h B 84�.
The SRD patterns were analyzed by Rietveld pattern-

fitting using the Rietica program (version 2.1), with the

goodness of fit being gauged by the values of the weighted

pattern R-factor (Rwp), the expected R-factor (Rexp) and the

derived Bragg R-factors (RB) [32]. To compute the relative

crystalline phase abundances for anatase and rutile, and

also the lattice parameters at each temperature, the pa-

rameters optimized in the Rietveld refinements were the

pattern background, 2h-zero, and, for each phase, the scale

factor, lattice parameters and peak shape parameters. The

Rietveld refinements were conducted with the crystal

structures of anatase (ICSD 202242) and rutile (ICSD

64987). The TiO2 Rietveld phase abundance ratios were

determined and then independently by line ratio analysis

according to the Spurr and Myers equations [33], which

provided very similar results [34].

2.4.2 Analysis of absolute phase compositions

Rietveld analysis provided only the relative levels of ana-

tase and rutile. In order to determine absolute levels for the

amorphous and crystalline components, a novel technique

was developed using the temperature dependence of the

SRD pattern background levels. The background-tem-

perature plots were analyzed by assuming that the back-

ground B(T) at temperature T is given by a component

BA(T) due to amorphous scatter and a secondary compo-

nent BS attributed to atomic X-ray scatter (Compton and

Rayleigh). On this basis, the weight percentage of amor-

phous TiO2 (wtAm%) was calculated using:

wtAm% ¼ B Tð Þ � Bf

Bo � Bf

ð1Þ

where B(T) is the background intensity at temperature T, Bo

is the background intensity prior to the onset of the

amorphous-to-crystalline TiO2 transformation and Bf is the

estimated background intensity when amorphous TiO2 has

been completely transformed into crystalline TiO2. Further

details are given in Sect. 3.

2.4.3 Estimation of activation energies

The SRD results were used to examine the crystallization

kinetics of TiO2 with the equation of Matusita et al. [35]

for non-isothermal heating conditions:

ln �ln 1� xð Þ½ � ¼ �n lna� 1:052mE=RT þ constant ð2Þ

where x is the volume fraction of transformed material; n is

a numerical factor depending on the nucleation process,

where n = m ? 1, with m = 1, 2, 3 being the number of

dimensional growth; a is the constant heating rate; R is the

ideal gas constant = 8.3145 J/Kmol; T is the temperature

in Kelvin; and E is the activation energy in kJ/mol.

To obtain the activation energies of amorphous-to-

crystalline TiO2 (anatase and rutile) transformation or

anatase-to-rutile transformation at a heating rate of 10 �C/
min, the weight percentages (wt) of crystalline TiO2 or

rutile were used rather than the volume fractions because

anatase and rutile have almost the same density, and m = 1

for one dimensional nanofibers [35].

Equation 2 is written as:

ln �ln 1� wtð Þ½ � ¼ �1:052 E=RT þ constant ð3Þ
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A plot of ln [–ln (1–wt)] for crystalline TiO2 (total of

anatase and rutile) or rutile against 1/T is expected to be

linear, and the activation energy for each transformation

can be estimated from the gradient. The activation energies

were also calculated using a modified version of the Ar-

rhenius equation:

lnwt ¼ �E=RT þ ln wto ð4Þ

where wt is the weight percentage of the transformed

phase(s) (crystalline TiO2 or rutile) and wto is the initial

weight percentage.

2.5 Estimation of crystallite size and strain

The average crystallite size (L) and the rms microstrain (e)
for each phase at each temperature were estimated using

Williamson–Hall (W–H) plots [36]:

b cosh ¼ k=Lþ 4e sinh ð5Þ

where k is the X-ray wavelength, h is the Bragg angle and

b is the integral breath of each peak. Care was taken to

confine the peaks used in the analysis to well-defined peaks

with minimal peak overlap. The five peaks used for the

rutile plots were 110 (2h = 19.91�), 011 (26.07�), 111

(29.74�), 120 (31.72�) and 220 (40.44�). Only two peaks

could be used for the anatase plots: 011 (18.41�) and 020

(34.52�). The integral widths were determined using the

program X’Pert HighScore Plus (version 3.0).

The integral widths were large (in the D2h range 0.18�–
0.43� for rutile and 0.26�–1.08� for anatase) compared with

the broadening due to the instrument. Instrument broad-

ening corrections were applied according to the optics of

the SRD instrument. According to Eq. 6, a near-parallel

beam is incident on the sample and then diffracted by the

sample [37, 38]:

FWHM �ð Þ ¼ u2
V

2tanh
tanhm

� 1

� �2

þd2
" #1=2

ð6Þ

where uV is a vertical divergence of the incident

beam = 0.02�, h is the Bragg angle for the SRD line, hm is

the Bragg angle for the Si (111) double-crystal

monochromator = 10.3435� and d is the divergence angle

for the diffracted beam, which is calculated using:

d ¼
d2S þ d2IP
� �1=2

R
ð7Þ

where dS is width of the incident beam at the specimen, in

the direction of the incident beam = 0.2 mm, dIP is the

spatial resolution of the imaging plate = 0.053 mm and

angular resolution = 0.004� for the MYTHEN detector

and R is the radius of the instrument, or the specimen-to-

detector distance = 760 mm. On this basis, the instrument

width was 0.020� for the data used for W–H plots.

3 Results and discussion

3.1 Microstructures of electrospun TiO2 nanofibers

A typical SEM image of the as-prepared TiO2/PVP nano-

fibers before thermal treatment is shown in Fig. 1a. The

diameters of the electrospun nanofibers from the SEM

images were measured by ImageJ� software (version

1.48e) developed by the National Institutes of Health

(NIH), USA. The randomly oriented TiO2/PVP composite

nanofibers had smooth surfaces. The corresponding mean

diameter and standard deviation for 40 nanofibers were

665 ± 330 nm.

After the in situ high-temperature SRD measurements at

900 �C for non-implanted material and at 1000 �C for the

V-implanted material, the morphologies of the nanofibers

were re-examined after cooling to room temperature, using

the same SEM conditions. Figure 1b, c shows the SEM

images of non-implanted and V-implanted materials, re-

spectively. The mean diameters and standard deviation for

40 nanofibers after thermal treatment were much smaller,

being 351 ± 145 nm for non-implanted and

358 ± 155 nm for V-implanted nanofibers. It should be

noted that the mean diameters of non-implanted and

V-implanted nanofibers are about the same within the error

or scatter of the standard deviation. The average diameters

of thermally treated nanofibers were much smaller than

those observed for the as-prepared TiO2/PVP nanofibers,

representing diametric shrinkage of *47 % in non-im-

planted nanofibers and*46 % in the implanted nanofibers.

The shrinkage is attributed to the evaporation of the sol-

vents and loss of the PVP polymer and TIP during thermal

treatment.

Qualitative and quantitative EDS analyses were carried

out using Oxford Instruments INCA (version 5.05) soft-

ware. EDS was collected from a small point. Figure 2a

gives an EDS spectrum for the as-prepared TiO2/PVP

material, showing strong signatures for Ti, O and C, with

the C content being due to the PVP binder. The quantitative

EDS analysis is approximated for electrospun nanofibers

because the EDS has a large interaction volume, which can

be greater than the fiber diameter size. The quantitative

EDS analysis for as-prepared TiO2/PVP indicated 42.48 C

k, 38.38 O k and 19.13 % Ti k. Figure 2b shows an EDS

spectrum for V-implanted nanofibers after cooling from

1000 �C, which was essentially the same for non-implanted

electrospun TiO2 nanofibers after cooling from 900 �C.
The absence of the C peak in Fig. 2b indicates the com-

plete loss of organic material. The quantitative EDS
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analysis of V ion-implanted nanofiber indicated 66.18 O

Ka and 33.82 % Ti Ka, thus confirming the presence of

TiO2 in the material. The V Kb signature (5.43 keV) was

not detected for the ion-implanted material due to the low

V concentration, noting also that Ti Kb peak (4.93 keV)

and V Ka peak (4.95 keV) have overlapping EDS peaks.

3.2 HR-TEM imaging of calcined TiO2 nanofibers

Figure 3a shows a typical TEM image of V-implanted

material after thermal treatment at 1000 �C. The diameters

of nanofibers are in agreement with the values obtained

from SEM analysis (Fig. 1b). The presence of V ions is not

obvious from the image because the atomic numbers for
22Ti and 23V are very similar. Figure 3b and c shows

polycrystalline rutile composed of randomly oriented

crystallites.

3.3 X-ray photoelectron spectroscopy

Figure 4 illustrates the XPS spectra of the non-implanted

and V-implanted material at room temperature after the

in situ SRD measurements. O, Ti, N and C features are

observed, according to the photoelectron peaks at binding

energies of 532, 461, 399 and 284 eV, respectively. The

peak located at 284 eV corresponds to residual carbon

from the adventitious hydrocarbon coming from the XPS

instrument, and the N1s peak is attributed to impurities in

the XPS equipment. The appearance of Ti and O for the

non-implanted material (Fig. 4a) is that expected for TiO2.

There are two spin orbital components for Ti, where Ti2p1/2
is located at 461 and Ti2p3/2 at 455 eV. The splitting be-

tween them is *6 eV, indicating the presence of Ti4? ions

in the non-implanted TiO2 [3]. The XPS plot for the im-

planted material in Fig. 4b clearly shows the O1s feature, as

in the corresponding peak for the non-implanted sample.

However, the twin Ti2p peaks are barely seen for the im-

planted material, which is attributed to a substantial re-

duction in Ti4? concentration through V ion implantation.

The Ti2p spectrum in Fig. 4c, collected over a longer pe-

riod, shows that there remain some Ti4? ions in the im-

planted material but much less than the concentration seen

in the non-implanted material. Figure 4d shows the XPS

spectrum in the vicinity of the V2p position for the V-im-

planted material. It is further evident from Fig. 4c and d

that V ion implantation has substantially diminished the

Ti4? concentration. In addition, it is seen from Fig. 4d that

the V concentration is insufficient to unambiguously ob-

serve a V2p peak.

XPS quantitative analysis, which is usually performed in

the low-resolution mode, cannot provide evidence of the

presence of V in the ion-implanted sample because XPS

peaks that originate from elements with low concentration

are not clearly visible. V was detected using high-resolu-

tion XPS, but this technique is applied mainly for

qualitative analysis rather than for quantitative analysis.

The V2p line spectrum of V appears at *513 eV. If we

assume that the inelastic mean free path (IMFP) of scat-

tered electrons for V is *1.25 nm, then a mean depth of

analysis of approximately 3.75 nm is obtained.

Fig. 1 SEM micrographs of a electrospun TiO2 nanofibers prior to

heating; b after thermal treatment at 900 �C and cooling to room

temperature; c after V ion implantation and thermal treatment at

1000 �C and cooling to room temperature
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The RBS results in Fig. 5 show the elemental concen-

tration versus depth for the V-implanted TiO2 fibers. A

maximum V concentration of 4 at.% has been implanted in

TiO2 fibers down to a depth of about 400 monolayers or

70 nm from SRIM prediction.

3.4 Effect of ion implantation on phase transitions

Figure 6 illustrates stacked SRD plots for the non-im-

planted and V-implanted materials over the temperature

range of 25–900 �C. The Pt peaks in the SRD patterns

Fig. 2 EDS spectra of

a electrospun TiO2 nanofibers

prior to heating; b after V ion

implantation and cooling to

room temperature from 1000 �C
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come from the platinum holder. The SRD patterns for both

the non-implanted and implanted samples exhibit promi-

nent ‘‘amorphous’’ humps for the range between 25 and

300 �C, which disappear at 400 �C. This behavior is at-

tributed to amorphous PVP and other organic substances

evaporating completely by 400 �C, which was very similar

to the interpretation of TGA spectra for TIP/PVP

nanofibers from room temperature to 400 �C by Park and

his coworkers [29, 30]. The SRD patterns for both non-

implanted and V ion-implanted materials indicate the

presence of anatase and rutile crystalline phases at elevated

temperatures, which are TiO2 phases and contain Ti and O

elements. This confirms the signatures for Ti and O ele-

ments in the EDS and XPS results.

The TiO2 was initially amorphous but then partly crys-

tallized to form anatase and rutile at elevated temperatures.

Fig. 3 TEM images of V ions implanted electrospun TiO2 nanofibers

after the high-temperature SRD experiment, followed by cooling to

room temperature from 1000 �C a low-resolution image, b, c lattice-
resolved HR-TEM images which show the existence of polycrys-

talline rutile material, with the d-spacing between adjacent (110) with

lattice planes being *0.327 nm

Fig. 4 XPS spectra of a non-implanted electrospun TiO2 nanofibers

after thermal treatment at 900 �C, b V ion-implanted material after

thermal treatment at 1000 �C, and high-resolution spectra for the

implanted material showing the spectra for c Ti2p and d V2p
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In the non-implanted material (Fig. 6a), anatase and rutile

were first observed at 600 and 700 �C, respectively;

whereas in V-implanted material (Fig. 6b), anatase and

rutile were first observed at 500 �C, which is 100 �C lower

for anatase and 200 �C lower for rutile than observed in the

non-implanted material. These results are consistent with

previously reported observations of non-implanted and Cr

ion-implanted anodized TiO2 nanotubes whereby Cr ion

implantation lowered the crystallization temperature of

anatase from 600 to 400 �C and rutile from 600 to 500 �C
[14]. The observations are consistent with V ions entering

the TiO2 crystal structure [39], through the implanted ions

occupying the Ti sub-lattice substitutionally, rather than

interstitial positions. The presence of interstitial ions in-

hibits the anatase-to-rutile transformation; however, sub-

stitutional ions may inhibit or accelerate the phase

transformation depending on the substitutional ion types

[7]. The relative ease by which anatase transforms to rutile

in the V-implanted material appears to be due to the

relatively small radius of the V ions (0.058 nm), which

partly replace the Ti ions (0.061 nm), thus causing some

relaxation of the Ti bonding environment through lessening

of structural rigidity. This behavior of easy rearrangement

of the atoms in the anatase and rutile lattices has also been

reported with respect to their influence on oxygen vacan-

cies when electrospun TiO2 nanofibers were heated in an

argon atmosphere [34].

Figure 7 shows typical SRD Rietveld residual plots for

data measured in non-implanted and V ion-implanted elec-

trospun TiO2 nanofibers at 800 �C. In non-implanted mate-

rial, Rwp = 13.0, Rexp = 3.7, RB (anatase) = 4.6 and RB

(rutile) = 7.3 %, and for the implanted material,

Rwp = 13.6, Rexp = 3.1, RB (anatase) = 5.9 and RB (ru-

tile) = 5.8 %. The goodness-of-fit (GOF) values are 12.2 for

non-implanted and 19.2 for implanted nanofibers, which are

acceptable refinements given the focus of the data analysis.

The absolute weight percentages of amorphous TiO2

have been determined using the background intensities of

SRD patterns at 17� (see Sect. 2.4). The background levels

for the SRD patterns at 500 �C for non-implanted TiO2 and

400 �C for V ion-implanted TiO2 were used as the initial

background intensity Bo, corresponding to 100 % amor-

phous TiO2 and 0 % crystalline TiO2. The background

intensities were corrected for minor variations in incident

beam intensity during data collection. The SRD back-

ground level decreased with temperature due to the amor-

phous-to-crystalline TiO2 transformation.

The value of final background intensity Bf and then the

wtAm% for both non-implanted and V ion-implanted TiO2

(Fig. 8) were estimated by fitting the plots of the intensities of

the backgrounds versus temperature data using the function:

Fig. 5 Composition depth profiles in V-implanted TiO2 nanofibers

Fig. 6 Stacked SRD plots for the temperature range 25–900 �C of

a non-implanted material and b after V ion implantation. [Legend:

anatase (A), rutile (R) and platinum holder peaks (Ptt)]
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B Tð Þ ¼ Bf þ ae�bT ð6Þ

The final background intensity (Bf) estimates were 0 and

110 counts, and the amorphous transformation rates (b)

were -0.0026 and -0.0042 �C-1 for non-implanted and

ion-implanted material, respectively.

Figure 9 shows the influence of V ion implantation on

the temperature dependence of the levels of amorphous

TiO2, crystalline anatase and crystalline rutile. It is evident

from the plots that implantation accelerates the transfor-

mations for amorphous material to anatase and for anatase

Fig. 7 SRD Rietveld difference plots for data measured in non-

implanted and V ion-implanted material at 800 �C. Measured patterns

are indicated by black crosses and calculated patterns by solid red

lines. The green residual plot shows the difference between the

calculated and the measured patterns. The peak positions for anatase

and rutile are indicated by the top and bottom blue bars, respectively

Fig. 8 Variation with temperature of the SRD background intensity

for the non-implanted and implanted material as fitted with

exponential functions

Fig. 9 Phase abundances of amorphous TiO2, anatase and rutile in

the temperature range 400–1000 �C for non-implanted and V ion-

implanted material
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to rutile also. In non-implanted nanofibers, only 6 % of

amorphous TiO2 had transformed to anatase crystalline

phase by 600 �C, whereas *48 % of the amorphous

material had transformed in the implanted material at this

temperature. The temperature dependence of the anatase

and rutile concentrations further underlines the influence

of implantation in accelerating the anatase-to-rutile trans-

formation. These results are consistent with there being

sequential transformation of amorphous to anatase and

then anatase to rutile. In non-implanted material, anatase

first appears by 600 �C and its concentration then peaks

(ca. 46 % by weight) at 750 �C; the formation of rutile

from anatase is first seen by 700 �C and has increased to

ca. 39 % at 900 �C. Formation of anatase and then rutile

occurs much more readily in the implanted material, with

the anatase concentration peaking (ca. 18 % by weight)

only at 625 �C. The rapid formation of the rutile phase

after V ion implantation is evident, and by 1000 �C, the
implanted material is principally rutile (ca. 87 % by

weight).

3.5 Crystallization kinetics modeling

Table 1 shows the average activation energies for the

amorphous-to-crystalline TiO2 (anatase plus rutile) and

anatase-to-rutile transformations for non-implanted and

implanted material, using Arrhenius and Matusita et al.

equations (Fig. 10). For non-implanted material, the acti-

vation energy for the amorphous-to-crystalline TiO2

transformation was determined to be 69(17) kJ/mol, and

anatase-to-rutile transformation was 129(3) kJ/mol. The

estimated activation energy for anatase-to-rutile transfor-

mation is substantially lower than reported for other pure

TiO2 samples, e.g., 264 kJ/mol for TiO2 nanotubes,

213 kJ/mol for TiO2 powder and 213 kJ/mol for TiO2

membrane [40–42]. For V ion implantation, the apparent

activation energies had reduced substantially, being only

25(3) kJ/mol for the amorphous-to-crystalline TiO2 trans-

formation and 16(3) for the anatase-to-rutile transforma-

tion. Thus, V implantation substantially lowered the

activation energies for the amorphous-to-crystalline TiO2

and anatase-to-rutile transformations. This is consistent

with reports in the literature that the presence of impure

ions and the ion concentration can affect the activation

energy for TiO2 transformations [41, 42].

3.6 Microstructure development

W–H analysis provided crystallite size and non-linear

strain estimates. The plots of crystallite size versus

Table 1 Phase transformation activation energies (kJ/mol) for non-implanted and V ion-implanted materials from non-isothermal SRD data

analyses using the Arrhenius and Matusita et al. equations

Amorphous-to-crystalline TiO2 Anatase-to-rutile

Arrhenius equation Matusita et al. Average Arrhenius equation Matusita et al. Average

Non-implanted 65 (23) 73 (24) 69 (17) 122 (9) 136 (2) 129 (5)

V ion-implanted 19 (4) 30 (5) 25 (3) 7 (2) 24 (5) 16 (3)

Fig. 10 Estimated values of non-isothermal activation energies for

amorphous-to-crystalline TiO2 and anatase-to-rutile transformations

were calculated from the corresponding slopes of a variation of ln

[–ln (1–wt)] against reciprocal temperature 1/T using Matusita et al.;

b variation of ln (wt) against reciprocal temperature 1/T using the

Arrhenius equation
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temperature are given in Fig. 11, and the nonlinear strain

estimates using SRD integral breadth measurements are

provided in Table 2. Both crystallite size and strain con-

tribute substantially to line broadening. The crystallite size

results show that the anatase and rutile crystalline phases

for the non-implanted material are in the nanoscale range

of 9–34 nm for the temperatures considered. The plots for

anatase show that implantation does not have a discernible

influence on the temperature dependence of crystalline

anatase growth following nucleation from the amorphous

phase. The temperature dependence of the rutile crystallite

size, and therefore the grain growth, is very similar to that

for anatase from 800 �C, with there being no indication of

rutile crystallite growth below 800 �C. Comparing the SRD

size results with the TEM images in Fig. 3 for the im-

planted material heated to 1000 �C, the detail within the

fiber microstructure in Fig. 3a points to there being rutile

grains in the vicinity of 30–50 nm, which is consistent with

the SRD size estimate of 58 nm in Table 2. The estimate

here of grain growth rate with temperature points to grain

growth being driven by crystallization of material onto

existing grains from the surrounding amorphous TiO2

material as the temperature is raised.

The strain estimates show (1) substantially higher

nonlinear strain in anatase (ca. 0.3 %) than in rutile (ca.

0.1 %) for both non-implanted and V-implanted materials,

but (2) no increase in strain for both phases in the im-

planted material at elevated temperatures. The greater

strains observed for anatase are consistent with the find-

ings of Nicula et al. [43], who reported that anatase ex-

hibits larger strain values than rutile in TiO2 powders

from 400 to 850 �C.

4 Conclusions

The effect of V ion implantation on the crystallization of

electrospun amorphous TiO2 nanofibers was investigated

using in situ high-temperature SRD. The SRD results were

used to study the crystallization kinetics in terms of the

influence of implantation on the activation energies for the

amorphous-to-crystalline TiO2 and anatase-to-rutile

transformations.

The following principal conclusions were drawn from

the study:

• The anatase crystalline phase was first observed at 600

and rutile at 700 �C for non-implanted TiO2, whereas

anatase and rutile were both initially observed at

500 �C for V-implanted TiO2.

• The temperature dependence of both the amorphous-to-

crystalline TiO2 and anatase-to-rutile transformations

was much more pronounced in V-implanted material,

with the composition of the implanted material pre-

dominantly comprising crystalline rutile by 1000 �C.
• The average activation energies for the amorphous-to-

crystalline TiO2 transformation decreased from 69(17)

to 25(3) kJ/mol following implantation and from

129(5) to 16(3) kJ/mol for the anatase-to-rutile

transformation.

• XPS analysis showed that the concentration of Ti4?

ions in TiO2 is substantially reduced by implantation,

which appears to account for the relative ease for the

transformations in the implanted material.

• The crystallite sizes for both anatase and rutile for non-

implanted and anatase for V ion-implanted electrospun

TiO2 nanofibers increased steadily with the tem-

perature, indicating that grain growth is driven by

crystallization of material onto existing grains from the

surrounding amorphous TiO2 as the temperature is

elevated, rather than unit cell expansion.

Fig. 11 Williamson–Hall plot estimates of the effect of ion implan-

tation on the average crystallite size for the anatase and rutile

crystalline phases over the temperature range of 500–1000 �C for

non-implanted and V ion-implanted material

Table 2 Nonlinear strain estimates from Williamson–Hall plots,

using SRD integral breadth measurements

Temperature (�C) Nonlinear strain (%)

Non-implanted Implanted

Anatase Rutile Anatase Rutile

500 \0.35 0.07

600 0.51 0.39 0.15

700 0.27 0.24 0.11

800 0.23 0.09 0.10 0.07

900 0.32 0.09 0.29 0.17

1000 0.21

Mean 0.33 0.09 0.26 0.13
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• The strain estimates show substantially higher nonlin-

ear strain in anatase than in rutile for both non-

implanted and implanted material. There is no dis-

cernible increase in strain in the implanted material at

elevated temperatures for either phase.

It was concluded that V ion implantation had lowered

the crystallization temperatures due to substitution of

relatively small V ions for Ti in the TiO2 crystal structure.

Implantation of V ions is responsible for the dramatic re-

ductions in activation energies.
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The relationship between the band gap in electrospun titania nanofibers at ambient temperature and the nature
of the air–argon atmosphere inwhich thematerial has been heated non-isothermally to 900 °Cwas investigated
by ultraviolet–visible absorption spectrometry at room temperature. The results for heating in different selected
air–argon mixtures show that the UV-region band gap found in unheated as-spun amorphous nanofibers,
3.33 eV, may be shifted well into the visible region by calcining in the different air–argon mixtures. The band
gap value found for heating in air, 3.09 eV, reduces systematically when the material is heated in an air–argon
mixture, with the gap in pure argon being 2.18 eV. The progressive lowering of the band gap is attributed to
the development of crystallinity in the fibers as the material is calcined and the associated development of oxy-
gen vacancies when heated in argon, and therefore to the formation of defect states below the conduction band.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2) or titania has received much attention as a
photocatalytic and photovoltaic semiconductor because it is relatively
inexpensive, eco-friendly and has long-term photostability [1–2]. It is
a wide band gap semiconductor ceramic with an optical band gap for
amorphous titania being in the range 3.30–3.5 eV [3]. This value de-
creases for two common crystalline titania forms: crystalline anatase
(~3.20 eV), and crystalline rutile (~3.02 eV) [4,5].

Although rutile has a smaller band gap than crystalline anatase, the
latter is most favored because it has a higher photoactivity than crystal-
line rutile, whereas a mixture of crystalline anatase and rutile has been
reported to exhibit superior photocatalytic ability [6–8]. Thus, many
studies have been conducted on the photocatalytic activity of crystalline
titania because crystallinity is an important parameter that influences
band gap narrowing in titania. Titania powder which is used as a com-
mercial photocatalytic material (Degussa, P25), may include small
amounts of amorphous phase, a minor quantity of crystalline rutile,
and more than 70% crystalline anatase [9]. Some studies have focused
on photocatalytic activities and the band gap for amorphous titania or
a mixture of amorphous and crystalline titania [3].

An optimum combination of titania phases with lower band gap can
be synthesized by thermal treatment of amorphous titania,which trans-
forms to crystalline anatase at relatively low temperature, and then the

crystalline anatase transforms to crystalline rutile at higher tempera-
ture. The amorphous-to-crystalline transformation of electrospun tita-
nia nanofibers has been studied by the authors from room
temperature to 900 °C in 100% air and 100% argon atmospheres [10].
After thermal treatment, a sample heated in 100% argon contains
more crystalline content (anatase and rutile) than that heated in 100%
air due to the influence of oxygen vacancies created under argon. To
the best of the author's knowledge, the effect of degree of crystallinity
on the titania band gap for a mixture of amorphous and crystalline tita-
nia has not been reported previously.

When chemically pure, titania must be exposed to ultraviolet (UV)
radiation to becomephoto-active. Various treatments, such as an organ-
ic dye attachment, hydrogen plasma reduction, and extrinsic chemical
doping [11,12], have been investigated to reduce the band gap of titania
in order to achieve photocatalytic activity under visible light
(1.77–3.10 eV).

Impurity doping with various anions and cations has been used to
create oxygen vacancies and thus modify the electronic structure to
achieve visible light absorption [13–19]. A major disadvantage with
chemical doping, however, is that dopant chemicals may be corrosive
and pollute the environment (i.e., secondary pollution). A reduction of
the band gap without chemical doping is, therefore, an attractive
proposition.

The introduction of oxygen vacancies can result in Ti3+ states which
may be used as intrinsic donors to narrow the band gap of titania such
that they can act as n-type donors. The introduction of oxygen vacancy
defects into non-doped titania can influence the photocatalytic behavior

Materials and Design 92 (2016) 480–485

⁎ Corresponding author.
E-mail address: j.low@curtin.edu.au (I.M. Low).

http://dx.doi.org/10.1016/j.matdes.2015.12.044
0264-1275/Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes

112



significantly. Here the defects act as recombination centers for photo-
induced electron–hole pairs, thereby reducing the band gap and en-
abling photoactivity under visible light [20]. Oxygen vacancies have
been created by annealing titania in hydrogen, argon, or in a vacuum
[20–22]. The oxygen vacancy concentration increases with increase in
calcination temperature in these atmospheres, whereas it remains con-
stant in air.

Using titania in an electrospun nanofiber form is attractive for
photocatalysis applications since titania nanofibers have a high ratio of
surface area to volume, which increase the decomposition rate of air
and water pollutants and this allows for photocatalytic reactions to
occur more rapidly on the photocatalyst surface [23–30].

In this work, a novel strategywas used to create oxygen vacancies in
a mixture of amorphous titania, crystalline anatase, and crystalline ru-
tile in electrospun titania nanofibers to narrow the band gap. Amor-
phous titania nanofibers were synthesized by electrospinning, and
theirmorphology and band gapwere characterized before and after cal-
cination in air–argon mixtures, using field emission scanning electron
microscopy (FESEM), energy dispersive spectroscopy (EDS) and UV–
visible spectrometry.

2. Experimental procedures

2.1. Electrospun titania nanofiber synthesis

Electrospun titania nanofiberswere synthesized by a combination of
sol–gel and electrospinningmethods. A titania sol–gel solutionwas pre-
pared bymixing titanium isopropoxide (IV), ethanol, and acetic acid in a
fixed volume ratio of 3:3:1, and then 12 wt.% polyvinylpyrrolidone
(PVP) was dissolved in the solution. The titania sol–gel solution precur-
sorwas stirred ultrasonically before being loaded into a 10ml plastic sy-
ringe with a 25-G stainless steel needle in the electrospinning
experiment. The voltage setting was controlled using a high voltage
power supply to maintain 25 kV between the needle tip and an alumi-
num collector at 12 cm. A syringe pump was used to control the titania
sol–gel solution flow rate at 2 ml/h during the electrospinning process
[25].

2.2. Heating protocol

Electrospun titania nanofibers were heated non-isothermally from
25 to 900 °C, at 10 °C/min in air–argon mixtures using a TGA/DSC
Mettler Toledo machine. The thermal experiments were conducted
using 150 μl alumina crucibles loadedwith ~25mgof sample. Protective
argon gas flowed through themachine at 20ml/min,with theflow rates
of air or argon varied as required. Samples were heated in 50% air–50%
argon, 25% air–75% argon, and 100% argon mixtures. The calculation of
percentage air to argon included the protective argon gas. Because of
safety considerations, mixtures of 25% argon–75% air and 100% air
could not be used in the Mettler Toledo machine. Instead, samples
were heated in 100% air using a furnace with the same non-
isothermal heating conditions, also from room temperature to 900 °C
at 10 °C/min.

2.3. In-situ high-temperature synchrotron radiation diffraction (SRD)

The in-situ crystallization behavior of electrospun titania nanofibers
was estimated using non-isothermal high-temperature SRD in 100% air
and 100% argon from25 to 900 °C, at 10 °C/min. SRDdatawere collected
at the Australian Synchrotron using the Powder Diffraction Beamline
using an Anton Parr HTK 16 hot platinum stage, at a wavelength of
0.1126 nm and with a fixed incident beam-sample angle of 3°, for
5° ≤ 2θ ≤ 84°. The SRD patterns were acquired using a data collection
time of 2 min per pattern, at ambient temperature and then in steps
of 100 °C, from 200 °C to 900 °C [25].

The relative phase levels of crystalline anatase and rutile in 100% air
and 100% argon were determined from Rietveld analysis using the
TOPAS program (Bruker AXS, Version 4.2). Rietveld analysis of the
SRDdatawas also used to estimate oxygen site occupancies for the crys-
talline anatase and rutile phases.

2.4. Microstructural imaging

The structure and morphology of electrospun titania nanofibers
prior and following calcination in 100% air and 100% argonwere studied
by field emission scanning electron microscopy (FESEM, Zeiss, Neon,
40EsB, Germany). The samples were coated with a 3 nm layer of plati-
num before FESEM imaging to avoid charging. The elemental sample
composition was determined by energy dispersive X-ray spectroscopy
(EDS).

2.5. Band gap

Band gap assessments were made from absorption spectra recorded
using a V-670 UV–visible spectrometer (Jasco, Japan). The main instru-
ment settingswere: absorbance photometricmode, awavelength range
from 200 to 750 nm, and a 200 nm/min scanning speed. The sample
band gap (Eg) was calculated from:

Eg ¼ hC=λ

where h is Planck's constant (6.626 × 10−34 J·s), C is the speed of light
(3 × 108 m/s), and λ is the extrapolated wavelength (nm) at which the
absorbance value reaches the instrument limit.

3. Results and discussion

3.1. Microstructure imaging

Fig. 1 shows secondary electron FESEM images of electrospun titania
nanofibers recorded at ambient temperature: (a) as-electrospun prior
to heating, and after non-isothermal thermal processing from 25 to
900 °C at 10 °C/min in (b) 100% air and (c) 100% argon atmospheres.
The heated nanofibers have uneven surfaces compared with the as-
spun amorphous fibers because of the development of crystalline grains
of anatase and rutile [25]. Table 1 shows that the crystalline grainswere
larger in 100% argon than in 100% air, which is consistent with oxygen
vacancies created in argon at elevated temperature affecting titania
grain growth positively because of enhanced solid state diffusion. Atom-
ic diffusion or the cooperative rearrangement of titania atoms and grain
boundary movement during titania phase transformations occurs more
easily in 100% argon than in 100% air because of the higher mobility of
titania atoms in the presence of oxygen vacancies. This can lead to
higher grain growth and larger titania grains [31,32].

The EDS spectrum of the nanofiber sample was recorded after ther-
mal treatment in 100% argon (Fig. 2). The spectrum is similar to that for
as-spun nanofiber (not shown here) besides an absence of the C peak
from loss of organic substance and PVP polymer. The EDS spectrum
shows strong Ti and O signatures and aweak Pt signature from the plat-
inum coating on the sample, which are essentially the same when the
sample was heated in 100% air. The complete loss of organic material
and PVP polymer from the electrospun titania nanofibers occurred at
~450 °C, see our preliminary results from in-situ high temperature syn-
chrotron radiation diffraction (SRD) (see Fig. 4) and thermal gravimetric
analysis (TGA) [10]. The titania nanofibers were initially amorphous by
the pronounced amorphous humps in the SRD patterns for 100% air and
100% argon, but these humps disappeared by 400 °C. The TGA results
showed that the loss of organic material (ethanol and acetic acid) oc-
curred from room temperature to ~150 °C, and the PVP polymer decom-
position occurred from ~150 to 450 °C.
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3.2. Influence of calcining atmosphere on titania color

Fig. 3 shows the progressive color change in titania fromwhite after
thermal treatment in 100% air to progressively darker shades of gray
after thermal treatment in air–argon compositions from 100% air to
100% argon. This color change is attributed to oxygen loss from the tita-
nia to form oxygen vacancy defects, and the color intensification is con-
sidered to result from an increase in oxygen vacancy concentrationwith
increasing argon concentration. A similar color change effect has been
reported by Gamboa and Pasquevich [33] in a calcining experiment in
which the effect of low levels of chlorine addition to air and argon was
studied. This color changewas attributed to the formation of oxygen va-
cancies when heating in argon.

3.3. Phase composition results from the SRD

Fig. 4 shows the stacked SRD plots measured in 100% air and 100%
argon over the temperature range 25–900 °C, and noting that the
peaks at ~27.7° and 35.6° occur because of the Pt heating holder.
Table 2 shows the variation in absolute phase concentrations following
SRD for the 100% argon and 100% air atmospheres. The presence of ox-
ygen vacancies makes the anatase-to-rutile transformation in 100%
argon more efficient than in 100% air because some relaxation of the
Ti binding environment occurs. Details of absolute levels of amorphous
titania and crystalline anatase and rutile at each temperature extracted

Fig. 1. Secondary electron FESEM micrographs of electrospun titania nanofibers recorded
at ambient temperature: (a) as-electrospun prior to heating, and after non-isothermal
heating from 25 °C to 900 °C at 10 °C/min (b) in 100% air, and (c) in 100% argon
atmospheres.

Table 1
Nanofiber and grain size measurements. The± symbol refers to the size range for size as-
sessment. The number of measurements for each entry was 40.

Calcination conditions Nanofiber size (nm) Grain size (nm)

As-spun (not calcined) 665 ± 330 Amorphous
100% air 351 ± 145 21 ± 5
100% argon 328 ± 113 118 ± 49

Fig. 2. EDS spectrum of electrospun titania nanofibers recorded at ambient temperature
after heating from 25 °C to 900 °C at 10 °C/min in 100% argon.

Fig. 3. Color changes in electrospun titania nanofibrous material observed at room tem-
perature following non-isothermal heating from 25 °C to 900 °C at 10 °C/min in argon–
air mixtures.
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from the SRD data are given in the preliminary novel study by the au-
thors [10].

3.4. UV–visible spectral analysis results

Fig. 5 compares the UV–visible diffuse reflectance spectra of non-
calcined as-electrospun nanofibers with those after thermal treatment
in the argon–air mixtures followed by cooling to room temperature.
The absorption thresholds, band gap, and absorbance were determined
from an absorbance versus wavelength graph. The absorbance plots for
unheated fibers, and those after heating in 100%, 50% air and 25% air are
similar in form. The absorbance falls from ~0.7–0.8 to ~0.1–0.2 with all
showing the expected precipitous drop in absorbance when the photon
energy exceeds the band energy gap. A systematic red-shift occurs as
the level of argon increases which is consistent with the development

of oxygen vacancy levels within the band gap. The red-shift seen here
resembles that reported by various authors such as Buha [34] who re-
ported titania thin-film absorbance spectra with different levels of car-
bon doping, in which an increase in C-doping level increased the
magnitude of absorption across the entire visible range. A similar sub-
stantial red-shift in absorption of Ag-doped titania nanosquares and
Fe-doped titania nanoparticles was observed under visible light irradia-
tion [15,17].

The absorbance–wavelength plot for the sample heated in 100%
argon is substantially different from those for the other samples
discussed above, with there being a reduced absorbance range, from
ca. 0.80 to 0.65, across the wavelength band investigated. This effect is
consistent with accounts in the literature that the development of sub-
stantial oxygen vacancy defects is responsible for such changes in opti-
cal properties. The absorbance change resembles that for C-doped
titania thin films for with the absorbance fell from 0.7 to 0.5 over the
range 300 nm to 800 nm [34]. Following the present study, the mea-
surement of additional absorbance spectra would be required for
argon contents of between 75% and 100% to reveal the underlying
band structure.

3.5. Influence of calcining atmosphere on band-gap structure

Fig. 6 shows a plot of band gap versus argon content corresponding
to the absorbance spectra in Fig. 5, and Table 2 lists the band gap values
for each sample type, and also specifies the sample phase compositions
[10,25,30]. Table 3 compares band gap results from this studywith liter-
ature data for titaniamaterials with different forms,mixtures and atmo-
spheric treatment.

The effect on band gap for the as-produced amorphous fiber sample
through calcining in 100% airwas to reduce it from the amorphous value
of 3.33 eV to 3.09 eV, i.e., fromwithin theUV to the visible region. As ear-
lier work on the same sample has indicated that the development of va-
cancies on heating in air is minimal, the reduction to 3.09 eV is

Fig. 4. UV–visible spectra for as-electrospun titania nanofibrous material after non-iso-
thermal heating from 25 °C to 900 °C at 10 °C/min in 100% air, 50% air–50% argon, 25%
air–75% argon and 100% argon, and then cooling to room temperature.

Table 2
Phase compositions and band gaps for titania nanofibers at room temperature after calcining to 900 °C in 100% air, 100% argon, and air–argon mixtures.

Calcination conditions Amorphous (%) Anatase (%) Rutile (%) Crystallinity (%) Band gap (eV)

As-spun (not calcined) 100 0 0 0 3.33
100% air 40.5 20.9 38.6 59.5 3.09
50% air–50% argon NAa NAa NAa NAa 2.94
25% air–75% argon NAa NAa NAa NAa 2.91
100% argon 26.6 10.3 63.1 73.4 2.18

a Not available.

Fig. 5. Band gap values of as-electrospun titania nanofibrousmaterial, extracted from UV–
visible spectra in Fig. 4. Band gaps in eV at room temperature following non-isothermal
heating from 25 °C to 900 °C at 10 °C/min in air–argon mixtures, and then cooling to
room temperature.
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attributed entirely to the development of crystallinity in the fibers —
noting the phase levels of about 21% anatase and 39% rutile on calcining
amorphous material in 100% air [10]. It is noted that the measured gap
value 3.09 eV agrees with the concentration-weighted gap for the two
phases: 3.20 eV for pure anatase [5] and 3.03 eV for pure rutile [4,5].
This appears to be consistent with literature reports of band gaps for
mixtures of anatase and rutile [5].

Two factors appear to drive the further reduction in band gap as
argon is introduced: (i) changes in the titania phase mix, and (ii) the
progressive development of oxygen vacancies. The measured gap of
2.18 eV for heating in 100% argon is related to the titania phase compo-
sition (10% anatase and 63% rutile) for which the concentration-
weighted gapwould be 3.05 eVwhich is ~0.87 eV greater than themea-
sured gap of 2.18 eV. The 0.87 eV difference is attributed to oxygen va-
cancy development. The presence of oxygen vacancies provides more
surface active sites and allows for a larger charge carrier density. This
is consistent with the electronic structure of titania material being
changed by an absent oxygen atom, resulting in the localization of one
or two electrons in an oxygen state. The formation of oxygen vacancies
results in the formation of unpaired electrons or Ti3+ centers, which
form oxygen vacancy states below the conduction band and act as n-
type donors [35,36].

The development of oxygen vacancies as the concentration of argon
increases was discussed by the authors [10] in terms of non-
stoichiometric effects of titania heated in 100% argon. Oxygen is lost
when the sample is heated in argon due to the formation of non-
stoichiometric anatase (TiO2–x). This is consistent with the work of
Andersson et al. who investigated the composition range of argon-
annealed TiO1.9–2 using X-ray powder diffraction [37].

Fig. 7 shows a schematic depicting the assumed band gap states and
the apparent influence of oxygen vacancies after calcining to 900 °C and
cooling to room temperature in air–argonmixtures. The introduction of
oxygen vacancies in titania results with a presence of localized new ox-
ygen vacancy states existing between the valence (VB) and conduction
(CB) bands in the titania band structure. Electrons may be excited from
VB to the oxygen vacancy states even under visible light. As the argon
level increases from25% to 100%, the effective energy gap red-shifts sys-
tematically and the sample becomes active in visible light, with the
band gap narrowing significantly to 2.94, 2.91, and then 2.18 eV for
50% air–50% argon, 25% air–75% argon, and 100% argon, respectively.
Thus, the combined influence of crystallinity development and oxygen
vacancy formation have extended the light excitation of electrospun ti-
tania nanofibers from theUV towell into the visible light range. This has
been achieved without chemical doping. Finally, a comparison of band
gap results, as shown in Table 3, indicates that the current band gap

Fig. 6. Stacked SRD plots for electrospun titania nanofibers material when heated in 100%
air and in 100% argon, from 25 to 900 °C [A: anatase, R: rutile, Pt: platinum].
Plots taken from Albetran et al. [25].

Table 3
Comparison of band gap results from present study with data from literature for titania materials.

Study Titania nano-material Treatment Band gap (eV) Am:A:R Comment

This study Fiber As-spun 3.33 100:0:0
100% air 3.09 40:21:39
100% argon 2.18 27:10:63 Presence of oxygen vacancies

Potlog et al. [1] Films vacuum 3.34 0:62:38
100% H2 3.22 0:100:0

Tang et al. [4] Films Argon & O2 3.20 0:100:0
3.00 0:0:100

Chen et al. [38] Powder 100% air 3.15 0:100:0
Rosseler et al. [39] Sol–gel promoted template 100% air 3.02 0:50:50 TiO2–polyoxyethylene cetylether

2.99 0:40:60 TiO2–CTAB
2.97 0:30:70 TiO2–polyvinyl alcohol
2.94 0:5:95 TiO2–polyethylene glycol

Reyes-Coronado et al. [40] Particles 100% air 3.21 0:100:0
3.00 0:0:100

Am: amorphous, A: anatase, and R: rutile.

Fig. 7. Band gap states and the assumed influence of oxygen vacancies with change in air–
argonmix. Argon (%) in air–argonmixtures [legend: CB= conduction band, VB=valence
band].
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results are consistent with other data for nano-titania materials report-
ed in the literature.

4. Conclusions

This paper focuses on the use of heat treatment of amorphous titania
nanofibers, rather than chemical doping, to develop titania
photocatalysts that are photoactive in visible light. The results have sig-
nificance for the development of waste treatment technologies using
photocatalytic titania nanofibers which may function in the visible
light. The results for heating in different selected air–argon mixtures
show that the UV-region band gap found in as-electrospun amorphous
nanofibers, 3.33 eV, shifted well into the visible region by calcining in
air, argon and argon–air mixtures. The band gap value observed for
heating in air, 3.09 eV, reduces systematicallywhen thematerial is heat-
ed in an air–argonmixture, with the gap for heating in 100% argon being
2.18 eV. The progressive lowering of the band gap is attributed to the
development of crystallinity in the fibers as the material is calcined
and the associated development of oxygen vacancies when heated in
argon.

The narrowed band gap is attributed to the heterostructure titania
phases (anatase and rutile) and the formation of oxygen vacancies,
which creates a state below the conduction band. Increasing the per-
centage of argon in the air–argon mixtures reduce the state to below
the titania conduction band, which thus increases the oxygen vacancy
concentration, and the subsequent band gap narrowing.
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a  b  s  t  r  a  c  t

TiO2 nanofibers  were  prepared  within  polyvinylpyrrolidone  (PVP)  polymer  using  a  combination  of  sol–gel
and  electrospinning  techniques.  Based  on  a Taguchi  design  of experiment  (DoE)  method,  the  effects  of
sol–gel  and  electrospinning  on the  TiO2/PVP  nanofibers’  diameter,  including  titanium  isopropoxide  (TiP)
concentration,  flow  rate, needle  tip-to-collector  distance,  and  applied  voltage  were  evaluated.  The  anal-
ysis  of  DoE  experiments  for nanofiber  diameters  demonstrated  that TiP  concentration  was  the  most
significant  factor.  An  optimum  combination  to obtain  smallest  diameters  was  also  determined  with  a
minimum  variation  for electrospun  TiO2/PVP  nanofibers.  The  optimum  combination  was  determined  to
be  a 60%  TiP  concentration,  at a flow  rate  of 1 ml/h,  with  the  needle  tip-to-collector  distance  at  11  cm
(position  a), and  the  applied  voltage  of 18  kV.  This  combination  was  further  validated  by  conducting  a
confirmation  experiment  that  used  two  different  needles  to  study  the  effect  of  needle  size.  The  aver-
age  nanofiber  diameter  was  approximately  the  same  for both  needle  sizes  in  good  accordance  with  the
optimum  condition  estimated  by the  Taguchi  DoE  method.

©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier B.V.  All  rights  reserved.

1. Introduction

The electrospinning technique has attracted considerable atten-
tion as a relatively new, cheap and simple synthesis method
for one-dimensional nanostructures [1–4]. The unique nanofibers
prepared by electrospinning generally exhibit high surface area-
to-volume ratios, high porosity, nanosized effects, and excellent
mechanical strength [5]. They have been suggested for many appli-
cations, such as membrane separation, drug delivery, protective
clothing, wound dressings, filtration, tissue engineering, and elec-
tronics [6–9].

Titanium dioxide (TiO2), also known as titania, has emerged as
a promising photocatalyst in the current market. It has the advan-
tages of being photocatalytically stable, reasonably inexpensive,
and relatively easy to produce and use. It is a human and envi-
ronmentally friendly photocatalyst used to treat polluted air and
water, and to split water to generate hydrogen [10]. A high surface
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area-to-volume ratio (SA/vol) of electrospun nanofibers can signif-
icantly improve the photocatalytic performance of TiO2 because
of small fiber size, and the high SA/vol provides further means
for quick charge transfer to the dynamics of hole–electron (e−/h+)
recombination on a large specific surface area of TiO2 nanofibers
[6,11].

TiO2 nanofibers can be synthesized by combining electrospin-
ning with a TiO2 sol–gel technique [2,3,11–14]. The components
of the electrospun experiment to synthesize TiO2 nanofibers com-
prise a syringe pump, a syringe with a conductive needle, a high
voltage supply, a conductive collector, copper wires, and a sol–gel
of polymer (binder), and a TiO2 precursor [4]. In general, electro-
spun nanofiber diameters depend primarily on three processing
parameter sets [15] mentioned below.

The first set of adjusted parameters involved in the sol–gel
solution include electrical conductivity, viscosity, surface tension,
polymer concentration, and molecular weight. They are related to
one another, and these relationships have important influences
on electrospun nanofiber diameters [16]. The viscosity of the TiO2
solution depends on the molecular weight and concentration of the
material solution, such as polymer, solvent, and TiO2 sources. The
polymer concentration is one of the most significant factors in con-
trolling beads and fiber diameters [16–18]. The TiO2 fiber diameter
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increases with a higher TiO2 concentration in a precursor solution
[12,19].

Electrospinning conditions are the second set of parameters,
which consist of applied voltage, flow rate, needle size, and nee-
dle tip-to-collector distance [16]. Optimally applied voltage is
a significant factor to affect fiber diameters [17,19–21]. High
applied voltage (i.e., strong electrical repulsive forces) reduces the
nanofiber diameter, resulting in highly stretched and elongated
fibers [20]. Flow rate plays one of the most important roles in
determining the fiber diameter and bead formation, because it
determines the amount of sol–gel solution available to be stretched
into nanofibers [16,19,20]. During the electrospinning process, the
shape and size of the needle tip affect the formation of Taylor cone
and nanofiber oscillation [22]. Ksapabutr et al. [22] claimed that a
sawtooth needle shape allowed for Taylor cones of greater length
than standard and flat counterparts. A needle tip-to-collector dis-
tance with the sufficient field gradient produces fibers with less
bead defects, but the more considerable distance increases the
nanofiber diameter owing to subsequent decreases in the elec-
tric field gradient [17]. Applied high voltage setting, a large needle
tip-to-collector distance, a comparatively low concentration of
polymer solutions and a low flow rate reduce the variation in prod-
uct quality of electrospun fiber mats with a minimum number of
experiments [17]. It is clear that the relationship between electro-
spun variables and associated fibrous structures is still not well
understood to achieve ultrafine bead-free nanofibers with good
dimensional stability.

Aspects  of the atmospheric environment, such as humidity,
pressure, and temperature, belong to the last set of parameters. The
average nanofiber diameter decreases with increasing atmospheric
temperature and decreasing atmospheric humidity [23].

Electrospun TiO2/PVP nanofibers were synthesized using dif-
ferent titanium oxide precursors with a constant flow rate, needle
tip-to-collector distance, and applied voltage in most electrospun
experiments [2,8,28–31]. The fibers have a smooth and uniform
surface with a random orientation, and the average fiber diameters
range from 132 to 2280 nm [24–27]. Kumar and co-worker used a
different applied voltage and flow rate with a constant needle-to-
collector distance. At ∼10 cm,  the average diameter of the as-spun
TiO2/PVP nanofiber was 450 nm at 10 kV and 1 ml/h, 262 nm at
20 kV and 1 ml/h, and 145 nm at 20 kV and 0.5 ml/h [20].

The Taguchi method for robust experimental design is a use-
ful engineering approach to select the optimal levels of processing
parameters with the minimal sensitivity to different causes of vari-
ations. Furthermore, such a method can also elucidate the effects of
a large and complex number of factors on an individual and inter-
active basis. In general, two essential tools are required, namely
an orthogonal array (OA) to simultaneously accommodate several
experimental design factors, and signal to noise ratio (S/N) to mea-
sure the most robust set of operating conditions from variations
within the results [17,28–31].

In  this study, TiO2 nanofibers were fabricated with PVP polymer
as precursor using both sol–gel and electrospinning techniques. An
optimum combination of parameters obtained from TiP concentra-
tion, flow rate, needle tip-collector distance, and applied voltage in
response to minimizing diameter size and its variation for TiO2/PVP
nanofibers was  determined by means of the Taguchi DoE method.
Such an optimum condition was further implemented to explore
the effect of needle size on fiber diameters accordingly.

2. Experimental procedure

2.1.  Materials

Titanium isopropoxide (TiP) (MW = 284.22 g/mol, 97% purity),
polyvinylpyrrolidone (PVP) (MW = 1,300,000 g/mol, 100% purity),

Fig. 1. Schematic diagram of electrospinning process with a slope collector.

acetic acid (Mw = 60.05 g/mol, 99.7% purity) and ethanol (Mw =
46.07 g/mol, 99.5% purity) were all purchased from Sigma–Aldrich,
Inc., NSW, Australia.

2.2.  Preparation of TiO2/PVP sol–gel

TiO2/PVP solutions were prepared by mixing 40 wt%, 50 wt%  or
60 wt%  TiP with a constant mixed solvent, which comprised 2.098 g
acetic acid and 4.734 g ethanol (1:3 volume ratio) with 2.05 g PVP
polymer inside a glass bottle. The solutions were subsequently sub-
jected to magnetic stirring for 120 min  at 80 ◦C. The viscosity of
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Fig. 2. SEM micrographs of electrospun TiO2/PVP nanofibers used in DoE study: (a) T1, (b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9. All scale bars represent
2 �m.

the TiO2/PVP solution depends on the concentration and molecu-
lar weight of PVP polymer, the solvent, and TiO2 sources [3,12]. As
the solvent and PVP were constant, the viscosities of the solutions
were solely controlled by the TiP concentration (wt%). Increasing
the TiP concentration (284.22 g/mol) reduces the concentration of
PVP (1,300,000 g/mol), which further reduces the solution viscosity.

2.3. Electrospinning experiments

A  commercial Nabond® electrospinning unit (standard type)
was purchased from Nabond Technologies Co., Ltd., Shenzhen,
China to fabricate electrospun fiber mats. The homogeneous solu-
tion was loaded into a 10 ml  plastic syringe that was  attached to
a stainless steel needle with the inner diameter of approximately

Table 1
Four  factors and three levels selected in the DoE study for electrospun TiO2/PVP
nanofibers.

Factor description Level

1 2 3

A TiP concentration (wt%) 40 50 60
B Flow rate (ml/h) 0.5 1 2
C Needle tip-to-collector distance (cm) ∼11 ∼8 ∼9
D Applied voltage (kV) 14 18 25

0.514 mm.  The needle tip-to-collector distance was varied due to
a slope aluminum collector (see Fig. 1). Thus, the needle tip-to-
collector distances were in range of ∼11 cm for position a, ∼8 cm
for position b, and ∼9 cm for position c. A syringe pump was  used
to control the solution flow rate at 0.5, 1, or 2 ml/h during the elec-
trospinning process. The voltage setting was  controlled by a high
voltage power supply to maintain 14, 18, or 25 kV between the
needle and the slope collector. The slope collector was  covered

Table 2
Taguchi orthogonal array with nine trials (L9).

Trial Factor

A: TiP
concentration
(wt%)

B: flow rate
(ml/h)

C: needle
tip-to-collector
distance (cm)

D: applied
voltage (kV)

T1 40 0.5 a 14
T2 40 1 b 18
T3 40 2 c 25
T4 50 0.5 b 25
T5 50 1 c 14
T6 50 2 a 18
T7 60 0.5 c 18
T8 60 1 a 25
T9 60 2 b 14
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Fig. 3. EDS spectra of electrospun TiO2/PVP nanofibers.

with an aluminum foil, and the needle tip-to-collector distance
was adjusted accordingly. The electrospinning experiments were
performed in a sealed environmental chamber at a constant tem-
perature of 30 ◦C maintained by a lamp heater.

2.4.  Taguchi DoE

Four  factors of sol–gel and electrospinning parameters have
been selected for this experiment, which are given by TiP concen-
tration, flow rate, collector distance, and applied voltage at three
different levels (Table 1). The full factorial experiment of 81 (34)
trials can be completed in just 27 runs due to the slope collector,
but that entails a large number of tests, which are significant in
both experimental cost and time. As a result, Taguchi DoE layouts
are more applicable when compared to a traditional full-factorial
counterpart. This is because it reduced the number of tests to a
practical level, thus significantly saving the experimental time and
associated costs as opposed to the conduct of four factors individu-
ally. The L9 DoE orthogonal array was selected with the assumption
of no factorial interactions, resulting in nine trials as illustrated in
Table 2.

2.5.  Analysis of variance (ANOVA)

As earlier mentioned, the Taguchi DoE method replaces the full
factorial experiments with only a simple orthogonal array of nine
trials. To determine the significant factors, and optimum combina-
tion of factors, an analysis of variance (ANOVA) was  utilized in order
to offer a measure of confidence by determining and analyzing the

Fig. 4. Frequency contributions to electrospun TiO2/PVP nanofibers diameter range in DoE study: (a) T1, (b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9.

123



296 H. Albetran et al. / Journal of Asian Ceramic Societies 3 (2015) 292–300

Fig. 4. (Continued)
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data variance [31]. In the ANOVA, the total variation (ST), the sum
of squares of each factor (Si) and the percentage contribution (%)
were computed, respectively [31].

2.5.1. Total variation (ST)
The total variation (ST) is the sum of squares of all trial results,

which is expressed in the following form:

ST =
[

N∑
i=1

Ȳ2
i

]
−

⎡
⎢⎣
(∑N

i=1Ȳi

)2

N

⎤
⎥⎦ (1)

where Ȳi is the mean fiber diameter and N is the number of trials
in Taguchi DoE study.

2.5.2.  Total variance of each factor (Si)

SA = A2
40
3

+ A2
50
3

+ A2
60
3

− C.F (2)

SB = B2
0.5
3

+ B2
1

3
+ B2

2
3

−  C.F (3)

SC = C2
a

3
+ C2

b

3
+ C2

c

3
− C.F (4)

SD = D2
14
3

+ D2
18
3

+ D2
25
3

− C.F (5)

where  SA, SB, SC, and SD are the sum squares for four factors
of TiP concentration, flow rate, needle tip-to-collector distance,
and applied voltage at three different levels, respectively. C.F is
denoted as the correction factor, which is a term similar to the[(∑N

i=1Ȳi

)2
/N

]
in Eq. (1) and it remains constant for all factors.

The  correction factor (C.F) is used for the calculation of all sums of
squares [31].

2.5.3.  Percentage contribution (%)
The percentage contribution of four factors (PA, PB, PC, or PD) is

the ratio of the total variance of each factor (SA, SB, SC, or SD) to total
variation (ST) as given by:

Pi = Si

ST
× 100 (6)

where  i is the number of factors (i = 4 for this study).

2.5.4. Signal to noise ratio (S/N) of electrospun TiO2 nanofiber
diameter

A  “smaller the better” characteristic formula [17,28,29,31] has
been used to identify the optimum combination of factors to reduce
both the fiber diameter and its variation in electrospun TiO2/PVP
nanofibers as indicated below:

S/N = −10 log

(
1
n

n∑
i=1

y2
i

)
(7)

where  S/N is the signal-to-noise ratio, n is the number of measure-
ments, and y is the diameter of electrospun TiO2/PVP nanofibers.
Mathematically the greater the value of S/N, the smaller the vari-
ance for electrospun TiO2/PVP nanofibers.

3. Characterization

3.1. Scanning electron microscopy (SEM)

Electrospun TiO2/PVP nanofibers were sputter coated with 3 nm
platinum layers to be electrically conductive for reducing the sur-
face charge issue. The surface morphologies of the samples were

Table 3
Changes in nanofiber diameters of electrospun TiO2/PVP.

Trial Combination of
factors

Average  nanofiber
diameter and standard
deviation  (nm)

S/N

T1 A40B0.5CaD14 218 ± 126 −47.99
T2 A40B1CbD18 305 ± 165 −50.78
T3 A40B2CcD25 271 ± 203 −50.56
T4 A50B0.5CbD25 162 ± 59 −44.73
T5 A50B1CcD14 142 ± 28 −43.21
T6 A50B2CaD18 118 ± 25 −41.61
T7 A60B0.5CcD18 85 ± 18 −38.81
T8 A60B1CaD25 70 ± 18 −37.22
T9 A60B2CbD14 227 ± 57 −47.37

examined using an EVO 40XVP scanning electron microscope at
an accelerating voltage of 15 kV and the magnification of 3000×
with a working distance at 8.5 mm.  Energy dispersive X-ray spec-
troscope (EDS) at an acceleration voltage of 10 kV was  also used to
qualitatively analyze the elemental compositions.

3.2. Imaging analysis

The  electrospun nanofiber diameters from the SEM images were
measured by ImageJ® software (version 1.48e) developed by the
National Institutes of Health (NIH), USA. The number of pixels over
the scale bar in the SEM image was calibrated by the given length
of the scale bar in the corresponding image. Subsequently, the fiber
length perpendicular to the fiber axis was  measured manually for
each fiber. The total number of fiber measurements was  40 in each
SEM image and associated average nanofiber diameters along with
their standard deviations were calculated accordingly.

4. Results and discussion

4.1.  Nanofiber morphology and diameter

SEM micrographs of electrospun nanofiber morphology for the
L9 DoE are illustrated in Fig. 2. The randomly oriented nanofibers
had smooth surfaces along with most of large beads as typical
defects except that only minor bead defects are noticed in Fig. 2e–g.
Fig. 3 shows a typical EDS spectrum of the DoE study with elemen-
tal signals for Ti, O, Pt, and C, where Ti and O elements are assigned
to TiO2, as well as C and Pt elements are due to PVP polymer and
the platinum coating, respectively [14].

Fig. 4 shows the frequency contribution diagrams for the
DoE study in the diameter range of 25–1050 nm. The corre-
sponding average fiber diameters and standard deviations are
illustrated in Table 3. T2 in the DoE study yielded the highest
average diameter (305 ± 165 nm)  with the highest range of vari-
ation in diameter (125–1050 nm). The highest viscosity level of the
sol–gel solution with 40% TiP concentration and the lowest nee-
dle tip-to-collector distance (position b) were the main reasons
for the increased nanofiber diameter. However, nanofiber diameter
decreased slightly for T1, T3, and T9, where the average diameters
and the standard deviations were 218 ± 126 nm, 271 ± 203 nm,  and
227 ± 57 nm,  respectively. Both T1 and T3 had the same sol–gel con-
centrations as opposed to T2 with 40 wt% TiP, but with different
electrospinning parameters. The needle tip-to-collector distance
for T1 (position a) and T3 (position c) was higher than that for the
T2 (position b), which was  one reason for decreasing fiber diame-
ter. Other reasons to achieve this were to reduce the flow rate or
increase the applied voltage. T1 had the lowest level of flow rate
(0.5 ml/h), but it also had the lowest level of the applied voltage
(14 kV). T3 had the highest level of the applied voltage (25 kV),
but also had the highest level of the flow rate (2 ml/h). For T9,
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Fig. 5. The effect of TiP concentration, flow rate, needle tip-to-collector distance,
and  applied voltage on the average nanofiber diameter of electrospun TiO2/PVP.

the main reason for the reduction in the diameter size was  the TiP
concentration of 60 wt%, despite its lowest distance (position b),
lowest applied voltage (14 kV), and highest flow rate (2 ml/h). The
TiP concentration of T4, T5, and T6 was 50 wt%, but with different
combinations of electrospinning factors. Most of the diameter vari-
ation was from 75 to 275 nm,  and the average diameters were under
200 nm.  For both T7 and T8, the highest level of TiP concentration
at 60 wt% was used. The average fiber diameters and the standard
deviations were 85 ± 18 nm for T7, and 70 ± 18 for T8 due to dif-
ferent electrospinning conditions. Both T7 and T8 had a minimum
variance of fiber diameter, where about 80% frequency contribution
was detected in the fiber diameter range of 50–100 nm.  Fig. 5 shows
the effect of TiP concentration, flow rate, needle tip-to-collector
distance, and applied voltage on the average nanofiber diameter
of electrospun TiO2/PVP. It was found that the fiber diameters
decreased with increasing the TiP concentration (a decrease in vis-
cosity due to the low concentration of PVP polymer in the TiP/PVP
solution), needle tip-to-collector distance (position a) and applied
voltage setting while decreasing the flow rate, which is in good
agreement with previous literature [11,17,20]. The nanofiber diam-
eters decreased relatively sharply from 265 nm with the 40 wt%
TiP to 127 nm with 60 wt% TiP. This finding suggests that the TiP
concentration is the most significant factor for achieving the small
nanofiber diameter of electrospun TiO2/PVP with the minimum
variance (a further detail is included in the Taguchi analysis).

4.2.  Analysis of variance (ANOVA)

The relative percentage contributions of electrospinning factors
were determined using Eqs. (1)–(6). The ANOVA diagram depicted
in Fig. 6 demonstrates that the effect of processing parameters
on nanofiber diameters of electrospun TiO2/PVP by the percent-
age contributions for selected L9 DoE factors. The TiP concentration
(factor A) was a significant variable to control the nanofiber diam-
eter with a percentage contribution of 63.45%. This provides the
further evidence that increasing the TiP concentration decreases
the diameter size. The second and third most prevalent factors in
minimizing nanofiber diameters were the needle tip-to-collector
distance (factor C) and the flow rate (factor B) with the percentage
of contributions of 26.59% and 7.23% accordingly. The applied volt-
age (factor D) appeared to be insignificant at 2.72% only. It is implied
that the applied voltage has a trivial impact on the nanofiber diam-
eter, which can be maintained at the workable experimental range.

4.3. Optimum combination of factors

The S/N ratios for electrospun TiO2/PVP nanofibers were calcu-
lated using the “smaller the better” Eq. (7) for the nine Taguchi

Fig. 6. ANOVA diagram for the determination of significant factors to influence
electrospun  TiO2/PVP nanofiber diameters.

Fig. 7. Average S/N ratio diagram for the determination of the optimum combination
of  factors for electrospun TiO2/PVP nanofibers with the smallest fiber diameter size
and its minimum variation.

DoE study (Table 3). Since the purpose of this research work is
to determine the smallest nanofiber with the minimum variance,
the highest value of S/N ratio yields the optimum condition from
the Taguchi DoE work [17,28,31]. As illustrated in Table 3, T8
(A60B1CaD25) was determined to be the best candidate for inclusion
in the optimal combination, which has the maximum S/N value of
−37.22 with the average nanofiber diameter and standard devia-
tion at 70 ± 18 nm.  However, T7 (A60B0.5CcD18) with the S/N value
of −38.81 and the average fiber diameter and standard deviation at
85 ± 18 nm is another strong candidate. The average fiber diameter
for T8 is slightly smaller than that for T7, but the fiber variance for
T7 is less than that for T8, and the standard deviation is ±18 nm
in both cases. In Fig. 4, 60% frequency contribution of fibers in the
nanofiber diameter range from 75 to 100 nm for T7; whereas for
T8, it is 45% in the diameter range of 50 to 75 nm, and 35% between
75 and 100 nm.

Therefore, the average S/N ratio was  calculated to determine
the best level factor for the optimum contribution to minimize
the diameter and variation of electrospun TiO2/PVP nanofibers as
shown in Fig. 7. It suggests that 60 wt% TiP concentration, a flow
rate of 1 ml/h, needle tip-to-collector distance (position a), and
applied voltage of 18 kV (A60B1CaD18) is the optimum combina-
tion of factors to obtain small electrospun TiO2/PVP nanofiber with
the minimum variation. It is further proven that the TiP concen-
tration and the needle tip-to-collector distance are the two most
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Fig. 8. SEM micrographs of the confirmation experiment for the optimum combi-
nation of factors (A60B1CaD18) using two  different needle sizes: (a) 0.514 mm and
(b)  0.819 mm.  All scale bars represent 2 �m.

significant factors; whereas the flow rate and the applied voltage
appear to be relatively insignificant.

4.4. Confirmation experiment to optimum conditions

The confirmation experiment for the optimum combination of
factors was subsequently carried out as a necessary and important
post-step in the Taguchi DoE method [31]. The optimum com-
bination (A60B1CaD18) was tested with the same needle size of
0.514 mm and a new needle size of 0.819 mm to study the effect on
the nanofiber diameter of electrospun TiO2/PVP. Fig. 8 shows the
typical SEM images of confirmation experiments with both needle
sizes. The randomly oriented nanofibers had smooth surfaces with-
out beads defects in both images. The mean diameter and range
are 79 ± 11 nm and 84 ± 13 nm for the confirmation experiments of
the needle size of 0.514 mm,  and needle size of 0.819 mm,  respec-
tively. It is clear that the needle size is a non-significant factor in the
nanofiber diameter of electrospun TiO2/PVP. The diameters of these
nanofibers for both needles sizes are compared closely with the best
Taguchi candidate values obtained in T7 (85 ± 18), and T8 (70 ± 18).
The T8 gives the smallest nanofiber diameter, but the optimum
combination (A60B1CaD18) gives comparatively small electrospun
TiO2/PVP nanofiber diameter with the smallest standard deviation.
In Fig. 9, most the frequency contribution diagrams for both con-
firmation experiments are presented in the fiber diameter range of
50–100 nm with smallest standard deviations, as compared to the
orthogonal array with nine trials (L9).

Fig. 9. Frequency contributions to electrospun TiO2/PVP nanofibers diameter range
for confirmation experiments using needle sizes of (a) 0.514 mm and (b) 0.819 mm.

5. Conclusions

An L9 orthogonal array along with S/N ratios and ANOVA in
Taguchi DoE method was  used to investigate TiP concentration,
flow rate, needle tip-to-collector distance, and applied voltage at
three different levels on the nanofiber diameter of electrospun
TiO2/PVP. The small nanofiber diameter with the minimum vari-
ance has been found to be controlled mainly by two significant
factors, namely TiP concentration, and needle tip-to-collector dis-
tance. The optimum combination of factors with the highest level
of the TiP concentration, and the highest relative needle tip-to-
collector distance (position a) was found along with a flow rate
of 1 ml/h and an applied voltage setting of 18 kV (A60B1CaD18).
The effects of the needle size on the nanofiber diameter and its
variation of electrospun TiO2/PVP were also investigated based on
this optimal combination. It was determined that the needle size
is a non-significant factor in the nanofiber diameter of electrospun
TiO2/PVP.
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Use of nanostructured TiO2 for photocatalysis is a cost-effective and sustainable technology.
However, to make this an attractive viable technology will require the design of TiO2 photocatalyst
capable of harnessing the energy of visible light. One possible solution is the doping of TiO2 to reduce
its band gap. In this paper, the effect of Cr-doping by ion implantation on the in situ crystallization and
phase stability of anodic TiO2 nanotubes at elevated temperature is described. Cr-doping has
dramatically reduced the fraction of anatase-to-rutile transformation and lowered the crystallization
temperature of anatase from 600 to 400 °C and rutile from 600 to 500 °C. Ion beam analysis by
Rutherford backscattering spectrometry has confirmed the existence of Cr ions composition gradation
in doped TiO2 nanotubes. The real doping of Ti lattices with Cr ions was evidenced by the analyses of
surface compositions and chemical states of the nanotubes using x-ray photoelectron spectroscopy.

I. INTRODUCTION

Titanium dioxide (TiO2) is a wide band gap semi-
conductor with energy of 3.0–3.2 eV. It is widely used in
applications such as hydrogen production, gas sensors,
photocatalytic activities, dye-sensitized solar cells, and
photoelectrochemical cells because of its relative high
efficiency and high stability.1 However, due to its wide
band gap energy, TiO2 is active only under near-ultraviolet
irradiation. Therefore, numerous studies have been car-
ried out over the last 20 years to develop modified TiO2

catalysts so that they are active under visible light
irradiation (.400 nm). One of the most studied methods
is by doping the TiO2 materials with metal ions (Fe, Ni,
Co, and Va)2–5 or nonmetallic elements (N, S, and C).6–15

For instance, N-doping of TiO2 can result in visible light
response by virtue of a narrowing in the band gap due to
the mixing of p states of nitrogen with O 2p states. Among
these doping methods, doping with transitional metals is
one of the most efficient methods. Recent theoretical
calculations showed that 3d transition metals such as Mn
have good potential as a substitutional dopant for TiO2

because of their ability to induce significant spin polari-
zation and reduce the energy gap of rutile by forming
intermediate bands with adequate curvatures and density
of states.16–18 Unlike defect states in the form of nearly
straight horizontal lines within the energy gap, these curvy
intermediate bands can act as stepping-stones to relay va-
lence electrons to the conduction band.16,17 As a result, the
optical absorption edge of TiO2 is shifted into the visible
or even infrared spectral range of solar irradiance.18

Using a simple electrochemical anodization technique,
highly ordered arrays of doped TiO2 nanotubes with en-
hanced photocatalytic properties can be grown on a thin
sheet of titanium.19 X-ray photoelectron spectroscopy (XPS)
results showed that the doped nanotube samples contained
N, C, B, and F elements and the doped TiO2 showed the
shift in the band gap transition down to 2.98 eV. The
photocatalytic activity of doped TiO2 was 1.61 times better
than undoped TiO2.

15 Metals compounded on semicon-
ductor materials increase charge collection efficiency due
to a much slower electron–hole recombination, giving
rise to longer electron lifetime, which will result in an
increasing interfacial electron transfer process.1,12

Hitherto, the doping of TiO2 has beenwidely synthesized
using the sol–gel method.20–24 However, ion implantation
has now emerged as an alternative but effective doping
method to improve the separation of the photogenerated
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electron–hole pairs or to extend the wave length range of
the TiO2 photoresponses into the visible region.

25–30 XPS
measurements revealed that the implanted nitrogen spe-
cies were mainly interstitial ones. The nitrogen concen-
tration was increased with increasing the flux of ions,
which could be controlled by adjusting the gas flow rate of
the ion source, resulting in improved visible light photo-
catalytic activities.26 Higher visible light photocatalytic
efficiency was achieved with higher implanted nitrogen
concentration.26,27

In this paper, we present x-ray diffraction (XRD)
results on the role of Cr-doping on the in situ crystalli-
zation behavior and phase stability of TiO2 nanotubes
in the temperature range 25–1000 °C. The effect of
Cr-doping on the resultant microstructure, composition
depth profile, and binding energy is discussed in terms of
scanning electron microscopy (SEM), ion beam analysis by
Rutherford backscattering spectrometry (RBS), and XPS.

II. EXPERIMENTAL METHODS

A. Sample preparation

Ti foils (99.6% purity) with dimensions of
10 � 10 � 0.1 mm3 were used for the anodizing to
produce self-organized and well-aligned TiO2 nanotube
arrays. The process of potentiostatic anodization was
performed in a standard two-electrode electrochemical
cell, with Ti as the working electrode and platinum as the
counter electrode. Before anodization, Ti foils were
mechanically polished, degreased by sonicating in etha-
nol, isopropanol, and acetone for 5 min each, followed by
rinsing with deionized water, and then drying using
nitrogen stream. After drying, the foils were exposed to
the electrolyte, which consists of 100 mL of ethylene
glycol, 2.04 mL of water, and 0.34 g of NH4F. The elec-
trolyte’s pH was kept constant at pH 5 6 and its tem-
perature was kept at about 25 °C. The anodization process
was performed under an applied voltage of 60 V for
0.5 h.31,32 After that, the resulting TiO2 structures were
then rinsed in ethanol, immersed in hexamethyldililazane,
and dried in air.

B. Cr-doping by ion implantation

The as-anodized samples were doped with Cr ions by
exposure to a flux of ions directed perpendicular to the
sample surface. The Cr ions were produced using a direct
extraction high flux ion source, with a charge distribution
close to the theoretical prediction (9% Cr11, 75% Cr12,
13% Cr13, 3% Cr14), corresponding to an average charge
of12.1, giving an average implantation energy of 63 keV.
With these implantation parameters, the depth of Cr
peak in TiO2 is close to the stopping and range of ions
in matter (SRIM) prediction of 35 nm. The near-surface
composition depth profiling of ion-implanted samples was
measured by RBS using He11 ions at 1.8 MeV and the

implanted dose was ;7 � 1014 ions/cm2. This phase of
work was conducted at the Australian Nuclear Science and
Technology Organisation.

C. In situ high-temperature x-ray and synchrotron
radiation diffraction

The in situ crystallization behavior of as-anodized or
undoped TiO2 was characterized using high-temperature
XRD up to 1000 °C in air using an Anton Paar HTK16
hot stage (Graz, Austria). The XRD patterns were acquired
in steps of 100 °C from 400 to 1000 °C. The mean crys-
tallite sizes (L) of anatase and rutile were calculated from
(101) and (110) reflections, respectively, using the Scherrer
equation33:

L ¼ Kk
b cos h

; ð1Þ

where K is the shape factor (0.94), k is the x-ray wave length,
b is the line broadening at half the maximum intensity
[full width at half maximum (FWHM)] in radians, and h is
the Bragg angle. The relative abundance of anatase and rutile
at each temperaturewas computed using theRietveldmethod.
The models of Djerdj and Tonejc34 and Howard et al.35 were
used to calculate the phase abundance of anatase and rutile,
respectively, using the Rietica 1.7.7 software.

The in situ crystallization behavior of Cr-doped TiO2

was characterized using high-temperature synchrotron
radiation diffraction (SRD) up to 900 °C in argon to avoid
oxidation of the implanted Cr ions. The SRD measure-
ments were conducted at the Australian Synchrotron using
the Powder Diffraction beamline in conjunction with an
Anton Paar HTK20 furnace and the Mythen II microstrip
detector. The SRD patterns were acquired in steps of
100 °C from 100 to 900 °C at an incident angle of 3° and
wave length of 0.11267 nm.

The collected XRD and SRD data were analyzed using
the CMPR program/software to evaluate the integrated
peak intensities of all phases present. The sum of all the
integrated peak intensities in 2h range of 10°–50° was
used to calculate the relative phase content of all the
phases present at each temperature as follows:

WA ¼
IA

IA þ IR þ IT

� �
� 100 ; ð2Þ

where WA is the wt% of anatase, IA is sum integrated
intensity of anatase, IR is sum integrated intensity of rutile,
and IT is sum integrated intensity of titanium. A similar
ratio method was used to calculate the wt% of rutile (WR)
or titanium (WT). This method is expected to be more
accurate than the method of Spurr andMyers36 where only
the peak intensities of anatase (101) and rutile (110) are
used. The use of integrated peak intensities in Eq. (2) can
minimize issues relating to preferred orientation, grain
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size, and/or degree of crystallinity. The CMPR program
was also used to determine the FWHM of anatase (101)
and rutile (110) reflections, respectively, to calculate the
crystallite size using Eq. (1).

D. Scanning electron microscopy

The morphologies of the anodized and ion-implanted
samples were characterized using a focused ion beam
SEM operating at working distances of 5 mm with an
accelerating voltage of 5 kV. The samples were gold-
coated before the microstructure examination, and the
images were taken using both secondary and backscat-
tered electrons. Energy dispersive x-ray spectroscopy
(EDS) was also conducted to analyze the elemental
compositions of the samples.

E. X-ray photoelectron spectroscopy

XPS with Al Ka x-ray (hm 5 1486.6 eV) radiation
operated at 150 W was used to investigate the surface
properties and to obtain the valence band spectra. The
operating pressure of the spectrometer was typically
1 � 10�9 Torr. The x-ray spot diameter was ;500 lm.
The spectra were recorded in the fixed analyzer trans-
mission mode with pass energy of 150 eV for recording
survey spectra.

III. RESULTS AND DISCUSSION

A. Crystallization behavior

Figure 1 shows the XRD plots of undoped TiO2 before
and after thermal annealing in air at different temperatures
ranging between 20 and 1000 °C. The anodic TiO2

nanotube arrays before thermal treatment were amorphous
but eventually crystallized at 400 °C to form anatase,
which started to decrease in abundance but persisted at up

to 1000 °C. A small amount of rutile started to form at
600 °C and its abundance increased rapidly after 800 °C,
which corresponds to the rapid decrease in anatase. Since
anatase is well known to be metastable, it began to
transform into rutile at about 600 °C. Figure 2 shows that

FIG. 1. High-temperature XRD plots for pure TiO2 showing the in situ
crystallization of anatase and rutile from the amorphous TiO2 in the
temperature range 20–1000 °C.

FIG. 3. XRD profile plot for pure TiO2 nanotubes at 800 °C. Measured
and calculated patterns are indicated by crosses (black) and solid line
(red), respectively. Intensity differences between the two patterns are
shown along the bottom of the plot (green). Vertical bars (blue)
represent the allowable peak position for each of the phases (from top
to bottom: anatase and rutile).

FIG. 2. Phase abundances of anatase and rutile for pure TiO2 in the
temperature range 20–1000 °C.

FIG. 4. Variations of crystallite size of anatase (♦) and rutile (j) as
a function of temperature for pure TiO2.
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phase abundances of anatase and rutile as a function of
temperature. A typical Rietveld profile fit for the XRD data
at 800 °C is shown in Fig. 3. The good refinement quality
of diffraction data can be discerned by the acceptable
fitting parameters of Rp 5 17.4; Rwp 5 26.0; Rexp 5 3.5;
RB (anatase) 5 5; and RB (rutile) 5 10.

There was also a distinct narrowing and sharpening
in the (101) peak for anatase and (110) peak for rutile.
The corresponding increase in crystallite size calculated
from the Scherrer equation is shown in Fig. 4. The
crystallite size of anatase was about 30 nm at 400 °C
and increased gradually with temperature to ;65 nm at
1000 °C. The crystallite size of rutile formed at 600 °C

was about 35 nm, which grew rapidly and leveled off at
1000 °C with a size of 70 nm. It should be emphasized that
the values of crystallite size reported here are only relative
because the contribution of strains on peak broadening
has been ignored in the calculation using the Scherrer
equation.

The fraction of anatase-to-rutile transformation in the
samples annealed at between 600 and 1000 °C can be
calculated from the followed equation36:

TABLE I. Fractions of anatase-to-rutile transformation in pure and
Cr-doped TiO2 at various temperatures.

Temperature (ºC) x (%) TiO2 x (%) Cr-doped TiO2

500 ... 0.6
600 4.4 3.6
700 16.4 4.6
800 30.3 5.6
900 59.6 ...
1000 96.6 ...

FIG. 5. In situ SRD plots of Cr-doped TiO2 nanotubes showing the existence of anatase (A), rutile (R), Ti5O9 (X), and titanium (T) in the temperature
range 20–900 °C. (Legend: a5 20 °C, b5 100 °C, c5 200 °C, d5 300 °C, e5 400 °C, f5 500 °C, g5 600 °C, h5 700 °C, i5 800 °C, j5 900 °C).

FIG. 6. Variations of phase abundances as a function of temperature
for Cr-doped TiO2 nanotubes. [Legend: titanium (♦); anatase (j); rutile
(m); TiO2�x (d)].
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x ¼ 1=½1þ 0:8ðIA=IRÞ� ; ð3Þ

where IA is the x-ray integrated intensities of the (101)
reflection of anatase at about 25.5°, while IR is that of the
(110) reflection of rutile at about 27.7°; x is the weight
fraction of rutile in the nanotubes, which is calculated to be
4.4% for the nanotubes annealed at 600 °C, 16.4% at

700 °C, 30.3% at 800 °C, 59.6% at 900 °C, and 96.6% at
1000 °C (see Table I).

Figure 5 shows the SRD plots of Cr-doped TiO2

nanotubes before and after thermal annealing in argon at
20–900 °C. The TiO2 nanotube arrays were initially
amorphous but eventually crystallized to anatase at
300 °C. The peak intensities of anatase increased rapidly
when the annealing temperature rises from 300 to 400 °C
and continued to increase until 900 °C. The formation of
rutile commenced at 500 °C but its growth was sluggish
where the peak intensities increased very slightly from 500
to 800 °C. However, rutile disappeared at 900 °C with the
concomitant appearance of TiO2�x where x 5 0.2 (see
Fig. 6). This suggests that rutile was unstable in argon
atmosphere at 900 °C and decomposed to form a non-
stoichiometric titanium oxide and oxygen vacancies (Ov)
as follows:

5TiO2�!
900 8C=argon

Ti5O9 þ Ov : ð4Þ
FIG. 7. Variations of crystallite size (L) of anatase (♦) and rutile (j) as
a function of temperature for Cr-doped TiO2 nanotubes.

FIG. 8. Scanning electron micrographs showing the microstructure of pure TiO2 nanotubes (a) at room temperature, (b) at 900 °C, (c) at 400 °C for
2 h, and (d) the corresponding EDS analysis of composition in Spectrum 1.
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In contrast, no decomposition of rutile was observed in
undoped TiO2 nanotubes (see Fig. 1). When compared to
Cr-doped TiO2, both anatase and rutile in pure TiO2

crystallized at a higher temperature, i.e., 400 and 600 °C,
respectively. Using Eq. (3), the fraction of anatase-to-rutile
transformation in Cr-doped TiO2 at between 600 and
1000 °C was computed to be 0.6% at 500 °C, 3.6% at
600 °C, 4.6% at 700 °C, and 5.6% at 800 °C. As shown in
Table I, these values are significantly when compared to
pure TiO2.

Figure 7 shows the influence of annealing temperature
on crystallite size for anatase and rutile in Cr-doped TiO2.
The crystallite size of anatase was about 55 nm at 400 °C
and increased gradually with temperature to 100 nm at
900 °C. In contrast, the crystallite size of rutile formed was
much smaller than anatase and peaked at 700 °C with only
33 nm in size.

It appears that the presence of Cr-doping has acceler-
ated the formation of anatase and rutile at a lower tem-
perature, probably through the facilitation of defects such

as vacancies. It is widely accepted that the onset tem-
perature of the anatase to rutile phase transformation and
the rate at which it proceeds can be affected significantly
by dopants, firing atmosphere, microstructure, sample mor-
phology, and the presence of impurities in the material.1

The process of the anatase-to-rutile transformation is
known to occur via (i) the nucleation of rutile at point
defects, oxygen vacancies, secondary phase inclusions,
particle surfaces, and/or at (112) twin interfaces in anatase
and (ii) the subsequent consumption of the anatase phase
by the growing rutile phase. The formation of rutile from
the metastable phase anatase is reconstructive and so takes
place through atomic rearrangement involving the break-
ing of two of the six Ti–O bonds in the TiO6 octahedra.

37

As anatase transforms into rutile, significant grain growth
takes place, resulting in lower surface area and thus poorer
photocatalytic performance.

Transition metals (e.g., Cr) of variable valence are
reported to enter the titania lattice and create oxygen
vacancies through reduction effects as follows1,38:

FIG. 9. Scanning electron micrographs showing the microstructure of (a) Cr-doped TiO2, (b) EDS analysis of composition in Spectrum 1.
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2Mnþ þ O2� ! 2Mðn�1Þþ þ 1
2
O2 þ Ov ; ð5Þ

where M denotes a transition metal atom and Ov denotes
an oxygen vacancy. Once substituted for Ti41, the reduc-
tion of such species gives rise to new oxygen vacancies
and so enhances rutile formation from metastable anatase
through easing of structural rearrangement. These oxygen
vacancies are believed to be responsible for crystallization
of anatase at a lower temperature in Cr-doped TiO2 as well
as destabilization and subsequent decomposition of rutile
to form nonstoichiometric TiO2�x.

B. Microstructures and formation mechanisms of
nanostructured TiO2

After anodizing in the electrolyte of NH4F/H2O/Ethylene
glycol at 25 °C for 20 h, a homogeneous layer of TiO2

nanotubes formed on the Ti foil. Figure 8(a) shows the
SEM image of the microstructure of amorphous TiO2

nanotubes in the as-anodized sample. Upon annealing at

400 °C for 2 h, vertically oriented and highly ordered
arrays of anatase nanotubes with diameter of ;80 nm
formed [Fig. 8(b)], which concur well with previous
studies on anodized TiO2.

39,40 The EDS analysis of nano-
tubes in Spectrum 1 of Fig. 8(c) indicated 31.04% Ti and
68.96% O, thus confirming the presence of TiO2 in the
sample. Upon annealing at 900 °C for 1 h, some anatase
transformed into rutile that appeared as elongated grains
randomly distributed among the nanotubes, as shown in
Fig. 8(d).

The microstructure of Cr-doped TiO2 is shown in Fig. 9(a)
where the morphology of nanotubes has been retained
during the process of ion implantation. The existence of
implanted Cr ions has been verified by the EDS analysis
of a bright region in Spectrum 1 as shown in Fig. 9(b).

C. Composition depth profiles and
binding energies

The RBS results in Fig. 10 show the concentration of
elements (at.%) versus depth (at./cm2) for both the
undoped and Cr-doped samples. The depth profile of Ti
and O for undoped TiO2 is shown in Fig. 10(a) where the
composition at near-surface layer is fairly constant but
a composition gradation in both O and Ti exists at the
interface between the substrate and the oxide layer. In the
Cr-doped sample [Fig. 10(b)], it is shown that a maximum
Cr concentration of 0.7 at.% has been implanted in TiO2

down to a depth of about 300 monolayers. A composition
gradation also appears to exist at the interface between the
substrate and the oxide layer.

The XPS plots in Fig. 11 show the binding energies of
elements present in both undoped and Cr-doped TiO2

nanotubes. The presence of Cr in the doped sample is
evident by the display of Cr 2p peak. When compared
to Cr-doped TiO2, significantly, more fluorine is present
in pure TiO2. The cause of this diminished fluorine in
Cr-doped TiO2 is uncertain, although it is quite possible

FIG. 10. Composition depth profiles in (a) pure TiO2 and (b) Cr-doped
TiO2 nanotubes. Inset shows the close-up view of Cr concentration.

FIG. 11. XPS plots showing the chemical states and binding energies
for pure and Cr-doped TiO2 nanotubes.
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that the process of ion implantation may have caused some
fluorine to escape. Also noticeable is the slight peak shifts
of Ti 2p and O 1s to the lower binding energy for Cr-doped
TiO2. Such peak shifts have also been observed for
Cu-doped TiO2.

41 This suggests that the Ti 2p binding
energy in Cr-doped TiO2 nanotubes increased when
compared to that of pure TiO2. The peak shift also
illustrates the incorporation of Cr ions into the TiO2

lattices. These results suggest that the Cr31 ions are doped
in the TiO2 lattice forming a substitutional solid solution.
When TiO2 is doped with Cr31 ions, the binding energy
change in each atom occurs due to the electron transfer
from Ti41 to Cr31. In essence, the Fermi level of Cr2O3 is
lower than that of TiO2, thus resulting in the outer electron
cloud density of Ti to decrease and that of Cr to increase.

IV. CONCLUSIONS

High-temperature SRD has been used to study the
effect of Cr-doping on in situ crystallization of anatase
and rutile in as-anodized TiO2 nanotubes. The TiO2 was
initially amorphous but crystallized to anatase and rutile at
elevated temperature. Cr-doping has lowered the crystal-
lization temperature of anatase from 600 to 400 °C and
rutile from 600 to 500 °C. In addition, it has reduced
dramatically the fraction of anatase-to-rutile transforma-
tion. The rutile formed in TiO2 was very stable after
annealing at 1000 °C but became unstable in Cr-doped
TiO2, which decomposed to form TiO2�x at 900 °C. Ion
beam analysis by RBS has confirmed the existence of
Cr ions composition gradation in doped TiO2. The real
doping of Ti lattices with Cr ions was evidenced by the
analyses of surface compositions and chemical states of
the nanotubes using XPS.
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Titania nanotube arrays were synthesized electrochemically by anodization of titanium foils, and
the synthesized titania nanotubes were then implanted with indium ions. The effect of In-ions
implantation on crystallization and phase transformation of titania was investigated using in-situ
high-temperature X-ray diffraction and synchrotron radiation diffraction from room temperature to
1000 °C. Diffraction results show that crystalline anatase first appeared at 400 °C in both the
non-implanted and the In-implanted materials. The temperature at which crystalline rutile
temperature appeared was 600 °C for non-implanted materials and 700 °C for In-implanted
materials, and the indium implantation inhibited the anatase-to-rutile transformation.
Although In31 is expected to increase oxygen vacancy concentration and then the rate of titania
transformation, the observations are consistent with implanted In-ions occupying the Ti sublattice
substitutionally and then inhibiting the transformation. The relatively difficult anatase-to-rutile
transformation in the In-implanted material appears to result from the relatively large In31 radius
(0.080 nm). The In31 partly replaces the Ti41 (0.061 nm), which provides a greater structural
rigidity and prevents relaxation in the Ti bonding environment.

I. INTRODUCTION

Titania is known to be a very useful nontoxic, environ-
mentally friendly photocatalyst.1–4 It is a stable, photo-
durable, inexpensive, and natural aid in the efficient
realization of many applications, such as bio-application,
dye-sensitized solar cells, photoelectrochemical cells, gas
sensors, and hydrogen production.5–9 Titania has three
crystal structures: anatase, rutile, and brookite.10–12 In titania
phase systems transformation, amorphous titania crystallizes
into the most common titania phases, namely anatase, rutile,
or a mixture of them, by way of thermal treatment.13,14 The
amorphous-to-anatase and subsequent anatase-to-rutile
phase transformation behaviors depend on the impurities,
morphology, preparation method, dopants, heating rate,
calcining temperature, calcining time, and atmospheres.15–19

One-dimensional (1-D) titania nanostructures, for ex-
ample, nanowires, nanorods, nanobelts, nanofibers, and
nanotubes provide unique electronic characteristics, such
as a high surface area-to-volume ratio, high electron
mobility, or quantum confinement effects, and high

mechanical strength.1,3,7,8 These characteristics increase
the decomposition rate of organic pollutants significantly
because photocatalytic reactions occur rapidly and in-
tensely on the catalyst surface.20,21 Various techniques
have been used to synthesize 1-D nanostructured titania,
including sol–gel,22 microwaves,23 electrochemical an-
odization,6,24–27 hydrothermal methods,4,28–30 and elec-
trospinning.31 Thus, there is a great deal of interest in
synthesizing 1-D titania nanostructures using inexpensive
and simple methods.

Among fabrication methods, anodization is currently
one of the most commonly used method for the fabrica-
tion of 1-D titania nanostructures,1,6,31 and the general
nanostructure obtained through this process is nano-
tubes.17,22 Nanotubes are 1-D nanometer scale tubes like
nanowires, nanorods, and nanofiber structures. In the case
of nanotubes, there is a hollow center as compared to the
other 1-D structures. The anodized titania nanotube
arrays are synthesized by electrochemical anodization
of titanium-based alloy in an electrolyte with Pt grid used
as an anode for a short period at room temperature
(RT).6,24–27

In this paper, titania nanotube arrays were synthesized
electrochemically by anodization of titanium foils, and
the synthesized titania nanotubes were then implanted
with indium ions. The effect of In-ions implantation on
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the crystallization kinetics and phase transformations of
anodized titania nanotubes were investigated using in-situ
high-temperature x-ray diffraction (XRD) and synchro-
tron radiation diffraction (SRD) from RT to 1000 °C, and
then were characterized by field emission scanning
electron microscopy (FESEM), and associated energy
dispersive X-ray spectroscopy (EDS).

II. EXPERIMENTAL METHODS

A. Sample preparation

Titanium foils (99.6% purity) with dimensions of 10 �
10 � 0.1 mm3 were anodized to synthesize the titania
nanotube arrays. The titanium foils were cleaned ultrason-
ically in a mixed solution of ethanol, isopropanol, and
acetone for five minutes, followed by rinsing with deion-
ized water, and were then dried using nitrogen stream. In
the electrochemical anodization cell, the Ti foil acted as
a cathode. Platinum was used as an anode in an electrolyte
of 2.04 mL water, 100 mL ethylene glycol, and 0.34 g
ammonium fluoride (NH4F). The anodization experiment
was performed in a sealed environmental chamber at
a constant temperature of 25 °C, and at a pH of 6. The
voltage was controlled to 60 V for 20 h using a voltage
power supply between the Ti foil and the platinum located
several centimeters apart. The as-anodized titania arrays
were rinsed/washed after being anodized with ethanol,
immersed in dimethyl sulfoxide, and dried in air.

B. Field emission scanning electron microscopy

The surface morphologies of the anodized titania
nanotubes before and following the in-situ high-
temperature measurement were investigated using field
emission scanning electron microscope (FESEM; Zeiss,
Neon, 40EsB, Oberkochen, Germany). Prior to the
microstructure observations, the samples were sputter-
coated with a 3 nm layer of platinum to avoid charging,
and then the FESEM images were taken using secondary
electron with an accelerating voltage of 5 kV. EDS was
used to analyze the elemental compositions of the SEM-
image materials.

C. In ion implantation

Details of ion implantation are given in the pre-
liminary studies by the authors with Cr-ions implanted
titania nanotube arrays and V-ions implanted titania
nanofibers.32,33 In summary, the as-anodized samples
were implanted with In ions using the MEVVA ion
implanter (Lawrence Berkeley Laboratory, Berkeley,
California) at the Australian Nuclear Science and
Technology Organization (ANSTO). The titania nano-
tubes were implanted by exposing a flux of indium ions
perpendicular to the sample surface. The average im-
plantation energy of indium ions was 25 keV, and the

peak penetration depth of indium in the titania nano-
tubes was close to the 70 nm stopping and range of ions
in matter prediction based on the implantation parame-
ters. The near-surface composition depth profiling of In
ion-implanted titania nanotubes was measured by Ruth-
erford backscattering spectrometry using He11 ions at 2
MeV, and the implanted dose was ;4 � 1015 ions/cm2.

D. In-situ high-temperature XRD and SRD

In-situ crystallization behavior of as-anodized titania
nanotubes was evaluated in an air atmosphere using XRD
at temperature ranging from RT to 1000 °C using an
Anton Parr HTK16 hot stage (Graz, Austria). The sample
was mounted and heated at a rate of 10 °C/min, from
ambient temperature to 1000 °C [See Fig. 1(a)]. The
XRD patterns were collected at ambient temperature and
then in steps of 100 °C from 400 to 1000 °C using Cu Ka

radiation with a wavelength of 0.15419 nm, settings at
40 kV, 30 mA, and each pattern was measured over the
angular range of 2h 5 20°–125°.

For the In-ions implanted titania nanotubes, the meas-
urements of in-situ high-temperature SRD were con-
ducted at the powder diffraction beamline at the
Australian Synchrotron, Melbourne, Australia. The speci-
mens were mounted and heated using an Anton Parr
HTK16 hot platinum stage in conjunction with a Mythen
II microstrip detector. The SRD patterns were acquired at
ambient temperature and then in steps of 100 °C from
100 °C to 900 °C in air according to the heating protocol
shown in Fig. 1(b). The SRD data were collected at an
incident angle of 3° and a wave length of 0.1126 nm. The
wavelength was determined accurately from a NIST 660a
pattern with zero error from 0.007368283 to
0.0001243282° and sample displacement from
0.002781912 to 0.0008831296 mm. Each pattern was
measured over the angular range of 2h 5 5°–84°.

E. Quantitative analysis

The XRD and SRD patterns were analyzed using
Rietveld pattern-fitting with TOPAS (Bruker AXS, ver-
sion 4.2) software, with the goodness-of-fit (GOF) being
gauged from the values of the expected R-factor (Rexp),
the weighted pattern R-factor (Rwp), and the derived
Bragg R-factors (RP). The Rietveld method is expected
to be more accurate than the Spurr and Myers method,
which uses only the anatase (101) and rutile (110) peak
intensities.13 The use of the Rietveld method minimizes
issues relating to preferred orientation, grain size, and/or
degree of crystallinity. To compute the relative crystalline
phase abundances, and the lattice parameters of titanium,
anatase, and rutile as a function of temperature, the
parameters optimized in the Rietveld refinements were
the pattern background, 2h0, sample displacement and,
for each phase, the scale factor, lattice parameters,
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preferred orientation, and peak shape parameters. Riet-
veld refinements were conducted with the crystal struc-
tures of titaniuma (ICSD 44872), anatase (ICSD 202242),
and rutile (ICSD 64987). These phases were identified
using the DIFFRAC. EVA software (released 2012,
version 3.1) to search the International Center for
Diffraction Data powder diffraction file database (PDF-
412013 software version: 4.13.0.6, Database version:
4.1302).

III. RESULTS AND DISCUSSION

A. Microstructural imaging

A homogeneous white layer formed on the Ti foil after
the anodizing process in the ethylene glycol/NH4F
electrolyte at 25 °C for 20 h (optical image not shown).

Figure 2(a) shows a typical secondary electron FESEM
image of as-anodized titania nanotubes, which were
amorphous. The as-anodized nanotube arrays were more
uniform and highly ordered than the titanium foil. The
corresponding mean inner diameter and standard de-
viation for 100 nanotubes was 26 6 4 nm.

After the in-situ high-temperature XRD at 1000 °C for
as-anodized titania nanotube arrays, and for SRD at
900 °C for In-ions implanted titania nanotube arrays,
the morphologies were re-examined at RT using the same
FESEM conditions. Figures 2(b) and 2(c) illustrate the
FESEM images of non-implanted and In-ions implanted
materials, respectively. For the non-implanted sample,
the nanotube array structures were destroyed and covered
with rutile elongated grains. However, for In-ions
implanted titania nanotubes, some grains were randomly

FIG. 1. Non-isothermal in-situ (a) XRD and (b) SRD heating protocol. Plateaus indicate the 2 min during which SRD data were acquired.

FIG. 2. FESEM micrographs of (a) as-anodized titania nanotube arrays prior to heating; (b) after thermal treatment for the XRD experiment at
1000 °C and cooling to RT; and (c) after In-ions implantation and thermal treatment for SRD experiments at 900 °C and cooling to RT.
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distributed among the titania nanotubes, which indicates
that implantation had inhibited or slowed the grain
growth of titania nanotube arrays. These grains are
crystalline rutile because metastable anatase transformed
into stable crystalline rutile at elevated temperatures
(see Sec. III. B).

Figure 3(a) shows the EDS spectrum for the as-
anodized titania nanotube arrays in Spectrum 1, showing
that strong signatures for Ti, O, and Pt, with the Pt content
begin due to the platinum coating. Assuming that the Pt
peak from the platinum coating is negligible, the quanti-
tative EDS analysis indicated 66.18% O Ka and 33.82% Ti
Ka, thus confirming the presence of titania. It should be
noted that quantitative EDS is performed for flat samples,
which is approximated for the nanotubes. The EDS for the
nanotubes was collected from a small square to minimize
the nonflat sample issue, using EDS software (AZtec
Software, Oxford). The qualitative EDS spectrum for
non-implanted and In-ions implanted nanotubes after
cooling was essentially the same for the as-anodized
nanotubes, whereas the quantitative EDS analysis indi-
cated approximately 33.82% Ti Ka and 66.18% O Ka, thus
confirming and providing evidence of titania with a TiO2

chemical formula structure. The existence of In ions in-
implanted titania nanotubes was verified by the quantita-
tive EDS analysis in Spectrum 2 as shown in Fig. 3(b) that
indicates 0.8(4)% In. This occurs because the surface
composition is detected to a greater depth by SEM.

B. Crystallization behavior

Figures 4(a) and 4(b) show the stacked XRD and SRD
plots during thermal annealing in air from RT to 1000 °C
for non-implanted titania nanotubes and In-ions
implanted titania nanotubes, respectively. Diffraction
results showed that both titania nanotube arrays were
initially amorphous, but crystalline anatase formed at
400 °C for both samples. The anatase-to-rutile trans-
formation started at 600 °C by a small crystalline rutile
peak observed for non-implanted material, compared
with 700 °C for In-ions implanted material. The reason
for the 100 °C delay in the initial crystallization of rutile
for the In-ions implanted titania nanotubes was that the
In-ions implant provided greater structural rigidity and
prevented relaxation in the Ti bonding environment. This
behavior of severe/difficult rearrangement of the atoms in
the anatase and rutile lattices could be due to the presence
of In-ions interstitially or substitutionally. The presence
of interstitial ions can inhibit the anatase-to-rutile trans-
formation, whereas substitutional ions can also inhibit
phase transformation if the substitutional ion is larger and
does not differ significantly from Ti41.19,34 The In31

radius (0.080 nm) is relatively larger than the Ti radius
(0.061 nm). (For a discussion of whether In-ions enter the
titania interstitially or substitutionally, see Sec. III. C)

The relative phase levels of crystalline titanium,
anatase, and rutile in the anodized nanotubes were
calculated using the Rietveld method. Figures 5(a) and

FIG. 3. EDS spectra of (a) anodized TiO2 nanotubes prior to heating; and (b) after thermal treatment and In-ions implantation and cooling to RT.
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5(b) show typical XRD and SRD Rietveld residual plots
at 900 °C for data measured in non-implanted and In-ions
implanted titania nanotube arrays, respectively. In non-
implanted material, Rwp 5 13.23, Rexp 5 3.75, RB

(anatase) 5 4.791, and RB (rutile) 5 6.416%, and for
the In-ions implanted material, Rwp 5 12.14, Rexp 5
9.94, RB (titanium a) 5 2.817, RB (anatase) 5 2.908 and
RB (rutile) 5 2.951%. The GOF values are 3.53 for

non-implanted nanotube arrays and 1.22 for In-ions
implanted nanotube arrays. The ideal value for the GOF
is 1.0, but 4 or higher can be accepted for abundance data
analysis.35

Table I shows the variation of relative phase concen-
trations of crystalline titanium, amorphous anatase, and
rutile in the temperature range of 400–1000 °C for non-
implanted and In-ions implanted material. At 600 °C, the

FIG. 4. Stacked XRD and SRD plots for the temperature range of RT-1000 °C of (a) non-implanted material, and (b) after In-ions implantation,
respectively. [Legend: anatase (A), rutile (R), titanium peaks (T), and RT].

FIG. 5. XRD and SRD Rietveld difference plots for data measured in (a) non-implanted and (b) In-ions implanted titania nanotubes at 900 °C, respectively.
Measured patterns are indicated by black crosses and calculated patterns by solid red lines. The Gray residual plot shows the difference between calculated
and measured patterns. Peak positions for titanium, anatase, and rutile are indicated by green, black, and blue bars, respectively.
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relative phase concentrations were 1.40(12)% Ti, 96.55
(64)% anatase, and 2.05(63)% for non-implanted nano-
tubes, whereas they were 1.56(47)% Ti, and 98.44(47)%
anatase without any crystalline rutile formed for In-ions
implanted titania nanotubes. The metastable anatase
crystallizes from amorphous titania, which formed from

the anodized Ti foils at a relatively low temperature, and
the anatase subsequently transforms into stable crystalline
rutile at a higher temperature. For the non-implanted
sample, it is evident that the relative phase concentration
of the crystalline rutile increased dramatically as the
temperature increased from 600 to 1000 °C. However,

TABLE I. The effect of In-ions implantation on the relative weight percentages of anatase and rutile as a function of temperature, using the
Rietveld method.

Temperature (°C)

Nonimplantation In-ions implantation

Ti (%) Anatase (%) Rutile (%) Ti (%) Anatase (%) Rutile (%)

400 3.25(12) 96.75(12) 0 4.48(13) 95.52(13) 0
500 2.85(93) 97.15(93) 0 2.61(67) 97.63(58) 0
600 1.40(12) 96.55(64) 2.05(63) 1.56(47) 98.44(47) 0
700 0.87(11) 86.60(88) 12.53(88) 0.85(68) 85.27(58) 13.88(11)
800 0.65(16) 76.06(43) 23.29(41) 0.4202(20) 84.14(34) 15.64(56)
900 0 46.81(44) 53.19(44) 0.2194(68) 84.16(32) 15.66(31)
1000 0 5.06(62) 94.94(62) NA NA NA

FIG. 6. Variation of the lattice parameters as a function of temperature for (a) anatase, and (b) rutile; and (c) the cell volume in non-implanted and
In-ions implanted anodized titania nanotube arrays.
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the titania transformations were observed to increase
more slowly in In-implantation than in nonimplantation
samples. At 900 °C, the relative phase concentration was
0.2194(68)% Ti, 84.16(32)%, and just 15.66(31)% rutile
for the In-ions implanted nanotubes, whereas all of the
crystalline Ti, and more than 53% of the crystalline
anatase transformed into crystalline rutile for the non-
implanted sample. The relatively larger In31 than Ti41

radius would inhibit the transformation of titania, since it
involves greater structural rigidity and prevents relaxation
in the Ti bonding environment.

C. Influence of In-ions implantation on lattice
parameters

Figure 6 shows the temperature variations with the
anatase and rutile lattice parameters and cell volumes for
non-implanted and In-ions implanted nanotubes. The
unit-cell parameters and cell volumes for both anatase
and rutile in both non-implanted and In-ions implanted
titania nanotube arrays increased linearly with tempera-
ture, but the lattice parameters and cell volumes showed
an increase in the In-ions implanted sample relative to the
non-implanted sample. For example, at 900 °C, the
anatase lattice parameters a, and c for the non-implanted
titania nanotube arrays were 0.380523(18) and 0.961642
(26) nm, whereas they were 0.381530(75), and 0.960651
(81) nm for the In-ions implanted samples, respectively.
Moreover, the rutile lattice parameters a, and c at the
same temperature, were they 0.4626490 (98) and
0.2986160 (75) nm for the non-implanted sample,
whereas they were 0.46360 (13) and 0.300084 (79) nm
for In-ions implanted samples, respectively. Thus, the cell
volumes of anatase and rutile were 0.139243(13) and
0.0639170(31) nm3 for non-implanted samples, and
0.139838(27), 0.064495(41) nm3 for In-ions implantation
at 900 °C, respectively. As can be seen, the volume of
cells for the anatase and rutile were higher for the In-ions
implanted samples than the non-implanted samples. The
current lattice parameter increase in the In-ions implan-
tation suggests that added ionic In substitutes for Ti41

rather than occupying interstitial sites, which causes the
ions to be incorporated as dopants in the titania lat-
tice.19,34 The lattice deformation of both titania phases
caused by the incorporation of foreign Indium dopants
affects the lattice parameter of In-ions implanted samples
with temperature. The relatively difficult anatase-to-rutile
transformation in the In-implanted titania nanotubes
appears from an In-ions radius occupying the Ti sub-
lattice substitutionally.

IV. CONCLUSIONS

The effect of In-ions implantation on the dynamic
crystallization behavior of anodized titania nanotubes
was investigated using in-situ high-temperature XRD

and SRD in the range from RT to 1000 °C. Diffraction
results show that the diffraction peaks of the Ti foils were
only observed before calcination until 300 °C, which
indicated the amorphous titania nanotubes. The
amorphous-to-anatase transformation started at 400 °C
for non-implanted and In-implanted materials, including
the characteristic crystalline anatase peaks. The crystal-
line rutile temperature increased from 600 to 700 °C for
In-implantation, with the anatase-to-rutile transformation
being inhibited relative to the non-implanted material. It
was concluded that In-ions occupy the Ti sublattice
substitutionally and then inhibit the anatase-to-rutile
transformation. The relatively difficult anatase-to-rutile
transformation in the In-implanted material appears to
result from the relatively larger In31 than Ti41 radius,
which provides greater structural rigidity and prevents
relaxation in the Ti bonding environment.
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4 Conclusions and Further work 

 

4.1 Concluding Remarks 

TiO2 is a new and preferred material for environment friendly applications, which 

has attracted immense attention because of its multiple advantages, especially its long-

term photostability, nontoxicity, low cost, photochemical stability, strong oxidising 

power and so on. In the past few decades, with the development of visible light active 

and nanoscales surface of TiO2 materials, a new TiO2 generation has emerged, 

attracting more and more attention from researchers. This research was conducted with 

the specific aim of synthesising and characterising nanostructured TiO2 so that it can 

utilise visible light through different methods, primarily electrospinning, sol-gel, and 

anodisation methods. The key objective of this research, which was to synthesise and 

characterise nanostructured TiO2 for photocatalytic applications, was successfully 

achieved within the scheduled timeline. The following major conclusions were drawn 

from the findings of this research: 

1. Synthesis for nanostructured TiO2 was achieved 

 The study prepared the electrospun TiO2 nanofibres within the 

polyvinyl pyrrolidone (PVP) polymer. It examined the effects of the 

combination of sol-gel and electrospinning techniques parameters on 

the TiO2/PVP nanofibres’ diameter, including titanium isopropoxide 

(TiP) concentration, flow rate, needle tip-to-collector distance, needle 

size and applied voltage, applying Taguchi method. It also investigated 

the optimum combination of factors with the highest level of the TiP 

concentration (60 percent), and the highest relative distance of needle 

tip-to-collector (11 cm) which was observed along with a flow rate of 

1 ml/h and an applied voltage setting of 18 kV. The needle size’s effect 

on the nanofibre diameter and its variation of electrospun TiO2/PVP 

were also examined based on an optimal combination. It was concluded 
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that the needle size is not a significant factor in the nanofibre diameter 

of electrospun TiO2/PVP. 

 The study synthesised titania nanotube arrays electrochemically using 

anodisation of (with 99.6 percent purity) titanium foils. Platinum was 

used as the anode in the anodisation cell, and with the electrolyte 

consisted of 2.04 ml of water, 100 ml of ethylene glycol, and 0.34 g of 

ammonium fluoride (NH4F), the Ti foil acted as the cathode. The 

electrolyte was kept at a constant room temperature and a pH of 6, and 

set the anodising conditions at a constant applied voltage of 60 V for 20 

h. 

 

2. Phase transformations in electrospun titania nanofibres: comparing the 

influence of argon and air atmospheres 

 In this research, it examined how air and argon influence the dynamic 

crystallisation behaviour of electrospun TiO2 nanofibres, using in situ 

SRD data measured in the temperature range 25–900 °C. Initially, the 

electrospun TiO2 nanofibres were amorphous but crystallised gradually 

into anatase and rutile at elevated temperatures. In air, anatase was 

observed first at 600 °C and rutile at 700 °C. On the other hand, both 

phases appeared at 700 °C in argon. There was a monotonic increase in 

the level of crystalline TiO2 (anatase and rutile) with the temperature 

increase, whereas some amorphous TiO2 was still observed at 900 °C. 

The findings suggest the role of atmospheric environment in affecting 

the phase transformation kinetics; the rate of anatase-to-rutile 

transformation was quicker in argon than in air because of oxygen 

vacancies in the former. 

 Due to heating in argon, the initially amorphous fibres lose some 

oxygen, resulting in non-stoichiometry TiO2-x (x < 0.4) on crystallising 

from the amorphous matrix in argon. The stoichiometry TiO2 is 

observed for anatase in air and for rutile in both argon and air. 

 According to the phase analysis results, there is more anatase in air than 

in argon, whereas air has substantially less rutile compared to argon. 

These differences are due to a faster anatase-to-rutile transformation 



 

150 

 

during the heating of the samples in argon compared to air because of 

oxygen vacancies. The results also show that in either argon or air the 

fibres become mainly crystalline after heating to 900 °C. This result is 

consistent with FESEM and TEM imaging results. 

 There is a consistency between the estimated activation energy data and 

the phase composition and site occupancy data. The anatase-to-rutile 

transformation in argon is promoted by the formation of oxygen 

vacancies in the anatase structure. The activation energies, 45(9) kJ/mol 

in argon and 69(17) in air for the amorphous-to-anatase transformation; 

and 97(7) kJ/mol for argon and 129(5) in air for the anatase-to-rutile 

transformation energies. 

 It provides estimation for activation energy for amorphous-to-

crystalline titania in argon, 142(21) kJ/mol by applying differential 

scanning calorimetry (DSC), and the estimation is consistent with the 

SRD results. 

 

3. The effect of calcination on band gap for electrospun titania nanofibres 

heated in air-argon mixtures was studied 

 In order to develop titania photocatalysts that are photoactive in visible 

light, the study used heat treatment of amorphous titania nanofibres, 

instead of chemical doping. The findings, using photocatalytic titania 

nanofibres which can function in visible light, indicate a significant 

contribution in reducing the band gap for electrospun titania nanofibres. 

Besides, based on the findings of heating in different selected air-argon 

mixtures, it is found that the UV-region band gap in as-spun amorphous 

nanofibres, 3.33 eV, can be reduced well into the visible region with the 

calcination in air, argon and argon-air mixtures. When the material is 

heated in an air-argon mixture, the band gap value observed for heating 

in air, 3.09 eV, is reduced systematically, while the gap for heating in 

pure argon remains at 2.18 eV. 

 The gradual decrease in the band gap depends on the development of 

crystallinity in the fibres with the calcinations of material and the 
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associated development of oxygen vacancies in the case of heating in 

argon environment. 

 The heterostructured titania phases and the formation of oxygen 

vacancies narrowed the band gap, creating a state below the conduction 

band. The increase in argon content in the air-argon mixtures contributes 

to the reduction of the state to below the titania conduction band, which 

then causes the oxygen vacancy concentration to increase, and the 

subsequent band gap to decrease. 

 

4. The effects of ion implantation on crystallisation kinetics of electrospun 

TiO2 nanofibres were investigated 

 The research examined the effect of V-ion implantation on the 

crystallisation of electrospun amorphous TiO2 nanofibres using in-situ 

high temperature SRD. Based on the SRD findings, the crystallisation 

kinetics was studied in terms of implantation’s influence on the 

activation energies for the anatase-to-rutile and amorphous-to-anatase 

transformations. 

 Whereas anatase and rutile were both initially observed at 500 °C for V-

implanted TiO2, the anatase crystalline phase was first observed at 600 

°C and rutile at 700 °C for non-implanted TiO2. 

 The implantation caused a decrease in the average activation energies 

for the amorphous-to-anatase TiO2 transformation from 69(17) kJ/mol 

to 25(3) kJ/mol, and for the anatase-to-rutile transformation from 129(5) 

kJ/mol to 16(3) kJ/mol. 

 Based on XPS results, implantation reduces the concentration of Ti4+ 

ions in TiO2 substantially, and determines the low level of difficulty 

transformations in the implanted material. 

 There was a steady increase of the crystallite sizes in both anatase and 

rutile for non-implanted, and only anatase for V-ion-implanted 

electrospun TiO2 nanofibres depending on the temperature. This 

indicates that crystallisation of materials in the existing grains from the 

surrounding amorphous TiO2 increases grain growth with increasing 

temperature, instead of unit cell expansion. 
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 According to the strain estimates, anatase has substantially higher non-

linear strain than rutile for both non-implanted and implanted material. 

No noticeable increase was observed in strain in the implanted material 

at elevated temperatures for any of the two phases. 

 The study indicates that the crystallisation temperatures were lowered 

by V-ion implantation, because it substituted relatively small V-ions for 

Ti in the TiO2 crystal structure. The dramatic reductions in activation 

energies resulted from the implantation of V-ions. 

 

5. The effects of implantation on crystallisation kinetics of anodised titania 

nanotubes were investigated 

 The study used high-temperature SRD to examine the effect of Cr-

implantation on in situ crystallization of anatase and rutile in as-

anodized TiO2 nanotubes. In the beginning, the TiO2 was amorphous but 

crystallised to anatase and rutile at elevated temperature. The 

crystallization temperature of anatase was lowered by Cr-implantation 

from 600 to 400 °C and rutile from 600 to 500 °C. Besides, the fraction 

of anatase-to-rutile transformation was reduced dramatically. Cr 

implanted titania nanotubes became unstable, and decomposed to form 

TiO2-x at 900 °C. 

 The study also investigated how Cr- or In- implantation affect the 

dynamic crystallisation behavior of anodised titania nanotubes using in-

situ high temperature SRD. According to the diffraction results, it is 

possible to observe the diffraction peaks of Ti foils only before 

calcination until 300 °C, indicating the amorphous nature of titania 

nanotubes. For both non-implanted and In-implanted materials, 

including the characteristic crystalline anatase peaks, at a temperature 

of 400 °C, the amorphous-to-anatase transformation started. As the 

anatase-to-rutile transformation gets inhibited compared  to the non-

implanted material, the crystalline rutile temperature increased from 600 

°C to 700 °C for In-implantation. The major conclusion was that the Ti 

sub-lattice is occupied by In-ions substitutionally, which then inhibit the 

anatase-to-rutile transformation. The relatively larger In3+ radius 
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(relative to Ti4+) can provide greater structural rigidity and thus restricts 

relaxation in the Ti bonding environment. A larger In3+ is also the source 

of a relatively difficult anatase-to-rutile transformation of the In-

implanted materials. 

 

4.2 Recommendations for Further Work 

This thesis focused on both the synthesis and characterisation of nanostructured 

TiO2 for photocatalytic applications. However, further studies are necessary to be 

conducted in detail to comprehensively investigate the effective mechanism of TiO2 

photocatalytic activity and the role of pure, and doped TiO2, as well as the effect of its 

electronic property on photocatalysis. This study suggests the following 

recommendations for future research: 

1. Photocatalytic activity 

The photocatalytic activities of pure/undoped and implanted/doped TiO2 

nanostructures will be evaluated by the decomposition of Methylene Blue (MB) or 

Methyl Orange (MO) under visible light. The synthesised TiO2 nanostructures (several 

mg) will be added to 1L water with the aqueous 100 ppm Methylene Blue (MB) or 

Methyl Orange (MO) inside a Pyrex double-jacket reactor as shown in Figure 32. The 

reactor will circulate cooling water in order to control the reaction temperature, and 

for maintaining a homogeneous solution. The obtaining of synthesised TiO2 

photocatalytic activity can be done using the following formula (Fang et al. 2011; 

Sahoo et al. 2012): 

𝐶 = 𝐶𝑜 𝑒
−𝑘𝑡                            (4. 1) 

K: The reaction rate constant, 

t: The reaction time, 

Co: The initial concentration of the MO or MB at t = 0, and 

C: The concentration of the MO or MB at time t. 
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Figure 32: Experimental setup for photocatalytic oxidation. 

 

2. Taguchi method for anodised titania nanotube arrays 

During anodisation, various factors including electrolyte composition, synthesis 

time, applied voltage, temperature, electrode areas, the distance between electrodes, 

etc., affect the formation, growth rate and morphology of titania nanotubes, including 

wall thickness, length, and diameter of the titania nanotube arrays. It will be interesting 

to study these parameters using the Taguchi method, which can be used to fabricate 

effective titania nanotube arrays for the photocatalytic application. 

 

3. Optimal anatase/rutile ratio 

In this project, heat treatment of amorphous titania in air-argon mixtures was used 

as a simple method for developing pure titania to be photoactive in visible light. The 

progressive lowering of the titania band gap is attributed to the development of oxygen 

vacancies and the titania crystallinity. One way this research can be extended is to 

focus on the optimal anatase/rutile ratio. It is possible to find the photocatalytic activity 

AC 

Magnetic stirrer 

Visible light (400 nm–700 nm) 

UV light (200 nm–400 nm) 

Sunlight light (350 nm–700 nm) 

Cold Water 

25 °C 

 
Pump 

Magnetic bar 



 

155 

 

of pure titania with an optimal anatase/rutile ratio by calcination of amorphous titania 

at an optimal temperature and atmosphere. Such study will help the design of an 

efficient pure titania photocatalyst. 

 

4. Optimal diameter size of electrospun TiO2 nanofibre 

The optimal diameter size of electrospun TiO2/PVP was studied in paper five using 

the Taguchi Design of Experiment Method. The average diameters of thermally treated 

TiO2 nanofibres will be much smaller than those observed for the as-prepared 

TiO2/PVP nanofibres. The shrinkage will be attributed to the evaporation of solvent 

and loss of the PVP polymer. Thus, the effect of calcination temperature on the optimal 

diameter size of electrospun TiO2 nanofibres will be investigated. In addition, the 

diameter of electrospun TiO2 nanofibres can also play an important role in determining 

both phase transformation and crystallization kinetics. 

 

5. Effect of pressure on TiO2 phase transformations 

In the case of TiO2 phase transformation, the effect of pressure on TiO2 phase 

transformations has not been well studied in the literature. Thus, it would be interesting 

to study the effect of pressure on titania phase transformations. TiO2 nanopowder will 

be mounted in sealed quartz capillary and the mounted sample will be heated from 

room temperature to elevated temperature. In this study, in-situ high-temperature 

synchrotron radiation diffraction measurements will be used. The capillary gas 

pressure arising from sealed capillary and increasing temperature varies according to 

the Gay-Lussac’s Law. 
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5 Appendix I: Supplementary Information for Publications 

 

5.1 Synchrotron Radiation Diffraction (SRD) and X-ray Radiation 

Diffraction (XRD) 

SRD and XRD are phase identification and quantitative analysis techniques. These 

two techniques were applied extensively in this thesis to study phase transformations 

and crystallisation kinetics in titania using in-situ high temperature diffraction. These 

techniques are based on Bragg diffraction (see Figure 33) which occurs when a 

wavelength of radiation comparable to atomic spacing, following Bragg’s law: 

𝑛𝜆 = 2𝑠𝑖𝑛𝜃                                 (5. 1) 

Where n is integer determined by the reflection order, 𝜆 is wavelength, d is 

interplanar distance, and θ is diffraction angle. 

 

 

Figure 33: Bragg diffraction showing two beams with identical wavelength and 

phase approach a crystalline solid and are scattered off two different atoms within it. 
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Figure 34: Powder Diffraction beam line at the Australian Synchrotron. 

 

Figure 35: The Anton Parr HTK20 Furnace and the Mythen II Microstrip at the 

Australian Synchrotron. 

 

 

Figure 36: Bruker D8 Bragg-Brentano X-ray diffraction at Curtin University. 
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Table 7: Operational conditions for SRD and XRD diffractometers. 

 

Goniometer Parameters XRD- SRD 

Name D8 Advance 
Powder Diffraction 

Beamline 

Location 

Curtin 

University, 

Perth, WA 

Australian Synchrotron, 

Melbourne 

Figure 36 34, and 35 

Radiation source Cu 
Bending magnet on a 3 

GeV synchrotron 

Wavelength (nm) 0.15419 4–0.077 

2θ Range (°) 5–120 1.2–81 

Goniometer radii (mm) 250 761.2 

X-ray tubes operation voltage (kV) 40  

X-ray tubes operation current (mA) 40  

Filament length (mm) 12  

No. of strip channels 177  

Sample length in equatorial plane (mm) 25  

Receiving slit angle (mm) 17  

Primary soller slit angle (°) 2.5  

Secondary soller slit angle (°) 2.5  

Sample spinning speed (rpm) 30 Capillary spin: 15 

 

Synchrotron radiation diffraction and laboratory X-ray diffractometer were used to 

collect patterns of titania nanostructure with different settings, as shown in Table 7. 
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5.2 Rietveld Method 

Rietveld method is a well-established method for crystal structure refinement of 

data using X-ray diffraction (XRD), synchrotron radiation diffraction (SRD), and 

neutron diffraction (ND) (Rietveld. 1967; Rietveld. 1969). Moreover, it is also used in 

conjunction with Fourier method to assist in a crystal structure solution from powder 

diffraction data (Hunter and Howard. 2000). 

The key components of Rietveld method include: atom parameters (atom 

coordinates, thermal parameters, lattice parameters), microstructural parameters 

(phase scale factors, phase profile parameters, texture parameters), instrumental 

parameter (Zero point (2θ0), specimen offset, etc.), model definition, diffraction data, 

and model refinement (iterative least squares). 

The basic mathematics of Rietveld method is (Rietveld. 1967; Rietveld. 1969): 

𝑦𝑖(𝑐𝑎𝑙𝑐) = 𝑦𝑖(𝑏𝑎𝑐) +∑ ∑ 𝐺𝑖𝑘
𝑝

𝑘2
𝑝

𝑘=𝑘1
𝑝𝑝

𝐼𝑘                                              (5. 2) 

where yi(calc) is calculated intensity at point i in the pattern, yi(bac) is background 

intensity, Gik is a normalised peak profile function, Ik is kth Bragg reflection intensity, 

k1…..2 are the reflections contributing intensity to point i, and the superscript p 

corresponds to the possible phases present in the sample (Hunter and Howard. 2000). 

Rietveld method is a least-square-based refinement method. It is used to achieve 

the best fit between the calculated and the observed diffraction patterns. There are 

some peak profile function Gjk can be chosen such as: 

(a) Pseudo-Voigt Function: 

𝐺𝑖𝑘 = 𝛾
𝐶0
1/2

𝐻𝐺𝑘𝜋
[1 + 𝐶0𝑋𝑖𝑘

2 ]−1 + (1 + 𝛾)
𝐶1

1
2

𝐻𝐺𝐻𝜋
1
2

𝑒𝑥𝑝[−𝐶1𝑋𝑖𝑘
2 ]                      (5. 3) 

Where C0 is 4, C1 is 4ln2, 𝛾 is a refinable mixing parameter, HGk is the full width 

half maximum (FWHM) of Gaussian contribution, Xik is (2θi-2θk)/HGk. 
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(b) Pearson VII Function: 

𝐺𝑖𝑘 =
Γ(𝛾)

Γ(𝛾 − 1/2)

𝐶2
1/2

𝐻𝑘𝜋1/2
[1 + 4𝐶2𝑋𝑖𝑘

2 ]−𝛾             (5. 4) 

Where C2=21/𝛾-1, and Γ is gamma function. 

 

(c) Voigt Function: 

𝐺𝑖𝑘 =
𝐶2
1/2

𝐻𝐺𝑘𝜋
𝑅𝑒 [𝜔 (𝐶2

1/2
𝑋𝑖𝑘 + 𝑖𝐶3

𝐻𝐿𝑘
𝐻𝐺𝑘

)]                         (5. 5) 

 

Where C2 is 2ln2, C3 is ln2/2, 𝜔 is the complex ere function and Re denotes its real 

part, and HLk is the FWHM of the Lorentz contribution. 

 

The FWHM of the Lorentzian contribution (Scherrer, 1918): 

𝐻𝐿𝑘 =
180

𝜋

𝜆

𝐷
𝑠𝑒𝑐𝜃 +

180

𝜋
𝑆 𝑡𝑎𝑛 𝜃           (5. 6) 

Where the 𝜆 is the wavelength of optic, D is the size parameter, and S is the strain 

parameter.  

 

The FWHM of the Gaussian contribution (Caglioti et al., 1958): 

𝐻𝐺𝑘 = (𝑈𝑡𝑎𝑛
2 𝜃 + 𝑉 𝑡𝑎𝑛 𝜃 +𝑊)1/2                             (5. 7) 

Where U, V, and Ware refinable parameters. 

 

(d) TOF Exponential Pseudo-Voigt function: 

𝐺𝑖𝑘 =
𝛼𝛽

2(𝛼 + 𝛽)
[(1 − 𝜂)(𝑒𝑢𝐸𝑟𝑓𝑐(𝑦) + 𝑒𝑣𝐸𝑟𝑓𝑐(𝑧))

−
2𝜂

𝜋
𝑙𝑚(𝑒𝑝𝐸1(𝑝) + 𝑒

𝑞𝐸1(𝑞))]                                                   (5. 8) 
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Where α and 𝛽 are exponential decay terms defined to vary with d-spacing. The 

Erfc is a complex error function and E1 is a complex exponential integral function. 

The first Rietveld computer program was described by Hugo Rietveld in 1969, 

which was written specifically for neutron diffraction data analysis from fixed-

wavelength diffractometers (Rietveld, 1969). Several Rietveld programs have been 

developed in recent years such as Generalised Structure Analysis System (GSAS, 

CCP14) by Bob Von Dreele, FullProf/WinPLOTR (ILL) by Juan Rodriguez-Carvajal, 

Rietica (Luca Height Laboratory), and TOPAS (Bruker AXS). 

Rietveld quantitative analyses were determined for both SRD and XRD data using 

Rietica for Windows version 2.1 (B. A Hunter 1997-2007), and TOPAS (version 4.2, 

Bruker AXS). The Rietveld refinement was applied to refined in-situ high temperature 

unit cell parameters, preferred orientation of titania crystallites, or rough ratios of 

crystalline titania phases. 

 

5.2.1 Rietica 

Rietica is a Rietveld structure refinement program developed by Luca Height 

Laboratory. Rietica is a Windows front end to the FORTRAN program which is 

derived from Hill-Howard-Hunter and known as LHPM program. This program is 

available for some different computer operation systems 

(http://www.rietica.org/features.htm). 

Rietica for Windows version 2.1 features include: 

 Rietveld needs two files, which are: input file (.inp) and data (.xy) file.  

 Viewing the Input file and output files (main output file, bond distances and angles, 

bond valences and summary); 

 Reading data using the format: (GSAS EDS or STD), (x, y, weight), (x, y), and (CPI).  

 Reading phases easily from the input file or CIF file. 

 Pattern plotting, monitoring of parameter changes and refinement indicators (χ2 (chi-

square), Rp, and Rwp) at each refinement cycle. This allows instant identification of 

problems in the refinement process; 

http://www.rietica.org/features.htm
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 Peak type of Pseudo-Voigt (Riet. Asym), Pearson IV (Riet. Asym), Voigt (Riet 

Asym), Pseudo-Voigt (How. Asym), Pseudo-Voigt (FCJ. Asym), and Jorgensen 

(TOF). The Pseudo-Voigt (How. Asym) was used for a whole pattern-fitting method 

to refine structure parameters for nanostructured titania. The instrumental Pseudo-

Voigt (How. Asym) peak shape included the refinable parameters, which are U, V, 

W, Asy1, Gam0, Gam1, and Gam2. 

 The plot of Full Width Half Maximum (FWHM) Vs angle /TOF to see peak shape.  

 Integrated Fourier plotting (no settings, no fuss); 

 Easy background and excluded region input via mouse control; 

 A simple database for storage and retrieval of both instrumental parameters and 

structural data; 

 Easy to editing chart (data points, background points, calculation line, difference 

line, marker points, 3D plots, changing the title, font colour and size and so one). 

 Export chart/plots with Metafile or Bitmap format with a wide range of size. 

 Free Rietveld program. 

 

The R-values for Rietica, which are called the figures-of-merit are as follows: 

 

Derived Bragg, R-factors (RB) for every phase: 

𝑅𝐵 =
∑|𝐼𝑘𝑜 − 𝐼𝑘𝑐|

∑ 𝐼𝑘𝑜
                               (5. 9) 

where Iko and Ikc are observed and calculated intensities for Bragg reflection k, 

respectively. 

 

Profile R-factor (Rp): 

𝑅𝑝 =
∑|𝑦𝑖𝑜 − 𝑦𝑖𝑐|

∑ 𝑦𝑖𝑜
                               (5. 10) 

where yio and yic are observed and calculated background intensities, respectively. 

 

Weighted pattern R-factor (Rwp): 
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𝑅𝑤𝑝 = [
∑𝑤𝑖(𝑦𝑖𝑜 − 𝑦𝑖𝑐)

2

∑𝑤𝑖 𝑦𝑖𝑜
2 ]

1/2

      (5. 11) 

 

Expected R-factor (Rexp): 

𝑅𝑒𝑥𝑝 = [
𝑁 − 𝑃

∑𝑤𝑖𝑦𝑖𝑜
2 ]

1/2

                       (5. 12) 

 

The goodness of fit (GOF) for Rietica is determined by the following equation: 

 

𝐺𝑂𝐹 = 𝜒2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)

2

                                (5. 13) 

 

The ideal value of GOF is suggested to be 1.0, but a value less than 4.0 during the 

refinement course for phase abundance data analysis is widely accepted (Kisi, 1994). 

However, this value is also calculated using the residual values of refinements Rwp and 

Rexp, but it largely depends on Rietveld program (See TOPAS, Section 5.2.2). 

 

5.2.2 TOPAS 

TOPAS stands for Total Pattern Analysis Solutions program, which is a graphics 

based profile analysis program built around a general non-linear last squares fitting 

system. 

TOPAS (version 4.2) features include (Bruker, 2008): 

 TOPAS integrates various types of X-ray, synchrotron, and neutron diffraction 

analyses by supporting all fit profile methods; 

 TOPAS templates (.pro files) contain the measurement data ((.xy) file), model and 

refinement parameters, evaluation results, as well as any user defined settings (input 

file (.inp)). The project files are ideal templates and allow easy, reliable, very fast and 

automatable quantifications; 
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 It supports two modes of operation: a graphical user interface mode for parameters 

input and direct editing of an input file; 

 Peak type of fundamental parameters (FP), Pseudo-Voigt (PV_MOD and 

PV_TCHZ), Split Pearson VII (SPVII); 

 Determination of accurate profile parameters (integrated intensities, line positions, 

peak shapes, and widths), standardless microstructure analysis, indexing in addition to 

lattice parameter refinement; 

 Quantification of phases with partial or no known crystal structures; 

 Degree of crystallinity analysis, in which calculations require the definition of at 

least two phases to describe the intensity contributions coming from the amorphous 

and the crystalline parts of a sample;  

 Viewing crystal structure diagram by structure viewer window with 3-D electron 

densities including atom picking; 

 An unlimited number of patterns set can be loaded and refined simultaneously. These 

can all be displayed in one single scan window; 

 Using for Fourier analysis. Fourier maps can be calculated for laboratory X-ray, 

Synchrotron radiation or neutron single crystal or powder data. 

 

The R-values for TOPAS, known as the figures-of-merit are presented below: 

Weighted pattern R-factor (Rwp): 

𝑅𝑤𝑝 = [
∑𝑤𝑖(𝑦𝑖𝑜 − 𝑦𝑖𝑐)

2

∑𝑤𝑖 𝑦𝑖𝑜
2 ]

1/2

      (5. 11) 

 

Expected R-factor (Rexp): 

𝑅𝑒𝑥𝑝 = [
∑𝑁 − 𝑃

∑𝑤𝑖𝑦𝑖𝑜
2 ]

1/2

                       (5. 12) 

 

The goodness of fit (GOF) for TOPAS is determined by the following equation: 

𝐺𝑂𝐹 = 𝜒2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)                                            (5. 14) 



 

165 

 

5.3 Crystal Structure Data 

Crystal structure data including unit cell parameters and atom coordinates were 

taken from crystallographic information file (CIF) available in the Inorganic Crystal 

Structure Database (ICSD). 

Anatase 

Database Code 202242 

Creation Date 1988/12/19 

Update Record 2006/04/01 

Chemical Name 

Systematic 
Titanium Oxide 

Chemical Formula 

Structure 
TiO2 

Chemical Name Mineral Anatase 

Unit Cell (nm) 
a 0.378479(3) 

c 0.951237(12) 

Cell Volume (nm3) 0.13626 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 90 

Z 4 

Space Group I41/a m d z 

SG Number 141 

Crystal system Tetragonal 

Atom position 

Atom No 
Wyckoff 

sit 
x y z 

Ti4+ 1 4b 0 0.25 0.375 

O2- 1 8e 0 0.25 0.16686 

Authors Name 
J. K. Burdett, T. Hughbanks, G. J. Miller, J. W. 

Richardson, and J. V. Smith.  

Reference  (Burdett et al., 1987) 
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Rutile 

Database Code 64987 

Creation Date 1998/06/26 

Update Record 2006/04/01 

Chemical Name Systematic Titanium Oxide 

Chemical Formula 

Structure 
TiO2 

Chemical Name Mineral Rutile 

Unit Cell (nm) 
a 0.45845(1) 

c 0.29533(1) 

Cell Volume (nm3) 0.06207 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 90 

Z 2 

Space Group P42/m n m 

SG Number 136 

Crystal system Tetragonal 

Atom position 

Atom No 
Wyckoff 

sit 
x y z 

Ti4+ 1 2a 0 0 0 

O2- 1 4f 0.3049 0.3049 0 

Authors Name H. Shintani, S. Sato, and Y. Saito. 

Reference  (Shintani et al., 1975) 
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Titanium alpha 

Database Code 44872 

Creation Date 2004/04/01 

Update Record 2006/04/01 

Chemical Name Systematic Titanium-Alpha 

Chemical Formula 

Structure 
Ti 

Unit Cell (nm) 
a 0.29506(5) 

c 0.46788(7) 

Cell Volume (nm3) 0.03528 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 120 

Z 2 

Space Group P63/m m c 

SG Number 194 

Crystal system Hexagonal 

Atom position 

Atom No 
Wyckoff 

sit 
x y z 

Ti  2c 0.3333 0.6667 0.25 

Authors Name I. Szanto 

Reference  (Szanto, 1955) 
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Titanium beta 

Database Code 76165 

Creation Date 2000/12/16 

Update Record 2006/04/01 

Chemical Name Systematic Titanium-Beta 

Chemical Formula 

Structure 
Ti 

Unit Cell (nm) a 0.3283(2) 

Cell Volume (nm3) 0.03538 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 90 

Z 2 

Space Group I m -3 m 

SG Number 229 

Crystal system Cubic 

Atom position 

Atom No 
Wyckoff 

sit 
x y z 

Ti  2a 0 0 0 

Authors Name B. W. Levinger 

Reference  (Levinger, 1953) 
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Indium titanium oxide 

Database Code 74316 

Creation Date 1995/10/17 

Update Record 2011/02/01 

Chemical Name Systematic Diindium Titanate 

Chemical Formula 

Structure 
In2(TiO5) 

Unit Cell (nm) 

a 0.72418(7) 

b 0.35018(3) 

c 1.4890(2) 

Cell Volume (nm3) 0.3776 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 90 

Z 4 

Space Group P n m a 

SG Number 62 

Crystal system Orthorhombic 

Atom position 

Atom No 
Wyckoff 

site 
x y z 

In 1 4c 0.0978 0.25 0.0842 

In 2 4c 0.3279 0.75 0.2393 

Ti 1 4c 0.1086 0.25 0.4222 

O 1 4c 0.2323 0.25 0.3203 

O 2 4c 0.3470 0.25 0.4982 

O 3 4c 0.3635 0.25 0.1410 

O 4 4c 0.061 0.75 0.1725 

O 5 4c 0.0688 0.75 0.4531 

Authors Name 
T. Gaewdang, J.P. Chaminade, P. Gravereau, A. 

Garcia, C. Fouassier, P. Hagenmuller, and R.Mahiou 

Reference  (Gaewdang et al., 1993) 
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Indium titanium oxide 

Database Code 00-030-0640 

Creation Date 2012/01/14 

Chemical Name Systematic Indium Titanium Oxide 

Chemical Formula 

Structure 
In2TiO5 

Unit Cell (nm) 

a 0.7237 

b 0.3429 

c 1.486 

Cell Volume (nm3) 0.36876 

Cell Angle (°) 

α 90 

𝛽 90 

𝛾 90 

Z 4 

Space Group P n m a 

SG Number 62 

Crystal system Orthorhombic 

Authors Name 
J. Senegas, J. Manaud and J. 

Galy 

Reference  (Senegas et al., 1975) 
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6 Appendix II: Supplementary Information for 

Publications 

6.1 Appendix II-A: Supplementary Information for “Phase 

Transformations and Crystallization Kinetics in Electrospun TiO2 

Nanofibers in Air and Argon Atmospheres.” & II-B: Supplementary 

Information for “Activation Energies for Phase Transformations in 

Electrospun Titania Nanofibers: Comparing the Influence of Air and 

Argon Atmospheres.” 

 

Figure 37: Electrospinning machine used in this thesis. 
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The electrospinning method was used in this thesis to produce electrospun TiO2 

nanofibres using a commercial Nabond® electrospinning unit (standard type) 

purchased from Nabond Technologies Co., Ltd., Shenzhen, China (see Figure 37). 
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6.2 Appendix II-B: Supplementary Information for “Effect of 

Vanadium Ion Implantation on the Crystallization Kinetics and 

Phase transformation of Electrospun TiO2 Nanofibres.” 

Figures 38 and 39 show the instruments for ion implantation and ion-beam analysis, 

respectively, at Australian Nuclear Science and Technology Organisation (ANSTO). 

The used average implantation energy , and peak penetration depth of ions in the TiO2 

samples were close to stopping and range of ions in matter (SRIM) prediction based 

on the implantation parameters Near-surface composition depth profiling of the 

implanted composites was measured using Rutherford Backscattering Spectroscopy 

(RBS). Nanostructured TiO2 samples were implanted with several ions types such as 

V-ion implanted electrospun TiO2 nanofibres, In-ions, and Cr-ions implanted titania 

nanotubes. 

 

 

Figure 38: The MEVVA Ion-Implanter at ANSTO. 
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Figure 39: SIBA-2 Instrument for ion-beam analysis at ANSTO. 

 

The absolute weight percentages of amorphous TiO2 have been determined using 

the background intensities of SRD patterns at 17° (see Figure 40, and 41). The 

background levels for the SRD patterns at 500 °C for non-implanted TiO2 and 400 °C 

for V-ion implanted TiO2 were used as the initial background intensity Bo, 

corresponding to 100% amorphous TiO2 and 0% crystalline TiO2. The background 

intensities were corrected for minor variations in incident beam intensity during data 

collection. The SRD background level decreased with temperature due to the 

amorphous-to-crystalline TiO2 transformation. 

 

Figure 40: Variations in the SRD background intensity over the temperature ranges 

500–900 °C for non-implanted electrospun TiO2 nanofibres. 
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Figure 41: Variations in the SRD background intensity over the temperature ranges 

400–1000 °C for non-implanted electrospun TiO2 nanofibres. 
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6.3 Appendix II-D: Supplementary Information for “A 

comparative study on crystallization behavior, phase stability, and 

binding energy in pure and Cr-doped TiO2 nanotubes.” & II-H: 

Supplementary Information for “Effect of indium ion implantation 

on crystallization kinetics and phase transformation of anodized 

titania nanotubes.” 

Table 8: Figures-of-merit from Rietveld refinement using TOPAS with synchrotron 

radiation diffraction data for pure anodized titania nanotube arrays from 400 to 1000 

°C. 

Temperature 

(°C) 
Rexp Rwp RP GOF 

RB 

(Titanium) 

RB 

(Anatase) 

RB 

(Rutile) 

25 8.19 13.74 9.39 1.68 4.92   

400 3.22 10.12 3.57 3.15 10.39 2.10 -- 

500 3.20 10.66 6.99 3.33 8.53 2.43 -- 

600 3.15 12.64 7.79 4.01 28.61 3.14 4.80 

700 3.77 13.60 8.98 3.61 19.61 6.05 4.47 

800 2.96 10.05 6.53 3.39 12.99 2.26 5.73 

900 3.75 13.23 9.03 3.53 -- 4.79 6.41 

1000 3.89 16.76 10.75 4.31 -- 1.21 14.07 
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Table 9: Figure-of-merit from Rietveld refinement using TOPAS with synchrotron 

radiation diffraction data for In-ion implanted anodized titania nanotube arrays from 

100 to 900 °C. 

Temperature 

(°C) 
Rexp Rwp RP GOF 

RB 

(Titanium) 

RB 

(Anatase) 

RB 

(Rutile) 

100 9.98 11.13 8.65 1.12 3.18 -- -- 

200 9.88 11.33 8.75 1.15 2.91 --  

300 9.90 11.14 8.64 1.12 1.75 -- -- 

400 9.93 11.39 8.86 1.15 5.77 2.83 -- 

500 9.93 11.62 8.84 1.17 6.41 2.28 -- 

600 9.93 11.85 9.19 1.19 3.58 2.66 -- 

700 10.12 11.38 8.72 1.12 1.31 2.11 1.77 

800 9.94 11.65 8.91 1.17 2.21 2.27 2.31 

900 9.94 12.15 9.31 1.22 2.86 2.94 2.95 
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7 Appendix III: Statement of Contributions of Others 

 

7.1 Appendix III-A: “Statements of Contribution of Others” for 

“ALBETRAN, H., HAROOSH, H., DONG, Y., PRIDA, V. M., 

O'CONNOR, B. H., & LOW, I. M. 2014. Phase Transformations and 

Crystallization Kinetics in Electrospun TiO2 Nanofibers in Air and 

Argon Atmospheres. Applied Physics A, 116, 161–169”. 
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kinetics in electrospun TiO2 nanofibers in air and argon atmospheres”. 

 

18th December 2015 

 

To Whom It May Concern 

 

I, Prof. I. M. Low, contributed by project supervision and manuscript editing to the 

paper/publication entitled 

 

ALBETRAN, H., HAROOSH, H., DONG, Y., PRIDA, V. M., O'CONNOR, B. H., 

& LOW, I. M. 2014. Phase Transformations and Crystallization Kinetics in 

Electrospun TiO2 Nanofibers in Air and Argon Atmospheres. Applied Physics A, 116, 

161–169. 

 

Undertaken with ALBETRAN, HANI MANSSOR M 

 

 

 

 

 

(Signature of Co-Author) 

I. M. Low 

 

 

(Signature of First Author) 

ALBETRAN, HANI MANSSOR M 



 

184 

 

7.2 Appendix III-B: “Statements of Contribution of Others” for 

“ALBETRAN, H., O'CONNOR, B. H., & LOW, I. M. 2016. 

Activation Energies for Phase Transformations in Electrospun 

Titania Nanofibers: Comparing the Influence of Argon and Air 

Atmospheres. Applied Physics A, 122, 1–9”. 

  



185



 

186 

 

Statement of Contribution of Others for “Activation Energies for Phase 

Transformations in Electrospun Titania Nanofibers: Comparing the Influence of 

Argon and Air Atmospheres”. 

 

18th December 2015 

 

To Whom It May Concern 

 

I, Prof. I. M. Low, contributed by project supervision and manuscript editing to the 

paper/publication entitled 

 

ALBETRAN, H., O’CONNOR, B. H., & LOW, I. M. 2016 Activation Energies for 

Phase Transformations in Electrospun Titania Nanofibers: Comparing the Influence of 

Argon and Air Atmospheres. Applied Physics A, 122, 1–9. 

 

 

Undertaken with ALBETRAN, HANI MANSSOR M 

 

 

 

 

 

(Signature of Co-Author) 

I. M. Low 

 

 

(Signature of First Author) 

ALBETRAN, HANI MANSSOR M 



 

187 

 

7.3 Appendix III-C: “Statements of Contribution of Others” for 
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X-RAY DIFFRACTION STUDY ON THE IN-SITU CRYSTALLISATION KINETICS IN 
ELECTROSPUN PVP/Ti02 NANOFIBERS 

H. Albetran1, A. Alsafwan1, H. Haroosh2, Y. Dong3 and I. M. Low1 

department of Imaging and Applied Physics, Curtin University, GPO Box U1987, Perth, WA 6845, 
Australia 
department of Chemical Engineering, Curtin University, GPO Box U1987, Perth, WA 6845, 
Australia 
department of Mechanical Engineering, Curtin University, GPO Box U1987, Perth, WA 6845, 
Australia 

ABSTRACT 
Nanostructured Ti02 has received much attention recently owing to their promising 

physical properties for photocatalytic applications. The process of photocatalysis is closely 
related to the electronic band gap which is controlled by shape, surface area and particle 
size. Elongated structures such as nanofibres are of particular importance because they can 
provide a high specific surface area for photocatalysis. In this paper, the effect of atmosphere 
and doping on the crystallisation kinetics of electrospun Ti02 nanofibers has been 
investigated using high-temperature synchrotron radiation diffraction. Electrospun Ti02 
nanofibers were synthesized using titanium isopropoxide, poly (vinyl-pyrrolidone) as a 
polymer binder, and acetic acid and ethanol as a solvent. Diffraction results showed that the 
as-synthesized Ti02 nanofibres were amorphous initially but when heated in air they 
crystallized to form anatase and rutile at 600 °C and 700 °C respectively. However, in argon 
atmosphere, anatase and rutile formed simultaneously at 700 °C. In the presence of 
vanadium dopant, both anatase and rutile formed in concert at 500 °C. The effects of 
atmosphere and doping on the crystallisation kinetics and phase stability of Ti02 nanofibres 
at elevated temperature are discussed. 

INTRODUCTION 
Titanium dioxide (Ti02) is an n-type semiconductor material and has two polymorphs 

in nature, namely anatase and rutile.1,2 In addition to anatase and rutile, two other phases, 
brookite and Ti02 (B) have been reported.3 Ti02 is one of the most widely studied materials 
due to its high photo-activity, photo-durability, mechanical robustness, low cost, chemical, 
and biological inertness.4"6 Nanostructured Ti02 has potential applications in diverse fields, 
such as transparent conducting electrodes for dye-sensitised solar cells, gas sensors, and 
photocatalysts for the purification of polluted water and air.7"9 

Hitherto, various techniques have been used to synthesise nanostructured Ti02 with 
various morphologies (e.g. nanoparticles, nanowires, nanorods, nanotubes, and nanofibers) 
and these include microemulsion, sol-gel, hydrothermal and vapor deposition.2,10 Elongated 
structures are of particular importance, as long, thin nanotubes and nanofibers can provide a 
high specific surface area.9 Furthermore, a variety of techniques, such as self-assembly, 
evaporation, anodisation, and electro-spinning, have been developed for fabricating one-
dimensional nano-Ti02.n Electro-spinning is a simple, cost-effective technique applicable at 
industrial levels for fabricating one-dimensional nanofibers.12"15 For example, electrospun 
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TiC>2 nanofibers can be synthesized in conjunction with the sol-gel technique whereby a 
solution of polymer (binder) and Ti02 precursor is ejected through a needle in a strong 
electric field to produce amorphous nanofibers.16"20 

Titanium dioxide is a large band-gap semiconductor with 3.0-3.2 eV of energy, and it 
is photocatalytically active under UV irradiation. Considerable research has been conducted 
over the last two decades to develop modified TiÜ2 that is active under visible light 
irradiation.21"23 Metal or non-metal doping of Ti02 is a cost-effective and efficient method 
for decreasing its band gap. Various methodologies have been proposed for doping TiÜ2 
including magnetron sputtering, oxidation of titanium nitride, sol-gel, and ion 
implantation.24"2 Depending on the type and amount of metal used, ion implantation can be 
employed to synthesize doped-Ti02 that is active in visible light.28,29 

In this work, TiÖ2 nanofibers were synthesized using electro-spinning, followed by 
doping with ion-implantation. The effect of atmosphere and doping on the in-situ 
crystallisation kinetics of TiÜ2 nanofibres was investigated using synchrotron radiation 
diffraction over the temperature range of 25-900 °C. 

EXPERIMENTAL PROCEDURE 
Sample Preparation 

A homogenous sol-gel precursor solution was prepared by mixing titanium 
isopropxide (Mw=284.22 g/mol, 97% purity, Sigma_Aldrich), acetic acid (Mw=60.05 g/mol, 
99.7% purity, Sigma- Aldrich), and ethanol (Mw=46.07 g/mol, 99.5% purity, Sigma-
Aldrich) in a fixed volume rate of 1:3:3, respectively. The sol-gel was stirred in a capped 
bottle for 5 min, then, 10-12 wt% of poly (vinyl pyrrolidone) (PVP) (Mw=1300000 g/mol, 
100% purity, Sigma- Aldrich) was dissolved in the solution at 40 °C for one hour using a 
sugar stirrer. In order to achieve complete dissolution and mixing, the sol-gel solution 
precursor was stirred ultrasonically for 5 min before it was loaded into a 10 ml plastic 
syringe with a 25 gauge stainless steel needle. During the electro-spinning process, a high 
voltage power supply (Gamma, High Voltage Research, Ormond Beach, FL USA) was used 
to provide 25 KV between the needle and a mesh collector covered by an aluminium foil at a 
distance of approximately 12 cm. A syringe pump (Chemyx Inc. Stafford, TX USA) was 
used to control the flow rate at 2 ml/h. 

Ion Implantation 
Samples of the electrospun PVP/Ti02 nanofibers were doped with V-ions using ion-

implantation. In the process, the samples were exposed to a flux of V-ions directed 
perpendicular to the sample surface with a dose of ~7 xlO14 ions/cm2 that corresponds to 
8,500 pulses. This phase of work was conducted at the Australian Nuclear Science and 
Technology Organisation (ANSTO) using a MEVVA Ion Implanter. 

In Situ High-Temperature Synchrotron Radiation Diffraction 
In this study, the in-situ crystallisation behaviour of electrospun and ion-implanted 

Ti02 nanofibers were evaluated using high-temperature synchrotron radiation diffraction 
(SRD) in air or argon atmosphere. The specimens were mounted and heated using an Anton 
Parr HTK 16 hot platinum stage. All measurements were conducted at the powder 
diffraction beamline in conjunction with an Anton Paar HTK20 furnace, and the Mythen II 
microstrip detector. The SRD data were collected at an incident angle of 3 and wavelength 
of0.1126nm. 

The phase transitions or structural changes were simultaneously recorded as SRD 
patterns. These patterns were acquired at high temperatures over an angular range of 84. 
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The SRD patterns were acquired in steps of 100 °C from 200 °C to 900 °C. The collected 
SRD data were analysed using the commercial Match software to compute the relative 
abundances of phases formed. In addition, the SRD data were analysed using the CMPR 
program to evaluate full-width at the maximum intensity (FWHM) for anatase (101) and 
rutile (110) reflections in order to calculate their crystallite sizes (L) using the Scherrer 
equation:0 

L = - ^ - (1) 
ytfCOStf 

where K is the shape factor, X is the x-ray wavelength, ß is the FWHM in radians, and 0 is the Bragg 
angle. 

Scanning electron microscopy 
The morphology of electrospun PVP/TiC>2 nanofibers were examined using an EVO 

40XVP scanning electron microscope. Prior to microstructure observation, the sample was 
coated with platinum to avoid charging. The images were taken with an accelerating voltage 
of 15 kv at working distances of 4.5 mm and 4 mm for backscattered and secondary 
electrons, respectively. 

RESULTS AND DISCUSSION 
Microstructures of Electrospun Ti02 Nanofibres 

Figure 1 shows the SEM image of the as-spun PVP/Ti02 nanofibers using secondary 
and backscattered electrons. The nanofibers have a smooth and an individual ID structure 
with a random orientation. The diameters of the PVP/Ti02 nanofibers are approximately 614 
± 190 nm. The nanosized Ti02 were well-dispersed and encapsulated within the PVP matrix. 
As can be seen in Figure 2, the SRD patterns of both air and argon atmospheres have a large 
bump at the room temperature, 200 °C and 300 °C, but it disappeared at 400 °C. It was 
assigned to the amorphous PVP and other organic substances evaporated completely at 400 
°C, which is very similar to the TGA analysis of TiP/PVP nanofibers from the room 
temperature to around 400 °C in the work of Park and coworkers.8 The main decomposition 
of PVP occurred at between 300 °C and 400 °C. So, the PVP polymer has no effect on the 
crystallization kinetics of electrospun nanofibers because they crystallized to form anatase 
and rutile at temperatures above 400 °C. 
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Fig. 1 : SEM micrographs of as-spun PVP/Ti02 nanofibers imaged with (a) secondary electrons (b) 
backscattered electrons. 

Effect of Atmosphere 
Figure 2 shows the effect of atmosphere on the in-situ crystallisation kinetics of as-

synthesized PVP/Ti02 nanofibers over a temperature range of 25-900 °C as revealed by 
synchrotron radiation diffraction. The TiÛ2 nanofibers were initially amorphous but 
eventually crystallized to form anatase and rutile at elevated temperatures. The as-spun 
TiCVPVP fibres were amorphous, but the transformation from amorphous TiÛ2 into 
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crystalline phases over the temperature range of 25-900 °C was studied in air and argon. 
Since PVP and other organic substances evaporated completely during heating in both 
atmospheres and thus main effect on the crystal growth of anatase and rutile was due to 
temperature. But, when heated in air they crystallized to form anatase and rutile at 600 °C 
and 700 °C respectively. However, in argon atmosphere, both anatase and rutile formed 
simultaneously at 700 °C. This suggests that the crystallisation of anatase was delayed by 
100 °C relative to air when an argon atmosphere was used. The reason for this delay in 
argon atmosphere may be attributed to the lack of oxygen or presence of low oxygen partial 
pressure (oxygen deficient). It appears that oxygen atoms are essential to promote the 
transition and transformation from amorphous TiC>2 into anatase. Also, the lack of oxygen in 
argon atmosphere has not affected the transformation of metastable anatase into rutile. 
However, the lack of oxygen will inevitably lead to non-stoichiometry in the anatase and 
rutile formed with a composition of TiC>2-jc where x is oxygen vacancy. In contrast, anatase 
and rutile formed in the air will have a stoichiometric composition of TiÜ2. The 
corresponding phase abundances as a function of temperature are shown in Figure 3. In 
general, anatase dominates in abundance at between 600-800 °C whereas rutile dominates at 
temperatures greater than 800 °C which commensurate with the gradual transformation of 
the metastable anatase to rutile. 
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(a) (b) 

Fig. 2: In-situ synchrotron radiation diffraction plots showing the effect of atmosphere on the 
crystallisation behaviour of as-synthesized PVP/Ti02 nanofibers when heated in the temperature range 
25 - 900 °C (a) in air, and (b) in argon. [Legend: a = 25°C, b = 200°C, c = 300°C, d = 400°C, e = 500°C, 
f = 600°C, g = 700°C, h = 800°C, i = 900°C, anatase (A), rutile (R), titanium oxide (TiO) and platinum 

(X)]. 
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(b) 

Fig. 3: Phase abundances of anatase, rutile and TiO in the temperature range 25-900 °C for as-
synthesized PVP/TiC>2 nanofibers heated in (a) air, and (b) argon. [Legend: Nanofiber (•); anatase 

(A); rutile (■); TiO (+)] 

The fraction of anatase-to-rutile transformation (JC) in the samples calcined at between 700 - 900 °C 
can be calculated from the following equation:31 

* = 1/[1 + 0.8(V/Ä)] (2) 

where I A and IR are the X-ray integrated intensities of anatase (101) reflection and rutile 
(110) reflection respectively. Table 1 shows the fraction of anatase to rutile transformation 

Nanostructured Materials and Nanotechnology VII • 41 

213



X-Ray Diffraction Study on in-Situ Crystallization Kinetics in Electrospun PVP/TÏ02 Nanofibers 

as a function of temperature in air and in argon. It is evident that the weight fraction of rutile 
increased dramatically as the temperature increased by virtue of the transformation of 
metastable anatase to rutile at elevated temperature. The rate of anatase to rutile 
transformation was also observed to increase faster in argon than in air. 

Table 1 : Effect of atmosphere on the fraction of anatase to rutile transformation in as-synthesized 
PVP/Ti02 nanofibers at various temperatures. 

Temperature (°C) x% (Air) x% (Argon) 

800 19.2 46.5 

The apparent crystallite sizes of the anatase (101) and rutile (110) reflections were 
calculated from the Scherrer equation, where the contribution of strains on peak broadening 
has been ignored. Figure 4 shows the effect of atmosphere on the crystal growth of anatase 
and rutile at various temperatures. The crystallite size of anatase was just under 10 nm at 600 
°C in the air which increased to just over 25 nm at 900 °C. However, the type of atmosphere 
had no appreciable effect on the crystal growth of anatase. In contrast, atmosphere had a 
noticebale effect on the crystal growth of rutile but only at 900 °C. The crystallite size of 
rutile was -18 nm in both air and argon, but increased with the temperature to 39 nm in air 
and only 31 nm in argon. 
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Fig. 4: Effect of atmosphere on the crystallite size of (a) anatase and (b) rutile in PVP/TiCh nanofibers 
at various temperatures. [Legend: Air (O ); Argon (•)] 

Effect of Doping 
Figure 5 illustrates the stacked diffraction plots of V-doped electrospun TiC>2 nanofibers in air 

over the temperature range of 25-900 °C. The TiÜ2 nanofibers were initially amorphous until 400C 
before they crystallized to form anatase and rutile simultaneously at 500 °C which is 100 °C lower for 
anatase and 200 °C lower for rutile when compared to un-doped TiC>2 nanofibers. These results are 
consistent with our previous observation for un-doped and Cr-doped TiC>2 nanotubes where doping 
lowered the crystallisation temperature of anatase from 600 to 400°C and rutile from 600 to 500°C.4 

The corresponding phase abundances as a function of temperature are shown in Figure 6. Here, rutile 
dominates and increases in abundance at 500-900 °C which commensurate with the gradual 
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transformation of the metastable anatase to rutile. At 900 °C, almost all the metastable anatse has 
completely transformed to rutile. 

Table 2 shows the effect of doping on the fraction of anatase to rutile transformation as a 
function of temperature. It is evident in the presence of V-dopant, the weight fraction of rutile 
increased very dramatically due to the transformation of metastable anatase to rutile at elevated 
temperatures. It appears that V-doping has accelerated the formation of anatase and rutile at a lower 
temperature, probably through the facilitation of defects such as vacancies. It is widely accepted that 
the onset temperature of the anatase to rutile phase transformation and the rate at which it proceeds can 
be affected significantly by dopants, firing atmosphere, microstructure, sample morphology, and the 
presence of impurities in the material.32'33 The process of the anatase to rutile transformation is known 
to occur via (a) the nucleation of rutile at point defects, oxygen vacancies, secondary phase inclusions, 
particle surfaces, and/or at (112) twin interfaces in anatase and (b) the subsequent consumption of the 
anatase phase by the growing rutile phase. The formation of rutile from the metastable phase anatase 
is reconstructive and so takes place through atomic rearrangement involving the breaking of two of the 
six Ti-O bonds in the Ti06 octahedra.33 As anatase transforms into rutile, significant grain growth 
takes place, resulting in lower surface area and thus poorer photocatalytic performance. 

10 15 20 25 , T W o 30 35 40 

Fig. 5: High-temperature SRD in air atmosphere plots for V-doped electrospun PVP/TiC>2 nanofibers 
showing the in situ crystallization of both anatase and rutile from the amorphous Ti02 in the 
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temperature range 25-900 °C. [Legend: a = 25°C, b = 200°C, c = 300°C, d = 400°C, e = 500°C, f= 
600°C, g = 700°C, h = 800°C, i = 900°C, anatase (A), rutile (R) and platinum (X)]. 

700 800 900 1900 

-20 
Température <°C) 

Fig. 6: Phase abundances of anatase and rutile in the temperature range 25-900 °C for V-doped 
PVP/Ti02 nanofibers heated in air. [Legend: Nano fiber (•) ; anatase (A); rutile (■)]. 

Table 2: Effect of doping on the fraction of anatase to rutile transformation in as-synthesized and V-
doped PVP/Ti02 nanofibers at various temperatures. 

Temperature (°C) x% (un-doped) x% (doped) 

500 

600 

700 

800 

900 

0 

0 

1.5 

19.2 

63.0 

76.3 

66.6 

77.4 

91.2 

99.2 
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Figure 7 shows the effect of doping on the crystal growth of anatase and rutile at elevated 
temperatures. The crystallite size of doped anatase was -12 nm at 500 °C and increased rapidly to 25 
nm at 900 °C. It appears that the effect of V-doping on crystallite size was only apparent at 700 and 
800 °C where doping caused a moderate increase in size of anatase. Although the crystallite size of 
doped rutile was signifcantly larger than doped anatase at 500 °C, the crystallite size of the former 
remained fairly constant, indicating no crystal growth despite an increase in temperature. 
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Fig. 7: Effect of doping on the crystallite size of (a) anatase and (b) rutile in PVP/Ti02 nanofibres at 
various temperatures. [Legend: un-doped (O); V-doped (■)] 
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CONCLUSIONS 

The in-situ crystallisation behaviour of electrospun PVP/Ti02 nanofibers was investigated 
using high-resolution synchrotron radiation diffraction in the temperature range 20-900 °C in 
terms of atmosphere and doping. In all cases, PVP/Ti02 nanofibers were initially amorphous 
but crystallized to anatase and rutile at elevated temperatures. Both atmosphere and doping 
have a significant influence on the crystallisation kinetics of anatase and rutile. In air, 
anatase and rutile formed at 600 °C and 700 °C respectively but in argon they formed 
simultaneously at 700 °C. When doped with V ions, simultaneous formation of anatase and 
rutile occurred at 500 °C. The crystallite sizes of anatase and rutile were only moderately 
affected by V-doping or argon atmosphere. In contrast, the rates of anatase to rutile 
transformation were significantly enhanced due to V-doping and annealing in argon 
atmosphere, probably through the facilitation of defects such as vacancies. 
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ABSTRACT 
Titanium dioxide has received much attention as an important photocatalytic 

material. In this paper, the effects of air and argon atmosphere on the crystallisation 
kinetics and phase relations in electrospun Ti02 nanofibres have been investigated 
using high- temperature synchrotron radiation diffraction. Diffraction results showed 
that as-synthesized Ti02 was amorphous initially, but when heated in air or argon 
atmosphere they crystallized to form anatase and rutile at different temperatures and in 
different rates. The crystallisation of anatase was delayed by 100 °C in argon when 
compared to in air. However, the transform rate of anatase to rutile was faster in argon 
than in air. 

INTRODUCTION 
Titanium dioxide (Ti02) is one of the most widely studied materials due to its high 

photo-activity, photo-durability, mechanical robustness, low cost, and chemical and 
biological inertness.1"6 Titanium dioxide Ti02, has three polymorphs: anatase, brookite, 
and rutile.7"10 Anatase and rutile are two main polymorphs that exhibit different 
properties and thus different photocatalytic performances. They have the same 
tetragonal crystal structure, but a different space group and atoms per unit cell, which 
are (14/amd) and 4 for anatase, and (P4/mnm) and 2 for rutile.911 Moreover, at room 
temperature, the lattice parameters of anatase are a = b = 3.785Ä and c = 9.514Ä, while 
for rutile are a = b = 4.594Ä and c = 2.9589Ä.12 These differences in the spacing between 
the atom and crystal structures for anatase and rutile can cause a different electronic 
band structure and mass densities. In general, anatase is considered more 
photochemically active than rutile by virtue of its lower rates of recombination and 
higher surface absorptive capacity.13 However, recent work has indicated that a mixed-
phase photocatalyst tends to make a better photocatalyst than single- phase titania. For 
example, a mixed powder of 70% anatase and 30% rutile has been found as the best 
photocatalyst for the wastewater treatment.14 Similarly, commercial Ti02 photocatalyst 
(P-25) that contains 80 wt% anatase and 20 wt% rutile has been observed to exhibit 
excellent photocatalytic reactions.12 

The optimal composition of the photocatalyst phase of anatase and rutile can be 
prepared by thermal annealing. In general, metastable anatase is formed at lower 
temperatures than stable rutile, but it is transformed dramatically to rutile at higher 
temperatures.1516 This transformation is affected by several parameters which include 
the synthesis method, amount of impurities, temperature, calcination time and 
atmospheres.1517 Reaction atmospheres have been observed to have a significant 
influence on the thermal transformation of titania phases because oxygen defect levels 
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and interstitial titanium ions are influenced by the type of atmosphere.1518 For Ti02 
powders at a particular temperature, the effects of air, vacuum, argon, argon- chlorine 
mixture, hydrogen, steam and nitrogen on the anatase to rutile transformation have 
been studied.18 Similarly, for titania films, the amorphous to anatase and anatase to 
rutile transformations were observed to occur at a lower temperature when annealed in 
hydrogen atmosphere than in air or vacuum." The rate of anatase to rutile 
transformation was found to decrease in vacuum but increase in hydrogen atmosphere 
due to the formation of titanium interstitials that inhibited the transformation or oxygen 
vacancies which accelerated the transformation."18 

Nanostructured titania with a noble morphology exhibit high surface area-to-
volume ratio which is of great significance for increasing the decomposition rate of 
organic pollutants because photocatalytic reactions take place rapidly and drastically on 
the surface of the catalyst.14'20 Hitherto, various techniques have been used to 
synthesise nanostructured Ti02 with various morphologies (e.g. nanoparticles, 
nanowires, nanorods, nanotubes, and nanofibres) and these include microemulsion, sol-
gel, hydrothermal and vapor deposition methods.8,21 Elongated structures are of 
particular importance, as long, thin nanotubes and nanofibres can provide a high 
specific surface area.'J Furthermore, a variety of techniques, such as self-assembly, 
evaporation, anodisation, and electro-spinning, have been developed for fabricating 
one-dimensional nano-Ti02.1,22 Among the fabrication methods, electro-spinning is a 
simple, and cost-effective technique applicable at industrial levels for fabricating one-
dimensional nanofibres.2 Ti02 nanofibres can be synthesised by combining this 
technique with the sol-gel technique.23 In this process, a solution of polymer (binder) 
and Ti02 precursor is ejected through a needle in a high voltage electric field (kilovolts 
per centimetre) whereby composite nanofibres of polymer and amorphous Ti02 
nanofibres are formed.24"28 The diameter, morphology and grain size of the Ti02 
nanofibres have optimal values for photocatalytic activity and are directly affected by 
the electro-spinning parameters. To the best of the authors knowledge, the effect of 
atmospheres on the in-situ crystallisation of anatase and rutile in electrospun Ti02 
nanofibres has not been reported. 

In the present work, the effect of air and argon atmosphere on the transformation 
of anatase to rutile and the in-situ crystallisation kinetics of Ti02 nanofibres was 
investigated using synchrotron radiation diffraction over the temperature range of 
25-900 °C. Ti02 nanofibres were synthesized using electro-spinning and their 
morphology, structure and composition were characterised by scanning electron 
microscopy and synchrotron radiation diffraction. 

EXPERIMENTAL PROCEDURE 

Material Synthesis 
A homogenous sol-gel precursor solution was prepared by mixing titanium 

isopropxide (M„ = 284.22 g/mol, 97% purity), acetic acid (Mw = 60.05 g/mol, 99.7% 
purity), and ethanol (Mu = 46.07 g/mol, 99.5% purity) in a fixed volume ratio of 1:3:3, 
respectively. The sol· gel was stirred in a capped bottle for 5 min, then, 10-12 wt% of 
poly (vinyl pyrrolidone) (PVP) (Mw = 1300000 g/mol, 100% purity) was dissolved in 
the solution at 40 °C for lh using a stirrer. In order to achieve complete dissolution 
and mixing, the sol-gel solution precursor was stirred ultrasonically for 5 min before it 
was loaded into a 10 ml plastic syringe with a 25-gauge stainless steel needle. During 
the electrospinning process, a high voltage power supply was used to provide 25 kV 
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between the needle and a mesh collector covered by an aluminium foil at a distance of 
approximately 12 cm. A syringe pump was used to control the flow rate at 2 ml/h. 

In Situ High-Temperature Synchrotron Radiation Diffraction 
In this study, the in-situ crystallisation behaviour of electrospun Ti02 nanofibres 

was evaluated using high-temperature synchrotron radiation diffraction (SRD) in air or 
in argon atmosphere. The specimens were mounted and heated using an Anton Parr 
HTK 16 hot platinum stage. All measurements were conducted at the powder 
diffraction beamline in conjunction with an Anton Paar HTK20 furnace, and the 
Mythen II microstrip detector. The SRD data were collected at an incident angle of 3 
and wavelength of 1.125995 A. 

The phase transitions or structural changes were simultaneously recorded as SRD 
patterns. These patterns were acquired at high temperatures over an angular range of 
84°. The SRD patterns were acquired in steps of 100 °C from 200°C to 900°C. The 
collected SRD data was analysed using Rietveld refinement methods and was carried 
out using commercial Rietica 2.1 software to compute the relative abundances, 
crystallite size, and lattice parameters of anatase and rutile.29 Rietica 2.1 and CMPR 
programs were used to evaluate the full-width at the maximum intensity (FWHM) to 
calculate their crystallite sizes (L) using the Scherrer equation:30 

FWHM2 =U tan2 θ+νίαηθ+W (2) 

where K is the shape factor, λ is the x-ray wavelength, Θ is the Bragg angle, and β is the 
FWHM in radians, which can be calculated from equation (2). Rietica 2.1 was used to 
calculate the peak shape parameters U, V, and W. 

Scanning Electron Microscopy 
The morphology of electrospun Ti02 nanofibres before and after the thermal 

annealing was examined using an EVO 40XVP scanning electron microscope with an 
accelerating voltage of 15 keV. Prior to microstructure observation, the samples were 
coated with platinum to avoid charging. The SEM images of both as-spun and 
annealed nanofibres were taken using secondary electrons and backscattered at 
working distances of 4 mm and 4.5 mm, respectively. 

RESULTS AND DISCUSSION 

Microstructures of Electrospun Ti02 Nanofibres 
Figure 1 illustrates the images of as-spun pure nanofibres using secondary and 

backscattered electrons before thermal annealing. The nanofibres have a smooth 
surface and individual lengths of one-dimensional structure with random orientation. 
The average diameters of 30 electrospun Ti02/PVP composite nanofibres were 
determined to be 614 ± 190 nm and the nanosized Ti02 were well dispersed and 
embedded within the PVP matrix as shown in Figure lb. 

As shown in Figure l(c, d), after thermal annealing at 900 °C, the average diameters of the 
sintered Ti02 nanofibres shrank by 48.5 % in air and 80.5% in argon because the organic 
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material evaporated completely during heating. The average diameters of 30 nanofibers were 298 
±115 nm in atmospheric air and 120 ± 35 nm in argon. However, in air atmospheres, the fibres 
were broken and rougher while in argon they were still quite smooth, which indicated more 
brittleness nature of as-spun Ti02 nanofibres in air. One possible reason is that an oxidation of 
the PVP polymer in air atmosphere which contains about 20% of oxygen causes damage and 
bond breaking in the chain. Moreover, it reduced the molecular weight of the polymer and also 
the mechanical properties like tensile stress to become weaker. However, argon is an ideal 
monatomic gas, that is, a gas containing just one atom per molecule and it is an inert atmosphere. 
However, it is also possible that the sample was damaged during preparation for SEM 
observation. 

Fig. 1: SEM micrographs of as- spun pure Ti02 nanofibres imaged with (a) secondary electrons 
(b) backscattered electron; and after thermal annealing in atmospheric (c) Air (d) Argon. 

Effect of Atmosphere 
Figure 2 shows the effect of atmosphere on the in-situ crystallisation kinetics of as-

synthesized Ti02 nanofibres over a temperature range of 25-900 °C, as revealed by 
synchrotron radiation diffraction. The Ti02 nanofibres were initially amorphous but 
eventually crystallized to form anatase and rutile at elevated temperatures. When 
heated in air they crystallized to form anatase and rutile at 600 °C and 700 °C, 
respectively. However, in argon atmosphere, both anatase and rutile formed 
simultaneously at 700 °C. This suggests that the crystallisation of anatase was delayed 
by 100 °C relative to air when argon atmosphere was used. The reason for this delay in 
the argon atmosphere may be attributed to the presence of low oxygen partial pressure. 
It appears that oxygen atoms are essential to promote the transition and transformation 
from amorphous Ti02 into anatase. But the lack of oxygen in argon atmosphere did not 

128 · Ceramics for Environmental and Energy Applications II 

226



Effect of Atmosphere on Crystallisation Kinetics and Phase Relations in Electrospun Ti02 

affect the transformation of metastable anatase into rutile. However, the lack of oxygen 
will inevitably lead to non-stoichiometry in the anatase and rutile formed with a 
composition of Ti02.x, where x is oxygen vacancy. In contrast, anatase and rutile 
formed in the air will have a stoichiometric composition of Ti02. 

M 

25 30 
z Ta eta 

(b) 

Fig. 2: In-situ SRD plots showing the effect of atmosphere on the crystallisation behaviour of as-
synthesized Ti02 nanofibres when heated in the temperature range 25-900 °C (a) in the air, and 
(b) in argon. [Legend: a=25°C, b=200°C, c=300°C, d=400°C, e=500°C, f=600°C, g=700°C, h= 

800°C, i=900°C, anatase (A), rutile (R) and platinum (X)]. 
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The Rietveld method was used to evaluate the phase abundance of anatase and 
rutile during the transformation in the air and argon atmospheres. Figure 3a shows the 
comparison of anatase phase content in both atmospheres as a function of temperature. 
At 600 °C, only anatase formed in air atmosphere. In argon atmosphere, 85% of 
anatase formed at 700 °C, which is 15% less than in air for the same temperature. 
Figure 3b shows the phase content of rutile increased dramatically as the temperature 
increased by virtue of the transformation of metastable anatase to rutile. Rutile formed 
at 700 °C in both atmospheres but with different abundances. It increased from about 
15% at 700 °C to well over 85% at 900 °C in the argon atmosphere. However, in air, it 
increased from 4% to 65% for the same temperature range. 

Fig. 3: Phase abundances of anatase and rutile in the temperature range 25-900 °C for as-
synthesized Ti02 nanofibres heated in (a) air, and (b) argon. [Legend: anatase in air ( ); anatase 

in argon (■); rutile in air (o); rutile in argon (·)] 

The crystallite sizes of the anatase and rutile were calculated from the Scherrer 
equation using Rietica 2.1 programs to evaluate the average full-width at the maximum 
intensity (FWHM). Figure 4 shows the effect of atmosphere on the crystal growth of 
anatase and rutile at various temperatures. The crystallite size of anatase was just under 
10 nm at 600 °C in air and increased to just over 25 nm at 900 °C. However, 
atmosphere had no appreciable effect on the crystal growth of anatase. In contrast, the 
atmosphere had a noticeable effect on the crystal growth of rutile but only at 900 °C. 
The crystallite size of rutile was -18 nm in both air and argon but increased to -39 nm 
in air and 31 nm in argon. 

The variations of unit-cell parameters and cell-volumes of anatase and rutile in 
different atmospheres with temperature and the corresponding linear and volumetric 
thermal expansion coefficients (TEC) are shown in Tables 1 and 2. The cell-volumes of 
both anatase and rutile inceased with increasing temperature by virtue of an increase of 
their lattice parameters. As can be seen, the cell-volumes for both anatase and rutile 
were affected slightly by the atmospheres which were higher in air than in argon. Thus, 
the linear and volumetric thermal expansion cofficients of both anatase and rutile were 
slightly greater in air than in argon. Moreover, the calculated unit-cell parameters, cell-
volumes, and thermal expansion for anatase and rutile are comparable with results from 
Hummer and Heaney equations.29 
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Fig. 4: Effect of atmosphere on crystallite size of (a) anatase and (b) rutile at various 
temperatures. [Legend: anatase in air (G); anatase in argon (■); rutile in air (o); rutile in argon 

(·)] 

Table 1: Variation of the cell-volume of anatase and rutile in air and argon atmosphere as a 
function of temperature. 

Temperature 
(°C) 
600 
700 
800 
900 

Air atmosphere 
Anatase Rutile 

(A3) (A3) 
136.94(9) 
137.79(2) 63.12(4) 
137.98(3) 63.67(2) 
137.93(7) 64.01(1) 

Argon atmosphere 
Anatase Rutile 

(A3) (A3) 

137.68(3) 63.41(4) 
137.84(3) 63.60(1) 
138.23(8) 63.95(1) 

Table 2:The linear (aa, de) and volumtric (ß) thermal expansion coefficient at 800 °C. 

Atmosphere 

Air 

Argon 

TEC 
xlO'YC"') 

Anatase 
Rutile 

Anatase 
Rutile 

<Xa 

0.72 
1.95 
0.52 
1.08 

Oc 

0.86 
3.03 
0.84 
2.01 

P 
2.29 
7.07 
2.03 
4.24 

CONCLUSIONS 
The effect of air and argon atmosphere on the in-situ crystallisation behaviour of 

electrospun T1O2 nanofibres was investigated using high-resolution synchrotron 
radiation diffraction in the temperature range 25-900°C. In both cases, as-spun T1O2 
nanofibres were initially amorphous but crystallized to anatase and rutile at elevated 
temperatures. Both atmospheres demonstrated a significant influence on the 
crystallisation kinetics of anatase and rutile. In air, anatase formed at 600°C and rutile 
at 700°C, but in argon they formed simultaneously at 700°C. The kinetics of 
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transformation of anatase to rutile was also strongly affected by the atmospheric 
conditions. The rates of anatase to rutile transformation was faster in argon than in the 
air. The crystallite sizes of anatase and rutile increased with increasing temperature, 
and were only moderately affected by the atmospheres. 
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ANODIZED Ti02 NANOTUBES 

I.M. Low1, H. Albetran1, V. De La Prida2, P. Manurung3 and M. Ionescu4 

'Centre for Materials Research, Curtin University, GPO Box U1987, Perth, WA 6845, Australia 
department of Physics, University of Oviedo, Spain 
department of Physics, University of Lampung, Indonesia 
4Australian Nuclear Science and Technology Organisation, Sydney, NSW 2234, Australia 

ABSTRACT 
Production of limitless hydrogen fuel by visible light splitting of water using the photo-

electrochemical technology is cost-effective and sustainable. To make this an attractive viable 
technology will require the design of T1O2 photocatalyst capable of harnessing the energy of visible 
light. One possible solution is the doping of T1O2 to reduce its band gap. In this paper, the effect of Cr-
doping by ion-implantation on the crystallisation and phase stability of T1O2 nanotubes at elevated 
temperature is described. The effect of Cr-doping on the resultant microstructures, phase changes and 
composition depth profiles are discussed in terms of synchrotron radiation diffraction, scanning 
electron microscopy, and ion-beam analysis by Rutherford backscattering spectrometry. 

INTRODUCTION 
Titanium dioxide (T1O2) is a wide band-gap semiconductor with energy of 3.0-3.2 eV. It is 

widely used in applications such as hydrogen production, gas sensors, photocatalytic activities, dye-
sensitized solar cells and photo-electrochemical cells because of its relative high efficiency and high 
stability. However, due to its wide band gap energy, Ti02 is active only under near-ultraviolet 
irradiation. Therefore, numerous studies have been carried out over the last 20 years to develop 
modified Ti02 so that they are active under visible light irradiation (> 400 nm). One of the most studied 
methods is by doping the T1O2 materials with metal ions (iron, nickel, cobalt, vanadium, and 
chromium)1"4 or non-metallic elements (nitrogen, sulphur and carbon).5"14 For instance, Cr or N-doping 
of T1O2 can result in visible light response by virtue of a narrowing in the band gap due to the mixing 
of p states of nitrogen with O 2p states. Among these doping methods, doping with transition metals is 
one of the most efficient methods. X-ray photoelectron spectroscopy (XPS) results showed that the 
doped samples contained N, C, B and F elements and the doped T1O2 showed the shift in the band gap 
transition down to 2.98 eV. The photocatalytic activity of the doped T1O2 was 1.61 times better than 
undoped T1O2. Researchers have conducted doping of bismuth into T1O2 to enhance the photocatalytic 
activities in these systems. It has been reported that the metal/Ti02 nanostructures enhance the 
efficiency of photocatalysis in water-splitting and dye-sensitized solar cell (DSSC). Metals 
compounded on semiconductor materials increase charge-collection efficiency due to a much slower 
electron-hole recombination, giving rise to longer electron lifetime, which will result in an increasing 
interfacial electron-transfer process. 

Hitherto, the doping of T1O2 has been widely synthesized using the sol-gel method.15"19 However, 
ion-implantation has now emerged as an alternative but effective doping method to improve the 
separation of the photo-generated electron-hole pairs or to extend the wavelength range of the T1O2 
photo-responses into the visible region.20"25 XPS measurements revealed that the implanted nitrogen 
species were mainly interstitial ones. The nitrogen concentration was increased with increasing ion flux 
which could be controlled by adjusting the gas flow rate of the ion source, resulting in improved 
visible-light photocatalytic activities. Higher visible-light photocatalytic efficiency was achieved with 
higher implanted nitrogen concentration. 
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EXPERIMENTAL METHODS 
Sample Preparation 

Ti foils (99.6 % purity) with dimensions of 10 χ 10 x 0.1 mm3 were used for the anodizing to 
produce self-organized and well-aligned T1O2 nano-tube arrays. The process of potentiostatic 
anodization was performed in a standard two-electrode electrochemical cell, with Ti as the working 
electrode and platinum as the counter electrode. Prior to anodization, Ti-foils were degreased by 
sonicating in ethanol, isopropanol and acetone for 5 minutes each, followed by rinsing with deionised 
water, and then drying using nitrogen stream. After drying, the foils were exposed to the electrolyte 
which consists of 100 ml of Ethylene glycol + 2.04 ml of water + 0.34 g of NH4F. The electrolyte's pH 
was kept constant at pH = 6, and its temperature was kept at about 25 C. The anodization process was 
performed under an applied voltage of 60 V for 20 h.2 After that, the resulting T1O2 structures were 
then rinsed in ethanol, immersed in hexamethyl-disilazane (HMDS) and dried in air. 

Doping by Ion-Implantation 
The as-anodized samples were doped with Cr ions using a MEVVA Ion Implanter with a dose of 

~7xl 014 ions/cm2 that corresponds to 8,500 pulses. The near surface composition depth profiling of ion-
implanted samples was measured by ion-beam analysis and Rutherford backscattering spectrometry 
(RBS) using He1+ ions at 1.8 MeV. This phase of work was conducted at the Australian Nuclear 
Science and Technological Organisation (ANSTO). The information obtained allowed the calculation 
of depth distribution of implanted species and the implanted dose. 

The morphologies of the anodized and ion-implanted samples were characterized using a 
focussed ion-beam scanning electron microscope (FIB-SEM) operating at working distances of 5 mm 
with an accelerating voltage of 5 kV. 

In Situ High-Temperature Synchrotron Radiation Diffraction 
In this study, the in-situ crystallisation behaviour of as-anodized samples with or without Cr-

doping was characterised using high-temperature synchrotron radiation diffraction (SRD) up to 900 C 
in argon. All measurements were conducted at the Australian Synchrotron using the Powder Diffraction 
beamline in conjunction with an Anton Parr HTK20 furnace and the Mythen II microstrip detector. The 
SRD data were collected at an incident angle of 3 and wavelength of 0.11267 nm. 

The phase transitions or structural changes were simultaneously recorded as SRD patterns. These 
patterns were acquired at high temperatures over an angular range of 100 in 20. The SRD patterns 
were acquired in steps of 100 C from 100 C to 900 C. The collected SRD data were analysed using 
the CMPR program to evaluate the integrated peak intensities of all phases present. The sum of all the 
integrated peak intensities in 20 range of 10-50° was used to calculate the relative phase content of all 
the phases present at each temperature as follows: 

xlOO (1) 

where WA is the wt% of anatase, I A is sum integrated intensity of anatase, IR is sum integrated intensity 
of rutile and IT is sum integrated intensity of titanium. A similar ratio method was used to calculate the 
wt% of rutile (WR) or titanium (IT). This method is expected to be more accurate than the method of 
Spurr & Myers27 where only the peak intensities of anatase (101) and rutile (110) are used. The use of 
integrated peak intensities in equation (1) can minimise issues relating to preferred orientation, grain 
size and/or degree of crystallinity. 

The mean crystallite sizes (L) of anatase and rutile were calculated from (101) and (110) 
reflections using the Scherrer equation:28 

WA = L 
IA+IR+IT 
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L = - ^ - (2) 
/?cos<9 

where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half the maximum 
intensity (FWHM) in radians, and Θ is the Bragg angle. 

RESULTS AND DISCUSSION 
In-Situ Formation of T1O2 at Elevated Temperature 

Figure 1 shows the synchrotron radiation diffraction plots of Cr-doped T1O2 nanotubes before and 
after thermal annealing in air at 20 °C - 900 °C. The T1O2 nanotube arrays were initially amorphous 
but eventually crystallized into anatase at 300 °C. The peak intensities of anatase increased rapidly 
from 300° to 400°C and continued to increase until 900°C. The formation of rutile commenced at 
600°C but its growth was sluggish where the peak intensities increased very slightly from 600 to 
800°C. Surprisingly, rutile disappeared at 900C with the concomitant appearance of T1O2-X where x = 
0.2. This suggests that rutile was unstable in argon atmosphere at 900 °C and decomposed to form a 
non-stoichiometric titanium oxide and oxygen vacancies (Ov) as follows: 

STi02
 900"c/argt,M ) Ti509 + Ov (3) 

In contrast, no decomposition of rutile was observed in un-doped T1O2 nanotubes (see Fig. 2). 
When compared to Cr-doped T1O2, both anatase and rutile in the un-doped sample crystallized at a 
higher temperature, i.e. 400 and 700°C respectively. The corresponding phase abundances as a function 
of temperature are shown in Figure 3. The fraction of anatase-to-rutile transformation in the samples 
calcined at between 600 - 1000 °C can be calculated from the followed equation:27 

x = l/[l + 0.8(7, IIR] 

where U is the X-ray integrated intensities of the (101) reflection of anatase at -18.3°, while IR is that 
of the (110) reflection of rutile at -19.8°; JC is the weight fraction of rutile in the nanotubes, which is 
calculated for the Cr-doped sample to be 2.9 wt% for the nanotubes annealed at 600°C, 4.9 wt% at 
700°C, and 4.6 wt% at 800°C. The corresponding JC values for the un-doped sample were 3.3 wt% at 
700°C, 19.0 wt% at 800°C and 15.9 wt% at 900°C. 

It appears that the presence of Cr-doping has accelerated the formation of anatase and rutile at a 
lower temperature, probably through the facilitation of defects such as vacancies. It is widely accepted 
that the onset temperature of the anatase to rutile phase transformation and the rate at which it proceeds 
can be affected significantly by dopants, firing atmosphere, microstructure, sample morphology, and 
the presence of impurities in the material.29 The process of the anatase to rutile transformation is known 
to occur via (a) the nucleation of rutile at point defects, oxygen vacancies, secondary phase inclusions, 
particle surfaces, and/or at (112) twin interfaces in anatase, and (b) the subsequent consumption of the 
anatase phase by the growing rutile phase. The formation of rutile from the metastable phase anatase is 
reconstructive and so takes place through atomic rearrangement involving the breaking of two of the 
six Ti-O bonds in the TiOo octahedra.30 As anatase transforms to rutile, significant grain growth takes 
place, resulting in lower surface area and thus poorer photocatalytic performance. 

Transition metals (e.g. Cr) of variable valence are reported to enter the titania lattice and create 
oxygen vacancies through reduction effects as follows:29'31 
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2Mn++02- -> 2M("'l)+ +-02 +Ov (4) 

where M denotes a transition metal atom and Ov denotes an oxygen vacancy. Once substituted for Ti +, 
the reduction of such species gives rise to new oxygen vacancies and so enhances rutile formation from 
metastable anatase through easing of structural rearrangement. These oxygen vacancies are believed to 
be responsible for crystallisation of anatase at a lower temperature in Cr-doped T1O2 as well as 
destabilisation and subsequent decomposition of rutile to form non-stoichiometric T1O2-X. 

Fig. 1: In-situ synchrotron radiation diffraction plots of Fig. 2: In-situ synchrotron radiation diffraction plots of 
Cr-doped Ti02 showing the existence of anatase (A), un-doped Ti02 showing the existence of anatase (A), 
rutile (R), Ti509 (X) and titanium (T) in the temperature rutile (R), and titanium (T) in the temperature range 100 
range 20 - 900 °C. [Legend: a = 20°C, b = 100°C, c = - 900 °C. [Legend: (a) = 100°C, (b) = 200°C, (c) = 300°C, 
200°C, d = 300°C, e = 400°C, f = 500°C, g = 600°C, h = (d) = 400°C, (e) = 500°C, (0 - 600°C, (g) = 700°C, (h) = 
700°C, i = 800°C, j = 900°C] 800°C, (i) - 900°C] 

aa 

Fig. 3: Variations of phase abundances as a function of temperature for (a) Cr-doped T1O2 and (b) un-
doped T1O2. [Legend: titanium (♦); anatase (■); rutile (A); Ti02.x (·)] 
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Although anatase remained stable up to 800-900 °C, there was a distinct narrowing and 
sharpening in the (101) peak, resulting in a corresponding decrease in the values of full-width half-
maximum (FWHM) as the temperature increased. A similar sharpening of the (110) peak was observed 
for rutile. From the Scherrer equation,28 a decrease in the value of FWHM implies an increase in the 
mean crystallite size for anatase or rutile. Figure 4 shows the influence of annealing temperature on 
crystallite size for anatase and rutile in both undoped and Cr-doped T1O2. The crystallite size of anatase 
was just over 50 nm at 400 °C for un-doped T1O2 but just under 50 nm in Cr-doped T1O2 and increased 
gradually with temperature to 85 nm and 100 nm respectively at 900°C. In both samples, the crystallite 
size of rutile was much smaller than that of anatase, especially in the un-doped sample. 

t» 106 W» *M 10» IM m MM W « i » «8 N9 «N m **S » ϊ 

rc-ö 

(a) (b) 

Fig. 4: Variations of crystallite size of anatase (♦) and rutile (■) as a function of temperature for (a) Cr-
doped T1O2 and (b) un-doped T1O2. 

Microstructures of T1O2 and Cr-Doped T1O2 
After anodizing in the electrolyte of NH4F / ethylene glycol at 25 °C for 20 h, vertically oriented 

and highly ordered arrays of T1O2 nanotubes with diameter of-80 nm formed on the Ti-foil.26 Fig. 5(a) 
shows the FESEM image of the amorphous T1O2 nanotubes. Upon annealing at 900 °C for 1 h, some 
anatase transformed into rutile, which appeared as elongated grains randomly distributed amongst the 
nanotubes shown in Fig. 5 (b). The microstructure of Cr-doped T1O2 is shown in Fig. 5 (c) where the 
existence of implanted Cr ions has been verified by the EDS analysis of a bright region in Spectrum 1 
(see Fig. 5d). 
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Fig. 5: Scanning electron micrographs showing the microstructure of (a) as-anodized T1O2, (b) 
annealed T1O2 at 900°C, (c) Cr-doped T1O2 and (d) EDS analysis of composition in Spectrum 1. 

Rutherford Backscattering Spectroscopy (RBS) 
The RBS results in Figure 6 show the concentration of elements (at%) versus depth (at/cm2) for 

both the un-doped and Cr-doped samples. In Fig. 6a, we show the depth profile of Ti and O for as-
anodized T1O2. The composition at the near surface of T1O2 layer is fairly constant but a composition 
gradation in both O and Ti exists at the interface between the substrate and the oxide layer. In the 
doped sample (Fig. 6b), a maximum Cr concentration of 0.7 at% has been implanted in T1O2 down to a 
depth of about 300 mono layers. A composition gradation also exists at the interface between the 
substrate and the oxide layer. 
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Fig. 6: Composition depth profiles in (a) un-doped T1O2 and (b) Cr-doped T1O2. 

CONCLUSIONS 
High-temperature synchrotron radiation diffraction has been used to study the effect of Cr-doping 

on in-situ crystallization of anatase and rutile in as-anodized Ti02 nanotubes. The as-anodized T1O2 
was amorphous but crystallized into anatase and rutile at 400 °C and 700°C in the un-doped sample, but 
300°C and 600°C in the doped sample. The rutile formed in the un-doped sample was very stable in 
argon after annealing at 900°C but was unstable in the doped sample and decomposed to form non-
stoichiometric Ti02-x at 900°C. In both cases, increasing the temperature from 300 to 900 °C caused the 
FWHM of anatase (101) and rutile (110) peaks to decrease, resulting in a concomitant coarsening in 
crystallite size. The surface of annealed sample exhibited well-aligned, uniform T1O2 nanotubes with 
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an average diameter of ~80nm and wall thickness of -10 nm. Ion-beam analysis by RBS has 
confirmed the existence of Cr ions in the doped sample and composition gradation within the annealed 
T1O2 sample at substrate-oxide interface. 
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